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Abstract

Abstract

Layered lithium transition oxides are commercially employed as cathode active material
(CAM) in lithium-ion battery (LIB) applications for electric vehicles. Current industrial
manufacturing of layered transition metal oxides is conducted by coprecipitation of a mixed
metal hydroxide precursor (referred to as pCAM) in a stirred tank reactor and subsequent
calcination of the pCAM with a lithium compound at elevated temperatures in a kiln. The
electrochemical performance and physical properties of the resulting CAM powders are highly
contingent on the physical and microstructural properties of the associated pCAM utilized for
synthesis. Further, a precise control of the pPCAM and CAM powder’s fluidity is necessary for
an economical and efficient manufacturing of a CAM. In this context, an in-depth
understanding of the mixed metal hydroxide particle formation mechanism during the
coprecipitation reaction enables every degree of freedom to tailor the pCAM properties

according to the requirements of cost-effective CAM production for a given LIB application.

Therefore, the scope of this thesis was to gain mechanistic insights into the
coprecipitation process of mixed metal hydroxides. Typically, a hydroxide pCAM is
coprecipitated by simultaneous feeding of a mixed metal sulfate, a sodium hydroxide and an
ammonia solution into a stirred tank reactor under inert atmosphere. As a first step of this work,
a reactor setup was developed and optimized to study the coprecipitation of nickel-rich mixed
metal hydroxides as a model system.

Subsequently, a two-stage particle formation mechanism comprising of initial seeding
of agglomeration and subsequent polycrystallisation during coprecipitation was identified. In
this regard, the degree of turbulence governs the initial agglomerate size and number, which

dictates the growth rate, final particle size, and particle sphericity.

In a second study, the impact of the coprecipitation pH-value on the course of particle
development during coprecipitation of nickel-rich mixed metal hydroxides was investigated.
Thereby, a pH-dependent sulfate adsorption equilibrium was revealed, which not only governs
the crystallinity of formed metal hydroxide, but also the crystal growth of particles. This in turn

affects the pCAM particle morphology and porosity.

The demonstrated relationships in this work allow formulating design strategies for the
synthesis of hydroxide pCAMs in the context of industrial CAM manufacturing and according
to the CAM requirements for LIB applications.



Zusammentassung

Zusammenfassung

Lithium Ubergangsmetall ~Schichtoxide werden kommerziell eingesetzt als
Kathodenaktiv Material (CAM) in Lithiumionen Batterien (LIB) fur elektrische Fahrzeuge. Die
aktuelle industrielle Herstellung von Lithium Ubergangsmetall Schichtoxiden umfasst die
Fallung von Mischmetallhydroxid Prakursoren (bezeichnet als pCAM) in einem Ruhrkessel
Reaktor gefolgt von anschliefender Kalzination des pCAMSs mit einer Lithiumverbindung bei
erhohten Temperaturen in einem Rostofen. Die elektrochemische Leistung des resultieren
CAM-Pulvers hangt maligeblich von den physikalischen und mikrostrukturellen Eigenschaften
des jeweiligen pCAMs ab, der zur Synthese eingesetzt worden ist. Weiterhin ist fur eine
6konomische und effiziente Herstellung von einem CAM die prazise Kontrolle der Fluiditat
des pCAM und CAM-Pulvers notwendig. In diesem Kontext ermoglicht ein detailliertes
Verstandnis des Partikelbildungsmechanismus von Mischmetallhydroxiden wéhrend der
Fallungsreaktion jeden Freiheitsgrad die Eigenschaften von einem pCAM gemald der
Anforderung einer kosteneffizienten CAM-Produktion als auch der entsprechenden LIB-

Anwendung mal’zuschneidern.

Deshalb ist es das Ziel dieser Doktorarbeit das mechanistische Verstandnis tiber den
Fallungsprozess von Mischmetallhydroxiden zu fordern. Typischerweise wird Hydroxid
pCAM durch ein simultanes Einspeisen einer Mischmetallsulfatldsung, einer
Natriumhydroxidlosung und Ammoniakwasser in einen Ruhrkessel Reaktor unter inerter
Atmosphére geféllt. Zundchst wurde in dieser Arbeit ein Reaktor Setup entwickelt, welches
anschlieBend optimiert wurde flr die Studie von nickelreichen Mischmetallhydroxiden als

Modellsystem.

Anschlieend wurde ein zweistufiger Partikelbildungsmechanismus bestehend aus einer
initialen Keimbildung von Agglomeraten gefolgt von einer anschlieBenden Polykristallisation
identifiziert. In diesem Zusammenhang regelt der Turbulenzgrad die Grde und Anzahl der
gebildeten initialen Agglomerate, welcher die Wachstumsrate, finale PartikelgroRe und

Spharizitat der Partikel bestimmt.

In einer zweiten Studie wurde der Einfluss des Féallungs-pH-Wertes auf den Verlauf der
Partikelentwicklung wéhrend der Fallung von nickelreichen Mischmetallhydroxiden
untersucht. Dabei wurde ein pH-Wert abhangiges Sulfatadsorptionsgleichgewicht aufgedeckt,
welches nicht nur die Kiristallinitdt des gebildeten Metallhydroxids, sondern auch das
Kristallwachstum der Partikel bestimmt. Dies wiederum beeinflusst die Partikelmorphologie
und Porositat.



Zusammentassung

Die in dieser Arbeit aufgezeigten Zusammenhadnge in dieser Arbeit erlauben die
Herleitung von Design Strategien fir Hydroxid-basierte pCAM in dem Kontext von

industrieller CAM-Produktion und den Anforderungen an CAMs flr LIB-Anwendungen.



Table of contents

Table of contents

0] T P ii
ZUSAMMENTASSUNG 11uuvrusrensrassnsssessssssnsssessnsssssssessmss sttt iii
JIF= 1 0] T ) o0 1 -] v
List of abbreviations and SYMDOIS.......uiiruiiieinimniiriniriir e 1
1 10110 o[ o1 o 3
1.1 Electric mobility iS a8 rEAlILY vuvvuverirereirereirereireiriressiresrireessrmerrmersrmerrermers 3
1.2  Global distribution of nickel, cobalt, and manganese production ........cceeveerarenranes 6
1.3 From raw material to cathode active material.......ccoiveiirurieiiresimnininn. 9

1.4  Current manufacturing process of layered lithium nickel cobalt manganese oxides 19

2 EXPErimMeNtal SECHION vuvuveurrerererartrartrerrrarssresssreessresaresaresareesarsnsnssrassnranses 24
2.1 Stirred tank reACtOr SELUD vuvuverrsrerrsreirarsrarmirassrarmsrasssrasssresssresermersrmerarmerarne 24
2.2  Coprecipitation process operation and CONIOl.....cuvrverrirerrrenrireeesreernreerareerans 31
2.3 Scanning electron MICIOSCOPY tuveururenrarerarerarssrasenrasssrassssensssensssensnrensassnsases 38
2.4 NItrogen PhYSISOIPIION .. veururersrerrsrerrarerrarerrarrrarrrasrsresrsresssresssreesnrensareernres 43
S N V11 =T (= 010 = RS 47

BT {21 ] 48
3.1 Particle size distribution and secondary particle SPheriCity ....ccvveeeirecenrenenrennnnes 49
3.2  Impurity content, crystallinity, and secondary particle morphology........ccceveuenne. 65

4 Conclusions and OULIOOK ...uveeieieereiierrii s r s s s e s s e s s s e rnaeas 85

o TR Y 0] T=] 110 G 89

IS0 0 0 PP 91

T (=] (=) 110 PP 95

ACKNOWIEAGEMENT ... iuiieiieeirains s s s r s s s s s a s s r s s na s rasrassnnsnns 103

Scientific CONtrIDULIONS. .. uu.ieiieii i e s e 105




List of abbreviations and symbols

List of abbreviations and symbols

Abbreviation

Meaning

BET
BEV
CAM
CS
CS-SEM
CSTR
DRC

EU

EV

FIB

Fl
HAADF
HR-TEM
ICE
ICP-OES
LFP

LIB
LMO

M

MHP
NUS
NCA
NCM
NDIR
NHs/M
OEM

P

pCAM
Pl

PID
PIS+
PPVert.
PSD
PXRD
Q(pH)IR
RHK
SEM
SSA
STEM
STR

T
TIRS+
WIR
XRD

Brunauer-Emmet-Teller

battery electric vehicle

cathode active material

Cross section

cross section-scanning electron microscopy

continuous stirred tank reactor

Democratic Republic of Congo

European Union

electric vehicle

focused ion-beam

flow indication

high-angle annular dark field

high resolution-transmission electron microscopy

internal combustion engine

inductively coupled plasma-optical emission spectroscopy
lithium iron phosphate (LiFePO.)

lithium-ion battery

lithium manganese oxide (LiMn,04)

motor

mixed hydroxide precipitate

user choice multivariable switch

lithium nickel cobalt alumina oxide (LiNii-x-yCoxAl,O2, X+y < 1)
lithium nickel cobalt manganese oxide (LiNii-x,CoxMnyO2, X+y < 1)
non-dispersive infrared

ammonia to metal ratio

original equipment manufacturer

pump

precursor of cathode active material

pressure indication

process and instrumentation diagram

pressure indication switch and safety regulation above threshold
vertical primary particle size

particle size distribution

powder X-ray diffraction

quantity (pH-value) indication record

roller hearth kiln

scanning electron microscopy

specific surface area

scanning transmission electron microscopy

stirred tank reactor

tank

temperature indication record switch and safety regulation above threshold
weight indication record

X-ray diffraction




List of abbreviations and symbols

Symbol Meaning Units
Aeq. circle area of circle with equivalent perimeter m?
Aparticle area of segmented particle m?
Asegm. Segmented area m?
CMso4 concentration of MSOuq) mol/l
C circularity -
Cso median circularity —
eg, equivalent diameter of circle with identical area m
d10, dso, dgo volume-based percentile particle diameter m
Mm(oH)2 molar mass of M(OH); g/mol
pka acid dissociation constant —
Ppar. perimeter of segmented particle m
p/po relative pressure —
R gas constant J/(mol K)
Ik Kelvin radius m
T temperature Kor°C
trun run time of coprecipitation reaction h
Vnzm molar volume of liquid nitrogen m3/mol
VN2 ads. total volume of adsorbed nitrogen m?
VN2, liquid total volume of liquified nitrogen m3
VM(oH)2 total volume of precipitated M(OH). m3
Voar, volume of individual particle m?
Viotal total volume of the reaction suspensions m?
Vi total volumetric flow rate of reactants entering the reactor méh
VMsos volumetric flow rate of MSOaq) m3h
VNaoH volumetric flow rate of NaOHq) méh
Vns volumetric flow rate of NHsq) m/h
Vout total volumetric flow rate of reaction suspension leaving the reactor m3h
Y surface tension Jim?
€intra intra-particle porosity —
Peryst. crystallographic density g/m?®
PN2, liquid density of liquid nitrogen at 77 K g/m?®
PN2, STP. density of nitrogen at standard temperature (= 273.15 K) and g/m?®
pressure (= 101325 Pa)
c span —




Introduction

1 Introduction

1.1 Electric mobility is a reality

“It’s game over for the internal combustion engine in Europe,” stated the green mobility
NGO Transport and Environment about the historic decision of environment ministers from the
European Union (EU) member states to cease the sale of internal combustion engine (ICE)
vehicles in the EU by 2035.! This legislation is connected to a set of EU policies referred to as
“Fit for 55”, which aims at the reduction of the net greenhouse gas emissions from 1990 by at
least 55% until 2030, and to eventually achieve carbon neutrality by 2050.2 However, such
developments are not only limited to the EU, as analogous policies have been adopted from
legislative authorities worldwide.? This drives a growing replacement of ICE-based vehicles by
battery electric vehicles (BEVs), because BEVs have the potential to significantly reduce CO>
emissions if the electricity utilized for powering BEVs as well as for manufacturing the battery
and its individual components is produced in a carbon-neutral fashion.* In this regard, lithium-
ion batteries (LIBs) have solidified their status as current technology monopole to power
electric vehicles (EVs).> ® While to the current day original equipment manufacturers (OEMs)
have already commercialized an impressive selection of EV models,® it is projected that the
total global EV sales will expand from 2020 to 2030 by a factor of ~10, namely from 3 to
25 million cars, corresponding to a total vehicle stock share of nearly 8% and a market share of
15%.3 To satisfy this exponential growth of EVs, an enormous quantity of LIBs in the range of
1.6 TWh will be required by 2030.3

The fundamental working principle of state-of-the-art LIBs is the reversible
intercalation of lithium ions (Li*) in host structures of the active materials in the electrodes,
resulting in the conversion of chemical energy into electrical energy by spatial separation of
oxidation and reduction reaction at the electrodes. Thereby, Li* migrates as charge carrier
through the electrolyte and the porous separator between the electrodes, while electrons are
transported through an external circuit between the electrodes.” & Independent of the cell
chemistry, the active materials are not only the heaviest, but also the most expensive
components in a battery pack (a battery pack is comprised of numerous battery cells).>
Approximately 43% of the mass and 39% of the cost of a LIB pack corresponds to the active
materials, whereby the cathode active material (CAM) exhibits with 26% the by far largest
share in both properties among all pack components (see Figure 1).° Further, the CAM
significantly affects the overall achievable energy and power density in a LIB cell.° Therefore,

the development of high performing CAMs is essential to additionally decrease the cost of

3
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BEVs while simultaneously increasing their range, both essential to further raise the market

share of BEVs and meet the demands of legislative authorities worldwide. 2

a) Mass Breakdown b) Cost Breakdown

Cell Hardware 5%
Module Hardware 4%

—

Electrolyte 9% Cell Hardware 4%
Seperators 1%

Negative Current Electrolyte

Collector 10% 11% Module
Seperators 12% Hardware 15%
Positive Current Battery Jacket .

Collector 4% 18% Negative Current jBaJ:tersv%
- Collector 8% =
. .
c:i'n:; :';: J Anode Acti Positive Current __
node e
Noterial 1;’% Cathode Active Collector 2% Anode Cathode Active
Material 26% Active Material 26%

Ca.rbﬂﬂ and Material
Binder 2% 13%

Figure 1: Mass (a) and cost (b) breakdown of a lithium-ion battery pack, comprised of
LiNio.6C00.2Mno.202-graphite 240 cells and divided in to 20 modules (the data to produce the
figure were taken from Nelson et al,® based on the price for the respective components in the
year 2018). The cost breakdown solely reflects the cost contributions of the components, while
the manufacturing cost of the battery cell, module, and pack are not considered.

By now a variety of CAM chemistries are considered as promising for LIBs in BEVs
applications. In a fundamental approach, Manthiram distinguishes between three major CAM
material classes: layered oxides, spinel oxides, and polyanion oxide, each possessing distinctive
advantages and disadvantages.® The most prominent representative for polyanion oxide-based
CAM is lithium iron phosphate (LiFePOs, referred to as LFP), which offers non-toxicity, low
cost, high thermal stability, and a long lifetime at the expense of volumetric energy density.
These features make LFP a viable choice for stationary applications, medium-range BEVS, or
heavy duty.'® 2 Spinel oxides present another alternative to polyanion oxides as non-toxic and
inexpensive CAM. The most noteworthy spinel oxide CAM, is lithium manganese oxide
(LiMn20s4, referred to as LMO). LMO displays an excellent rate-capability but suffers from a
low capacity, which limits its practical application to predominantly being blended with other
CAM classes.'® 12 On the other hand, the class of layered oxide-based CAMs consists of an
assortment of lithium-nickel-cobalt-manganese oxides and lithium-nickel-cobalt-aluminum-
oxides, which can be generally defined by the formula LiNi1-x.yCoxMnyO2 or LiNi1-xyCoxAlyOo,
respectively (with x+y < 1, referred to as NCM or NCA, respectively). The ability to adjust the

transition metal ratio, hence the properties of the CAM such as capacity and stability, endows
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layered oxides with the unique flexibility to tailor the composition according to the
requirements of a given LIB application.® 1% Impelled by the high driving range at low cost
requirements of BEV manufacturers, the current development direction is towards layered
oxides with a Ni-content above 80% (referred to as Ni-rich). This is owed to the fact that with
increasing Ni-fraction,™® the extractable quantity of Li increases and therefore, the attainable
capacity and resulting energy density at a fixed operational voltage window increases.** 1°
Overall, these features resulted in a market share of layered oxides as CAM in LIBs for EV
applications in 2020 of approximately 90%, which is expected to virtually remain constant until
at least 2030. Whereas the fraction of Ni-rich layered oxides will shift during that period from
a market share of about 15% to 60%. This ultimately translates into a raw material demand for
layered oxides for LIB-based EVs in 2030 of 650 kt for Ni corresponding to an 11-fold increase
for CAM synthesis compared to 2020, 120 kt for Co (9-fold increase compared to 2020), and
92 kt for Mn (4-fold increase compared to 2020).1

Summarized, the transformation of the transportation sector to electrically powered
vehicles requires a considerable quantity of raw materials. Focusing on the production of NCM
CAM s for LIBs, the global distribution of Ni, Co, and Mn mineral deposits will be covered in

the subsequent section.
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1.2 Global distribution of nickel, cobalt, and manganese

production

Powering the future fleet of LIB-based EVs with Ni-rich layered oxide CAMSs incurs a
significant demand of raw materials. This has sparked a race of OEMs, cell, and battery material
manufacturers towards securing raw material supply chains worldwide.!’ In this context, the
global production share of the five main producing nations of transition metals employed in

NCMs is given in Figure 2.
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Figure 2: Global production share (bars) and absolute annual production in the year 2020 (data
points) of metals employed in NCMs as cathode active materials for lithium-ion batteries,
itemized after the five major producing nations of nickel (a), cobalt (b), and manganese (c). The
nations were listed in descending sequence from left to right, where DRC = Democratic
Republic of Congo. Note that the percentiles do not add up to 100%, as the remaining producing
countries are not depicted, which make up in total 31% for Ni (775 kt), 18% for Co (25.2 kt),
and 24% for Mn (4.44 kt). The data to produce the figure were taken from the United States
Geological Survey, 2021.8
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In the year 2020, at least 58% and therefore the majority of Ni originated from Australia
and Oceania, with Indonesia leading by far with a percentage of 31% of the global annual
production, which corresponds to 760 kt Ni manufactured. The only country that is not located
in the Pacific Ocean but still has a significant Ni output is Russia, with a share of 11% equivalent
to 280 kt Ni (Figure 2a).

The current Co production is heavily dominated by the Democratic Republic of Congo
(DRC), with a share of 68% amounting to 95 kt Co produced in 2021, with the remaining
“major” countries each exhibiting merely a respective production footprint of less than 5%
(Figure 2b). Due to unethical and non-sustainable mining conditions in the DRC,° it is expected
that the fraction of Co extracted from the DRC being employed for NCM manufacturing will
decrease noticeably,'® especially when considering that the transition metal content in NCMs
is shifting towards Ni-rich compositions that contain much less to no Co at all.'® Furthermore,
approximately 30% of produced Co is a byproduct of Ni ore processing, since nickel ore
deposits typically contain 0.01-0.1wt% Co (vs. 1-2wt% Ni).2% 2! Thus, the Co obtainable only
by Ni ore mining would be sufficient for manufacturing NCMs with a composition of LiNiix-
yC0xMnyO> with x < 0.05 and y < 0.95, compositions that would be compatibile with the current
trend towards Ni-rich NCMs.?

Compared to Ni and Co, the Mn production is rather well distributed between Africa,
Asia, and Austrialia (Figure 2c). Thereby, South Africa can be accounted for the largest
production share of 28% equal to 5.2 kt Mn produced in 2020, followed by Australia with 18%
corresponding to 3.3 kt Mn. Even though the current accesible total Mn reserves in the world
are estimated to be sufficient with 1300 kt,*® there seems to be a discrepancy between the
projected Mn demand for LIB-based EVs of 92 kt by 2030 and the current total global annual
Mn production of 18.5 kt.*® Along with adressing this disparity, the mining industry will face
investments in the coming future to step up the output of the remaining elements in employed
NCMs 23

While based on the preceeding analysis, a leading role in providing raw materials for
NCMs can be ascribed to several countries, Australia is not only in the unigue position to be
among the top five main producing countries of Ni (5, Co (4™) and Mn (2" but also is the
worldwide largest producer of Li and the 5™ largest producer of aluminum (Al).*® Therefore,
Australia offers a comprehensive access to minerals required for the manufacturing of an
extensive range of NCM and NCA CAM chemistries. Taken this in conjuction with the fact

that Australia was according to The World Bank ranked as the 44™ most stable nation in the
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world in 2020 (vs. 56™ for Germany),?* it is reasonable that Australia is currently experiencing
investments in the mining sector by companies related to L1B-based EVs such as Tesla?®, since
it is capable of providing a stable and sustainable supply chain of raw materials required for the
large-scale synthesis of NCMs.

However, the conversion of mined ores that contain Ni, Co, and/or Mn to NCM CAM
powders that can be readily employed in a LIB requires numerous metallurgical operations in
conjunction with complex chemical processes. The major processing routes from minable Ni,
Co, and Mn minerals to NCMs as well as the advantages and disadvantages of distinctive

commercially relevant NCM synthesis methods will be discussed in the next section.
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1.3 From raw material to cathode active material

The transition metals employed in NCMs are harvested as natural minerals from the
earth’s crust by mining and subsequent refining to high-grade chemicals, which can be utilized
for the synthesis of NCMs. The economically relevant deposits of Ni can be divided into two
classes of ores: sulfidic and lateritic ones, whereas the latter can be characterized as a mixture
of silicates and (hydro-)oxidic minerals. Lateritic ores make up 80% of the global Ni deposits,
while sulfidic ores make up the remaining 20%.2* While Co exists alongside with copper
enriched in the form of sulfides in the DRC, it is also found in lateritic Ni deposits as mentioned
above.? 2! In contrast to Ni and Co, Mn occurs naturally in high-grade oxidic ores with a
striking Mn-content of above 40wt%, which renders the extraction of low-grade Mn ores
economically unattractive.? 27 In addition to the primary Ni, Co, and Mn sources accessible by
mining, spent active material powders from end-of-life LIBs, referred to as black mass, will
become a secondary source of metals for NCMs in the future via by LIB recycling.?®3 This
can significantly reduce negative environmental consequences by establishing a circular
economy, decreasing the life cycle impact of LIBs by 51%.%! Therefore, it is only natural that
various companies related to the LIB supply chain such as Sumitomo Metal Mining and
Umicore are already operating LIB recycling plants, while others like Northvolt, Tesla, and

BASF announced or initiated the construction of LIB recycling plants.3® 32

Having established the major sources of Ni, Co, and Mn, a schematic overview of the
main production routes for NCMs starting from the previously discussed raw materials to the
precursor compounds for NCM cathode active material (referred to as pCAM) and final NCM
CAM are depicted in Figure 3. It is noteworthy that this topic is quite exhaustive. Each ore
processing and refining method practiced from different companies varies in detail, which
results in intermediate and raw material products which exhibit distinctive metal concentrations
and prices. Therefore, the following discussion can be only understood as a simplified summary
of the NCM production routes. Further, the yellow-red arrow illustrates the materials cost only
in a relative manner. The exact prices of raw materials and products emerging from distinctive
process routes, even if depicted in Figure 3 on the same level, may vary. Another take on the
primary production route of NCMs starting from Ni and Co ores, considering only the current

industrially applied synthesis method, can be found elsewhere.
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Figure 3: Schematic overview of the major production routes of layered lithium nickel cobalt
manganese oxide (NCM)-based cathode active material (CAM), with emphasis on the nickel
chain of production, starting from mineable ores or black mass extracted from end-of-life
batteries. The raw materials, important intermediates, and products are numbered by roman
numbers and are categorized by color: raw materials are given in grey boxes, important
intermediates in grey striped boxes, precursor of cathode active material (referred to as pCAM)
in light green boxes and CAM in dark green boxes. The grey arrows indicate the processing
steps (colorless box, numbered by letters) of raw materials (grey), synthesis of pPCAM (light
green) and CAM (dark green). The light green striped arrow indicates the potential for direct
synthesis of pCAM applying crude metal sulfate solutions after only minor or no refining at all.
The arrow exhibiting a color gradient from yellow to red illustrates the relative cost of raw
materials. The colored underlay denotes the business segment related to the respective process
steps within the NCM supply chain itemized after mining (dark blue), refining (light blue),
recycling (pink), and battery material manufacturing (purple). The scheme is based on the
information available in the literature on the raw material supply chain of nickel,?! 346 cobalt,2°
and manganese,? 27 as well as lithium-ion battery recycling.2830 3': 38 The information about
the distinctive CAM synthesis routes was taken from scientific and patent literature for the
carbonate (q),%*-*2 hydroxide (r),*> %> 4 all-dry (v),**! and direct route (w).>> %3

In the following discussion, roman numbers indicate raw materials, intermediates, and
products (p)CAM and CAM), while letters indicate process operations. After the mining of

sulfidic Ni minerals (I) from the earth’s crust in the form of distinct grains within a complex

10
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rock matrix (1.0-2.0wt% Ni), the ores are subjected to mechanical enrichment by comminution,
froth flotation, and magnetic separation. Most of the thereby attained metal concentrates (5.0-
12wt% Ni) are then beneficiated by a pyrometallurgical process (a) comprising of roasting,
smelting, and converting to separate iron (Fe), which results in the formation of a Ni-enriched
and Co-containing sulfide called matte (11). Matte (1) exhibits a metal grade range of 60-80wt%
Ni and 0.1-1.0wt% Co. Since the obtained matte (1) is partially enriched with 5-25wt% copper
(Cu), the metals are subsequently leached by sulfuric acid H2SOa4q) and separated in a two-
stage hydrometallurgical process (b). This yields an unrefined, aqueous Cu-free nickel cobalt
sulfate solution NiC0SOQuaq) (111) and leaves a Cu enriched leach residue.?* The refinement (c)
thereof is conducted by either electrowinning, electrorefining, hydrogen reduction, or solution
purification. Thereby, elemental Ni and Co in the form of powders, pellets, briquettes, or
cathodes is obtained, each metal exhibiting a grade of >99.7% (commonly referred to as battery
grade) (1V).2% 34 3 Instead of wet process routes, Ni metal powders and pellets with an
exceptionally high purity of >99.97% can be directly obtained by carbonylation (g) of Matte
(1) with gaseous carbon monoxide CO(g). By being a dry process method, acid leaching and
refinement is effectively skipped during carbonylation (d), which averts wastewater generation

during refining and ensuing treatment thereof.2%: 34 35

Alternatively, pure Ni and Co metal (IV) can be obtained starting from mined lateritic
Ni ores (1V) that contain 1.0-3.0wt% Ni and 0.05-0.2wt% Co. A fraction of the mechanically
upgraded (hydro-)oxidic Ni ores (V) are pyrometallurgically converted to either ferronickel or
nickel pig iron, both as raw material for the steel stainless industry. However, the majority is
immediately subjected to HoSOaq,) leaching (e) because the high moisture content of 20-50%
in lateritic Ni ores (V) incurs high energy consumption for the drying thereof for
pyrometallurgical processing. The acid treatment leads to the coprecipitation of Fe and Al as
sulfates, while at the same time dissolving Ni, Co, and magnesium (Mg). After solid/liquid
separation, a caustic magnesia oxide slurry MgOgs, is added to the crude metal sulfate (e),
resulting in the formation of dissolved magnesium sulfate and a mixed hydroxide precipitate
referred to as MHP (V1). This beneficiated resource exhibits a metal grade of 35-40wt% Ni and
1.0-2.0wt% Co. Subsequently, MHP (V1) is subjected to releaching in H2SOa4q) (f) to attain a
crude NiCoSOuuq) (VII), which is refined (g) to battery grade Ni and Co(1V).2h 3+ % The
exploitation of Co concentrated sulfidic ores in the DCR are subjected analogously to a
combination of pyro- and hydrometallurgical process like sulfidic Ni ores (I) to attain a crude
cobalt sulfate solution that can be further refined to Co metal (process route not shown in Figure
3).20.21
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While oxidic Mn ores (VIII) naturally exhibit very high Mn concentrations of above
40wt%, the Mn minerals are almost exclusively encountered with Mn being in the highly
insoluble +4 oxidation state. Therefore, after mechanical pulverization, Mn ores (VI1II) are
calcined in reductive atmosphere (h) to deliver Mn in the acid soluble +2 oxidation state.
Resulting MnO (IX) is subsequently dissolved in H2SOs@q,) to give crude manganese sulfate
solution MnSOaq.) (X). While a wide range of methods are applied for the refinement of Ni
and Co, the refinement (j) of MnSQOa@q) (X) mainly comprises electrowinning to generate
elemental Mn metal (IV) in the form of flakes, granules, or powder, exhibiting a grade of
>99.5%.% 27

Another very important source on the horizon for metals employed in NCMs is black
mass extracted from end-of-life lithium-ion batteries (XI). Currently, commercially prevailing
processing of black mass comprises either hydrometallurgical (k), pyrometallurgical treatment
(m), or combinations thereof. Even though the pyrometallurgically operation (m) affords a
mixed metal alloy (XI11), an acid leaching with H2SOa4q,) () is applied to recover the respective
elements in the following operations from a crude nickel cobalt manganese sulfate solution
NiCoMnSOa(aq) (X11).28-30.38

So far it was demonstrated that independent of the raw material source, every processing
route shares battery grade elemental Ni, Co, and Mn as a common intermediary substrate (V).
Starting from the respective metals in elemental form (1V), an assortment of options for the
synthesis of NCMs unfolds. The most mature and currently industrially applied process route
comprises the dissolution of the pure metals in H2SOa(q,) followed by recrystallisation (0) as
the respective battery grade solid metal sulfate NiSOss,), CoSOss,), and MnSOaus) (XIV). These
are shipped to battery material manufactures and dissolved in H20 (p) in the desired transition
metal ratio of the target NCM composition, yielding a mixed metal sulfate solution MSOa4q)
(M consisting of Ni, Co, Mn) (XV). The ensuing production of the pCAM is conducted by
feeding MSQasq, in a stirred tank reactor (STR) concomitant with either sodium carbonate
Na2COsz(aq) to precipitate a mixed metal carbonate MCOss) (XV1), denoted as carbonate CO3*
coprecipitation (q),%*? or concomitant with sodium hydroxide solution NaOHaq) and ammonia
solution NH3(q) to yield a mixed metal hydroxide M(OH)2¢s) (XV11), denoted as hydroxide OH"
coprecipitation (r).*> # % During the OH- coprecipitation (s), an equilibrium of the
coprecipitation reaction of metal cations M?*(q) with OH" anions and of the complexation
reaction of M?*,q) with ammonia (for which especially Ni exhibits a high affinity) occurs, as
presented in the following.*
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MSO4(aq.) +2 NaOH(aq.) — M(OH)Z(S) l +NaZSO4(aq.) (l)
2 N 2+
Mag) + 1 NH3(aq) = [M(NH3)] (o )

Further, it is suggested that the coprecipitation of M(OH)2¢) (XVI1) might also occur from the
metal ammonia complex, which enables controlled crystallization.®* Accruing NHsq) is
typically recovered in gaseous state by raising the temperature of the wastewater in a stripping
column to outgas NHzq). The OH™ coprecipitation reaction is typically conducted close to, or
in the solubility minimum of the respective metal hydroxides, ranging from pH-value of 10.0-
13.0.5 414455 Eyrther, a reductive atmosphere, such as nitrogen gas, is maintained in the STR
to suppress the oxidation of manganese hydroxide Mn(OH). to manganese oxo hydroxide
MnOOH and/or manganese dioxide MnQOz. This prevents the formation of undesired side

phases and reduces impurity uptake.>® %7

The underlying reaction of the COs* coprecipitation (q) is given by the ensuing

expression, 3942

MSO4(aq_) + Na2C03(aq.) — MCO3(S) l +NaZSO4(aq_) (3)

A reductive atmosphere is redundant during CO3z® coprecipitation as the oxidation of Mn?*
cannot occur from the carbonate, and for this reason is advantageous for the synthesis of phase-
pure Mn-rich NCMs.3*#! In contrast to the OH" coprecipitation, the COs? coprecipitation is
operated in pH-range of 7.5-9.0, which represents the solubility minimum of the respective
metal carbonates.*® #! Since the pka-value of NHs at 23 °C is approximately 9.3, NHs exists
below a pH-value of 9.3 in the protonated form as ammonium cation NH4*,% % which exhibits
no complexation ability towards metal cations according to equation 2. In light of this, and in
contrast to academic literature,3-%! the CO3s?* coprecipitation is industrially practiced in the
absence of NHs(q).*? Apart from morphology control of the resulting pCAM,*° coprecipitation
techniques allow the formation of a single-phase mixed metal compound, in which the elements
are homogenously distributed on an atomic scale, since the metal cations are coprecipitated
from liquid phase (MSQOax(q)) Where the cations are homogenously dissolved.®® ¢ A phase-pure
pCAM exhibiting a uniform metal distribution is an imperative prerequisite for ensuring

consistently high product quality of NCM CAMs.

After the coprecipitation reaction, the attained pCAM slurries are filtered, washed,
dried, and mixed with a lithium (Li) salt such as lithium hydroxide (LiOHs,)) or lithium
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carbonate (Li2COs3s)). The solid mixture is then transferred to an industrial kiln and calcined at
elevated temperatures to produce lithium transition metal oxides LiMOz¢) (£ NCMs) (XVIII)
by solid state synthesis (s, t). Accordingly, the following net reaction for the case of M(OH)2(s.)
with LiOH)%Y %2 (equation 4) and MCOs;s) with LiOHs)% (equation 5), respectively, are

occurring.

1 3

1 1 5
MCOg3(s) + LiOHg + 7 O2(g) — LiMOys) + COyp) T +E H,0() T ©)

Based on equation 5, application of MCOzs) (XV1) as pCAM for the synthesis of NCMs results
in a stoichiometric release of carbon dioxide CO2(,), which entails the necessity for exhaust
treatment to meet the standards of environmentally sustainable production of CAMs.
Irrespective of the utilized pCAM, the same consideration has to be made if LioCOs) is
employed as lithium source for CAMs, because Li,COz;s) decomposes to COzq) at the
commonly applied calcination temperatures for NCMs of above 700 °C.%4 Further, the
individual coprecipitation routes each offer access to distinctive pCAM properties, as it is
reported that carbonate pCAMs exhibit higher porosities than hydroxide pCAMs.%® This may
have a crucial role in the context of the final LIB application of the CAM,® %7 since the physical
properties®® "3 and electrochemical performance’ " are affected by the pCAM that was utilized
for the synthesis of the CAM.

Nevertheless, independent of the synthesis route starting from MSOaq) (XV), large
amounts of alkaline water contaminated with sodium sulfate Na>SOaq) are accrued as a
byproduct (see equation 1 and 3) due to the aqueous coprecipitation feedstocks and downstream
processes such was washing of the pCAM product. Combined with the fact that the industrial
utilization of Na>SOs is limited, costly wastewater treatment and disposal of Na>SOs is
necessary.%® This questions the environmental sustainability of this traditional NCM

manufacturing route, which recently has resulted in a surge of alternative synthesis methods.

In this context, instead of utilizing MCOz¢s) (XVI) or M(OH)2s) (XVII), a physical
blend of the individual transition metal oxides NiOs,), CoOs) and MnOgs,) (XI1X) can be directly
applied as pCAM for NCM (XV111).45%° The oxides (XIX) can be attained by oxidation with
O2(g, (u) from the respective elemental metal (IV), or by calcination of other metal compounds
(process route not shown in Figure 3).21 3 Even though the technique of synthesizing lithium
nickel oxide (LNO), lithium cobalt oxide (LCO) and lithium manganese oxide (LMO) from the
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respective metal oxide’® as well as NCMs from a physical mixture of various transition metal
precursors such as oxides, nitrates, and/or carbonates’’"® has been known for more than 20
years, it regained attention as an alternative method for NCM synthesis by both academia®® 4®
ST and industry.*’->° Essentially, a dry powder blend of the respective individual transition metal
oxides (XIX) in a desired molar ratio corresponding to the target NCM composition is mixed
with a lithium compound and subsequently calcined at elevated temperatures (v) to yield NCM
(XVIII). Not being dependent on solvents to produce pCAM from the dry oxide powders, this
method was termed “all-dry”.%® It is assumed that the following solid state reaction is taking

place during the calcination reaction of the metal oxide blend with LiOHs,).

- 1 1 . 7
;NIO(S') + 3—yCO304(S.) + ;MHO(S.) + LIOH(S_) + EOz(g_) -

6
LiNixCo,Mn,0,  + H,0(,1 ©)

2(s)

where X, y and z present the mole fraction of Ni, Co, and Mn, respectively, in the target NCM
LiNixCOyanOZ(s,).

For the purpose of cost reduction, it is suggested to utilize class 2 NiOs, for the all-dry
synthesis of Ni-rich NCMs,* since class 2 NiO,) is cheaper compared to the pure Ni metal
(class 1), as class 2 Ni compounds are recovered earlier in the refining process and therefore,
exhibit a lower metal grade. However, the production of class 2 NiOg) is currently limited to
the Caron Process (process route not shown in Figure 3), which in total amounts to only 113 kt
Ni produced per year.?* This corresponds to ~5% of the total annual Ni production worldwide.®
Therefore, an adaption of the all-dry synthesis method would require a change in the current

refining infrastructure.

To obtain single-phase NCMs exhibiting a homogenous element distribution and
spherical secondary particle shape, analogous to what is produced by the coprecipitation
method (r, s),%8 %73 the irregular-shaped distinctive metal oxides are milled, physically mixed,
and granulated prior to the calcination reaction within the all-dry route (w).*> 4750 However,
these techniques are known to yield aspherical granulates with void fractions.*> 8% 8! The latter
might lead not only to pronounced capacity fade due to increased contact of the NCM particle
with the electrolyte in the LIB application,® 8 but also excessive internal porosity in CAM
particles that lowers the volumetric energy density of the LIB.%8 67 Further, the irregular shape

of particles decreases powder flowability,2# which negatively affects powder production.®
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Additionally, the elemental distribution achievable by mechanical mixing and ensuing
calcination might not be sufficient and result in elemental inhomogeneities and/or phase
separations in the CAM product. Both is detrimental for the electrochemical performance of
the NCM in the LIB application.>® % Further, it is claimed that a radially alignment of primary
particles within an NCM secondary particle improves the mechanical integrity of secondary
particles, which reduces secondary particle cracking and therewith related degradation
mechanisms.**%2 This particle architecture originates from the coprecipitation reaction of
pCAM and can be transferred to the CAM after calcination.®>®2 In light of the preceding
discussion, it might prove difficult to fulfil the requirements of hierarchically structured NCM

secondary particles by an all-dry synthesis method (v).

However, an alternative particle design to the secondary particle architecture, namely a
monolithic particle morphology exhibiting large single crystal domains (commonly referred to
as single crystal or single crystalline NCM) offers reduction of degradation mechanisms and
therefore, improvement of the capacity retention and overall LIB lifetime.®*®® Since the
hierarchally structured secondary particle architecture created during the pCAM coprecipitation
process is in any case broken down during the synthesis of single crystalline NCMs due to the
excessive particle agglomeration by high calcination temperatures and subsequent milling to
the size of the irregular-shaped, single grains,®® % °7 the all-dry process route (v) seems
especially beneficial for the synthesis of single crystal materials, because the previously
discussed drawbacks of this method for the synthesis of conventional NCMs become irrelevant.
Further, the higher calcination temperatures required for the formation of single crystalline
NCM facilitate the solid-state diffusion of the metals during the calcination reaction. This yields
a uniform metal distribution in the single crystalline product,*® which otherwise cannot be
achieved at the lower calcination temperatures applied for the synthesis of conventional NCM
materials by the all-dry method (v).%° In light of these facts, the drawbacks of the all-dry method
(v) can be overcome if utilized for the synthesis of single crystalline NCM, which renders the
process route particularly suitable for the synthesis of single crystal materials.*® Regardless, the
main advantage of this process route remains to enable the production of NCM without accruing
byproducts and wastewater. In addition, it has the potential to be a lower cost process compared
to the conventional synthesis route, as it utilizes a cheaper feedstock, namely on metal oxides
(XIX) instead of metal sulfates (X1V).#5 4698

Another possible process route for the synthesis of NCM (XVIII) on the horizon that
likewise offers the potential for cost-reduction and amelioration from an ecological perspective,

but in addition can utilize the current industrial infrastructure employed for the NCM
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production is the “direct route” (w). Independent of the raw material source, natural (1, V, VIII)
or secondary by recycling (XI), every process route shares crude metal sulfate solution
MSO4(ag,) (M = Ni, Co for Il and VII, M = Mn for X and M = Ni, Co, Mn for XII) as a common
intermediate towards the synthesis of high-grade elemental metal substrates (V) to produce
NCMs (XVIII). Even though the exact composition (metal grade and impurity content) of the
crude metal sulfate solutions is contingent on the individual processing route and starting
material, the refinement thereof is conducted similarly by either electrowinning, electrorefining,
hydrogen reduction, or solution purification.?% 21:2630.34.35 |f Nj, Co, and Mn are emerging from
the same raw material source and therefore, are accrued together as a crude MSOa(ag), it is
pointless in the context of NCM production to isolate the metals separately and refine them
individually to only mix (p) the elements (XI1V) together again to give a battery grade MSOa(aq.)
(XV) for the pCAM synthesis. To save cost, the metals can be purified simultaneously as a
MSOQa4q,) and recovered earlier in the value chain. This will also limit the wastewater produced
by the ensuing coprecipitation process for the synthesis of pCAM to the wastewater, which
would be anyways produced by the refining process, independent of the downstream NCM
synthesis method. Therefore, the environmental impact of the CO3? (q) and OH" coprecipitation
(r) is also reduced. This is particularly true for LIB recycling, where in the case the black mass
feedstock (XI) contains NCM in the target stoichiometric transition metal ratio, a separation of
the metals for the synthesis of NCMs would be redundant. Further, an optimized minor refining
for the synthesis of NCMs can be imagined that balances the maximum tolerable threshold of
impurities in the feedstock, the performance, and the final cost of the resulting NCM. The
thereby resulting metal sulfate MSOa@q) of minimum required grade can be employed as
starting material for the OH- coprecipitation or CO3? coprecipitation (w) to produce M(OH)zs)
or MCOss,), respectively (XX), as it is the case for the current NCM manufacturing process (r,
s). The resulting pCAM (XX) can then be blended with a lithium compound and calcined (z) to
produce an NCM CAM (XVIII). In this context, several studies benchmarked NCM111 CAM
synthesized from an MSOa4q,) solution derived from hydrometallurgically treated black mass
against commercially available NCM111, demonstrating comparable electrochemical
performances for 11 Ah cells.®® This was also proven for other NCM chemistries such as
NCM523,%° NCM622,% and NCM811% for smaller cells. Further, the feasibility of applying
mixed CAM chemistries in the black mass, ranging from NCM, NCA, LFP, and LMO as
substrate is reported, which highlights the flexibility of this process.®® 112 The impact of
common impurities that are present in an MSOa(aq,) feedstock derived from black mass, such as

Al Cu,1%4 Lj,'% and Mg'% on the electrochemical performance was evaluated. Each of the
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studies identified a maximum tolerable concentration of impurities above which the
electrochemical performance of the NCMs deteriorates.!%3-1% These approaches can also be
transferred to crude metal sulfate solutions (111, VII, X and XII) recoverable during the
upgrading of raw materials in order to optimize the refining process for the purpose of
synthesizing of NCMs. Therefore, determining the sufficient purity required in feedstocks to
manufacture NCMs will become an integral part of future CAM research - metaphorically
speaking, finding out how much sawdust can be admixed to the flour until the taste of the

resulting bread turns bad.

While the preceding discussion provides a simplified overview of the industrially
relevant NCM manufacturing routes, it can only shed some light on the technical, economic,
and ecological aspects of the distinctive production methods. For a fair comparison, a detailed
analysis of the distinctive process routes in their entirety and the therewith associated technical
infrastructure (e.g., if pure elemental metals are applied as substrate for the synthesis of a pCAM
or CAM, this would require specially designed silos for the storage of ignitable powders, which
would not be necessary for the storage of an aqueous solution)*” 1% as well as the feedstock
starting from the raw materials, including the economic and ecological aspects on every level

IS necessary. However, this would be beyond the scope of this work.

Since the currently practiced industrial synthesis method involves the coprecipitation of
an NCM pCAM (q, r), a process that will likely also be practiced in the future due to its potential
for backwards integration, ecological amelioration and inclusion of recycling feeds while at the
same time making use of the current NCM production infrastructure, the next section will
present a technical overview of the NCM manufacturing by utilizing the OH" coprecipitation
process (r) to produce M(OH)2s) (XVII) as pCAM for the synthesis of NCM (XVIII) by

calcination (t).
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1.4 Current manufacturing process of layered lithium nickel

cobalt manganese oxides

The up to today predominantly practiced commercial method to produce NCMs is
schematically presented in Figure 4 and comprises three principal process operations: the OH
coprecipitation of pPCAM particles (1),1> 4% 4 their calcination with a lithium compound to yield
a raw NCM product (11),29%111 and the final posttreatment of the latter to give a treated NCM
(111) that is ready to be used as CAM in a LIB application.'?

MS?‘;(ECI-) 8% LiOH,, /Li,COy
a -
1. Calcination: . Oyg,fsYyn. airg,
I. Precipitation: LiOH /Li,COss,
NaOH,,, Oyg,/SYN. alr(gv)
NHa gy 700-1000 °C
60 o [N o 111. Posttreatment: .
° i °
X eE N Mip  Veshno i
—> M(OH),;(,— — LiMO,,, —> Treated
(b) — > (C) L|M02(s.)
COOOO0000D (d)

Stirred Roller hearth kiln
tank reactor (RHK)
(STR)

Figure 4: Schematic illustration depicting the industrial synthesis of layered lithium nickel
cobalt manganese oxides (i.e., NCMs £ LiMOy)) as cathode active material (CAM) for
lithium-ion batteries (LIBs). The manufacturing process can be divided into three major steps:
() coprecipitation, (I1) calcination and (lll) posttreatment. During coprecipitation (I), an
aqueous mixed metal sulfate MSOas@q) (2) is continuously fed alongside aqueous sodium
hydroxide solution NaOHaq, and aqueous ammonia solution NHasq,) into a stirred tank reactor
(STR) under nitrogen N2(g,) atmosphere to produce a mixed metal hydroxide M(OH)2s, (b). In
the subsequent calcination step (1), the coprecipitated M(OH)(s) particle powder (b) is mixed
with a lithium compound (lithium hydroxide LiOH,) or lithium carbonate Li-COs3;s)) and
calcined in a roller hearth kiln (RHK) at elevated temperatures in an oxygen Oz, Or synthetic
air(g,) atmosphere. In the end, the attained lithium metal oxide LiMO2(,) particle powder (c) is
subjected to posttreatments like washing and/or coating to yield treated lithium metal oxide
LiMO2s) (d). The top view SEM images exemplarily depict M(OH)2s) (€) and LiMOxs,) ()
secondary particles. The SEM-EDX image (g) exemplarily depicts a cross-sectionally sliced
LiMOgs,) secondary particle (blue) with a coating (yellow). The information about the NCM
production process steps to create the figure was taken from scientific and patent literature for
the OH- coprecipitation,®> 43 4 the calcination,'®!! and the posttreatment,!'? while the
displayed SEM images present internal data from BASF SE.
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The OH" coprecipitation (1) is conducted by simultaneously feeding MSOasq) (),
NaOH@q), and NHz@g) into an STR operated under Nog) atmosphere. After the completed
reaction, the solid slurry is collected, washed, and dried to obtain M(OH)2s, as a solid powder
(). 4344 For a quantitative formation of M(OH)2(s), the process is operated in the solubility
minimum of the respective Ni, Co, and Mn hydroxides, ranging from pH-value of 10.0-13.0%
41,4455 in order to favor the reactions given by equation 1 and 2.1 43 44 The thereby attained
secondary particles exhibit particle sizes in the lower micron range (4-16 pum) and are composed
of numerous plate-like primary particles in the submicron range (exemplarily depicted in Figure

115 \which

4g).%6. 74, 113115 1t is suggested that the primary particles consist of various crystallites
are micro-structurally related to layered, hexagonal brucite-type p-Ni(OH)2.>4 113 116-118 Fyyrther,
an elemental mixing on an atomic scale in the M(OH)(s) particle is achieved since the metal
cations are coprecipitated from liquid phase.>® % The course of the coprecipitation (growth rate,
nucleation rate, agglomeration, etc.) and the M(OH)2s) product properties (particle size,
particle morphology, etc.) are highly contingent on the applied process parameters. The
available process variables are the operational mode (semi-batch or continuous),'!® the reaction
time, > 120-122 the coprecipitation pH-value,* 113 114120, 121, 123 the temperature, 2% 121 124 the
NHsgg) concentration,*: 114 120. 122,125 the flow rates,'?® the turbulence controllable by the
stirring speed,*3 114.120.121 3nd the composition of the reactor’s gaseous atmosphere,®® 127 with
each parameter affecting in specific ways the complex solution chemistry of the coprecipitation
reaction and thus the properties of the precipitate. On top of that, additives may be employed to
tailor the pCAM properties*?®3! and/or heterogenous elements (commonly referred to as
dopants) such as A|,132, 133 I\/Ig,132' 134, 135 Ti,134 Zr,134* 135 W’136-138 Nb,134 and Mo®3® can be
coprecipitated into M(OH)2s,) particles to modify the microstructural and physical properties of
the M(OH)2s) pCAM, which ultimately affects the electrochemical properties of the final
NCM.

In the subsequent calcination process (I1), the M(OH)2s.) powder (b) is blended with a
lithium compound such as LiOHs) or Li2CO3s) and transferred into ceramic vessels, which are
passed through a roller hearth kiln (RHK) at temperatures in the range of 700-1000 °C in an
Oq(g.) or synthetic air atmosphere in order to convert the powder mixture to LiMO2s) (& NCM)
powder (c).1%1 The net solid-state reaction if LiOHs) is employed as lithium reagent is given
by equation 4. It has been demonstrated that the actual underlying reaction comprises i) the
dehydration of the M(OH)2s) to MO, with a rock-salt crystal structure, ii) the decomposition
of Li(OH)s, to lithium oxide Li.Ogs), iii) the lithiation reaction to form layered NCM with a
hexagonal a-NaFeO crystal structure, and iv) finally growth of the individual NCM
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crystallites.®™ *° Despite several phase transitions occurring during the calcination reaction, the
secondary particle structure of the M(OH)2s) pPCAM is maintained after the calcination at high
temperatures and is transferred to the NCM CAM.%"2 Therefore, the M(OH)2¢s) pPCAM can be
considered as template for the final NCM, which is indicated by the SEM images depicting
exemplarily an M(OH)2s,) (Figure 4e) and an LiMOzs) CAM secondary particle (Figure 4f).
Consequently, it is widely acknowledged that the NCM electrochemical performance is affected
by the associated pCAM utilized for synthesis.” " Analogous to the coprecipitation reaction
(1, a vast assortment of process variables exists during the calcination (11) to control the solid-
state reaction (crystal growth, lithiation kinetics, etc.) and to tailor the product properties
(primary particle size, crystallinity, etc.). The most critical parameter is the temperature profile
to which the powder mixture is subjected in the kiln, comprising the heating and cooling speed,
the maximum temperature, and the overall dwell time.5% 62 6982 The employed lithium salt,5!
the Li equivalents per mol transition metal in M(OH)(s),%% 8 the atmosphere in the oven and the
exchange thereof per time,* the total solid loading as well as the corresponding architecture
of the powder bed in the ceramic vessels,® 14! and the kiln design present additional process
parameters.® 142 Further, multi-step calcination profiles®®: % 143 and/or particle growth
amplifiers!** can be employed to improve the manufacturing throughput and/or tailor the
product properties. Besides the coprecipitation reaction (1), the calcination (II) offers likewise
an opportunity to incorporate dopant-elements such as Al X4 B 146 147 F 148 g 145 149 T7j 145
Zr 145 150, 151 \py 152 g 90 and Tal4s 153 into the NCM in order to tune the product properties.
Contingent on the solid-state diffusivity of the respective elements at given firing conditions in
the kiln, either a surface accumulation of the dopant on the NCM secondary particle or uniform
distribution across the secondary particle can be achieved.!3? 15415 However, if a homogenous
distribution is desired, the mobility of the doping element during the solid-state reaction might
not be sufficient. Therefore, it might prove beneficial to already include the element during the
coprecipitation reaction (I) instead in order to ensure a homogenously distribution of the

respective dopant. 134 13

The raw NCM product (c) attained by calcination (I) is subsequently subjected to a
posttreatment (I11) like washing and/or coating in order to produce the final treated NCM
particles (d).!'? Figure 4g exemplarily depicts a cross-sectionally sliced LiMOys) secondary
particle (blue) exhibiting a coating (yellow). The washing is conducted to remove Li residuals
(e.g., Li2COggs)) originating from the calcination reaction (I1), which are residing in the porous
network within the NCM secondary particles. This not only open pores and therefore increases
the specific surface area of the NCM particles,®? 17 but also prevents down-stream issues by Li
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158 and detrimental side reactions in the

residuals such as ink-gelation during electrode casting
LIB cell.?*® Additionally, washing induces a lithium-ion/proton Li*/H*-exchange in the layered
structure in the near surface region of the NCM, which upon drying of the washed material
results in the formation of oxygen depleted phases such as NiOs) in the near surface region of
the NCM particles.?>" 160. 161 Notable process variables to control the washing procedure (degree
of Li residual removal, Li*/H*-exchange, increase in porosity, etc.) are the washing intervals, %
the water to CAM ratio,®’ the washing time,'®” and the washing temperature,*? as well as the
drying temperature of the washed NCM. %" €0 Further, specialized washing techniques such as

acid®®® or buffer washing'®?

can be employed for specific NCM chemistries. To mitigate
performance loss by material degradation during cycling in the LIB application,® a coating is
applied on the NCM particles to form a protective layer and to stabilize the NCM surface against
degradation reactions and/or to enhance the mechanical integrity of the secondary particle. %
Additionally, if the coated material exhibits a high lithium ion conductivity, the lithium ion
diffusion at the NCM surface is enhanced, which decreases the resistance build-up during
cycling.1®® Commonly applied coating elements are W,66 Ti,167. 168 7y 156, 165,169 A 155, 165, 170
La,'% Co,'%* B,'%* and Nb.!"* Again, various process parameters exist to apply a coating and to
modify the coating properties (coating thickness, homogeneity, etc.) such as coating substrate
concentration,’* wet or dry coating,!’® annealing temperature,> and reactivity of the coating

element with Li compounds or Li residuals.164 169171

In summary, while the underlying chemistry of NCM manufacturing might appear
simple at first glance, the multiple and partially intertwined dependencies between the
numerous synthesis parameters and structure performance relationships create a complex
discipline of microstructural particle engineering. Quantifying the available process parameters
of each process step, the coprecipitation (1) comprises 10 process parameters, while the
calcination (I1) and posttreatment (I11) each have 13 process parameters (application of doping
elements or additives during the coprecipitation (I) and calcination (lI), respectively, were each
reduced to one process parameter per process step). Overall, this gives 36 process parameters
to prepare NCMs, each with their own distinctive impact on the product properties and
performance in the LIB cell. Considering this, the synthesis of NCMs can be perceived more
as art than science. However, such statement would underestimate the tremendous progress in
the recent years to understand the synthesis process, the pPCAM and CAM properties, and the
behavior of NCM materials in the LIB cell of NCMs, such as the implications of the particle
morphology on the electrochemical performance for various NCM chemistries®” % % even

including the calcination parameters,® %2 the lithiation mechanism occurring during the
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calcination process reaction®® **° leading to the use of two-stage calcination profiles for
optimized physical properties,® 14 or the transfer of the M(OH)s) particle morphology to the
NCM.%8-73 Despite this impressive work, a certain knowledge gap persists, especially regarding
the OH" coprecipitation to generate the M(OH)2is) pCAM for the synthesis of NCM CAM. So
far, coprecipitation-parameter-product relationships have been mainly empirically studied to
optimize the energy density of the resulting NCM in the final LIB.>® % 121 12 Sjnce the
coprecipitation reaction represents the first set-screw in the synthesis process of NCMs to adjust
the physical properties and electrochemical performance of the product, thus the quality of the
final LIB, a systematic understanding of the particle formation during the coprecipitation
reaction is imperative to enable every degree of freedom available to tailor the material
properties. Therefore, the scope of this thesis is to identify process-parameter-product-property
relationships by detailed examination of the M(OH),) particle formation and growth during
the coprecipitation reaction to contribute to an efficient manufacturing of excellent NCMs for

high-performing LI1Bs with the aim in BEV applications.
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2 Experimental section

2.1 Stirred tank reactor setup

The optimized coprecipitation setup — The coprecipitation of pPCAM particles for NCM
CAM particles, both OH™ and CO3? coprecipitation3¥#2, are commonly practiced in an STR.
While a facile coprecipitation in beaker is principally possible, the thereby attained product
properties vary drastically from that of pCAM particles synthesized in an STR (e.g., spherical
secondary particle structure)®® due to the lack of turbulence combined with imprecise control
of the process conditions. This limits the use of beaker experiments to solely investigate
thermodynamic properties relevant for the coprecipitation of an NCM pCAM such as the
solubility of Ni?*, Co?*, and Mn?*. Therefore, an STR setup suitable for the investigation of the
M(OH). coprecipitation mechanism was developed in this work. The piping and

instrumentation diagram (PID) of the designed STR system is given in Figure 5.
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Figure 5: Piping and instrumentation diagram (PID) of the coprecipitation reactor setup utilized
in this work, depicting the major constituents, where T =tank, P =pump, M =motor,
STR =stirred tank reactor, WIR = weight indication record, NUS = user choice multivariable
switch (here: volumetric flow rate), PIS+ = pressure indication switch and safety regulation
above threshold value, PI = pressure indication, FI = flow indication, Q(pH)IR = quantity (pH-
value) indication record and switch, and TIRS+ = temperature indication record switch and
safety regulation above threshold value.
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The center piece of the setup is a 480 ml jacketed STR equipped with a mechanical
stirrer M to control the stirring speed between 0-2000 rpm and with an overflow. The STR can
be fed with the reactants via three feed ports. The MSOa4(q) and NHaq,) solutions are conveyed
by the membrane pumps P1 (6.0-240.0 ml/h) and P2 (0.60-30.00 ml/h), respectively, from the
respective feed storage tank T1 and T2 with a capacity of 2 | each. The feed tanks are positioned
on balances, which allows monitoring the mass loss in the feed tank over time, thus the mass
flow rate of the respective feeds. On the contrary, the NaOHyq,) is fed into the reactor by a
cylinder stroke pump P3 (6.0-240.0 ml/h) from the NaOH(q,) feed storage tank T3, which is
also positioned on a balance. The resulting flow is regulated by a flow control unit, which is
connected to a pH-probe inserted into the reactor. This enables to automatically adjust the
NaOH g, flow conveyed by P3 according to the deviation of the set pH-value and the measured
pH-value of the probe inside the STR. For all feeds, a safety valve with a threshold of 3.4 bar
was installed. The temperature inside the stirred vessel can be controlled between 25-90 °C by
a heat exchanger system, which is connected to a temperature sensor for tracking the
temperature inside the reactor. This allows the regulation of the temperature of the heating fluid
inside the double wall of the STR. Sampling reactor content for process analysis is possible by
a tube inserted into the STR (denoted as “to sampling” in Figure 5). A N2(.) atmosphere inside
the reactor can be generated by a Na(g,) stream from the N2 laboratory supply line, which can
be controlled by a flow meter (0.1-5.0 NI/h). As a security measure, a safety valve is connected
to the STR, which in the case of excess pressure releases the reactor’s atmosphere into the
exhaust. Further, a collecting vessel T4 is attached to the reactor by an overflow line that
provides the possibility to operate the system in continuous mode. In the case of any security
measure being triggered, the power supply for the entire equipment is shut down.

Based on the presented PID in Figure 5, a coprecipitation reactor setup was developed,
which is displayed in Figure 6. The photographs depict the overall equipment (upper photo,
shown without a frame), a higher magnification of the STR (framed by the red dashed lines),
and a detailed close-up view of the STR (framed by blue dashed lines). In each image the most
important parts are labeled by numbers, which will be used in the following discussion. The
480 ml double-walled glass STR (1; BASF SE) was equipped with a three-stage 45° pitch-blade
stirrer (BOLA), which was fixated through the center hole in the vessel’s cap and anchored by
a coupling to the stirrer motor (2; IKA Eurostar 20 digital).
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Figure 6: Photographs of the coprecipitation reactor setup utilized in this work, depicting the
overall setup equipment (upper photo, depicted without frame), a higher magnification of the
stirred tank reactor (framed by red dashed lines), and a detailed close-up view of the stirred tank
reactor (framed by blue dashed lines). The major parts of the setup are labeled by numbers.

The reactants, MSOsaq.) and NHagq,), were conveyed from the respective 2.0 | feed tanks
(3a and b, respectively) by membrane pumps (4a and b, respectively; Bischoff, HDP Pump
multitherm 200 for MSOQa4(q) and Bischoff, HDP Pump multitherm 3351 for NH3(q,)) through
0.5 mm Teflon tubes to the STR (1). These tubes entered the vessel through the respective feed
inlets (5a and 5b). The NaOHaq.) was conveyed from the respective feed tank (3c) by a cylinder
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stroke pump (6; ProMinent, Gamma L), while the flow rate was regulated according to the
deviation between the pH-value measured by the pH-probe (7; HA 405-DXK-S8, Mettler
Toledo) inside the STR and the pH-setpoint value of a flow control unit (8; ProMinent,
Dulcometer). In this regard, the NaOH g, was fed through a 0.5 mm Teflon tube that entered
the STR through the respective feed inlet (5c). The N2, stream from the Nz, supply line of
the laboratory was transported through a 0.5 mm Teflon tube and entered the STR by a
Swagelok T-piece with an overpressure valve (9) and could be controlled by a flow meter (10).
The temperature inside the STR was monitored by a temperature probe inserted into the STR
through the Swagelok T-piece with overpressure valve (9) and its signal was fed back to a
thermostat (Hubert, Ministat 125) that was connected to the jacket of the STR that contained
the heating fluid (11). This provided temperature control in the vessel. Reaction suspension
could be withdrawn from the reactor by a syringe attached to a 0.5 mm Teflon tube for sampling
(12), which was inserted into the STR through the Swagelok T-piece with overpressure valve
(9). During continuous operation of the STR, reaction suspension could leave the reactor
through an overflow (13) and was collected in a container (14). Additionally, the reaction

suspension could be collected from the bottom outlet of the STR (15).

For further details about the dimensions of the STR body, the geometry of the employed
STR () and the corresponding cap of the STR (b) is schematically depicted in Figure 7

2 150 mm

2 80 mm

150 mm

110 mm

@ 160 mm

50 mm

Figure 7: Schematic illustration of the STR cross section (a), and the corresponding STR cap
from the top (b). The major parts of the STR and cap are labeled by numbers.
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The vessel had an inner diameter of 90 mm, and the outer diameter of the jacket was 150 mm
(see Figure 7a). Further, it was equipped with stainless steel baffles with a height of 110 mm
(1), with a stainless steel three-stage 45° pitch-blade stirrer with a diameter of 5.0 cm (2), and
with an overflow with a diameter of 6 mm located at a height of 90 mm (3). The latter was used
to operate the vessel in continuous mode at a reactor volume of 250 ml. During a semi-batch
coprecipitation, the overflow hole was closed, and a reactor volume of 480 ml was available.
The reactor’s lid had a diameter of 120 mm and exhibited six openings (see Figure 7b). The
center aperture with a diameter of 30 mm (4) was utilized for fixing the three-stage 45° pitch-
blade stirrer. Through one of the two openings with a diameter of 22 mm (5), the pH-probe was
inserted, while through the other one the sampling tube, the temperature probe and the Nz,
inlet tube were inserted by means of a Swagelok T-piece onto which the overpressure valve
was installed (6). The feed inlets were placed through the remaining openings of the caps,
having a diameter of 16 mm, and positioned 50 mm above the maximum liquid level (7-9). The
MSOs4q,) inlet (7) was located 40 mm from the NHaaq,) inlet (8) and 80 mm from the NaOHaq)
inlet (9).

In conclusion, the coprecipitation setup described above allowed to operate
coprecipitation reactions in a continuous or in a semi-batch mode, in both cases under a nitrogen
atmosphere, while providing a sufficient flow of NHsag) and maintaining constant pH-value
(£0.02-0.03).

Troubleshooting while setting up the coprecipitation setup — So far, the preceding
discussion dealt with the optimized coprecipitation setup, which provided the experimental
basis for this work. However, the process of setting up the coprecipitation facility itself
presented diverse technical challenges and had various pitfalls, requiring the optimization of
the equipment by trial and error. This was not discussed in the articles presented later in this
work and therefore will be briefly addressed in the following.

In a first design of the coprecipitation equipment, it was intended to feed the reactants
below the liquid level in a very close proximity to the upper blades of the three-stage 45° pitch-
blade stirrer to enable a fast mixing of the reactants as well as to provide reactant dosing in the
reactor zone experiencing the highest shear force. While this configuration is viable for larger
vessels (>1 1), in smaller setups (<1 1), as employed in this work, it is unfavorable due to the
very low absolute volumetric flow rates of the reactants for small STRs such that solid
formation occurs at the MSOaq,) feed entry, because alkaline reaction suspension is being

pushed into the feed inlet of the acidic MSOaq,) solution by the turbulent flow in the STR
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induced by the mechanical stirring. This leads to plugging of the MSQuq,) feed inlet, thus
generating pressure loss in the conveying system, which in turn then decreases the effective
MSOa4@q) flow rate and/or brings the feed flow entirely to a stop. Therefore, maintaining
constant process conditions would not be possible in this case. Although it is in principle
possible to mitigate this issue by decreasing the diameter of the feed tubes, thereby increasing
the pressure of the feeds to prevent the backflow of reaction suspension into the feed tube, a
tube diameter of 0.5 mm presents already the minimum for commercially available tubes. For
larger STRs (>1 |) this problem is rarely encountered, as the absolute volumetric flow rates are
intrinsically higher than for smaller STRs (<1 1), even though normalized by the reactor’s
volume the volumetric flow rates are identical. To overcome the problem, the feed inlets for all
reactants were positioned above the liquid level, thus the reactants are dropped onto the surface

of the reaction liquid/suspension.

Further, it is critical to avoid dead zones in the geometry of the STR, as these present
areas in the reactor which not only suffer from a mixing and/or turbulence deficiency,'’? but in
the case the formation of a solid reaction product can result in crystal fouling and the formation
of undesired crystal deposits.24 Both phenomena can lead to process failures, undefined product
properties, and/or yield loss. In this work, for the initial design of the STR, the pH-probe was
inserted through a concave extension at the side of the STR. However, this zone experienced a
lower degree of turbulence compared to the reactor’s bulk, which resulted in precipitated pPCAM
particles being pushed into the extension zone by the turbulent flow but were not pulled out
again by the fluid flow throughout the bulk of the reactor. Therefore, the extension zone was
quickly burrowed with particles exhibiting undefined properties. Additionally, crystal deposits
started forming in this area of the reactor, which eventually were covering the pCAM particles
and the pH-probe, so that the pH-probe would lose contact with the reaction suspension. This
falsified the pH-value measurement, the therewith associated NaOHq,) flow, and eventually
process failure occurred. This issue was solved by employing an STR vessel geometry that had
no extensions of any sort and by inserting the pH-probe from the top through the cap of the
STR.

Additional sensitivity in smaller setups (<1 I) might arise from the oversized proportions
of the equipment (e.g., the pH-probe, sampling tube, etc.) compared to the reactor dimensions.
A pH-probe inserted into a smaller STR could potentially influence the fluid flow and the
turbulence inside the stirred vessel during operation, as the diameter of the pH-probe is
relatively large compared to the diameter of the entire vessel. This is substantially less likely in
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a larger setup, since the diameter of a pH-probe is significantly smaller than the diameter of a

large STR (<1 ), thus this uncertainty can be readily ruled out.

In conclusion, the within the frame of this work developed coprecipitation equipment in
its optimized state was well suited to study the pCAM particle formation mechanism. However,
if the author would have to set up a coprecipitation equipment again, he would certainly not
start below an STR size below 2 |, as this eliminates most of the above-described issues,

facilitates troubleshooting, and provides more flexibility of adjusting the entire setup.
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2.2 Coprecipitation process operation and control

Before describing the operation of the coprecipitation setup given in section 2.1, the
analytical techniques utilized for monitoring the coprecipitation reaction, the determination of
the particle size distribution (PSD) by light scattering, the pH-value measurement, and the

visual evaluation of the reaction suspension will be discussed.

PSD by light scattering — Since the secondary particle size of a CAM is affected by the
secondary particle size of the associated pCAM utilized for the synthesis thereof,®? a precise
control of the pCAM secondary particle size during the coprecipitation reaction is necessary.
Further, monitoring the PSD throughout the course of the pCAM coprecipitations grants
information about unexpected changes in the PSD, which indicate undesired process changes.
This enables the possibility for process and recipe optimization by applying light scattering as

a diagnostic tool. Therefore, monitoring the PSD provides indispensable process control.

During light scattering, a dispersion of suspended particles is irradiated by a
combination of red and blue light.”® This results in scattering, diffraction, and absorption of
the incoming light, which is captured by a detector. The properties of the detected light, such
as the intensity distribution, depend on the size distribution of the suspended particles. Two
models for the transformation of the attained optical data into a PSD were examined, namely
the Fraunhofer approximation and the Mie theory. As the name suggests, the Fraunhofer
approximation can be only considered as an approximative determination of the PSD, since the
investigated particles are assumed as opaque discs. This simplified assumption can result in
systematic errors, especially for particles <50 um. In contrast, the Mie theory is based on
spherical, transparent particles, which improves the accuracy of light scattering for the
determination of PSDs in the range of <50 um. However, the application of the Mie theory
requires information about the refractive index of the investigated material. Therefore, the
Fraunhofer approximation might prove beneficial for the analysis of unknown materials and/or

mixtures of different materials.1’®

Since the particle size of CAMs and pCAMs ranges from 2-20 pm, the Mie theory seems
to be more suitable for the evaluation of the PSD of CAMs and pCAMs. This was
experimentally verified by comparing the PSD attained by light scattering via the Fraunhofer
approximation and the Mie theory. For this purpose, dry pPCAM powder was homogenously
dispersed in H20, and a small amount of the particle slurry was transferred into the particle size
analyzer (Mastersizer 2000, Malvern Panalytical GmbH) until a light attenuation between
4.0-14.0% was achieved. The respective volume-based particle size distribution was
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determined by laser scattering using either the Fraunhofer or the Mie theory. In both cases, a
refractive index of 1.33 for H20O as dispersant was selected, while for the Mie theory a refractive
index of 2.19, identical to the refractive index of NiO, was assumed for the
NiogC00.1Mno.1(OH)2 particles. The intensity of the scattered laser beam was collected as a
function of the scattering angle for particle sizes in the range of 0.05-70.0 um by applying a
combination of red and blue light. The resulting PSDs from the different optical models are
compared to the PSD determined from a scanning electron microscopy SEM image taken at 1 k
magnification of the Nio.sC00.1Mno.1(OH)2 material in Figure 8 (for detailed information about
the SEM method, see section 2.3).

20
a
) Fraunhofer
15 } Mie
- SEM
X0}
(]
>
5
oo
0 . M PR | PR TP YA . “ "ﬁ &R o fﬂ \*,&,mﬂ'\’: 3
0.1 1 10 @ O 289,808, o 20fatt AN

Particle Size [um]

Figure 8: a) Comparison of particle size distributions (PSDs) attained by various techniques
for an exemplary sample of NiogC00.1Mno.1(OH) particles. The shown PSDs were obtained by
light scattering using either the Fraunhofer approximation (red) or the Mie theory (green) or
PSD obtained by manual determination of the particle size distribution from a b) SEM image
of Nio.sC00.1Mno.1(OH): particles taken at 1 k magnification by application of image J™# (blue).
(For detailed information about the SEM method, see section 2.3).

The PSD determined by light scattering based on the Fraunhofer approximation yields
a bimodal PSD with a small modal in the particle size range of 0.4-1.5 um and a large modal in
the range of 3.4-12.0 um. By comparison, the PSD determined by light scattering employing
the Mie theory is monomodal agrees well with the monomodal PSD determined by SEM
imaging. Since the small particles corresponding to modal in the range of 0.4-1.5 um in the
Fraunhofer based PSD are absent in the SEM image, this small modal is clearly an analysis
artefact. Hence, the Fraunhofer approximation is inappropriate for the determination of pPCAM
PSDs by light scattering. Hackley et al. observed a similar artefact in their analysis of aluminum
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oxide powders by light scattering, where the application of the Fraunhofer model yielded an
apparent modal of particles in the submicron meter range, which were not existent.1”® In light
of these results, the Mie theory was utilized as model for the evaluation of the PSD of pCAMSs

by light scattering.

When conducting a PSD analysis of reaction suspension samples from the operating
STR containing mother liquor and NiogC0o.1Mno.1(OH)2 particles, the slurry was cooled down
to room temperature prior to the measurements. The PSD was then determined by light
scattering by applying the Mie theory. Based on three measurements per sample, the average
volume-based percentile particle sizes dio, dso, and deo were determined. The span ¢ was

calculated according to the following equation.

d90 - le
o= 210 7
e (7)

pH-value measurement — Besides light scattering for the determination of the PSD of
the Nio.sC00.1Mno.1(OH)2 pCAM particles inside the STR during the coprecipitation reaction,
another essential tool for process control is measuring the pH-value of the sampled reaction
suspension. The pH-value is defined as the negative decadic logarithm of the proton
concentration. The higher the pH-value of a liquid, the lower is its proton concentration and in
turn the higher is its OH" concentration. Monitoring the pH-value during the coprecipitation
reaction was performed in-situ and ex-situ. The installed internal pH-probe was employed for
monitoring the pH-value at reaction temperature inside the STR, while the external pH-probe
(InLab® Seml Micro, Mettler Toledo) was used for measuring the reference pH-value at 23 °C
by cooling the sampled reaction suspension down to 23 °C in a water bath for 5 min prior to the
measurement. The external pH-electrode was calibrated at 23 °C, while the internal was
calibrated at the applied reaction temperature, in both cases utilizing buffer solutions
(pH23°c = 7.0, pH23°c = 12.0, Certipure, Merck KGaA).

Alternatively, a facile acid titration method can be employed for the determination of the OH"
concentration. For this purpose, the precipitated particles must be separated from the collected
reaction suspension and the resulting solid-free mother liquor can then be titrated with an acid
such as HClq,). This approach proves especially beneficial for pH-values >12.7, where the so-
called alkaline error can falsify the pH-probe measurement.” Additional error sources such as

the falsification of the measured pH-value by changes in ionic strength and/or aging of the pH-
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probe during the coprecipitation reaction can also be excluded by acid titration. The latter
therefore gives more accurate information compared to a simple pH-value measurement but is
more time consuming. Further, acid titration of mother liquor can be combined with Kjeldahl
digestion'’® for monitoring the NHa(gq) concentration during the coprecipitation as well as for

deconvoluting the overall OH" concentration into free OH™ and OH" originating from NHzyg).

Visual evaluation of the reaction suspension — While a simple observation with the
bare eye certainly does not allow to monitor the coprecipitation process in a quantitative
manner, it can provide indirectly a qualitative information about the gaseous atmosphere inside

the STR and the NHz(q,) concentration in the mother liquor.

Figure 9: a) Illustration of the impact of the atmosphere inside the STR on the undesired
oxidation of Mn?* in NiosC00.1Mno.1(OH)2, showing the coloring of the coprecipitated solid for
a coprecipitation reaction where the initial O2(g.,) atmosphere was gradually exchanged by a N2,
atmosphere. Note that the reaction suspension samples were homogenously suspended before
taking the photo. (b) The influence of the NHsgag) concentration on the formation of the
[Ni(NH3)x]?*@aq) complex that colors the mother liquor progressively blue with increasing
NHasq,) concentration (here being increased from 0.0 mol/l to 0.7 mol/l). Note that the sampled
reaction suspension the solid was allowed to settle before taking the photos.
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In general it is desirable to prevent the oxidation of Mn(OH)zs) to MNOOHs) and/or
MnOy) in the precipitated M(OH)2s,) is prevented by conducting the coprecipitation reaction
under inert atmosphere, typically N2g).%% 127 Since MnOOHs) is a light brown solid and MnOzs)
is a dark brown/black solid while Mn(OH)zs) is a cream-colored/white solid,?’ the former two
turn a mixed NiCoMn(OH)(s) precipitate brown/black (strictly speaking, it is no longer a pure
hydroxide but rather an oxyhydroxide); on the other hand, while the hydroxide of Mn does not
affect the intrinsically green color of NiCoMn(OH)z), which originates from Ni(OH)z)."’
Therefore, if the precipitated solid inside the reactor exhibits a brown color even though the
coprecipitation reaction was conducted under a nominally inert atmosphere, this indicates that
an inert atmosphere was not successfully established (e.g., due to a leak in the STR and/or the
N2 flow tube, etc.) and the oxidation of Mn?* in the M(OH)zs) precipitate must have occurred
inside the STR. This is exemplarily demonstrated in Figure 9a.

If the coprecipitation reaction of a Ni containing NiCoMn(OH)(s) is practiced in the
presence of NHagq), the complexation of Ni?*(,q) occurs, which results in the formation of an
ammonia-nickel complex [Ni(NHs)s]?*aq). The appearance of this complex colors the aqueous
mother liquor blue.!”® Therefore, if M(OH)z2(q,) is precipitated at medium to high NHagq)
concentrations, a blue coloring of the mother liquor indicates the presence of NH3@g). This
means in turn that the lack of a blue color at medium to high NHa(q,) concentrations must be
due to a loss of NH3z from the reaction mixture (e.g., due to excessive Nz, flow removing NH3
from the aqueous phase, etc.). This is exemplarily shown in Figure 9b. Based on the strong
color of the [Ni(NH3)s]**(aq) complex, the Ni?* concentration can be also quantitatively

determined by colorimetric determination.’®

Coprecipitation process operation — The coprecipitation of pCAM particles in an STR
can be generally conducted in a semi-batch or in a continuous mode, also referred to as
continuous stirred tank reactor CSTR. The fundamental differences between both operational

styles are schematically illustrated in Figure 10.
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Figure 10: Schematic illustration of STR setups for the two major process operation modes for
pCAM coprecipitation. a) Semi-batch and b) continuous operation (continuously stirred tank
reactor, CSTR). During semi-batch operation, the reaction volume and therefore the
coprecipitated M(OH)2 volume and mass are a function of the batch run time tyyn. In contrast,
during continuous operation, the reaction volume and therefore the total coprecipitated M(OH)2
volume and mass inside the reactor remain constant due to the overflow that enables a steady
flow of reaction suspension leaving the reaction vessel.

During semi-batch operation (see Figure 10a), reactants are continuously added, while
the reaction suspension is unable to leave the stirred vessel. This results in a steady increase of
the total reaction volume Vita and of the volume of the formed M(OH)2 Vmon)y2 with
progressing batch run time twn. In contrast, during continuous operation (see Figure 10b), the
summed-up volumetric flow rates of reactants V;,, equals the volumetric flow rate of reaction
suspension leaving the system V. via the overflow. Thus, Vit and Vmonyz remain constant

throughout the process. The operation mode applied in this work was the semi-batch operation.

Prior to initiating a semi-batch coprecipitation, the free overflow of the STR was closed.
The reactor atmosphere was then rendered inert with N), charged with deionized H>O, and
NHz@q) Was added to achieve the desired starting liquid volume and NHs@q) concentration in
the reactor. The reaction temperature, the pH-value, and the stirring speed were set to the
desired values. The reaction was then initiated by simultaneously feeding MSOa(aq,) and NH3aq,)
into the reactor, while the NaOHaq,) flow was controlled by the mass-flow control unit linked
to the internal pH-probe to maintain a constant pH-value throughout the reaction. In desired
time intervals, the reaction progress was controlled by withdrawing reaction suspension from
the reactor, cooling it to 23 °C, measuring the pH-value at 23 °C and determining the PSD of
the precipitated solid by laser scattering. After a desired twn, the reactant flows were stopped,
the obtained product suspension was collected, filtered, washed with H>O ina 10:1 weight ratio
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of H2O to precipitate and dried in air at 120 °C for 12 h in an oven (Universal Oven U,
Memmert). The STR was cleaned between runs with diluted H2SOa(aq.) at 55 °C and at a stirring
speed of 1500 rpm for 10 min. This was repeated for additional three times by employing
deionized H20 instead of H2SO4aq.).

Tracking the development of the average volume-based percentile particle sizes d1o, dso,
and dgo over time as well as the pH-value during the semi-batch coprecipitation allows to
monitor the progress of the coprecipitation reaction. This provides not only control of the
product’s physical properties such as the particle size, but also enables the possibility for

process and recipe optimization.
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2.3 Scanning electron microscopy

The morphological structure of particles has a significant impact of an NCM CAM on
the efficiency in the field of application (e.g., on the electrochemical performance)®’: 8 as well
as the processing thereof.3% In this work, the morphology of coprecipitated
NiogC00.1Mno.1(OH)2 pCAM particles was characterized by scanning electron microscopy
(SEM). This technique allows to visualize particles and to qualitatively evaluate the physical
properties of particles such as secondary particle size,*> 1 primary particle size,'?’ orientation
of primary particles,®* secondary particle sphericity,*® 11 porosity,'?” and/or the homogeneity
within and/or between particles.®® Additionally, some of these characteristics can be quantified
from SEM images by analysis of a statistically representative number of particles and/or images

via manual and/or automatic image analysis tools.®* 8

The samples for top view SEM imaging were prepared by fixing pCAM powder onto a
SEM pin holder (Agar Scientific, Ltd.) that was covered with conducting carbon (Plano
GmBH). Subsequently, a 6 nm platinum layer was coated on top of the sample by sputter
deposition (SCD 500 Sputter Coater, Bal-Tec AG). The samples for cross section (CS)
measurements were prepared by mixing 2 g of epoxy resin, 0.5 g of epoxy hardener (Buehler,
ITW Test & Measurement GmbH) and adding a few drops of the blend to the respective pPCAM
powder in a gelatine capsule. The resulting suspension was cast onto an Al-foil using a manual
coater with a gap size of 0.5 mm and then dried in an oven at 40 °C overnight. Small sections
of the coated foil were transferred to an ion milling system (ArBlade 5000, Hitachi, Ltd)
equipped with an Ar ion beam at an operating voltage of 6 kV. The SEM imaging was
performed applying a thermal field emission cathode and an Everhat-Thornley secondary
electron detector at an operating voltage of 5 kV (Ultra 55, Carl Zeiss Ag).

In section 3.1.1, quantitative information about circularity as indicator for sphericity of
precipitated Nio.gC00.:Mno.1(OH). pCAM particles was determined from SEM top view images
by employing a segmentation model. The SEM images were taken at 1 k magnification and for
each sample the circularity of approximately 80-100 particles was determined. The algorithm
implemented for the automated image segmentation is based on a U-Net architecture neural
network.'’® The proportions of the SEM image (such as lengths/areas) were captured in the
dimension of pixels, which after the segmentation were converted back by applying a
calibration factor from the image metadata. To increase the accuracy of the segmentation, the
regions adjacent to the boundary of the image were rejected, since particles in this region might

not be fully captured. Further, only particles were considered, which exhibited an area of above
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200 pixels and a compactness (ratio between the particle’s area and its convex hull) of > 0.8.
These filters ascertained that only particles that did not deviate excessively from a spherical
shape were recognized. By two-dimensional approximation of particles, the circularity C of
segmented particles that fulfilled the aforementioned criteria was then calculated according to

the isoperimetric quotient, which is defined as.'8°

C= Aparticle _ 41TApartic1e

8)

- 2
AGQ- circle pparticle

where Aparticle IS the area of the segmented particle based on a 2D projection of the particle, and
Aeq. circle IS the area of a circle exhibiting the same equivalent perimeter Pparticie as the particle (C

equals one for a perfect circle).

On average, 60-100 particles per Nio.gCo00.1Mno.1(OH)2 pCAM sample were analyzed.
The validity of the segmentation model was verified by comparing algorithm-based circularity

distributions of selected samples to distributions attained by manual segmentation via

ImageJ,*’* which is exemplarily given in Figure 13.
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Figure 13: Quantification of particle circularity C as descriptor for the sphericity of
Nio.8C00.1Mno.1(OH). secondary particles by SEM image analysis. An exemplary top view SEM
image at 1 k magnification of NiogC0o.1Mno.1(OH)2 secondary particles is shown a) before and
b) after automated secondary particle segmentation. The segmented particles are highlighted
with a blue overlay. ¢) Comparison of the corresponding number-based circularity distribution
of NiogC00.1Mno.1(OH)2 secondary particles determined by automated (filled) and manual
segmentation (unfilled).
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The identified secondary particles for which C was determined are encircled in green
and are depicted with a blue overlay, while particles that were identified but were not considered
by the model due to the employed filters are only encircled in green. Solely minor deviations
can be observed when comparing the attained distributions by manual and automated
segmentation (Figure 12c) for secondary particles exhibiting nearly perfect circularity
(C >0.95) and for rather non-circular particles (C < 0.80). The discrepancy for C > 0.95 might
be ascribed to circular secondary particles which were not considered by the algorithm due to
local brightness inhomogeneities across the secondary particle structure that results in a
blending with the background brightness. The discrepancy for C <0.80 might be due to
improper segmentation of overlapping secondary particles by the model, which results in an
underestimation of C for the particle being overlapped. These overlapped particles were not
considered during manual segmentation. Overall, however, this amounts to an insignificant
discrepancy of merely 2% when comparing the number median circularity Cso determined from
C distributions obtained by both methods (data not shown). Therefore, it is demonstrated that
reasonable results can be obtained by algorithm-based determination of secondary particle

circularity as indicator for particle sphericity from SEM images.

Further, in section 3.1.1, the size of the secondary particle core was manually
determined from CS-SEM images of NiogCo001Mno.1(OH)2 secondary particles at various
magnifications by applying ImageJ.}’* Only those cross-sectionally sliced secondary particles
were considered for which the particle core was readily exposed, as this ensures that the
secondary particle was cut through its center. The corresponding equivalent diameter (deq.) of a
circle with identical area as the determined area of the core (Asegm. area) Was calculated according

to the following.

Asegm. area (9)
T

deq. =2

The area of approximately 50 secondary particle centers per Nig.gC0o.1Mno.1(OH). sample was
determined. From the resulting deq, volume-based PSD were derived. This approach is

exemplarily displayed in Figure 14.
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Figure 14: a) Exemplary CS-SEM image of a cross-sectionally sliced NiggCo00.1Mng.1(OH)2
secondary particle taken at 15 k magnification. The secondary particle center is encircled in
yellow, illustrating how the particle core size was determined by SEM image segmentation via
ImageJ.1’* b) Corresponding volume-based particle size distribution of NiosC001Mno1(OH)2
secondary particle centers obtained by the analysis of approximately 50 secondary particles by
SEM image segmentation and determination of the size of the secondary particle center.

In section 3.1.2, the vertical size of primary particles was manually determined from top
view SEM images of NiogC0o.1Mno.1(OH)2 secondary particles taken at 50 k magnification
applying ImageJ software.*’* In this case, only primary particles were considered for which the
vertical size was perpendicularly exposed, since the curvature of the spherical secondary
particle could falsify the determined vertical primary particle size. Overall, the vertical size of
100 primary particles per NiogC0o.1Mno.1(OH). sample and average values formulated. This
approach is exemplarily visualized in the SEM image shown in Figure 14, including the thereby

attained vertical primary particle size distribution.
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Figure 15: a) Exemplary SEM image of a Nio.sC0o0.1Mno.1(OH)2 secondary particle taken at
50 k magnification. The yellow bars exemplarily depict the analyzed vertical primary particle
size (PPvert) for selected primary particles via ImageJ.t’* b) Corresponding formulated number
distribution histogram of vertical primary particle size in a NiggCo001Mng1(OH)2 secondary
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particle obtained by analysis of approximately 100 primary particles by SEM image
segmentation.

In summary, SEM imaging is a valuable method to attain visual insights into a particle-
based system and for the formulation of initial conclusions. Further, the observed qualitative
trends can be quantitatively validated by image analysis. However, in some cases it might prove
difficult to quantify physical properties of particles such as the specific surface area SSA or the
porosity of particles. Therefore, SEM imaging can be complemented with a quantitative
technique such as light scattering for PSD analysis or nitrogen physisorption for SSA and

porosity analysis. The latter will be discussed in the subsequent section.
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2.4 Nitrogen physisorption

Physical properties of particles such as the SSA and porosity are important
characteristics for a wide range of material classes. Both properties can be determined by
physisorption. This method is based on the physical adsorption of a fluid, typically an inert gas,
(commonly referred to as adsorptive) on the interfacial region of a solid (commonly referred to
as adsorbate) due to van der Waals interaction.*® The most commonly employed adsorptive
during physisorption is N2, while other gases such as krypton can be applied if an exceptionally
high accuracy is necessary.? 18 Typically, the adsorption is conducted at a constant
temperature. Thus, the amount of gas adsorbed on the solid directly correlates with the
equilibrium pressure of the gas, which can be expressed in the form of a sorption isotherm.8
In section 3.1.1 and 3.1.2, Nz physisorption was conducted by degassing the
Nio.8C00.1Mno.1(OH). powders at 120 °C for three hours and subsequently measuring N2
physisorption isotherms at 77 K (ASAP2420, Micromeritics) for the quantification of the SSA
and intra-particle porosity of Nio.sC001Mno1(OH)2 secondary particles. Figure 15 depicts
exemplarily N2 isotherms obtained for a porous and a dense Nio.gC0o.1Mno.1(OH)2 secondary
particle powder. The volume of adsorbed N2 (Vn2,ads) at standard temperature and pressure STP
(273.15 K and 101325 Pa) is normalized to the sample mass, while the relative pressure p/po
corresponds to the actual gas pressure divided by the saturation vapor pressure of N2 at 77 K.
The obtained isotherms in Figure 15, both for the dense and porous material, can be classified
as type IV isotherms. These exhibit a characteristic hysteresis feature corresponding to the gap
between the adsorption and desorption isotherm, which is attributed to capillary condensation

of Ny(g) into the mesoporous network of the sample. 8!

The SSA of particles in a powder can then be extracted from the obtained adsorption
isotherm based on the Brunauer-Emmet-Teller (BET) model, which relies on the principle of
multilayer adsorption. A linear fit of the adsorption data points in the range of
0.05<p/p0o<0.20-0.30  (see  Figure  16) by  applying the relationship
1/(Vnz,ads (Po/p-1)) against p/po allows to determine the BET SSA.28! The appropriate particle
size corresponding to the SSA can then be calculated by using a spherical approximation of the
particles if the density of the investigated material is known. Likewise, SSAs can be estimated
if the particle size (secondary particle SSA and/or primary particle SSA, respectively) of the
evaluated particle was determined by a complementary technique such as light scattering and/or

SEM imaging, again using a spherical approximation.®” &
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Figure 16: Exemplary adsorption and desorption isotherms for a pCAM with porous (squares,
light green) or a pPCAM with dense Nio.sC0o1Mno.1(OH). secondary particles (circles, dark
green) obtained by N2 physisorption. The relevant relative pressure ranges p/po for the
determination of the SSA and for the intra-particle porosity are indicated by arrows and denoted
as “BET range” and “Porosity range”, respectively. Further, the adsorption hysteresis between
the adsorption and desorption isotherm is highlighted for the porous material. Here, the dense
Nio.sC00.1Mno.1(OH)2 pCAM exhibited a BET SSA of 6.7 m?/g and intra-particle porosity of
5.5%, while the porous NiosC0o0.1Mno1(OH). pPCAM exhibited a BET SSA of 24.8 m?/g and
intra-particle porosity of 26.4%.

If the vapor pressure of a gas exceeds its saturation vapor pressure at any given
temperature, a phase transition from gas to liquid occurs. However, gas can also readily liquify
below the saturation vapor pressure by capillary condensation. This phenomenon can be utilized
during N2 physisorption for the determination of the porosity in materials, since at high relative
pressure ranges p/po-valuesN: intrudes into the pores of the investigated material by capillary
condensation. In this context, the Kelvin radius rk describes the maximum pore size accessible

by N2 liquefaction at a given relative pressure and is given by the Kelvin equation.®

_ -2y VN2,m

'k =
p

RTIn (=—
n (o)

(10)
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where v is the surface tension of liquid Nz at 77 K (= 8.85x107 J/cm?), Vnzm is the molar
volume of liquid N2 (= 34.7 cm®mol), R is the gas constant (= 8.314 J/(mol K)), and T is the
boiling point of nitrogen (= 77 K).

For a relative pressure of p/po > 0.995 (see Figure 16), N2 liquefaction occurs in pores
with a diameter below 380 nm. From the SEM image shown in Figure 15a, the pore size within
the NiogC0o.1Mno.1(OH)2 secondary particle structure was estimated to be <200 nm. Therefore,
the porous structure of the Nio.8Coo0.1Mno.1(OH)2 secondary particles investigated in this work
will be filled with liquid N> at a relative pressure of p/po=0.995, which allows the
determination of the secondary particle porosity. The specific liquid volume condensed in the

pores can then be determined by the following equation. 8t

PN2,sTP
VN2 liquid = YNzads "

(11)

PN2liquid

where Vn2,iiquid 1S the specific liquid N2 volume intruded into the particles pores, Vn2,ads is the
total amount of the measured adsorbed N at a relative pressure of p/po =~ 0.995, pn2,ste IS the
density of N at standard temperature 273.15 K and pressure 101325 Pa (= 1.25 mg/cm®), and
pN2,liquid IS the density of liquid N2 at 77 K (= 0.809 g/cm?).

At relative pressure ranges of p/po = 0.995, the determined intrusion volume of N2 was
entirely allocated to intra-particle porosity einra, Which then can be calculated according to the

following expression.'84

VN2 liquid

€intra = 1 12
VN2 liquid T o (12)
cryst.

where peryst. 1S the crystallographic density of the investigated compound. In the case of

Nio.sC00.1Mno1(OH)2, a molar averaged crystallographic density of 3.96 g/cm® was assumed,
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based on the crystallographic density of Ni(OH)2 (= 4.1 g/cm3), Co(OH). (= 3.6 g/cm?®) and
Mn(OH): (= 3.26 g/cm®) and considering the transition metal ratio of 8/1/1.

Alternatively, the intra-particle porosity in powders can be determined by mercury
intrusion porosimetry. While this method is very accurate, it suffers from the drawbacks of
destroying the sample as well as of the toxicity of mercury. Further, the mechanical stability of
the investigated material must be considered, since the intrusion of mercury into the porous
network requires the application of an external pressure. This may alter the physical properties
of the investigated sample and/or even destroy it during investigation, which may result in either
non-representative and/or non-meaningful results. Therefore, N2 physisorption provides a
simple technique for the characterization of the intra-particle porosity in powders with a pore
size domains of <380 nm,!® which can be conveniently determined directly during the

evaluation of the SSA of materials.
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2.5 Further techniques

In the following, additional methods that were utilized in this work for material
characterization are summarized. The metal composition in  coprecipitated
Nio.8C00.1Mno.1(OH). particle powders as well as the content of impurities derived from the
coprecipitation reaction was investigated in section 3.1.2. The Ni-, Co-, and Mn-content in
coprecipitated pCAM was determined by ICP-OES. The S- and C-impurity content was
investigated by catalytic combustion methods, while the N-impurity content was determined by
a modified Kjeldahl digestion method.}”® The microstructural properties of synthesized
Nio.gC00.1Mno.1(OH)2 powders was investigated by PXRD in section 3.1.2, while applying by
applying the Scherrer equation and using the DIFFRAC.EVA V6 software (Bruker AXS
GmbH) for the determination of the crystallite sizes.!® To visualize the degree of layer
orientation on an atomic level in the crystals of synthesized Nio.gC00.1Mno.1(OH). powders, HR-
TEM was utilized in Section 3.1.2.
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3 Results

The following chapter presents two published studies. The journal articles address the
particle formation and growth mechanism during the coprecipitation reaction of Ni-rich pCAM,

investigating distinctive coprecipitation-process-parameter-product-property relationships.

Section 3.1.1 demonstrates that the formation of NiogC0o.1Mno1(OH)2 secondary
particles during the coprecipitation reaction is governed by a two-stage mechanism comprising
the generation of secondary particle agglomerates, which subsequently increase in size by
crystal growth of distinctive primary particles. In this context, the degree of turbulence,
controllable by the stirring speed, regulates the number and size of agglomerates formed during

seeding, which in turn dictates the growth rate and sphericity of secondary particles.

In section 3.1.2, a pH-dependent SO+ adsorption equilibrium during the coprecipitation
reaction of NiosC001Mno1(OH), was identified, which determines the SOs> uptake in
Nio.8C00.1Mno.1(OH)>, the crystallinity, and the vertical size of primary particles affecting the
secondary particle porosity. Further, the implications of other anion systems (acetate CH;COO"
and nitrate NOz") on the secondary particle morphology due to distinctive anion adsorption

affinities can be well understood based on the Fajans-Paneth-Hahn law for crystallization.'®’
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3.1 Particle size distribution and secondary particle sphericity

This section presents the article “Investigation of Particle Formation Mechanism during
Coprecipitation of Ni-rich Hydroxide Precursor for Li-lon Cathode Active Material”. The
manuscript was submitted to the peer-reviewed Journal of the Electrochemical Society in
August 2023 and published in November 2023. The article is published open access and
distributed under the terms of the Creative Commons Attribution 4.0 License. The permanent
web link is: https://iopscience.iop.org/article/10.1149/1945-7111/ad050b/meta. A summary of
the article was presented by Rafael B. Berk as oral presentation (abstract number A02-0485) at
the 243" Meeting of the Electrochemical Society in Boston, Massachusetts, May 28"—June 2",
2023.

Layered lithium nickel cobalt manganese oxides (NCMs) are commercially employed
as cathode active material (CAM) in lithium-ion battery applications for electric vehicles
because NCMs can provide a sufficient driving range on a single charge at competitive costs.>
13 Current industrial manufacturing of NCMs is practiced by coprecipitation of mixed metal
hydroxide (M(OH)2) particles (M consisting mainly of Ni, Co, and Mn) as precursor for the
preparation of a CAM (referred to as pCAM), which is afterwards fired with a lithium
compound at high temperatures to afford the NCM product.> > °6 Thereby, the secondary
particle structure of the pCAM is transferred to the CAM.% 7072 In general, the physical
properties such as the particle size, uniformity, and sphericity significantly affect the fluidity of
powders. With decreasing particle size and uniformity as well as with a deviation from a
spherical particle shape, the fluidity of powders suffers.8+% However, an effortlessly fluent
form of the pCAM and CAM powders is essential for their industrial-scale production in order
to prevent clogging of the powders in the technical equipment, which implicates frequent
cleaning and/or extra pulverization between process steps to upheld powder fluidity. Both is
expensive and impinges the production throughput.®* Thus, a detailed understanding of the
M(OH)2 particle formation mechanism during the coprecipitation reaction allows to adjust the
physical properties of the pCAM and CAM powders that are required for an economical

manufacturing of NCMs.

In this work the particle development during the semi-batch coprecipitation reaction of
Nio.8C00.1Mno.1(OH). pCAM particles in a stirred tank reactor at different stirring speeds was
studied. Thereby, independent of the applied stirring condition, a two-stage particle formation
mechanism is identified. By means of light scattering, it is shown that during the initial seeding

phase, the particle number increases at stagnating particle size, whereas in the ensuing growth
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phase the particle size increases linearly with the third root of reaction time. Examination of the
developing particle morphology by SEM imaging revealed that during the seeding phase
aspherical secondary particle agglomerates are generated, which were enlarged in the growth
period by the lateral crystal growth of distinctive plate-like shaped primary particles. This
growth behavior leads to a progressive enhancement of the secondary particle sphericity with
run time, which was quantified by extracting the secondary particle circularity distributions
from SEM images. Additional evidence for a two-step particle formation mechanism was
discovered by identification of core-shell secondary particle structures via SEM imaging of
cross-sectionally sliced Nio.sC0o.1Mno.1(OH)2 secondary particles gathered after the completed
coprecipitation reaction. Furthermore, it is demonstrated that the extent of turbulence,
controllable by the stirring conditions, dictates the number and size of initial agglomerates
formed during the seeding stage at otherwise constant process parameters. This governs the
average growth rate and the ability of secondary particles to become spherical over the reaction
time. In the end, the proposed two-stage particle formation mechanism consisting of

agglomeration and polycrystallisation is juxtaposed to mechanisms reported in the literature.
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Layered  lithium  mickel cobalt manganese  oxides
(LiNi,Co Mn0,, with x + ¥ +z =1 (NCMs)) are commercially
employed as cathode active material {CAM) in lithium-ion battery
{LiB) applications for electric vehicles, satisfying the demand for a
long driving-range on a single charge due to their high encrgy
density. ' Cumently, the industrial production of CAMs com prises
two major synthesis steps: Initially, mived metal hydroxide
{M{OH),) particles {M consisting mainly of Ni Co, and Mn) ane
coprecipitated, serving as precursor for CAM synthesis (referred to
as pCAM). The pCAM particles are subsequendy blended with a
lithium compound and calcined at elevated temperatures in a kiln to
convert the powder mixture to the lithiated CAM {e.g., NOM) by
solid-state reaction, \*

The coprecipitation is conducted by simultaneous introduction of
mixed metal sulfate solution (M5S0, ), sodivm hydoxide soltion
(MaOH,,, ), and ammonia solution (NHa,) in a stimed tmnk
reacior under nitrogen atmosphere. In general, the following
chemical reactions are occurning simultancously: The coprecipits
tion of the M{OH); with sodium sulfate accruing as byproduct
{Ma,50,) (Eq. 1) and the cmnp]cutim!‘nf metal caions (M) h¥
MH: {Eq. ), for which particularly Ni*™ exhibits a high affinity.”
Further, it is suggested that the coprecipitation of M{OH); might
also occur from the metal ammaonia com plex.

M5S0y + 2 MaDH — M{OH); + Na;50, ]

M** + nNH; = [M{NH2* 121

The thercby attained secondary particles exhibit particle sizes in the
lower micron range {~4-16 gm) and are composed of numerous
plate-like primary particles in the submicron rmg\c.'l""” After
calcination at high remperatures, ot only the secondary particle
structure of the pCAM is preserved and reflected in the CAM
structure, ™" but also the electrochemical performance of the CAM

* Elecmochamial Sociery Fellow
* E-mail: rafael-benjarminherk it asf com

in the LiB & significantly affected by the momphology of the
associated pCAM that was used for the CAM synthesis,~'"™"
Furthermare, the physical properties such as the secondary particle
size, uniformity, and sphericity of particles significantly affect the
filierability and flowability of the pCAM and CAM powders, which
is crucial for their efficient processing on an industrial scale.

In general, after the coprecipitaton reaction, the attained pCAM
particles are filrated and washed with Ho0 and NaOH,, , in order to
minimize the amount of remaining mother liquor and impurities,
such as S0,°~, from the crystallization reacion.” Additionally,
synthesized CAMs are being subjected to 2 washing step to remove
undesined residual lithium impurities {e.g., Liz002) formed during
calcination reaction,'™'® to increase the specific surface area of the
CAaM Pﬂ]‘tidts.m as well as to prevent ink gelation during electmode
manufacturing™ and deteriomating side-reactions in the final LiB
application,” In this context, it is generally accepted that indepen-
dent of the chemical composition, powders comprising of large,
uniform, and spherical partickes exhibit the lowest filtration resis-
tance and display the least tendency for caking during washing . This
significantly enhances the pmoduction throughpet by increasing
filtration rates. In contrast small, non-uniform, and irnegular-shaped
panticles show fhe poorest filtrability. * ™ Analogously, uniformity,
size and shape of particles affects the fluidity of powders, which is
considerably reduced with decreasing particle size and uniformity as
well as with a progressive deviation from a spherical particle
shape ®*™*! In industrial-scale production of CAM, a free-flowing
form of the pCAM and CAM powders is necessary, as this facilitates
their processability in tonnage quantities. |t is required that powders
meadily fow owt of containers, can bhe easily tansferred between
various apparatuses for different process operations, and effortlessly
packed for transponation and storage. However, lumping of the
powder in technical apparatuses, pipes, or simply during storage
entails the necessity for additional pulverization between process
steps i maintain sufficient powder fluidity as well as excessively-
frequent cleaning mins of the equipment; both i cost-intensive and
lowers pu'c-dmti\-'ity.t"

A control of CAM particle size and uniformity is furthermaore
required for the popular strategy to increase the press density of
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Vsl 2nd mis sre 3 Bnesr function of e mun time (L), = indicsted
by the distincive hgquid levels &l g o (hight blue) and 1o 2 (derk blue)

CAM powders and thus the volumetric energy density of cathode
cloctmdes for LIBs, namely the blending ufE‘AMswiﬂldiinmti\-yg
different particle sizes {large and small) in a desired mass ratio *%
This is hased on the de Lamard model that predicts that the
maximum packing density can be achieved with a sphere size mtio
of 4, in which case the optimal CAM blend would have a small-
sphere mass fraction of 11.25.%* For this reason, the control of particle
size and shape is a substantial prenequisite for realizing optimized
blend packings. Finally, the relevance of the physical attribuies of
the pCAM and CAM powders is not only limited to the CAM
production process. In the subsequent manufacturing of electrode
tapes from CAM powders, the physical property of the CAM affects
the suhsuxufun clectrode coating procedure and the final electrode
properties, =

Basad on the above discussion in conjunction with the ohjective
to manufacture CAMs for LiB applications in an economic manner,
a precise control of the physical properties of the pCAM and CAM
powders is necessary. Themefore, an in-depth knowledge of the
M{OH), pCAM particle formation mechanism during coprecipita-
tion would enable a high degree of freedom to talor pCAM and
CAM properties acconding to the requirements for the cost-effective,
large-scale manufacturing of CAMs as well as for a given LiB
application. This study seeks todevelop a mechanistic understanding
of the M{OH): pCAM particle formation by monitoring the
development of the secondary particle size (via light scanering
analysiz) and morphology {via SEM imaging ) throughout the semi-

hatch coprecipimtion of NigsCog (Mng {0H), at various stirring
speads. Using laser scattering analysis and a mass-halance maodel, it
is demonstrated that the particle growth can be divided into two
distinctive stiges: An initial seeding phase, whene the paricle
number increases while the particle size remains mughly constant,
and a subscquent growth phase, where the number of particles
remains roughly constant while the particle size increases.
Investigation of the particle morphology at selected stages of particle
growth is done by monitoring the secondary particle cincularnity via
automated SEM image segmentation and by SEM imaging of cross-
sectionally sliced Mig sCog (Mny ((0OH); secondary particles afier
completed semi-batch coprecipitation. The latter reveals a core—shell
PCAM structune, with the core consisting of loosely and mndomly
arranged primary particles. The validity of the two-stage coprecipi-
tation mechanism is examined by comparing the pCAM size at the
transition of the sceding to the growth stage with the cone size of the
PCAM particles after the semi-batch synthesis, Furthermore, by
conducting semi-batch synithesis at different stiming speeds, the
effect of turbulence (quantified by the Reynolds number and the
average volume specific energy input) on the number/size of
particles during the seeding phase and on the particle sphericity
versus particle size of the final pCAM will be examined. In the end,
atwo-stage particle formation mechanism during the coprecipitation
af Niy3Cog (Mng (OH); conzising of an agglomeration and a
palycrystallization siep & proposed, which is at variance with the
coprecipittion mechanisms prevailing in the literature,

Theoretical Considerations

The fundamental characteristics of a semi-hatch coprecipitation
in a stimed tank meactor are schematically illustrated in Fig. 1.
Reactants are continuously added, with the reaction suspension
accumulating in the stirned vessel, This nesults in a steady increase of
the total reaction volime (V) and mass of formed mixed metal
hydroxide, =0 that of the volume of the formed mized metal
hydroxide (Vygopp) increases with progressing bach mn time
(trwa). Due to low solubilities of the respective metal hydroxides of
<200 ppm at the coprecipitaion pH-range of 11.0-120.7 an
essentially complete conversion of the aqueous mixed metal sulfate
solution (M5S0, . M =NiCo/Mn in a molar mtio of 1/1) can be
assumad. Funthemore, considering that over the entire mim time the
total volumetric flow rate (Vi) and the concentration of all input
streams  remained constant, then Vygneme of the formed
Nig 00y (Mnyg, ((OH), particles is a simple linear function of ..

Vatsou Leun ©sos Magonz
Vi = ““’Hm 3]

Here, Visny i the volumetric Aow rate of MS0.y, (=180 ml Ky,
Cymoy I8 the concentration of the M50y, , solution (=2.6 mol =4,
My iz the molar mass of NigsCog yMng{OH), (=9193 g
mol ™), and  poe  is the  orystallogrmphic  density  of
Mia zCoa 1Mng 1 OH ). For the latter, a molar composition averagad
crystallographic density of 3.96 g em™” is assumed, based on the
crystallographic density of NifOH)z (=4.1 g em™), Co{OH): (=36
g cm™*), and Mn{OH), (=326 g am~*) as well as on the molar
transition metal ratio of NifCo/Mn = &/1/1.

By assuming an approximately spherical shape for the
Nig #Cog (Mng ({OH), particles, the wolume of individual
Nig s Cog (Mng ({OH), particles (V) can be estimated as the
volume of a sphene with a diameter that comesponds to the volume
median particle size {dsa) that can be determined by light scatiering,

3
Vi = %x[d?”] 4]

Due to mass conservation, the total volume of all particles inside
the meactor is equal to Vo, 50 that the particle number (N, ) at
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any given t... valuee can be approximated by:

_ VmioH),
=
Viur.

M [3]

When combined with Egs. 2 and 4, the following relationship
between the measuned volume median particle size and the reacton
run time holds if the number of particles remains constant (i.e.,
during the above postulated growth phase):

dag = _:JII

6 Visoa Cusos Muonz e

x Feryst. Newr.
o3/Tqn (for Npor = constant) [6]

This would imply that during the growth phase, the dg value would
have to increase with the third root of the mn time. Furthermaore,
with the constraint that the particle number throughout the mn
remains constant, the following equation i valid, which is frequently
wtilized for seeded batch crystallization reactions and melaes the
solid volume at the onset {V,;;cg) and at the end of the growth
period {v’jﬂnw the respective diameter of spherical particles {dg..,
and dg )

di]a _ Munna [7]

i N inital

The mean growth rate (G) of particles in a centain imterval of
between i, ; and t., ; with comresponding volume median particle
sizes dgyy and dgp 3, respectively, can be defined by the following
eXPression.

dsgz—d
G sl 50,1 8]
Ltz — toamy
Experimental

Magerials and methods—The following agueous transiton
metal solutions were obmined from BASF SE (2990% purity):
Mickel{IT) sulfate solution (2.6 mol 1" MiS 0y ), cobali(Il) sulfaie
sohtion | 2.6 mol 1! CoS0y,, ). and manganess{ 1) sulfate solution
{2.6mal 1! M50y, ,,). From these, a mixed metal sulfate soletion
(M3, ) was prepared by combining the respective transition
metal s.n-1't solutions in a molar mtio of M = NilloMn = 811 to
achieve an overall metal concentraton of Cygny = 2.6 mal 1
Furthermaore, sodium hydroxide solution (25 wit®% NMaOHaq, (=7.9
mal 171, 2000% purity) and ammonia solution (25 wi%h NHa,, ,
(=13.2 mal 17 Y, =99 0% purity) werne obtained from Bem Kraft
GmbH (Germany). All solutions were used as they amived from the
chemical suppliers without any further purification.

Semi-baich coprecipimion af NigCog Mg ((OH) .—The
Nig#loaiMno dfOH)z particle formation was investigated during
semi-batch coprecipitation reactions in a 480 ml stimed tank reactor
under nitrogen atmosphere (with a Nx purge flow of 2.0 1 ',
equipped with a temperature control unit and a pH-probe (HA 405-
DXK-58, Mettler Toledo) for monitoring the intemal pH-value of
the solution (for a sketch of the reactor setup see our previous
work).” The glass vessel with a douhle jacket for circulating a
heating Auid had an inner diameter of & cm, a height of 15 cm, and
an ouwter diameter of 15 cm; it was equipped with baffles, a thee-
stage 457 pitch-blade stimer with a diameter of 5 cm, and three
dosing tubes for the respective reactant solutions, namely for the
mixed metal solution (MSO4ag), the sodium hydroxide solution
(MaOHg, ), and the ammonia solution {(NHa,, ,). The thee dosing
tuhes {1 mm inner and 2 mm ower diameter) wene introduced
through the sealed top of the reactor, separated from each other by 4
cm each {with a total distance of & cm between the M5Oy, and the

MallH,,, inlets); the twhe outlets were positioned in the reactor 3
cm above the maximum liquid level, which comesponds to 12 cm
from the bottom of the reactor.

Before starting the coprecipitaion neaction, the vessel was
charged with 200 ml deionized and degassed H20 as well as with
4.0 ml of 25 wi®NHa,,, solution to achieve an overall NHag,,,
concentration in the reactor of 0.25mal 17", The erature was set
to 53 °C via circulation of tempered silicon oil through the double
jacket and the stiming speed was set to the desired value. The
internal reaction pH-value measured at the solution temperature of
35 *C was referenced to an extemal pH-value measured at 23 °C
{pHzy ~; ¥ia an InLab® Seml Milcro, Mettler Toledo) by taking
splution samples from the reactor and measuring the pH-value at 23
*C. The internal pH electrode was calibmted at 55 °C, while the
external electrode was calibrated at 23 °C: in both cases, buffer
splutions with pHzz -« = 70 and pHy: «c = 12.0 were employed
{Centipune, Merck KGaA).

The semi-batch coprecipitation was initiated by simulaneously
feeding the M50, , solution at a volumetric flow rate of 18.0m]
h' and the NHa,,,, solution at 2 volumetric flow rate 1.8 mlh~*
into the reactor. The NaOH,,, solution flow was contolled by a
flow control-umit {Dulcometer, Prominent) inked to the internal pH-
probe to maintain a constant pH-value throughout the reaction; the
actual flow was close to the predicted volumetric flow rate of 12.0m]
Wl The stirfing speed was varied between 530, 95, and 1350 rpm,
while other remaining process pamameters remained unchanged. In
desired time intervals, the reaction progress was controlled by
withdmwing 4-5 ml of reaction suspension from the reactor, cooling
it 0 23 °C, measuring the pH-value at 23 °C and determining the
particle size distibution by laser diffraction (see below). Faor
investigation of partick morphology by scanning electron micro-
scopy {see below), the particle slury was filtered, washed with H20
ina 101 precipitate HyO weight ratio, and dried in air at 120 °C for
12 h in an oven {universal Oven U, Memmert). After 8.75 h reaction
run time, the total solution volume was 480 ml, and the reactant
flows were stopped. The obtained product suspension was collectad
and identically processed.

Farticle sige distribution by laser scaffering.—The mactor
suspension zample was homogenously dispersed, and a small
amount of the particle slurry was transferred into the particle size
analyzer (Mastersizer 2000, Malvem Panalytical GmbH ) until a light
obscuration between 4.0%—14.0% was achieved. The respective
volume-based particle size distibution (PSDY) was determined by
laser diffraction hased on Mie's scattering thoory. A mefractive index
of 1.33 for Hx() as dispersant was selected, while a refractive index
of 2.19, identical to the refractive index of NiQ), was assumad for the
Nig sC0g (Mng ({OH), particles. The intensity of the scattered laser
beam was collected as a function of the scattering angle for particle
sizes in the mnge of (L05-70.0 gm by applying a combination of red
and blue light. Based on three measurements per sample, the average
volume-based percentile particle sizes dyg, dgp and dyn were
determined. The span (o) of the PSD was calculated according to
the following equation.

.= g — dig ra]
dsg

Scanning elecron microscopy (SEM)—The morphology of the
obtained pCAM particles was characterized by attaching the
Mig zCog (Mng ((OH); powder on a SEM pin  holder {Agar
Scientific, Ltd.), which iz covered with conducting carbon {Plano
GmBH). Subsequently, the sample was coated with a 6 nm platinum
layer (SCD 300 Sputter Coater, Bal-Tec AG). Top-view SEM
imaging was performed with a thermal field emission cathode and
an Everhat-Thomley secondary electron detector at an operating
vaoltage of 5 kV (Ul 55, Carl Zeiss Ag).
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Figure 2 Evolution of the wolume medizn panticle size dax oblzined by light
scatiering dunng the semi-haich coprecipatstion of M oy, Mng (OH), 51 a
stiming spead of n = 550 mpm {dark green), n = 950 mpm (green) and n=
1350 rpem {light green i, plofied versus: () the rin Bme L.y @nd (b the third
road ol the rum time, YT The gray dashed line divides the course of
coprecipitaiion reschon nko 2 seeding stage | {log > 10 h) and 2 gowh
E-T ] W {lam = 100k} The black dashed nes represent linesr regressions of
the dy; values in the growth stage between {:T; =10Yh =l {ﬂ': = 108
Yh, liging &lso the respective comelstion cosllicients B. The dfferendy
errlored] dats poanis for the expenmeant &t 950 mpm indicsle exemplary paticle
swpemims for which volume-based PSD anmd SEM imapges of the
coprecipitsled perticles are depacied n Fig. 3.

Samples for cross-section mesurement were prepared by
mixing 2 g of epoxy resin and 0.5 g of epoxy hardener (Buchler,
ITW Test & Measurement GmbH) and then adding a few drops of
the mix ture to the respective NigsCoo 1Mng o OH )z precursor sample
in a gelatine capsule (Plano GmbH). The resulting slumy was cast
onito an Al-foil using a manual coater with a gap size of L5 mm and
dried in an oven at 40 “C overnight. Small sections thereof wene
transfemed to an ion milling sysiem {ArBlade 5000, Hiachi, Ltd.)
equipped with an Ar-ion beam at an operating voltage of 6 kW,
Images were taken as described above for the top-view measure-
MEnits.

Particle circuloriy by SEM image segmenstion—{)uantitative
information about particle circularity as a two-dimensional de-
seriptor for the particle sphericity of NiasCoo jMnay(OH ) particles,
which is a three-dimensional property, was determined from SEM
top-view images at 1 k magnification by employing a segmentation
model. The underlying algorithm implemented for avtomated image
segmentation is hased on a convolutional neural network wtilizing
the U-Netarchitecture,*! which is analogous o the model applied by
other avthors for the segmentation of primary paricles in poly-
cry=mlline lithium nickel oxide. ™ The as-measured lengthsfareas
from two-dimensional projecied particles from the original SEM
image were capiured in the dimension of pixels and converted back
to actwal lengthefaress afier segmentation by wsing a calibration
factor from the image metadata. Additionally, several filters for the
segmentation were employed o increase the accuracy of the process.

Particles touching the boundary of the image were not evaluated,
since particles in this region might not be fully ca Further,
only particks wene considened, which exhibited an area of above 200
pixels and a solidity (=mtio between the particle’s arca and the area
of the convex hull that encloses the particle) of =08 These
conditions ascertained that only particles that did not deviate
excessively from a spherical shape were recognized. The circularity
{C) of the scgmented particles that fulfilled the aforementioned
criteria was then caleulated according to the isoperimetric guotient,
which is defined as:*

A 4rA
C = e T pak [1a]
Ay circie anmug

Here, Appga. is the area mnd P is the perimeter of the
segmentad particle based on a ZDF;njnctim of the particle and
A:...ui-.-]: is the area of a perfect cincle that would have the equivalent
penmeter a5 that measured for the segmentad particle (= Fopea.)
note that C equals one for a perfect circle,

Owerall, for each zsample, the circularity of approx imately 60-100
particles was determined i obtain the circularity distribution for
each sample. For each circularity distribution the median number-
based percentile circularities Cyg, Cgy, and Cop were determined. The
validity of the segmentation model was verified by comparing
algorthm-based circulanty distibutions of selecied samples to
distributions  attained by maneal segmentation wvia Imagel
Further, similar to the span o that is used to represent the width of
the particle size distibution determined by light scattering (see
Egq. 9), the width of the here obtained circularity distributions { Cagues)
was caloulated according i the following equation.

Cog —
c,,,,,;% [

Particle core size by eross-section SEM image segmengation—
The size of secondary particle cones was manually determined from
cross-section SEM images of Nig oCog (Mng ((OH); secondary
particks at various magnifications by applying Imagt:.T.M Far this
analysiz, only those secondary particles were considered as nepre-
sentative which had been sliced perfectly trough the equator of the
secondary particle during the SEM sample preparation to ensure
fault-free quantfication of the core size. This is assuned by only
selecting particles, which have a similar particle size as was
determined by light scattering and for which the core was meadily
exposed. This prevents falsification of the analysis by in eg.,
seoondary particles that wene sliced through the wpper or lower
quarter and therefore would result in a non-representative secondary
particle core size.

The comesponding equivalent diameter {d.,) of a cirde with
identical area as the determined area of the core (A, was
calculated acconding to the following.

o n2)
4

deg

Nitrogen physisorprion measarements.—The internal secondary
panticle porosity of Nig sCog (Mng, ((OH), particles were determined
by measuring nitrogen physisorption isotherms at 77 K (ASAP2420,
Micromeritics). Prior to the measurements, pCAM powders were
degassad at 120 °C for three hours, Bt was demonstrated in a
previous work that the intemal secondary particle porsity of pCAM
particks can be determined via N, capillary condensation in these
pores at a high relative pressure pipy value of 09957 The SEM
imaging analysis of the pCAM particles showed that internal pores
were smaller than ~3 004X nm, which is below the pore diameter
below which acconding to the Kelvin aquation ligquid Ny can be
formed in these pores at a relative pressure pipo value of 0.995,
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Talble L Volome median particle sioe d 5 amd span o (see Eg. %) of the corresponding PSDS at selected stagges of particle growth during
wivpre pi tatiom of NiggUog Mg (0H]), in semis babe bomod e comdec bed al variows stirring gpeeds (n) o well @ te mean growt b rate (G)in dage 11

of the correspombing run caleulated by Eg 8

Run # 0 [rmpam) A 5 e Lm] Ty ma 7] gy 1w Lm) LT Ty 5] Ay amm w Lpm] Tamall G [pmh]
1 S50 540 15 [ %] 14 1537 033 96
2 G50 28 14 il 12 54 .76 62
3 1350 14 14 23 13 53 037 38

The intra-particle porosity Swmes of MiosCoo Mo (OH): sec-
ondary particles can be caloulated according n*

Wz mui

Fini = [13]

1
Ve tigquia + ——
Py

whem Vi hge 5 the specific liquid My volume condensed in the
PCAM secondary panticle pores and gy, is the aystallographic
density of Nip#CoaiMno {OH, Here, a molar averaged crystal-
lographic density of 396 g em™ is assumed, based on the crystal-
lographic density of NifOHR {=4.10 g em ™, ColOH) (=360 g
cm~¥), and MofOH), (=326 g cm~*) and the transition metal mtio
of NifCo/Mn = &1/1.

Results and Disemssion

Analysik of particle growth during coprecipitation of
Nig g0 Mg { OH) ,—The particle growth during semi-hatch
operation was monitored by sampling the neaction suspension at
desired time intervals and determining the corresponding particle
size distribution (FSD) by light scatering. The development of the
obtained volume median particle sizes {dg) throughout the semi-
batch run Gme {t...) for coprecipitions conducted with different
stirring speeds (n) are depicted in Fig. 2a. Furthermore, Table I lists
the dg values of the Nig 2o Mng ((OH),; particles formed after 5
min, 1.0 h, and 875 h as well as the span () values that represent
the width of the comesponding PSD for each semi-batch experiment.
The dso values of the initial particles generated afier a ta. of 5 min
depend inversely on the applied stiring speed, while the spans of the
cornesponding PSDs are similar in each mun and indicate a broad
PSD. During the first hour of the coprecipitation meaction, the
particle size increases only slighdy (by ~20%-30% between 3
min and 10 h, see Table I), accompanied by a minor decrease in
FSD span {~10%—15%). After this carly phase, the particle growih
over each run appears to follow a power function (see Fig. 2a), as
observed by  other athors  dering  hydroxide  pCAM
::rl:t]:cm::i]:nit.n‘.irl:cn.'“‘"Jai which is characteristic for the g‘o‘\lﬂ‘l of
spherical particles independently of the maierial class*** The final
dgy values achieved at the end of each experiment, ie., after t.., =
£.75 his roughly inversely proportional to the stiming speed (see
Table I). In contrast, independent of the applied stirfing speed, the
FSD of the particles contnwously narmws over the course of the
coprecipitation reaction, and the PSD span afier 8.75 h of run time is
approximately halved compared to ée PSD of the initial particles
formed after 5 min. A similar behavior, namely an extremely broad
span of particles formed throughout the first 45 min of te semi-
batch coprecipitation of Mig Mg oo{ OH ), that is followed by a
continuows decrease in span throughouwt the proceeding particle
growth phase was observed by Lin et al., witowt, however,
conducting any further investigations in this phmmncm.*’

To gain further insights into the growth mechanism, te particle
growth curves depicted in Fig. 2a wemre scaled by plotting the
determined dso as a function of the third mot of the batch run time
(4Tpn) (see Eg. 61 The thus attained particle growth profiles for
cach of the applied stiming speeds (n) are shown in Fig. 2h. As
already indicated above, independent of the stirfing spead, the course
of particle growth can be divided into two distinct stages: For Ytem

= LOh {2 tam < 1.0 B, the particle size remains faidy constant and
only marginally increases, delineating stage [, After this initial
phase, for 3Ty, 2 1.0 h {2 e = 1.0 h), the dg, values for each
stiming speed increase perfeatly linearly with 3Tn, . illustrated by
comelation factors (R) of the linear regression lines of dose to one,
delineating stage IL The slope of these linear regression lines are a
function of the mean particle growth mies (G, defined by Eq. 8)
during the respective coprecipitation, which are listed in Table I and
which are roughly inversely proportional to the applied n in the
respective semi-batch mm,

This analysis suggests that new particles ane still being generated
during stage I, becanse the overall volume of coprecipitated solid
Vo is increasing with run time {sec Eq. 3) while the particle
size harely incmeases (see Fig. Zb). In contrast, in stage 00, the
increase of the dg, values with ;.'m suggests that the continwously
coprecipitated solid mass is solely deposited on already existing
panticles, without any further increase in particle number (M., see
Egq. ©). This growth behavior in stage I is characteristic for sceded
batch crystallization processes, whereby nucleation and formation of
new particles is suppressed by charging the reactor with seed
particles before initiating the maction.™" Hence, after smge I,
the semi-batch coprecipitation conducted in this work behaves
analogous to a seeded crystallization reaction. Interestingly, despite
different applied stiming speeds, the transition from stage 1 to stage
M in the here conducied semi-baich ex periments occurs at similar tres
values, This suggests that the cessation of nucleation (i.e., the end of
stage I) and the concomitant onset of particle growth (ie., the
beginning of sge II) scems to be mainly dependent on the solid
mass fraction in the reactor. It is rationalized that this can be justified
by the feedhack effect of the existing solid mass in the reactor on the
nucleation kinetics, namely by decreasing the existing supersatura-
tion as driving force for nucleation in the system becawse lattice ions
{fior the formation of M{OH),, the lattice ions are M and OH ™) are
contributing to crystal growth on aleady available solid mass
instead to the supermaturation.”™ Thi is consistent with the
observation of a critical seed loading meporied for seeded hatch
crystallization syntheses of varows compounds, above of which the
formation of new particles is effectively mp]mmd_'“'“

Table I alzo shows that the span values (=) of the PSDs for the
three mns conducied at different stirring speeds decrease with nun
time. ki is rationalized, that the narmowing of the PSD with
progressing particle growth implies that the patticle size increase
of particles within each mn is independent of their size, and
therefore, neary the surface mass specific uptake nearly identical
for every particle. Consequently, smaller particles “catch up” in
mass and volume to larger ones with pmoceeding .., since an equal
increase in diameter for particlkes of varying size denotes a larger
gain in volume for smaller patticles compared o larger ones. This
overall resulis in a particle size independent growth mate witkin each
mun. Please note that the growth mte berween each run is different
{see G in Table ), which will be explined below.

By Eq. 5 determined values for Np. of the coprecipitated
Mig zCog (Mng ((OH); particles inside the reactor after 5 min, 1.0
h, and B.75 h for each semi-batch experiment are given in Table II.
The particle number during each run was increased within stage Iby
factor of ~5-6 (ie., between fhe of 5 min and 1.0 h, see Fig. 2h),
which implies that new particles are formed by nucleation. During
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Table Il Particke memlser 1N

i thee reactor al selected stages of particle growth during s semi-latch copre cipitation of Mi,, Cog, Mg (OH),

conducted al varioes .&mg.pmm. cakeulated according to Eq. 5. The g bsequent columns give Ue teoretically resul ting particle siee al Urun =

275 h for an d i 1

of particles during stage 1 (&5 . based on Eq. 13), and the particle number (Ve 75 ) determined oo

the hatis of the intea-partiele porosity (2, Jeorrected density In By, 2, was determined by nitrogen physiseption.

Run # n [mpmi) Np-. smm 7] Np-. wow =] Npr. wmnll dm}:h Lpema] N"P.,_s_'.!:h -1 Enem 7]
1 550 1.4 = 107 B3 w100 7.0 = 1 129 82 = 10F 17.1%
2 Y50 1.9 107 ERE i ER I i 1.6 kB i 15.1%
3 1350 25 % 10 17 10 12w 1 4.7 15 = 10! 17 4%

the subsequent growth phase, ie., in stage IL the initial particle
number at t,, = 10 hin each mn decreases by 14%—29% until the
end of the experiment att.,,, = 8.75h. A decrease in particle number
throughout the course of the coprecipitaion reaction can be
rationalized by the following scenaros: {(a) agglomeration of
secondary particles throughout the process; {b) a significant sec-
ondary particle porosity, which would lower the assumed crystal-
lographic density {pi=y«) applied for the calculation of the particle
volume according to Eq. 3, and thus would result in an under-
estimation of particle number; andior, {c) a decrease in solid volume
inside the reactor, hence particle number, caused by the sampling of
the reaction suspension over the course of the semi-batch operation.
An agglomeration of secondary particles (scenario (4)) seems
unlikely, since the dy, values during stage 11 increase with 3Ty,
{Fig. Ib), following the melationship given by Eq. & that iz based on
assuming a constant Npe_ value. Furthermore, agglomeration pro-
cesses ame generally a fundtion of agitation, 5556 20 that the largest
decrease in particle number would be expected for the semi-batch
coprecipitation conducted at n = 5530 mpm, while run 3 conducted at
n = 1350 mpm should exhibit the lowest change: this is contrary to
the ohservations hased on Table I, where the N, value caloulated
by Eq. 5 decreases most sirongly for n = 1350 rpm {~20%
compared to ~14% for n = 550 pmj).

To examine hypothesis (b), the theoretically resulting particle
size at the end of the experiments, ie, at t. =875 h {dngjgh].
was calculated by assuming that the number of particles would
indeed remain constant during stage I namely batween tee of 1.0 h
and §.75 h, which i obtained by reamanging Eq. 7
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Here, Vigome 10 & ®d Vo s7s w is the total volume of
Nig#loaiMno f OH )z particles formed after frw of 1.0 h and 8.75 h,
respectively, which was calculated via Eq. 3, while dgy g p is the
volume median particle size of the Nig 300, ,Mng ((0OH), particles
caollected after a t,. of 1.0 h, dewermined by light scattering. A
comparnizon of the thus obtained d"ﬁgﬁ n valwes listed in Table I for
each semi-batch run to the values obtained by light scattering in
Table I revesls that the former are underestimated by ~L608 pem.
By inspecting Eq. 3, this could be caused by a particle density that is
significantly lower than the crystallogmphic density of
Niu£0u|Mm_|[m'|h {l"'"-")"-] wsed for the calculation of 'ﬁ.q'm-]:.:.
which would be the case if the secondary particles have a significant
porsity, Therefore, the intra-paricle pomsity (See,) of the
Nig#log Mng ({OH); secondary particles collecied after a mun
time of 875 h was determined by nitrogen physisorption. In our
previous work it was demonstrated that the internal secondary
particle porosity can be determined via Nz capillary condensation
in these pares at a high nelative p/pg value of 0595, The resulting
Zamea values of ~17%-18% ame lisied in Tahle IL indicating a
significant secondary panticle porosity. It is assumed that the
uniformity of the £ie- values stems from a nearly constant volume
ratio of the porous secondary particle core o the overall secondary
particle irrespective of the stirring speed (see below), which implies

Hhat £y in the cone and owter regions of the secondary particles are
wery similar independent of the stiring speed. Using these experi-
mentally determined s, values, the volume of the coprecipitated
particles {Vyaoaqz) was recalculated by multiplying the gy term in
Eq. 3by { 1-£,) in order to acoount for the lower secondary particle
density on acoount of their porosity, With the thus corrected Vg2
values, the corresponding panticle numbers for the different runs
{NP"--&?S ) wemne calculated from Eq. 5 and are given in Table II. By
CONSIENNE Simen, the apparent decrease in particle number over the
course of stage I {i.e., batween t of 1.0 and .75 h) amounts to
anly ~1%—12%. Thus, within the ernor of tis analysis (e.g., using
degy values rather than a size distribution), the number of coprecipi-
tated particles over the course of stage I remains essentially
oonstant.

Even though the contineous withdrawal of solid volume by
sampling reaction suspension from the reactor might account for part
of the remaining decrease in N, during stage IT (hypothesis {c]),
the accumulated amount of sample volume withdrmwn by the end of
each run amounts to one-fifth of the total suspension volume,
wherchy the total amount of material lost due to sampling is
significantly less. A significant sampling-indueced loss of M
would manifest as a deviation from Eq. 6 by an increase in growth
rate, resulting in a continuous increase of the slope of the linear
regressions depicted in Fig. Zh. Therefore, an impact on the particle
growth kinetics and formation mechanism by sampling can be
considered negligible.

In light of the above analysis, it is ratonalized that the
Nig sCog (Mng ({OH), particle formation can be divided in two
distinctive stages: Initially, particles with a nearly constant diameter
are generated by nucleation untll enough solid mass i availahle in
the meactor, so that the process during this period can be denoted as
seoding stage (stage I in Fig. 2h). Analogous to soeded hatch
crystallizations, these particles serve as seed particles in the
subsequent growth stage (stage 1T in Fig. 2b, in which solely particle
growth is oocurring, withowt a significant formation of new particles,
The applied stirring speed during the semi-batch coprecipitation
reaction seems to affect the size and number of particles formed in
the seeding phase, which then delermines the growth rate () during
the growth phase, s, the obtainable particle size after any given
numn time.

Analysis of the shape of coprecipitated NiggCog Mng (O H);
particles.—For deeper insights into the particle formaton me-
chanism, the morphology of particles at selecied stages of particle
growth during the semi-hatch coprecipitation af
Nig sCog yMng ({0H ), was characterized by op-view SEM imaging,
Figure 3 displays SEM images and cormesponding PSDs of
Nig sCog (Mg, ({OH), particles attained at various poine in time
for the mn conducted at n = 950 rpm, whereby the selected mun
times are marked by the differently colored data points in Fig. 2. Ris
worthy to note that the PSDs depicted in Fig. 3a are mono modal,
which is alzo true for the PSDs attained by light scattering for the
semi-batch run at n = 950 rpm for nn Gmes that are not depicted in
Fig. 3a, as well as in the other semi-batch experiments. The particles
obtained during the initial phase of the coprecipitation men, i.e., afier
taem = 5 min exhibit a mther broad PSD {orange line in Fig. 3a) and
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Figure 3. (3) Volume-based prock swe distnbuton of NipCoo (Mg (OH):
secondary pertickes obtxined after different semi-hatch copreciptation nun times
ot astming speed of 0 = 950 mpm. SEM opview magesat Sk as well s 2t X)
X mugmnificston of the comesponding Ny, [Coyy, Mny, ,(OH), secndary particles
sfter differentrun times: () S min(red), (c) & (d) 1.0 h (purple), () & () 20 h
(light blue), (g) & (h) 375 h(blue), (1) & (j) 6.25 h (derk blue), and (X)) & (1)
8.25 h (black).

are compaosed of undefined and loose aggregates (see Fig. 3b). After
at,, of 1.0h, consolidation of the inhomogeneous particle clusters
into agglomerates has occurred (Fig. 3¢), which are comprised of
numerous tiny nano spheres and in tum consist of twinned and plate-
like shaped primary particles (Fig. 3d) that are chamctenistic for
beta-nickel hydroxide (N OH)2)*™" and M(OH )2.™"** Please note
that here the term aggregate was chosen as definition for loose

particle assemblages that can be easily ruptured, while the term
agglomerate was seleced for particle consolidatons that are
cemented by solid bridges.** During that first hour of run time, the
PSD span decreased slightly (by ~14%, see Table D), but the PSD
still remains comparably broad (see purple line in Fig. 3a). Particles
collected at a t, of 2.0 h are aspherical and resemble the initial
agglomerate structure with multiple radial extensions (Fig. 3e). At
higher magnification (Fig. 3f), the mdial orientation of the inter-
grown sub-micron sized plate-like shaped primary particles within
such extensions becomes evident, whereby the vertical side (Medge™)
of the primary particles & exposed. This vertical side, which
comesponds to the 001-plane™ is pointing away from the center
of the corresponding radial extension. With progressing t... the
number of radial extensions for a given aspherical secondary particle
is decreased, while the madial extension size is enlarged (Fig. 3g)
this further continues with run time, so that the rather heterogeneous
structure exhibited by the initially coprecipitated particles (Fig. 3b)
cannot be anymore identified after a t.. of 6.25 h (Fig. 3i).
Inerestingly, the primary particles are always mdially orientated
around the secondary particle perimeter, with the vertical side of the
primary particles facing away from the secondary particle center
(Figs. 3h, 3j). Simultaneously, a continuous decrease in PSD span
from l.16att, ., =20htol O6att,, =375handto 0.83 att, =
6.25 h is observed. Close to the end of the semi-batch experiment,
ie., at tee = 825 h, the various madial extensions within the
secondary pantick structure cannot be recognized any more,
eventually resulting in spherical secondary panticles without any
indications of the initial agglomerate structure (Fig. 3k). These
particles exhibit a ~2-fold lower PSD span compared to the initially
formed particles (0.76 vs 1.4, see Table I), which is reflected by the
PSDs shown in Fig. 3 (black vs orange line). These hierarchically
structured secondary particles are compnised of numerous sub-
micron sized primary particles, as typically repored for NCM
hydroxide precursor |:t:mick:s.6'$'m"‘2 while the adge of the primary
partickes is consistently orientated towards the perimeter of the
secondary particle (Fg. 31).

In agreement with the two distinat stages observable in the
particke growth profiles depicted in Fig. 2b, the development of the
comesponding secondary particle morphology can likewise be
divided ino two stages:

(i) The initial particles formed during the seeding stage (t.. < 1.0
h) exhibit a loose and undefined aggregate-like structure, which
is originating from a rapid nucleation of nanospheres. These
nanoparticles immediately coagulate © particle clusters and are
cemented to agglomerates by the ensuing crystal growth via
solid bridge formation. That the particle formation during the
seeding stage (betweenat,, of 5 minand 1.0h)is governad by
an agglomeration mechanism is supported by the inverse
correlation of the secondary particle d g, values with the stirning
speed during the respective semi-hatch coprecipitation (Fig. 2,
Table I). This result reflects the fact that the turbulence inside
the agitated reaction vessel is goveming the particle-particle
attachment by aéélomcmion, which can be manipulated by the
stirfing speed.**

(ii) During the subsequent growth stage (L, < 1.0 h), the data
suggest that the consolidated agglomerates generated during
the seeding phase increase in size by lateral crystal growth of
individual primary partickes (“polycrystallizaton™), because
the vertical side of the primary particles is consistently
onientated towards the outer perimeter of the secondary particle
during the growth phase (Figs. 3d, 3f, 3h, 3j, and 31). This
seems © result in an overall enhancement of the
Nig sCoy ;Mng, ;(OH), secondary particle sphericity throughout
the semi-batch reaction.

To quantitatively verify the increase in secondary particle
sphericity over the course of the conducted experiments, SEM top-
view images of Nig :Coy ;Mny ;(OH), secondary particles at selected
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stages of the semi-batch coprecipitatons conducted at various
stirnng speeds were segmented. The SEM images were taken at |
k magnification and an astomated segmentation algorithm was
employed, that i analogous © the model employed by other
avthors™** By two-dimensional approximation of the segmented
secondary particles, the area and perimeter of secondary particles
was determined. This allows the calculation of the secondary particle
circulanity (C) as a two-dimensional descriptor for the secondary
particle sphericity, which is a three-dimensional property, according
to isopenimetric quotient given in Eq. 10. On average, the C values
of 60-100 secondary partickes per sample were determined and
numberbased C valee distributions were formulated. Figure 4
exemplary displays a SEM image of Nig:Cog,Mng (OH), sec-
ondary particles collected at t.y of 6.25 h during the semi-batch
coprecipitation performed at n = 950 rpm (run 2) before (Fig. 4a)
and after automated segmentation (Fig. 4b). The secondary particles
in the SEM image that were not considered by the algorithm are
encircled in green, while particles for which the C valee was
determined are additionally colored in blue.

The validity of the algonthm-based segmentation was exempla-
rily verified by manual segmentation, and the resulting number-
based C value distributions extracted from the SEM image displayed
in Fig. 4a are compared in Fig. 4¢. The obtained distributions are in
good agreement, and only minor deviations can be observed for
secondary particles exhibiting nearly perfect circularity (C > 0.95)
and for rather non-circular particks (C < 0.80). The discrepancy for
C > 0.95 might be ascribed to circular secondary particles, which
were not considered by the algorithm due to local brightness
inhomogeneities across the secondary particle structure that results
in a blending with the back ground brightness. The discrepancy for C
< 0.80 might be due to improper segmentation of overlapping
secondary particles by the model, which results in an underestima-
tion of the C value for the particle that is being overlappad, whereby
such overlapped particles were not considered during manual
segmentation. However, these slight discrepancies result in an only
minor deviation of ~2% when comparing the number median
circularity (Cg) determined from the C value distributions obtained
by both methods (data not shown). In an analogous manner, the
validity of the segmentation was further exemplarily verfied for
Nig CoqMng (OH), secondary particles obtained ata t_ of 3.75 h
and 8.25 h during the semi-batch coprecipitation conducted at n =
950 rpm. The resulting number-based C value distributions are given
in Fig. A.1. Again, the discrepancy between the automated and the
manual segmentation based Cg, values is rather minor, with only
~4% for particles collected at a ta of 3.75 h and ~1% for particles
collected at a t,, of 825 h. It is worthy to note that C values for
secondary particles formed at run times shorter than 2.0 h were not
determined, due to an excessive deviation of the secondary particles
from a circular shape (Figs. 3b-3d). Furthermore, due to the two-
dimensional approximation of three-dimensional particles, which is
the basis of Eq. 10, some three<dimensional aspherical features of
the particle that are not located on or near the perimeter of the
particle, are underestimated or even not considered. This, e.g.. is the
case when radial exensions are orientated towards the camera’s line-
of-sight in top-view SEM images. Therefore, it is assumed, that
values for C obtained via the here presented method as a two-
dimensional descriptor for particle sphenicity, which is a three-
dimensional property, are slightly overestimating the actual sphen-
city of secondary particles. Regardless, however, it is demonstrated
that reasonable results can be obtained by the algorithm-based
determination of the secondary particle circularity as descriptor for
the secondary particle sphericity from SEM images by the here
applied approach. This allows a quantitative assessment of the
subjectively observable increase in secondary partick sphericity in
Fig. 3.

gFigun: 5 adepicts the automated SEM image segmentation-hased
evolution of the Cg, values of secondary particles collected after
similar run times (within t,, = 0.25 h) dunng semi-batch copreci-
pitation of Nig 3Coy ;Mng ;(OH); conducted at three different stiming

[®6.25 h, automated
6.25 h, manual
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Figure 4 Quantificstion of particle crculanty (C) as descripor for the
sphencity of Niy Loy, Mng (OH), secondery panticles by top-view SEM
image analysis. (2) Topview SEM image at 1 X megnification of
Niy3Coy Mn, ,(OH), secondary panticles obtzined from the semi-batch
coprecipitation zfler 625 h 2t a2 stiming spead of n = 950 pm. ()
Sel iteria for the 1, slgonthm-hsed seoondary pertick
segmentstion, whereby the particks that were sekced for sutomsted
analysis are highlighted in blue overlay (the other particles were rejected
for snalysis due to incomplete msging, insuflicient contrast or partial
particlke overlap). (¢) Comparison of the ber-busedd crculanty dstibu-
tion of Nig,Caq, Mng ,(OH), secondary particks determined by sutomasted
(tilled) =nd by manusl segmentation (unfillad).

speads. For all three runs, the relative increase in Cg, with increasing
dgp during the growth stage (stage I in Fig. Zb) betweent,, =20h
and t,., = 8.25 h is similar, namely ~.20%-30%. Furthermore, the
width of the circulanity distributions {C_,,., defined by Eq. 11), that
is represented by the error bars in Fig. 5a, decreases by factor of
~4-5 with increasing t,,, for all three semi-bach experiments.
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However, in contrast to the inverse relationship between dg;, and the
stirning speed (Fig. 2), the Cg, values of the particles atat,_ of 20h
(left-most data points within each mun in Fig. 5a) increase with the
stirfing speed. It is also interesting to note that even though the
slowest stirning speed (n = 550 mpm) yields the largest secondary
particles, those particles exhibit the lowest Cg, (see Fig. 5a). Qose to
the beginning of stage II, particles with adso of 8.1 gam and a Cso of
0.63 are obtained for n = 550 rpm, growing into particles with a dg,
of 13.5 umand a Csoof 0.83 at t.e = 8.25 h. In comparison, forn =
1350 rpm, much smaller particles with higher circularity are
obtained: at t,, = 20 h, the secondary particks have a dgy of
only 2.9 um and a Cg, of already 0.81, which at t,, = 80 h
increases to a still mther small dg, of 5.0 pm and a Cg, of 0.95. The
Nio#CoaiMno {OH): secondary particles produced with n = 950
rpm display comparable particle circularities compared to the
experiment with n = 1350 rpm, but with larger particle sizes for
any given run time {(see Fig. 5a). Further, due to the increase of Cg,
OVer L.us ( thus with increasing dso) for all three conducted runs, Cous
must intrinsically decrease with increasing t., as non-circular
particles become more circular over time while already circular
particles remain circular. This results in the observed namowing of
Cpus With increasing t., for all three runs.

The quantitative differences in secondary particle circularity are
further visualizead by SEM top-view images of the final
Nio € CoaiMno {OH)» particks obtained by semi-batch coprecipita-
tion after t,.. = 8.75 h at stirring speeds of 1350 rpm (Fig. 5b), 950
rpm (Fig. 5¢), and 550 rpm (Fig. 5d). Identical © the secondary
particles throughout the growth phase at n = 950 mpm (Figs. 3e-31),
the secondary particles obtained at 1350 rpm and 550 rpm consist of
numerous sub-micron primary particles, which is chamctenistic for
NCM hydroxide pmcursors.é" “* Furthermore, the vertical side of
the primary particles is consistently orientated towands the outer
perimeter of the secondary particles, which verifies that independent
of the applied stirring speed, the secondary particle size increasesby
the growth of the individual primary particles. In accordance with
the C value analysis conducted above, the Nig:Con iMng ((OH)2
secondary particles prepared at n = 1350 rpm and n = 950 rpm
exhibit an equal sphencity with no radial particle extensions or
recognizable traces of the initial agglomerake structure, whereby the
secondary particles obtained at 1350 rpm are smaller compared to
those obtained at 950 mpm. The secondary particles obtained at 550
rpm are the largest, but still exhibit an aspherical shape, which
consists out of multiple radial extensions originating from the
initially formed agglomerates, consistent with their still relatively
low Csp value of ~40.8 (see Fig. 5a).

In summary, one can conclude that the stiring speed duning the
semi-batch coprecipitation of Nig 2Coy ;Mng ,(OH), determines the
initial agglomerate size and number formed during the seeding stage,
which not only govems the growth mte and thus the resulting
particle size in the subsequent growth phase, but also the ability of
the secondary particles to achieve a high degree of sphericity for a
given partick size and run time. Overall, with increasing stiming
rate, smaller NigsCoy ;Mng,(OH), particles with higher sphericity
can be obtained (see Fig. 5), while the PSD span is unaffectad by the
stirring rate (see Table I).

Cross-sectional analysis of NiggCog Mng (OH), particles—
Complementary evidence for a two-stage pantick formation me-
chanism was found by evaluaton of cross-section SEM images of
Nig £Loq Mn,, (OH), secondary particles obtained by semi-batch
coprecipitation after t.. = 8.75 h. Exemplary SEM cross-section
images of Nig :Coy ;Mng ;(OH); secondary particles attained at n =
1350 rpm, 950 rpm, or 550 rpm are displayed in Figs. 6a, 6, and 6e,
respectively. Independent of the stirning speed, the secondary
particle structure can be divided into two parts: A particle core
consisting of loosely amanged nanometer-sized primary particles,
which is followed by a layer of elongated primary particles aligned
around the core and onentaied towards the outer perimeter of the
secondary particle. This coincides well with the above cbservation
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Figure 5 (2) Number medan particle arculsraty (Cy,) determined from
SEM topview images of secondery perticks obtuned &t vanous sages of
particle growth during senu-baich coprecpitstion of Nig ,Cay, Mag , (OH), ot
vanous stirrng speeds (n). The emmor bars represent the circulanity span
(Copun, defined by Eq 11), which indicates the wilth of circulsrity
distnbutions thet was determuned from SEM top-view mages. SEM top
view images ot 5 k magnificstion of the dred NigsCop:Mng(OH)
secondary particles obtzined sfier & run time of 8.75 h, with the coprecipits
tion conducted ot different stirmng speeds: (b) n = 1350 rpm; (¢) n = 950
mpm; and, (d) n = 550 mpm.

59



Results

Jowirnal of The Elecrrochemical Sociery, 2023 170 110513

= L] 50
bj CS-SEM Image d] -(T"--!-Ehllmu!e ﬂ B C5-SEM Imags
b Light Scattering| __ o [ Light Scattering] ~ -Light Scattering
) £
o 3 @ =
£ £
gm- ;!D
1w F b1+]
o I P R S -y = ks
BB S e e ke e e e LIS A= - - AT LR - A AT -4 1T
FEEELCELEEERESREH CEEELCREEERZ = FEEECCEELEEESREEY
Particle Size [pm)] Particle Size [pm] Particle Size [pm]

Figure 6. Exemplary onss-ectional SEM images of Nigelon  Mng 0H  secondery perticles obtmined alier l.n = 8.75 h for difTerent stiming speeds: (ajn=
1350 mpm (5 k magnilication); (€) n = 950 rpm { 10 k megnification); and, (gl n = 550 rpm {15 k magnilication). The secondery particle core & encincled in
vellow, merking the sres thel was used 1o quaniily the aquvalent dusme ler 1d‘q‘, ace. iy Bg 12). The lower penels compare the volime-based particle sie
dutnbutions of the Mg #Con Mg (OH): secondary particles obtmined by semi-hetch coprecipitation aller by = 100 b L2, 8 the seeding-lo-growth rensiaon
{lashed line, determuned by hght-scastenng) with the volume-based oore sze distnbulion odlained by ooss-sectional SEM images ol coprecipilaied particles
1d.q values hased on ~50 images per mun ) odilzined aler by = 85.75 h (hars) and produced a1 diferent stming speeds: (b)n = 1350 mam; (d) n =950 mm; and,

) n= 550 rpm.

Table HL The volume-baed median core dze of NiggUoa Mg ((H )z seomwlary pu.rti:le»qd’ﬂ_—;”# determined by the analysds of cross-sectioml
SEM images of NiggUog Mg J0H b, secondary partc ks attained by semi-laltch coprecipitation alter L, = 875 h For varius siccing spesds (o
This b compared Lo the volume-lased soombary particle diameter oblained alter 1, = LU b (dey g 5 Dased on liser scalle ring amd aken rom
Talde L The last two columns provide tee Heynokls Number | He) caloulated by Eq. 14 a5 well s the average volume ener gy inpul | B ) caloubated

by Eiqg. 15, both being given for e comditions at 1, = 0.0

Run o [mpam] A5 wn Lpm) iy 1o on Lem] Re [-] By (W]
1 550 62 6.2 41041 1.54
2 a0 14 17 i 794
3 1350 15 13 10673 174

that the ventical side of the plate-like shaped primary panticles is
consistently pointing oowands the owier perimater of the secondary
particles. However, it is noleworthy that these cone—shell featnes
exhibiting radial patterns can only be ohserved by cmss-sectional
SEM imaging if the secondary panicle has been perfecdy sliced
through the eguator of the secondary particles during the SEM
sample preparation.

Analogous to the size of the initial particles formed during the
seeding stage ftaem £ 1.0 h), the magnitude of the secondary particle
core scales inversely with the appliad mation speed in the respective
run. This suggests that the core within the secondary particle
structune cormesponds to the initial agglomerates formed during the
seeding stage, which increase in size by polycnpstallization. To
quantitatively werify this hypothesiz, the size of the core in
secondary particles was determined by maneal segmentation of
cross-sectional SEM images. The area of the porows particle cores of
=51 cros s-sectionally sliced MipzCog ;Mng { OH)y secondary part-
cles obtained after tae = E75 h for each semi-hatch mn was
determined. The equivalent particle diameter (d.) of a circle with
the identical area as the measured area of the particle core was
calculated by applying Eq. 12. From the resulting 4., values,
wolume-hased core size distribwtions were constructed. These ane
shown in Figs, 6b, 6d, and 6f {green colored bars), whene they ane
companed to the PSDs of secondary particles at the transition of the

seoding into the growth stage, ie., at t,. = 10 h, which were
determined by light-scatering {green colored dashed lines). Cwerall,
the size distibutions of the secondary particle cores coincide well
with the light scattering derived PSDe at the tansition point.

This cornespondence was further quantitatively verified by doter-
mining te  volume-hased median  core  sizme of  the
Nig 00y  Mng ({0H ), secondary particles {d55E 75 ») from the respec-
tive cross-sectional SEM hased core size distribwtion. Table T gives a
comparison of these diff 15, valves with the dsy 5 o values of the
secondary particles obtained af the seeding-to-growth transiton, ie.,
at t, = 1.0h {ohwined by laser scatiering and taken from Tahle T),
mevealing an excellent agreement berween these two parameters for
cach of the respective mns {with differences of less than 109%).
Consoquently, it is reasonable to assume that the core within the
secondary particles comesponds to the initial agglomerates formed
during e seading stage and that te core size & inversely propor-
tional to the stiring speed. The somewhat imegular morphology of the
core might orginate from the inclision of void spaces during the
chaotic aggregation of nanospheres throughouwt the seeding stage.
Afier the aggregate has solidified to an agglomerate, only primary
particles that ame in intimate contact with the mother iguor are ahle to
grow, as they ane accessible for diffusion of lattice ions towands the
zolid surface. By contrast, primary partickes that are locaed in the
inside of the agglomerate ane inaccessble by latice ions, which could
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potentially fill the pores among primary particles with crysmllizing
matier. This resulis in void spaces in the core compared to the shell,
even though void spaces persist in the entine sccondary particle
structure, Similar core-shell like features of secondary particles
exhibiing radially aligned primary parnticles were also identified by
SEM  imaging of cmss-sectonally cut soc particles of
precipitated  NifOH) ™' Nia %Coo 1Mo 1ofOHR,®  NiasCoasr

%

MT‘J.IO{OH}:-ﬁ and Mla‘:ﬁmmm{mnel'

Characterizagion of ouwrbulence during coprecip@ason of
Nig o g Mng (00H)»—In genemal, the stiming speed is only an
indicator for the turbulence in a stimed-tank reactor, since the
turbulent flow caused by stimring also depends on the properties of
the stirred Auid as well as the physical dimensions and the other
features of the reaction vessel {e.g., stimer blade configuration). Far a
better characterization of the prevailing tubulence in an agitted
reaction vessel, the dimensionless Reynolds number (Re) and the
average volume energy input (Euw, ) can be used. Both values allow
comparing the mrbulent motion of a fluid between distinetive reactor
setups, The Reynalds number sents the ratio of inertal
fomces to viscous forces of a fluid in a stimed-tank reactor and is
defined as:

g
u

Re [14]

Here, ppea is the density of the strred fuid (=985.0 kg m ™~ for Ha0
at 55 °C, representing the condition at ¢, = 0.0 h), n is the stiming
speed in units of /s, d is the stirer diameter (=0.05 m), and o is the
dynamic viscosity of the stirred fuid (=0.00055 kg ms~" for HyO at
35 °C) The parameter E,,, describes the kinetic energy imparted
into the stimed liquid and can be caloulated according io:

E_ Ne- g 1 -d

- [15]

Vot

Here, Ne is the dimensionless Newton Number, which for the here
used 437 pitch-blade stimer and for the turbulent regime with Re >
10000 equals to Ne = 13,7 and Viey is the volume of the reaction
suspension (=200 ml at 8 t.. = 0.0h).

The Re and E, . values for the three different stiring rates ame
listed in Tahle I]I.‘ﬁ}' increasing the stiring speed from 550 rpm to
1350 rpm, Re increases by a factor of ~2.5, while E,,, i increased
by factor of ~15. Even though an intensification of turbulence by
strong stirning increases the particle collision frequency within the
fluid, the shear stress induced by hydrodynamic forces on the
aggregates is concomitantly amplifisd. This in turn resuli in the
breakage of aggregates hefore cementation occurs via solid bridge
formation by the furtwer crystallization reaction. Permanent particle

Nucleation Twinnimg Agglomeration

= 2 =D Fe=d =

i iy iy

Growth

attachment is additionally reduced due to the higher particle
velocities with increasing turbulence, hence higher particle mo-
mentum, This leads to higher impact energy wpon particle-particle
collision and effectively decreases the agglomeration probability.
These phenomena overall result in & decrease in the maximum
aggregate andlor agglomerate size with increasing turbulence, thus
increasing Re and E“&_s.s,'s& The same inverse relationship between
Reand E,,, vs. the aggregaie and agglomerate size was ohserved in
this study. Here, during the seeding stage, the MiosCoaiMno (fOH):
panticle size (ie., dsy 5 e @ dg o 50¢ Table I) decreases by a
factor of ~2.6-2.7 when n {=input parameter for Re and B, ) is
increased from 350 to 1350 rpm, which comesponds to an increase of
n by afactor of ~.2.5. Since the particle size decreases by a factor of
~2.6-2.7, the particle number (Npe_ 5 aas and Nue_1 0w, see Table IT)
increases by a factor of ~~18-2, which closely corresponds to
2627, as is requined by a mass balance. Since the number of
partickes formed during the seeding stage determines the solid
surface area, the growth mate (G) during the ensuing growth stage
and therefore, the particle size at the end of the semi-baich
experiment {ic., dsg g 75 ), consequently exhibit similar cornelations
by factor 2.5 and 2.6 (Table I, respectively. Thus, it is rationalized
that the degree of turbulence inside the stimed-tank reactor, which
can be quantified by Re and E,,, . regulates the aggregation and
ag glomeration during the seeding stage, which governs the size and
number of NiasCoa i Mno i OH )z secondary particles formed during
the seeding stage.

Similar repons on the impact of stiring speed on agglomeration
rates, thus agglomerate size, have been reponed for the copreci-
pitation of various material classes in stimed-tank reactors operaied
in (zemi-hatch™ ™ or continuous mode. ™™ Additionally, a
decrease of the final secondary particle size accompanied by an
increase in secondary particle sphericity has been nhs.cn'?:ul
during the contineous coprecipimtion of NijaCoyaMnya{0H),,
Nio soConasMnoasiOH)z,” and NiosoCooisAlaas(OH)2™ in a
Couette Taylor reactor when increasing the rotational speed of
the inner cylinder. The analogous observations have been made
when increasing the stirring speed in a_stimed-tank reactor durinﬁ
the coprecipitation  of  MNi{OH),, N’Iu_;cﬂuzhﬁ\aﬁ:,{omg.
Nig ¢Cog sMng {0H)2, ™ and Nig 12:C0n 26Mng eo{OH)."

Particle formation mechanism dwring coprecipitation  of
Nig g0 JMng (OH)—Considering the two distinctive stages in
the development of the NiasCoo (Mna(OH)2 secondary particle size
{Fig. Zb) and respective morphology (Figs 3 and 6) as well as the
increase in sscondary particle circularity as descriptor for particle
sphericity (Fig. 5) during fw growth phase, e two-siep particle
formaton mechanizsm of NigeCoq Mng (OH) secondary particles
depicted in Fig. 7 & proposed. Initially nucleation (T) induces the
formation of nanosized spheres comprised of several twinned plate-like

vy

Particle Sphericity

Figure 7. Schematic illustraton for the proposed two-sep secondery panticle formation mechanism during coprecipistion of Migs Cog Mng  (0H ). Initially
nuckeation {I) induces the formation of nanosieed sphenes comprised of several twinned plae-like primary particles (1) that are abjected 1o rapid and chaotic
apgregaton toundelined particle clusiens {111 Due to solid bridge formation by ensuing lateral orystal growth of individus] primary pertic ke, the generated koo
spprepaies are cmsolidsted o agplomerstes, while primary perticke growth in direction away of the sgglomerate coe resulls in radial extemions leading 1o
mpherical secmdary perticles (1) Continuous sscondery perticle growth by polyoryssllizstion, which & charscterized by the liersl orystal growah of
inclivichual primery particles leads (o 2 smesnng oul of the nitial imegular agglomerste druchre, so e eventuslly well-defined sphenical sscondery particles

with a core-shell stuciure (V) are sfsined.
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primary particles {IT) that are subjecied to rapid and chaotic aggregation
to randomly amanged panticle chesters (1) Due to solid bridge
formation by enaning lateral crystal growth of individual primary
particles, the generated loose aggregates are consolidated to agglom-
erates, while primary particle growth in direction away of the
agglomerate core mesults in radial extensions leading to aspherical
secondary particles (IV)., Contineous secondary particle growth by
polyerystallization, which is characierized by the lateral crystal growth
of individual primary particles leads & a smearing owt of the initial
imegular agglomemie structure, so that eventually well-defined sphe-
rical secondary particles with a cone—shell snscture (V) are antained.
The size of the initil agglomeraies can be manipulated by the
turbulence, which govems the growth mte and the capability of
secondary particles to become spherical afier a given mun time,
Additionally, the partick size increase within cach nn i independent
of their size and therefore, the surface mass specific uptake is neardy
identical for every particle. This resuls in a narowing PSD with
progressing particle growth throughout the coprecipitation reaction,

Despite an analogous development of secondary particle mwor-
phology  from  imegular-shaped agglomerates to  polycrystalline
spherical secondary ickes was observed by SEM imaging in
several studies™ ' the overall proposed particle formation
mechaism n this work is in contrast with prevailing theaories
present in the litermture for the coprecipitation of M{OH) in a
stirred-tank reactor. Numerous studies repont that the secondary
particle enlargement during coprecipitation of M{OH), results from
a continwous ag glomeration of primary particles, TR oiher
instances, Ostwald ripening is suggested as the underdying particle
growth mechanism, hence dissolution of generated nuclei andfor
small primary particks, followed by recrystallization on existing
secondany ps:tic‘l:s,ﬁm; which iz suggested to also result in a
decrease in pﬂ&dc size distribution width with progressing copre-
cipitation time. ™ Others have also been claiming a simultaneous
occumence of agglomeration and Ostwald ripening.

Since the partcle collision frequency followed by permanent
particle attachment during agglomeration is based on a shtistc
encounter of primary particles due to the isoropic urbulence in stimed
vesek, 7 3 mndom primary particle orientation would be atained
as it is in the case for true aggrepates and agglomerates, - Hence, a
congstent orentation of the vertical side of the primary particles
towarnds the outer perimeter of the spherical secondary particle as
observed for M{OH), (co)precipitation, accompanied by a radial
alignment of primary partickes around the secondary particle core,
can hardly be justified by agolomeration. Furthermore, an overall
imegular-shaped patticle structure would be expected in contrast to
spherical secondary particles. An increase in secondary partick
sphericity by shear fore at higher degrees of murbulence, which makes
particles mone spherical over time, is ako questionable, as this would
result in a considerable number of atritional fragments,” ' *” which were
it oheerved by light scattering or SEM imaging, and which would lead
to a deviation from the ds~3Ton relaticnship during particle growh,
due i the formation of new particles. Additionally, the emergence of a
second particle modal originating from a second necleation event afier
prelonged reaction time, observed by Kim ot al. during semi-batch
coprecipitation of Migssdloo1sd OH)2 ™ is difficut to conciliaie with
an agglomerate mechanizm, when considering that there is o driving
farce for continuwously genersted primary particles at a certin point
throughout the coprecipittion reaction i suddenly fom new secondary
particle agglomeraies indead of agglomeration with already existing
secondary particles. A surface charge controlled self-assembly of
primary particles in the sense of a controlled agglomeration of primary
particles as origin for circular amangement of primaries i also highly
unlikely, because the surface charge reaults from an electrochemdical
double layer that is sumounding the particles and that decreases
drastically in thickness with ncreasing ionic strength of the solwtion,
Accordingly, it is reporied that ahove an jonic strength of 0.1 M, the
thickness of the electrochemical double layer is below 4.0nm for a 1:1
elkectrolyie, and is even further decreased for electmolyies of higher

valency.™ For the relatively highly concentrated fieed solutions (26 M
MS0y,,, and 79 M NaOH) as well the volumetric flow rates in this
waork, the salt concentration of (L1 M in the reaction mixture is alneady
exceeded after only 20 min of the semi-baich coprecipitation reaction
due i MaiS0y formation acconding to Eq. 1. At such high ionic
concentrations, surface charge driven phenomena bocome insgnificant,
as the critical ion concentration above which coagulation was ohserved
to oocur for Na™ salt based systems was reported to be already above
0.12 M.* This is further emphasized by the fact that during the very
early stage of crystallization the agglomemtion of narospheres for the
formation of te secondary panicle core could not proceed in a
controlled manner and resulied in chactic particke chesters a5 shown in
Figs. 334"

The size-dependent growth mie indwced by Ostwald ripening of a
solid depends amongst others on the bulk solubility of e rpening
solid*” The coprecipitation of M{OH J: is typically conducted in the pH-
regime of 11.0-13.0, in which the solubility of Ni* =, Co™, and Mn™ &
=200 ppm. " Even though the Ni** solubility is increased by the
fomation of [Mi(NH,1L.[** in alkaline media, the solubility of Co™ and
Mn™ s anly negligihly affected, dwe © a low affinity for the
complexation reaction® Furermore, since the reactants are continu-
ously fiod in the stimed vessel, aupersaturation is coninuoudy pencrated,
which creates a sieady driving force for M{OH), crystallization rather
than its dissohstion. Therefare, it is rationalized that the essential driving
force required for the dissolution of M{OH): primary particles on the
peripheral megions i the secondary particles and even secondary
particles imelf i extremely low. Hence, that the occumence of
Ostwald ripening as particle growth mechanism during coprecipitation
of Mig #00 ; Mng (0H); i rather marginal. The argument that dissole-
tion & unlikely to occur is further supponied by e result presentad in
Fig. 6 Independent of the applied stiring speed fora given run, the PSD
at the end of the seeding stage 8t tae of 1.0h coincides well with the size
distribution of the secondary particle cone for particles collected after i,
of .75 h. A reduction in NigeCoo iMna {0OH): PSD width, ie., that is o
(soc Eg. 9, with progressing coprecipimtion time, iec., that s ..,
induced by Oetwald ripening is aleo unlilely, as it i expecied that the
dissolution of small particles and recrysmllisation on larger particles
would actally result in an incresse of span insead of a decrease, since
the smaller particles would decrease in size due to dissolution over the
hatch mun time (the size of the smaller particles is represenied by the dy,
in Eq. 9, while the large particles increase in size, (the size of the larger
particles is represented by the dy, in Eq. 9). Since an increase in o with
incneasing by was nat oberved in this work, the effect of Oswald
ripening on the particle size distibution width can be exclded,

However, nucleation at the contact point of the injected MSOuu,,
with the bulk alkaline reaction suspension inside the stirned tank reactor
followed by an immediste dissolution of therehy formed nuclei and
subsoquent deposition as dissolved jons on primary particles within
already existing secondary particles, thus resulting in crystl growth,
cannot be excluded. Nonstheless, thiz does not interfere with the
propased particle formation mechanian that secondary particle growth
occurs by growth of individual primary particles.

Interegtingly, Andreassen analogously demonstrated for e pre-
cipitution of vaterite that the particle growth mechaniam is govened by
“sphemulitic growth,” hence growth of distinctive primary particles from
a oomimon core, This lead wo the formation of a spherical polycrysalline
secondary particle structure "™ Furthermore, spherulitic erystallization
as underlying particle growth mechanism was identified for several
materiaks such as LiC0,,"™ ¥, (OHNO,), """ and Fghitamic acid "™
This conclusion was in contrag with the formerly assumed agglomera-
tion mechanism of primary particles or nano-crystals resulting in the
formation of secondary particles. '™ Addifionally, polyerystallization
can aleo lead to aspherical secondary particles, which deceivingly looks
like an agglomerate strocture, even thowgh it doss not originate from an
agglomeration of primary panicles, as it was aiggesied for ANOH ).
Congdering this, it is mtonalized that the particle enlargement during
the coprecipitation of MNigeCog Mng (0OH), secondary particles &
remarkedly similar to spheruliic growth, However, it is worty i
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note that independent of the crystal composition, the particle growth
mechanism also depends on e applied process conditions (concentra-
tion of reactants, volumetric Aow mtes eic). ™ Hence, a deviation to the
proposed mechanism can be expocted if the coprecipitation conditions
diverge considerably from the applied process pammeter in this work.
Mevertheless, the demonstaied relationships in this work allow to
optimize the secondary particle sphericity by manipulation of the
turbulence in a stimod-tnk mackor af otherwise constant process
parameters, thereby tailoring M{OH ) based pCAM particle size and
morphology to satisy the requiements for powder processing on an
indusirial scale.
Conclusions

To wmilor the physical properties of M{OH), (M consisting mainly
of Ni, Co, and Mn) precursor particles (pCAMs) for the preparation of
cathode active makerials (CAMs), the panticle formation mechanism
during the semi-hatch coprecipitation of NigsCog (Mng (OH); in a
stimed-nk reactor was investigated by varying the stiming speed
between 550, 950, and 1350 rpm. The development of the secondary
particle size and morphology throughout the coprecipitation reaction
with a total mun time of 875 h was monitored by light scattering and
SEM imaging, respectively.

Independent of the applied stirring speed, e particle growth can
he divided into two distinetive stages. Within the fimt hour of the
reaction, the seeding stage, the panticle size remains roughly constant
and irmegular-shaped secondary particle agglomerates ane generated.
In the subsequent growth phase, ie, after a run time of 1.0 h, the
agglomerates incnease in size lincardy proporional to the thind root
of time by crystal growth of individual plaie-like shaped primary
pariicles. This resulis in a smearing owt of the initially produeced
aspherical agglomerate strucwure and an increase in secondary
pariicle sphericity.

Further proof for a two-step particle formation mechanism was
given by SEM imaging of cross-sectionally cut Nig 200,  Mng, {OH ),
secondary particles after a run Gme of 875 h. Independent of the
appliad stirring speed in e respective nun, a secondary particle cone
consisting of randomly and loosely packed nanometer-sized primary
panticles was identified, surounded by a dense layer of elongated
plaike-like shaped primary particles that are radially aligned around the
cone. Here, the size of the secondary particle core deiermined from
SEM imaging coincides well with the particle size attained by light
scantering at the tansiton between seading and growth phase at a run
time of 1.0 h. Anincrease of the turbulence during the coprecipittion
reaction {controlled by the stirring speed) decreases the size and
increases the number of the agglomerates that are formed during the
seoding stage, which not only decreases the final secondary particle
size, but alo enhances the sphericity of the secondary particles at any
given time during the growth stage.

In summary, a two-stge paticle formation mechanism com-
prisad of agglomemtion and subsequent polycrystalline growth is
proposed. This contrasts with the mechanisms d in the
literatune, which suggest that during coprecipitation of M{OH), the
secondary particles grow by continwous agglomeration of nucleating
primary particles andfor Ostwald ripening. However, outside of the
lithium-ion battery material related literature, the particle formation
mechanism proposed in the present work i known as polycrystalli-
zation and closely related to spherulitic erystallization. Finally, the
demonsiraied relatonships in this sudy allow to optimize secondary
particle size and sphericity during coprecipitation of M{OH); by
manipulation of the turbulence in a stirned-tank reactor at otherwise
CONStant Process parameters,
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3.2 Impurity content, crystallinity, and secondary particle

morphology

This section presents the article “Impact of Sulfate Adsorption on Particle Morphology
during the precipitation of Ni-rich Hydroxide Precursors for Li-lon Cathode Active Material”.
The manuscript was submitted to the peer-reviewed Journal of the Electrochemical Society in
July 2023 and published in November 2023. The article is published open access and distributed
under the terms of the Creative Commons Attribution 4.0 License. The permanent web link is:
https://iopscience.iop.org/article/10.1149/1945-7111/ad0b42/meta. A summary of the article
was presented by Rafael B. Berk as oral presentation (abstract number A06-0596) at the 242"
Meeting of the Electrochemical Society in Atlanta, Georgia, October 9""-13", 2022.

Nickel-rich layered lithium nickel cobalt manganese oxides (NCMs) have solidified
their position as cathode active material (CAM) for lithium-ion batteries in electric vehicle
applications, since NCMs exhibit a high energy density at sufficiently low cost.*® 8 Current
industrial manufacturing of NCMs involves the coprecipitation of mixed metal hydroxide
(M(OH)2) particles (M consisting mainly of Ni, Co, and Mn) as precursor for CAM (referred
to as pCAM) from a mixed metal sulfate solution (MSOagq)).*> *® The thereby attained
secondary particles are comprised of numerous primary particles.® ™ 113 After the ensuing
calcination reaction of the pCAM with a lithium compound at elevated temperatures to obtain
the final NCM, the secondary particle architecture of the pCAM is maintained.%® 7972 In this
context, it was demonstrated that the morphology and electrochemical performance of NCMs
is affected by the physical properties of the respective pPCAM utilized for synthesis.” " So far,
the relationship between coprecipitation parameters and pCAM morphology were primarily
studied in an empirical manner.*® 12! Therefore, an in-depth knowledge of the coprecipitation
reaction and morphology control of the hydroxide precipitate in regard to the process

parameters is still missing the literature.

To promote the mechanistic understanding of the M(OH). particle formation, ten
distinctive NiogC0o.1Mno.1(OH). particle lots were prepared in this study via the coprecipitation
method in a stirred tank reactor by adjusting the coprecipitation pH-value at otherwise constant
process parameters. Elemental analysis of the resulting NigsCoo.1Mno.1(OH). powders revealed
a pH-dependent SO4> adsorption equilibrium, which determines the SO4> uptake in the
Nio8C001Mno1(OH), pCAM during the coprecipitation reaction. Investigation of the
precipitates by X-ray diffraction shows that the SO4? not only governs the crystallinity of the
Nio.8C00.1Mno.1(OH)2 material but also regulates the crystal growth in (001) direction. The latter
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in turn affects the vertical primary particle size and the secondary particle porosity, both
observable by SEM imaging. The morphological trend is quantitatively verified by extracting
the primary particle size distribution from SEM images and by determination of the secondary
particle porosity via nitrogen physisorption. As proof-of-concept for the proposed impact of the
SO4> adsorption, NiosC0o1Mno1(OH), was precipitated at constant pH-value but using
different metal feed stocks (MXqq), With X =S04%, (NO3)2, (CH3COO"),). The resulting
distinct physical properties of the Nio.sC0o.1Mno.1(OH)2 particles obtained from the various
anion systems, exhibiting different anion adsorption affinities, can be well understood based on
the Fajans-Paneth-Hahn law for crystallization.'® Further, desorption experiments present
options to reduce the amount of residual SO4* after the Nio.sC00.1Mno1(OH)2 particle formation
has been completed. In the end, pPCAM design rules are discussed based on the findings of this

work.
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Nickel-cobalt-manganese-hydroxides (Ni Co,Mn (OH},, with x+y+z = 1) are wtilized as precarsor for lithinm-ion hattery
cathaxde active material (CAM), The physical properties and elecimchemical performance of CAM are affected by the morpholopy,
cryslallinily and impurily content of the asocited Ni,Co Mo 0N} (with x4y = 1) employed Tor the CAM synthesis, To
prommote the mechanistic enderstanding of the NileMn‘[lllh (with x-+y+2 = 1) formation, the coprecipitation pHas -o-vale
was gystematically waried from 8.6-127 during the synthesis of MipaCog jMig (OH)z, and the obtained powders wene
characterized by elemental analysis. A dependency of residual sulfur content and  crystallinity of the obtained
Mig gy g Ming ((OH ) on the pH-value in relation b the point-of-zero-charge (pec) is revealed, This resalt is rationalized by a
Pll-dependent sullale adsorplion equilibnum, Furthermone, @ suppression of the growth along the ((01) plane of the crysiallibes due
o sulfate sdworption is wentified. Ths in twm governs the vertical primary particle size and thes the porosity of the m.urliuj'
particles, which was verified by subatinating the sulfate jion of the metal feed by nitrate of scctate. Adsoqption
capmmmh demonstrate the pmbllll‘_\l’ o decouple secondary particle morphology and  residual impority content. The
----- 1 relationships allow formulating desipn stralepies o tilor the NigCo Mo (OH), (with x 1y 12 1) morphology
amil ils mmpunly conbenl Tor CAM synihesis
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Lithium-ion batiery (LIB) fechaology has established itsell as
power source for consumer electronics and batlery eleciric vehicles
(BEVs)," ¥ One of the key focus ancas in LIB research is the cathode
active material (CAM), as it is the most cost inlensive component of
LIBs and as it has significant impact on the overall achievable
energy density and lifetime of the cell.* * Layered lithium transition
metal (TM) oxides such as lithium-nickel-cobali-manganese-oxides
(LiNi,Co,Mn, 0y, with x+y+z = | (NCMs)) j"’m“' @ promising
class of materials for next-generation LTBs," © Especially Ni-rich
MNCMs with relative nickel conients of x = 0.8 are in the focus of
academic and industrial research, since they meet the requirements
of BEVs due io their high energy density ai sufficiently low cost,"”

The currenily used standard indusirial manuTacturing of CAMs
can be divided into two process steps: The first step is e
coprecipitation  of  mized TM  hydroxide  paricles
(Ni.Co,Mn (OH)y, with s+y+z = 1) as precursor for the final
CAM (referned 1o as pCAM). In a second step, the pCAM is mixed
with a lithium salt (typically lithium hydrozide or carbonate) and
then caleined under air or oxygen al elevated tlemperatures o yield
layered lithivm TM oxides,” Thc‘ coprecipitation of the pCAM is
commonly conducted by the simult i introduction of an
aqueous solution of the mixed TH suﬂ fates (TMS 00y ), an aqueous
soddivm hydrozide solution (NaOH . ,), and an aquecus ammonia
solution (NHaeg,) into a stirmed-tank reactor, which is under
nitrogen  atmosphere  to avoid phm separation  in
Ni,Co,Mn {OH), {with x+y+z = 1} i d by the oxidation of
Mn™" i Ma'*/Mn"", The coprecipitated pCAM particles exhibit
secondary parficle sizes in the pm-range (~4-16 pm) and a spherical
secondary particle morphology that is composed of many hexagonal
plate like primary particles in the sub-pm range.'” ' It is supgested
that these primary panicles consist of several NiCo, M (O},
(with x+y+z = 1) erystallites™ that are strecturally related 1o
layered brucite-iype FNi(OH)""" * Despite several phase transi
tions that occur during calcination of a pCAM with a lithium salt

*E-mail: ralsc-benjamin berk @ hasoom

(shown, e.g., for LiNiQ, (LNO)Y™"), the secondary particle structure
of the pCAM is generally preserved afier the high-temperature
calcination in the resulting CAM.™ *' Recently, correlations of
CAM morphology with the electrochemical performance in the cell
have been demwonstrated for TNO, highlighting the significance of
the: primary particle size.”* Furthermaore, it has been demonstrated
that the electrochemical performance of a CAM is alfected by the
morphology of the associaied pCAM.'"™ " For this purpose, em
pirical optimization studies Tor the energy density of a CAM were
conducted by variation of process parameters during the coprecipita
tion reaction.'™ However, a detailed undersianding regarding the
impact of the process paramelers on the course of the coprecipitation
reaction and on the physical properties of the precipitated pCAM
(crystal structune, impurily content, primary and secondary particle
siee, secondary particle porosity, ete.) is siill lacking,

In order to gain mechanistic insights info the Ni Co,Mn (OH),
with (x+y+e = I} paniicle formation, ten distinctive MiggCog
Ming ((OH) particle lols were prepared by the coprecipitation method
in a stired-tank reacior, The coprecipitation pH-value was system
al-:ally varicd  between m:h experiment, while all other process

remained constant. The dependency of the residual sulf

{5041 ¥ content on ihe coprecipitation pH-value was examined by
elemental analysis and relwed with the point-of-zero-charge (pec) of
nickel hydroxide (Ni(OH),), sugpesting that the S0,% content of the
PCAM is govered by the pH-dependent S0," adsorption equilibrium.
The effect of S0,° adsorplion on crystallinity and primary pariicle
growth was investigated by X-ray diffraction analysis, while its effect
on secondary paricle morphology and porosity was followed by SEM
inkaging. The changes in morphology wene quantified by extracting the
primary particle size distribution from SEM inages and by determing
tion of the secondary particle porosity via nitrogen physisorption, The
rode of S04 adsorplion was further investigated by comparative
PCAM coprecipitation ca;pmnm's with TM nitrate or TM acetate feed
solutions as well as S0y :uiwﬁlmfttmr[ﬁm experiments, Finally,
a mechanism for the impact of 50,7 adsorplion on the secondary
particle morphology during coprecipitation of NigeCog Mng (OH); is
proposed, and pCAM design rules ane discussed,
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Experimenial

Materials and methods.—The lollowing agqueous TM  sall
selutions were oblained from BASE SE (Z99.00%): MNickel(IT) sullate
solution (2.2mol 1 ! NSOy ), coball(I) sulfate solution (2.2 mol
1" CoSO4nqy). manganese(} sullate solution (2.2mel 1"
MnS0,, ), nickel{IT) nitrate solution (2.2 mol 11 Ni(NO )., ),
cobalt(Il) nitrate solution (2.2 mol 1 ColMOy bajag . manganese(1T)
nitrate solution (2,2 mel 1 ! MMk o, mickel(Il) acetate solu-
tion (D6mol 1 ' Ni(CIC00 ., ). cobali(ll) acetate solution
D6moll " Cof CTlCO0 g ), amd mamganese(Il) acetate selution
(06moll ! M(CT OO0y ,). From these, a mixed TM sullate
solution TMSO,;,q,. a mixed TM nitrate solution TMMNOs g
und & mixed TM acetate solution TM{CITCOO ), , were prepared
by combining ihe respective TM sall solutions in a molar ratio of
M — NilCofMn — 8171 1o achieve an overall metal concentration of
22moll ', 22moll ' and 06 moll ', respectively. A lower
concentration  for  TM{CTLO00),,, , was ulilized due 1o ihe
solubility limil of the respective TM acetales. Furthermore, sodium
hydroxide solution (25 wi% (=79 moll "y and 10 wit% Mallly,
(=28 mol | "), =99.0% purily), ammonia solution (25 wi% NIy, ,
(=132moll "), 2990% purity), sulfuric acid solution (6 M
15005 5 992006 purity) and hydrochloric acid solution (2 wi
(=0.7mol 1 ") and 5 M 110, ;. 299.0% purily) were obiained from
Bernd Krali Gmbll {(Germany). All solutions were used as they
arrived [rom the chemical suppliers withoul any [uriber purification.

Coprecipitation of Nig #Cog iMag ((0H )2 —Nig 2Cog, Mg, ((OH),
particks were prepared semi-hatch wise in a 480 ml stirned-tank
reactor under nitrogen atmosphene (with a Na purge flow of 201h"),
equipped with a temperatune control unit and a pH-probe (HA 405
DXE-58, Metler Toledo) for neonitoring the intemal pH-value of the
solution (for @ sketch of the reactor selup see Fig, A-1), The glass
vessel with a double jacket for circulating a heating, Muid had an inner
diameter of 8 cm, a height of 15 cm, and an outer diameder of 15 cmg; i
wiis equipped with baffles, a three-stage 45° pitch-blade stirrer with a
diameter of 5 cm, and three dosing tubes for the respective reactant
solutions, the mixed TM solution (TMSCye ) TWM{NC )5, 0
TMICHO0 0y referred 1o as TMX,, in Fig. A-1), the sodium
hydromide solution (NaOH,.,,), and the ammaonia solution (MHa.., ).
The three dosing, tubes (1 om inner and 2 mm outer diameter) wene
introduced through the sealed top of the reactor, separated from each
oiher by 4 cm each (with a wdal distance of 8 cm between the M), ,
and the NMaOH,, inlets), the tube outlets were positioned in the
reactor 3 e above the maxinum liquid level, which comesponds o
1Z2em from the bottom of the reacior,

Before starting the coprecipitation  reaction, the vessel was
charged with 150 ml deionized HaO and the deionized inside the
stirred tank reactor was degassed by purging it for | h with nitrogen
gas with a Mow raie of 201 h™", This nitrogen gas flow rate was
maintained throughout the entire reaction time. Furher, 3.2 ml of
25 wi%MNHy,, ; solution were added 1o achieve an overall NHy,,,
conceniration in the reacior of 0,28 mol 177, The temperature was sel
1 55 °C via circulation of iempered silicon oil through the double
jackei, while the siiring speed was kept consiani ai 700 rpm,
corresponding 1o an average energy input of 42 W 1" at the stant
of the reaction with an initial liquid volume of 150 ml, The intermal
reaction pH-valse ed at the soluti of 55 °C was
referenced fo an external pH-value measured at 23 °C (pHzs o; via
an InlLab Seml Mlcro, Metiler Toledo) by taking solution samples
from the reactor and measuring the pH-value at 23 °C. The internal
pH electrode was calibraled al 55 °C, while the exiemal electrode
wis calibrated at 23 °C; in both cases, bulffer solutions with pHag o
= T.0and pHy; - = 12.0 were employed (Certipure, Merck KGaA).

The coprecipitation reaction was initiaed by simulianeously
feeding the TMSOy,, solution at a volumetric flow e of
d0mlh™" and the NHay,,, solution at a volumetric flow rate
2mlh " into the reactor, coresponding 1o a molar NHyTM ratio
of 0.3, The MNaOHy,, solution low was controlled by a fow

control-unil (Dulcometer, Prominent) linked 1o the intermal pll-probe
1o maintain a constant pll-valee throughout the reaction; il was close
to ihe predicied volumetric Bow rate of 23 ml h ", The deviation
from the sel-pll-value was + 0.03. The coprecipilation pll-valee al
23°C was varied [rom plly o — 8.6-12.7, while all olher process
paramelers were kepl constanl. Afler 5h resction lime, the wial
solution volume was 470ml and the reactani Dows were stopped.
The oblained product suspension was collected, filicred with a
Buchner lunnel, 10 was poured over ihe Glier cake in a 10:1
weight ratio of IO w solid, and the solid was lnally dried in aic a
120 °C Tor 12h in an oven {universal Oven U, Memmert).

The coprecipilation of Nig 2Coy (Muag (01T), particles rom the
mixed TM nitrate solution (TMNO: by, ) was done analogously as
with the mixed TM sullates (TMSOu5q,0. In the case when the
mixed TM acetate solution (TMCTLCOO),, ) was used, all
process parameiers remained wnchanged, except that ithe initial
NIy concentration in the reactor was adjusted 1w 0.12 mol | !
by adding 1.4 ml Nily., . and the NaOIl,,,,, Towrate was 6 ml b ",
while the MIly,,, Towrmie was 0.7ml h ' The initial NIl
conceniration and Nowrale were adjusied 1w achieve the same
NIlTM as for the coprecipitlations [rom  TMSOu,, and
TM(NO3kpjaq e The tofal solution volume afler 5h reaction time
was 400 ml. For TM{NOy )., and TMCTL OO0, 5. the copre-
cipitation was conducted at only al plly o — 12,0, while all odher
process paramelers remained vochanged. An overview ol the
relevanl soluble and insoluble componenis inside the stirred tank
reacior afier compleied coprecipitalion reaction of 5h is given
Table AT in the Appendis.

Poini-of-zero-charge (pzc) determingtion—The pzc ol the
respective TM hydroxide was delermined employing a mass titration
miethod deseribed elsewhere. ™ In this method, the investigated
solid oxidefhydroaide is step wise added 10 a solution al a defined
pll-value, Al acertain pll-value, the pll-value will nol vary anymore
upon solid addition and will remain constanl. This pll-value
cormesponds 1o the pec,

Mickel hydroxide Ni(OIT), and Ny, gCog Mug (01T} Tor pec-
determination were prepared al pllys o — 116 from TMSOy,, , as
added 1w an agqueous MaOll,,, solution at a plly 120
(InLab” Seml Micro, Metiler Toledo) until the pll-value remained
constant alter solid addition. That pll-value corresponds 1o the pec
of the solid. The pee of Na(OIT}, was detenmined 1o plly; o — 1006,
while for Nig ¢Cop (Mng (01T}, the pec was oblained al pll
10.5.

EE

Ader the coprecipitation of sulfate based Nij oCoy Mg, (011, at
Plles o — 116 according 1o the experimental procedure described
above, the adsorplion/desorplion of sullate [rom the precipitale by
varialion of the solution pll was investigated. For this, ithe product
suspension wis kepl inside the reacior afler the coprecipitation
reaction, and the pll-valuve was adjusied by either addition of the
25 withe NaOll,, , or the 2 wi% TICl ., , solulion over a lime span of
105 while stirring at 700 rpm wnlil the desired pll-value was
achieved. The pll-valves were selected in this mnge, o evaluale
the adsorplion of sullale al a pllwgec-value < pec of
Nig 0y Mg (O}, namely pllyy o — 110, and the desorption al
Plles o-values = pae of MiggCog Mg (01T}, namely plly o
120, 12.5 and 13.0., filered with a Buchner unnel, and 110 was
poured over the [her cake ina 10:1 weight ratio of 1L0:solid, and
the resulling solid was dred in air al 120 for 12h in an oven
(universal Oven U, Memmert). Finally, the sullur conient of the
sarmples wis determined (as shown below in elemental analysis).
In addiion, washing experiments were performed wiath an
ackditional bawch of sullate bised Nig gCog Muog (01T} coprecipi-
taded al pllyy o 11.6. The collected product suspension was
divided nio three equal lots. Subsequently, the suspension was
fihered with a Buchner fuonel, and 100wt % NaOTL,,, was poured
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over the filer cake. The weight ratio of applied NaOlT,,, w the
respective MiggCog (Mg (O, precipilate was varied between 173,
23, and 11, respectively. Afler the NaOll,,, wash, L0 was
poured over the lilier cake ina 1001 weight ratio of [hO:solid, and
the resulting solids were dried in ar gt 120°C for 12 h in an oven
{universal Oven U, Memmen). Finally, the sullur content of ihe
samples was determined (as shown below in elemenial analysis).

Elemental anolysis.—The elemental composition of the dried
pCAM samples was determined by inductively coupled plasma-
oplical emission spectroscopy  (ICP-OES, Agilent Technologies
S1VICE MS Trple Quad, Agilent Technologies 8800). For this
purpose, a small amount of sample (~0.3 g) was dispersed in 5 M
aquenus TIC] solution. The mixiure was stirred and healed in a
beaker until the solid powder was completely dissolved. Alerwards,
the mixiure was cooled down, diluied with deionized 110 until a
concentration of 0.5 M TICI was reached, and the TM conient in ithe
sample was determined by ICP-OES,

Residual sullur contenl was determined by filling 10mg ol a
pCAM samiple in a tin capsule and catalytically decomposing any
sullur species over a WOALO, catalyst at 1100°C in a Hef0. gas
strem 1o S0, and S0y, whereby S0y was subsequenily reduced 1o
50 by copper granulate. The resulting 50, was quantified by a
nondispersive inflrared-delector system (NDIR, Elementar, Vano
Cube). In the lollowing, ihe residual sullur content will be
referenced 1o the TM content in lerms of molg{imokbpy+mols) (in
maol%), whereby the residual sullur was ascribed 1o residual sulfate.

Residual carbon content was quantified by filling 0.2 g of a
pCAM sumple inlo a single-use ceramic cup (Eltra GmblII), adding
approximalely 0.5 g of Fe granulate, and covering the mixiure with a
layer of 1.5 g'W pranulate, The mixiure was subsequently heated in
an induction fumace under oxygen Now to 3000 *C. Residual carbon
in the somple was thereby converted e CO5 and quantified by an
NDIR-device coupled o0 the mduction [urmace (Elra Gmbll,
CER00). In the following, the residual carbon content will be given
in terms of molaimolmyg+mole) (in mel%), wherehy the residual
carbon was ascribed o residual acetate.

Residual nilrogen was determined by dispersing 0.2 g of a pCAM
samphe in &M 115045, in a glass beaker and then performing a
modilied Kjehldahl digestion 1o reduce any nitrale species in ihe
sample o ML The developing NIl gas representative lor
residual mitrogen was caplured by Nessher's reagent and quantified
by UV-VIS spectrometry (Shimadzu). In the following, the ressdual
nitrogen content will be given in terms of molp{molpg+moly) (n
mol%), whereby the residual nitrogen was ascrbed o ressdual
nilrale,

Powder X-ray diffraction measurements (PXRD)L—X-ray
Dillraction data were collected wsing a laboratory dillrsciomeler
(D& Discover, Bruker AXS GmbII). The mstrument was sel up wilh
a Molybdenum X-ray tube. The choracienstic K-alpha radiation (A

071 A) was monochromatized using a benl Germanium
Johansson (ype primary monochromaior. Data were collected in
the Bragg-Brentano reflection peomeiry between 5-50° of 20, with
002" and 3 s step ' A LYNXEYE area delector was ulilized o
collect the scallered X-ray signmal. Nig 2Coy (Mg (O, pCAM
samples were ground using an TKA tube-mill and an MT40.100
dizposable grinding chamber. The resulling powder was placed in a
sample holder and Matlened wsing a glass plate. The vertical and
lateral crysiallile siee in the MNiggCog Mg (011}, samples wene
calculated based on the (001} reflex (7.8-10.07 of 28) and (100}
reflex (145" 16.0° of 2(), respectively, by applying the Scherrer
equation using e DIFFRACEVA Vo sollware (Bruker AXS
GmbIT).*

ki

&= (cos 818

11

where C8 is the crystallite sice, K is the Scherrer constant (—0.89), A
is ihe wavelength of the Molybdenum K-alphal radiation (—0.71 A),
0 is the respective refllex position and B is the lull width a hall
maximum (FWIIM) of ithe respective rellection, which amounts 1w B

Bine, + By . 1lere Bope 15 the rellection broadening onginating
from the ulilized XRD instrument {—005" lor the Molybdenum
K-alphal), while B Is the reflection broadening cavsed by the
crysial size. The contnbution of the crystal sirain o reflex broad-
enming was nol considered,

and porosity o NiggCog (Mg (01T} panticles were determined by
measuring  milogen  physisorpion isothenns al 77K (ASAP2420,
Micromentics), Prior o the measurements, pCAM powders were
degassed al 120°C for three bours. The specilic surface area was
exiracled rom the adsorption isotherms in the relative pressure range of
005 < pipy < 0.30 using the Brunauer-Emmied-Teller (BET) theory.

Initially, il was attempled 1o determine the inlernal porosily of the:
Nig #Coy (Mng ((OIT), secondary particles by Mercury inbrusion
porosimetry, bul the structural integrily of the secondary particles
could nol be maintained during these mexsurements, However, since
the SEM analysis of the pCAM particles showed that intemal pores
were smaller than ~300-400 nm (see Fig. 5), the internal porosily
could be determined via N, capillary condensation in these pores al a
high relative pfpg value of 0995, Based on the Kelvin equation, the
pore diameter dg describes the maximum pore size al a given
relative pressure al which Bquid nitrogen can be fommed:™

dg= XV 12)

RTin (ﬂ)
Fa
whene v is the surface kension of M at 77 K (885 = 1077 Jem ™),
Vo, is the molar volume of liguid Nz (—34.7 cm® mol "), R is the gas
comstant {8314 Jimol K)), and T is the boiling point of nitrogen
{77 K). For a relative pressure of pipg — 0.995, the condensation of
liguid nitrogen then occurs in pores with diameter below dyg =
380 nm, so that the amount of condensed mitrogen should closely
cormespond o the internal volume of the pCAM matenials, thereby
yielding the intra-particle porosily, £, (ssuming all pores are
smaller than ~380nm, consistenl with the laler shown SEM
images). The validity of this approach was demonstrated previously
by Strehle, who compared the nlernal porosity values of Lhe
secondary particles of several CAMs oblained by Mercury intrusion
porosimetry and by nitrogen physisorption.
The specific hguid volume condensed in the pores can then be
determined by the following eguation: >

PSR (3]
PR liguid

where Vi jigea 15 the specific higquid N volume condensed i the
pCAM secondary particle pores, Wyacpp @ the wial amoom of
memsured sdsorbed N al a relative pressure of pipy = 095, gy sne
is Lthe densily of Ny al standard lemperature 273,15 K and pressure
101325 Pa{—1.25 mg cm ), and Prez tiguiet 15 Lher densily of Lguid N,
al TTE (0809 g cm :2 The intra-particle porosity can then be
calculated according to:

Viez iquid = Viz,sme-

VN2, hopunt 4]

Binia = ‘l.-’—'_
N2 liquid + ﬂ_fpc-

where i, Is the crystallographic density of Nig gCog (Mg (OH),.

Here, a molar averaged crysiallographic density of 3.96 g em™ s

assumed, hased on the crystallo ic density of Ni(OOH): (=1.10g

em ), Co(0OH), (=3.60 g cm ™), and Mn{OH), (=3.26 g em ™) and

the T™ ratio of #/1/71.
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Scanning eleciron microscopy (SEM).—The morphology of the
oblained pCAM  particles was characlerized by atlaching 1he
Mig fC0g jMng ((OIT}; powder onto a SEM pin holder (Agar
Scientific, Lul), which is covered with conducting carbon (Plano
GmBI). Subsequently, the sample was coated with a 6 nm platinum
layer by spuiler deposition (SCD 500 Sputter Coater, Bal-Tec AG).
Top-view SEM imaging was performed vsing a thermal Geld
emission calhode and an Everhal-Thombey secondary electron
detector al an operating voliage of 5kV (Ulira 55, Carl Zeiss Ap).

Samples for cross-seclion measurements were prepared by
mixing 2 g of epoxy resin with 0.5 g of epoxy hardener (Buehler,
ITW Test & Measuremenl GmbIl) and then adding a lew drops of
the: mixture o the respective Mg gCog, Mg (01T, pCAM sample in
a gelating capsule (Plane GmbIT). The resulting slurry was casl onlo
an aluminum (ol wsing a manual coater with a gap size of 0.5 mm,
Tollowed by drying the coating in an oven al 40 “C overnight. Small
sections thereol were transferred 10 an ion-milling system (ArBlade
5000, MMitachi, Lid) equipped with an Ar-ion beaum al an operaling
voltage of 6 kV. Images were taken as described above [or the op
view megsurements,

The vertical size of the primary particles in the pCAM (corre-
sponding 10 the 001-plane: in crysiallographic nolation) was manu-
ally  determined from  top-view SEM  images of 1he
Nl.,,Cu; iMng (01T}, .'su:JmLI'ynl:umt.lr,s laken al 50 k magnifica-
tion, using the Imaged soltware.” Considering that the curvature of
the spherical secondary particle could falsifly the vertical primary
particle size, only pariicles were sepmenied lor which the “edge™ of
pramary particles is perpendicularly exposed iowards the perspective
of the ohserver.

Highk resolulion-fransmission  eleciron  microscopy  (HR-
TEM).—Samples for 1IR-TEM messurements werne prepared by
locused ion beam (FIB) milling using a Heliosd  instrument
(Thermo-Fisher, Waltham, USA). The samples were imaged by
TEM using a probe-correcied Themis Z 3.1 instrument (Thermo-
Fisher, Waltham, USA) al alomic resolution in hgh-.ngjr, annular
dark-field (TIAADF) scanning transmission elecioon  microscopy
(STEM) mode. Image data were analyeed wsing the Velox 2.0x
sollware (Thermo-Fisher, Waltham, USA) and image conlraslt was
improved by highpass- as well as Wiener-liliering.

Resulis and Discussion

PpUAM  sulfote content as a function of coprecipilotion
pH-value.~Ten  distinclive Nl.”Cu., My ,(OIl).  particle lols
were prepared semi-batch wise in a stimed-tank reactor, varying
the coprecipitation pll-value mﬂasumd al 23°C in the range of
pllag o — B6-12.7, while all other process _Pamnuim were kepl
constant. It is well-known that NifOI}, "™ and NCM hydroxide
precursors thal are coprecipilaled in aqueous solulions may conlan
Impurities, n E derived lrom the counter ion of the employed
metal salis." These impurilies may even persist afler the
subsequent lithiation reaction al elevated lemperalures, so thal they
can be present in the cathode active material (CAM).** In commer-
cial MNiCo Mo (01}, (with x+y+e — 1) vtilieed as precursor for
CAM, the residual S-conlenl nommalized by the TM content (in
mol®, in terms of molgNmolpy, Hmolg)) typically ranges belween
0.3 1.0 mol%. Therelore, the residual S-content in the precipitaied
Nig g0 1 Mg (011} pCAM sunples, which was entirely atiributed
10 be residual sullaie (SO, ), was investigated and is depicied as a
Tunction of pllye ¢ in Fig. la

In ihe pllsy s-value range beiween 8.6 and 103 (red), a shight
increase in residual S0, normalized by the TM content from
1029 mol% w 12.60 mol% is observed until il decreases again 1o
1110 mol% (see Fig. 1a). Between pllsg o — 103 and 10.7, a sharp
transition lakes place, and the residual S-content is reduced ~4-Told
from 1110 mod% to 2.60 mol%, which even Turther decreases with
increasing pll-valoe, all the way down 1o 035 mol% al plly, oo
12.7 {green). Interestingly, the lwming pont in S-contenl belween

E 12 "a’ s |
= al
£ 104 ° |
= 1 |
8 g - jpzc{N Cog s Mng o(OH
= 67T |
= ]
g . |
2 1 | e
E ﬂ- — 4 | .‘:‘.n ?°°.u=
W 7 ] g 10 11 12 13 14
PHy e [F]
b)
SO so# SOF
&
]strﬂng attraction | mild attraction I;epmsi.:,n
¥
OHY _. OH . o
| — — 1
PH < pzc pH = pzc pH = pzc
Figure 1. {a) Residual S-conlend (r of ihe 1 sullFaabe

{Sl}.z'] content) normsalized by the tansiton metal (TM) content in
MigeCog Mo (OH), pCAM powders depicted a5 & function of the
mpmupm pHz; «—valoe (the pH-valse measwred at 23 “C). The blue

lime represents ithe: point-of-rem-charpe () of
N'lﬂ*(lh]“qll{{“lh synthesioed al pllyy o 1.6 (== Experimenal
section). (b} Schematic illetration of the inleraction of solvated S0
anions  in the mother liquor with seface hydooxyl-grovps of the
NiyxCog Mg (OH), particles at different degress of protonation based on
the: coprecipitation pH-valee in relation io fthe pec,

pﬂn s = 103 and pllyy o — 10.7 coincides with the point-of-sero-
%.2 of MOl (plly o 10.5-10.6) reported in (he

Ilia'dll.m: T This value was verified employing the mass titration
method introduced by Subramanian et al. and Noh et al. for Ib::‘!lﬂ.
determination of composile oxides (see cxpmllmhll seclion).
For this purpose synthesized Ni(OIT) al plls o 116 was
stepwise added 1w an agueous NaOTl,,, 5ululiun al pllss o
12.0 while measuring the pll-valve ai 23 °C: al a solid conient of
40 wi%, the pll-valve remained constant aller Turither Ni(OIID),
addition al pllay o 106, representing the pec. Applying the
identical procedure, the pec of Nig #Coy (Mng (OIT), synthesized at
Pl o — 116 was Tound 1o be at plly; o — 10.5, which is marked
by the dashed blue line in Fig. la

Generally, the pzc is the pll-value al which the nel surface charge
of a solid equals zero and is therefore an indicator for the surface
charge of solids ™" %% In cace of metal hydroxides such as
Nig#Con 1 Mag (O, the pec represents the degree of protonation
of hydroayl-groups as a Tunction of pll-value. Tence, il is
rationalized that S0, uplake during the coprecipitation of a Ni-
rch hydroxide pCAM lollows an adsorplive mechanism  thal
depends on the degree of prodonation of surfuce hydroayl-groups,
which is schematically depicted in Fig. b IT the pll is below (he
pec,  swrfme  hydroxyl-groups  are  prolonated  and  (he
NigCop Mng (0l surface overall bears a positive  charge,
m-sull.mg, in a strong allractive imleraction with negatively charged
5047 (lefi-most skeich), which is expected to Tavor a high 5047
uplake. Il the pll is close o the pec, the inleraction between the
surface hydroxyl-groups and S0, is comparably weaker, bul some
aliractive inleraction is likely 1o persist due o hydrogen bridge
bonding (middle sketch). On the other hand, if the pll of the solution
is higher than the pzc, the electrostatic repulsion between the
negatively charped deprotonated surface proups and S0, should
sipnificantly reduce the S0,°  uptake (righi-most sketch). This trend
is reflected in the S-content vs coprecipitalion pll-valve data shown
in Fig. la. An analogous behavior 15 reported for pure aluminum
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Figure X (a) Powder X-ray diffraction pattems (collected of a wavelength
A = 071 A) of MiggCogMng (OH): pCAMs synthesized al various
coprecipitation pH-valucs (mcasared at 23 °C). The first two reflexcs on
the: 2 @ axis are highlighted by the respective Miller indices. Amorphous a-
type MiagCog  Mny (OHk: is obtained for coprecipitation pH-values of
pllag oz = B.6 103 {red), while crystalline Flype NiggCog s Mng (O is
obitzined in the mnge of pHys o = 17127 (groen). HE-TEM images of
two represeatative samples: (b)) amorphous c-type Mip sCiog ;Mg (OH);

precipitsted st pHz - = B.6; {c) crystalline F-type Nig «Con s Mg (OH)
coprecipitated at pHas o 127,

hydroxide AIOH),™ and mixed layered double hydroxides
(1L0Hs). ™' The adsorption and subscquent incorporation of anions
into the host structore was mainly depended on the surface charpe,
which is given by the pH-valoe in relation o the pzc ol the
respective solid. Further, a dependency of residual .‘s‘Uf' on the
precipitation pH-value for Mi((H), synthesized from nickel solfae
(MNiS0yq,) was also ohserved by other authors and even linked ln
an adsorption hased mechanism studied by the charactenistic \[)4
vibration bhands observable via infrared spectroscopy. 55

Sulfate adsorption effect onm Nig U0y Mng {CH); crystalli-
mity.—ldeally, Ni,CoMn(OH); is structurally related to brocite-
ype Mi{0OH),, which is isostruclural 0 magnesium hydroxide
Mg (}H); and cxhibits a hexagonal layered crystal structure with the
P- ?msmgrmp where TMs are locaied in la siles and hydroxy-
ions in 2d sites.""*"™ However, in reality deviations o the brucite-
type structure can be expecled doe o partial oxidation of
Mn*Hie™, resulting in the oxidation of the hydroxides, the
mcorporation of foreign ions, andfor H() inlercalation imio the
structure, 0 B ccive uptake of impuritics may even result
in the formation of a-Mi({)H);, an amorphous polymorph of brocite-
type [ANifOH); with random layer orientation. However, the
kinetically favored ce-phase can be transformed into thermiodymami-
cally stable {}—NI(‘JH}I! by aging in alkaline solutions at high
lemperaturcs.

The microstructural propertics of the obtained Mig #Cog yMng
{(0H); pCAMs was investigated by PXRID, and the resulting patterns
are showm in Fig. 2a. Bemarkedly, a struclural transition of the
coprecipitated  hydroxides  around  the pec is observed:
Milg wCing g Mg (OH); precipitated at pHas < < pec yickded cither
very broad main reflexes or the reflexes were complelely ahsent (red
dilfractograms), analogous o what would be the case for amorphous
re-Ni{OH})a. In contrast, coprecipitation at pHzs o = pec led o
crystalline Mig gUog ;Mng (({0H),, which exhibils characieristic re-
flexes for brocite-type A-NifOH), (green).'"”* " Complementary

resulls were oblained by ITR-TEM analysis of represenialive
samples precipitaled al pll-valves below or above the pec: the
Mig @ y Mg ({01}, sample coprecipitated al plly; < — 8.6, hence
below the pec exhibils no long-range ordered layers and has only
little: observable shorl-range ordening (Fig. 2b), consisient with the
absence of reflexes in the PXRD data (Fig. 2a). In contrast, for the
Miig ¢ y Mg ({011}, sample coprecipitated al pllyg o — 127, an
ordered layered structure can be identified (Fig. 2c). This can be
rationalized by considering that during coprecipitation al plly o <
pe, the formation of an amorphows a-type Mig 2Cog Mg (01T} is
dominani due 10 a positively charped pCAM surface, leading o
strong adsorplion of negatively charged $0,°  during the copreci-
pitation reaction, which in tum results in a high S0,% uptake,
distortion of the structural layers and (hus inhibits the development
of an ordered crystal structure. Sech disordered lealures  are
described in the leralure lor o- Nﬂ:'"h. in which layers exhibit
h‘lﬂnwmpmpcmijwmlawld ;mmhuﬂmu&lm
insiead oreniated in a random Fashion."™™ In conirast, crysialline
Bype NiggCoy (Mny, ((OIT); is oblained when coprecipilating al
plley o = pec, since in this case $0,°  incorporaiion is significantly
reduced by the neE,anwl}' charged surface of the melal hydroxide
that decreases S0, adsorplion. Even though a gradual transforma-
thon of the o-phase into the G-phase 15 reporled o occur in alkaline
medium, particularly al  elevaled  temperatures,"™ %" aoiype
Miig ¢ Mg ({011}, was isolated in the presenl work, despite the
long resction lime (~35 h). However, the o o0 f-phase transforma-
tion is penerally reported 1o lake place in ~1-4 M NaOIVEOII
solution, which would cormespond (0 pllys o > 140, In this siedy,
the pll-value that resulied in amorphous a-lype  Mig<Cogy
Mng (0T} ranged between plly 8.6-10.3, so thai the
hydroside concentration during MNiggCog Mg (01T} coprecipita-
tion was al least ~10*-fold lower compared 1o the reported ripening
conditions in the lieraiure. The stability of the o-phase wnder the
conditions in this work can thus be ascribed o the much lower
hydroxide concentration, consistenl with the observation by Fawre
el al. thal Apening of a-Ni{OIL), in pure 110 lor even Tour days (vs
~5h in this work) only leads 1o a partial transformation of he o- o
the G-phase.™ In addition, ihe introduction of helero aioms such as
Co, Mn, Al, and Fe to a-Ni{OIT), stabilizes the amorphous o-phise,
as observed lor the here synthesized o-lype Nl.,{.:ug iMng (OIT); al

a coprecipatation pll-value below the pec.

The overall relationship between crystallimily and ||rpunl_1.l
uplake depending on the coprecipitation pll-valve identified in this
work for MNig gCo0g Mg (01T}, was also observed by other authors
for the synihesis of Ni(OIT): Trom NiSOy., . Faure el al. oblained
o-MNifOITy: with comparably high residual S0, al pll 10,0,
hence below the pec of NI, at a plly o — 1006 (see Fig. la),
while al pll 13.0, thus above ihe pzc, the F-phase with lower
residual 50,% was obtained.™ Similarly, Song ef al. isolated the
o-Mi(OIT}; phase at pIll — 7.25, whercas above pll 10.5 the
ANI(OIT), was oblained.” Inierestingly, the discussed nature of
ayst.ﬂlms_! i5 ool ooly Hmited o NifOIT);, bul also exisis for
Co{O1M. "™ This strongly suggests that the here observed relation-
ship between the pll-dependent 504" adsorption equilibrium is
likely 1o be relevant for other NizCo, Mo {OIT); (with x+y+e — 1)
composilions as well.

Impact of sulfate adsorption on crystallite growth.—Detailed
microstructural differences in the coprecipitated hydroxides were
studied by calculating crystallile sizes based on individual dilfrsc-
thon lines in the oblained PXRD patlens shown in Fig. 1c. However,
only crystalline f-type Nig gCog Mng (O, (green) samples were
investigated, since either peak broadening or absence of reflexes
made il impossible 1w refine  the an:lurph:l_ls -lype
Mig #C0g Mg (01T, materials (red). Two main rellexes are char-
acteristic Tor brocile-iype S-MNi(OIT): and Sllllljiﬂ%' Jor Mi-rich
Ni,Co,Mn (01T} (x4+y+z — 1 (001) and (100)."***"** The
(D01) dilfraciion line is poverned by the layering in [-direction amd
iherefone is representative for the vertical crystallite siee CS,.q (ihe
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Figure 3. Primary cry=stallitc dimensions determined from the PXRD data
(see Fig. 2a) of the f-type Nig Coy  Ming , (OH) samples obtained at various
coprecipitation pH-values, plotiesd vs their nesidual S-content (normalized by
the “TM-comlent). The coprecipilation pll-valses are gpiven nexl s the daeta
points: a) vertical crystallite soee 8, (the “tackeess™ of the hexagomal
crystallite as depicted in the inset) based on the (0010 reflex; by lateral
crystallite size TSy, (the “length™ of the hexagonal crystallite as depicted in

the: inset) based on the (100) reflex.

“thickness™ of the crystallite as shown in Fig. 3a), while the (100}
line caplures the information sboul the crystallile siee alongside the
layers, indicating the lateral crystallite size CSy (the “length™ of the
crystallile as shown in Fig. ). "*150

Figure 3 depicis crystallite siges caleulated by the Scherrer
equation based on the individual reflexes cxtracied from PXRED
patterns of F-lype Nig o Coy Mny (OH),; matenials coprecipitated al
different pH-values as a [unction of residual S0, conlenl. An
mverse  commelation  between mesidual  S-content im0 Slype
Wiy yCog Mg (0H); snd crystallite size CS,., based on the
(001) reflex can be observed in Fig. 3ac as the coprecipilation pH
15 decreased from ~12.7 1o 1007, the residual S-conlent increases
from ~0.35 mol% 1o ~2.60 mol%, while OS5, 15 roughly halved,
decreasing from ~600A w0 ~335 A On the other hand, CSy.,
(based omn the (100) reflex) is more or less mdependent of the
coprecipitation pH-value (varying by 4% between pH 11.2-12.7),
and thus also of the mesidual S-content (Fig. 3b); only when the
coprecipitation pH-value 15 decreased from 11.2 w 1007, the CS,,
Slightly incresses by aboul 16%, namely from ~1616 A 1o
~192.6 A. The here observed cryslallile sises arc on the sume order
of magninde as reporied  for  MigeClog ,Mng  (OH)™  and
Ni(OH); *** and sugpest anisotropic growth of the individual
crystal [aces, with a preferential growth in the lateral dimension,
since U8, 1s ~3-6 tmes larger compared 1o the CS,.; - However,
by increasing the pH-value during coprecipitation, vertical crystal
growlh can be promoted, while laleral crystal growih remains quasi
constanl. Analogous comrelations between synthesis pH-value, re-
sidual S-content, crystallinity, and vertical crystallite size denved
[rom. the: [IIII; rellex were made [or the synthesis of NifOH), from
MiS0Oypq, " where it was concluded that crystal growth in the
(001) direction is enhanced when ruising the synthesis pH-value. In
these two siudies an adsorption based mechanism for S0, uplake
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Figure 4. (a) BED  specific  surface  area  (55A) of  Fiype
Mig g Mg  (0H ) coprecipitated al varnous pH-values v resadual 8
comtent (sormalized by the Th-comtent) that is represcntative for residoal
80," impuritics. The coprecipitstion pH-values are given next to the data
it (h) Schematic illustration of the pH-dependent adsorption equilibrivm
sl 5[]41' on the ((01) plane of hexagonal shaped  Giype MiggUng
an[lilll}; crystallites: at comparably low coprecipitation pH-values, high
50" occopation on the (001) plane blocks growth in the l-dircction,
resulting in crystallites with small C5,.,; dimension, while af comparably
high coprecipitation pH-values the S0, nccupation is redoced and growth
in the ldirecion can ooour, yielding orystalliles wath enlarged 5
e

was proposed, which is consistent with the study by Demourgues
Cuerdou i al., who suggesied that S0,° mainly adsorbs on the
surface of the coprecipitated crystallites in case of iron substituted
NifOHp, ™

Since the erystallites coprecipitated in our study ane ~3-6 times
larger in (100} direction (lateral) than in (001) direction (veriical),
the: {01} plane exhibits a considerably larger exposed surface area
for S0,° adsorption compared (o the (100) plane. This would
Jjusiily the high dependency of C5,.. on residual S-conieni linked 1o
coprecipitation pH-value (Fig, 3a), while C8,, remained relatively
constant (Fig. 3b), Analogous poisoning efMects are well-known for
various crystal sysiems, where the growth of cenain crysial Taces can
be drastically reduced by specific adsorption of impurities on the
respective plane. ™ Neveriheless, for that hypoihesis io be valid, a
direct corelation between specific surface arca (S5A) of the
coprecipitated NigzCog Mg (OH), powders and residual S-content
would be expecied. Figure 4a relaies the BET S3A of ihe
coprecipitated Jiype NiggCog Mg ((OH), 1o the respective resi
dual S-conlent and indecd, a lincar relationship beiween both
properiies can be ohserved for Nig#Cog (Mg, (OF); coprecipitated
al pHay o = 11.2-12.7, Only the sample coprecipitated af pHas - =
10,7 deviates from this trend, showing a much higher residual 5
content than what would be expected by a lincar extrapolation of the
trend observed for higher pH-values; this is likely because in this
case the majority of 50,7 is not only bound by adsorption, but
rather incorporated imo the structure, This is indeed indicated in
Fig. A-2, which shows the HR-TEM image analysis of the [Fype
Min zCon, Mg ((OH) coprecipitated at pHag - = 10.7: the observed
distoried layers are indicating o-phase/J-phase intersiratifications
andfor 50,7 inclusions, & was reporied Tor pure NifOH),, >4 41
This could explain the relatively higher residual S04 conieni
compared o the other coprecipilated (ype Nig 2Cog Mng (OH)
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mialerials and the deviation of the sample coprecipilated al pllyg «-
10.7 from the general trends observed in Figs. 3 and da. In this
conlest, il should be considered thal Kolthofl et al. make a
lundamental  distinction  between  three  general possibilities  of
inpurily uplake during coprecipilaion processes, which all are
based on impurily adsorption from ihe solution: (1) impurily
incorporation into the crystal lattice: (I1) occlusion of impurities in
inlernal crystallite voids; and, (1T surface adsorplion of impurities
afier coprecipitaie formation.” Considering this, it is proposed that
upon coprecipilation al pllyg o < pec all three impurily uplake
processes are occurring simullaneously, leading o a significant
50,° uplake during coprecipitation thal prevenls long-range
ordering in the erystallites and resulls in the fonmation of amorphoos
o-lype Mig gCog Mg (01T}, Slightly above the pec, ie., al pllx «

107, Fiype MiggCog Mg (01T}, with intercalation Taulls is
obiained due w0 504" occlusion belween the lu}'crs as well as
surface wlsorplion (processes m and (TIT)), which is leading 1o a
comparably high residval $0,°  content of 260 mol% and a
deviation [rom the observed trends reganding erystallite siee and
S5A o relation to the residual S-content depicled in Figs. 3 and 4a.
For Hype Nig gCoy Mng {011} coprecipitated al plly o 2 11231
15 deduced thal primanily surface adsorplion aller precipitale forma-
tiom (process (T} is contributing (o the residual 04 content. This
is supported by the correlation between the S5A and the: residual 5-
content in Fig. 4a as well as by the literature that claims that S0,
is preferentially adsorptively bound o Ni(OTT)y,, =

In light of the pll-dependent 50,7 adsorption equilibrium, it is
concluded that 50,7  preferably adsorbs on ihe (001) plane of
Mig gCog (Mg (OIT):  crystallites during  coprecipitation, which
consequently prevenis verlical crystal growth of crystallites, This
i5 schematically conceplualized in Fig. 4b: as the pll-value is
decreasing (from lefl w0 rght), the S0,°  surface coverage on ihe
(100} plane increases, thereby blocking crystal growih in ihe
I-direction, resulling in decreased C8..n. On the other hand, al
comparably high pll-values, the 304" surface coverage on e
(001) plane is significantly decreased, implicaling unhindered crysial
growlh in -direction and enlarged CS, valoes.

Impact  of sulfate adsorpiion on  secondary  particle
murphology~—The secondary particle structure of the coprecipilates
wirs characlerized by SEM imaging. Figure 5 displays lop-view
images al 5 k (upper row) and 50 k (middle row) magnification as
well as cross-section images al 12 k magnification (lower row) of the
F-lype NigCon (Mg (01T}, partichs oblained at plls - — 11.2
(left panels), pllys o — 12,0 (middle panels), and pllys < — 12.7
(right panels). Independent of the synthesis pll, secondary particles
in the siee range of ~6-8 pm consisting of numerous sub-pam
prmary parbcles  are  oblaned, & 1{pu:1]ly reporied  lor
M, Co Mo (O (with x4 y+e Based on ihe cross-
section images in Figs. 5S¢, 50 and 54, IJ:I.-. secomdary particle structure
generally can be divided in two distinclive parts: a ~2-3 g cone
consisting of leosely arranged nanomeler-sised primary particles,
which is summounded by a denser layer of elongated and radially
aligned primary particles, pointing from the core lowards ihe ouler
perimeter of the secondary particle. Considering both, the magnified
top-view (b, e, ) and the cross-seclion images, the primary particle
shape appears 10 be hexagonal shaped platelets, which are aligned
abong dilferent erystallographic planes planes: the primary particle
planes visible in lop-view al 50 k seem o expose the (100) planes,
while the: planes of the elongated primary particles that exiend Trom
the: core lowards Lhe perimeler in the cross-section images seem 1o
EApOsE ihe (ﬂ]l] planes. The fomer cormesponds o the vertical
mlmn' particle size, while the later can be undersiood as the lateral
primary particle size.

A clear inpact of coprecipitation pll-valve on the secondary
particle morphology and the vertical siee of the primary particles can
be: estimated from the lop-view SEM images in Figs. 5b, 5e, and 5h
raising the coprecipitation pll-value from 11.2 10 12.7 leads 1o an
increase of the vertical size of the primary particles, which is

accompanied by an apparent decrease of the number of pores
between primary particles as well as of their siee. The latler can
be seen more clearly [rom the cross-section images (Figs. S¢, 50 and
5i), which clearly reveal a densification of the secondary particle
structure with increasing coprecipilation pll-valve, In detail, parti-
cles attained al pllg o — 112 exhibit a porous “Sunllower like™
secondary  structure with gaps beiween primary particles thai
cormespond 1o the pores visible in the op-view images. The porosily
decreases when increasing, the coprecipilation pll-value o 12,00 and
is even luriher reduced al pllyg o 12,7, 10 the extent thal no pores
exoepl llxﬂmunesmrw.\gmx.ﬂe in neilher the cross-section nor
the op-view images.

For quantilative verification of ihe observed trend, veriical
primary particle sizes were manually determined [rom lop-view
SEM  images tlaken al 30 k  magnification of the Siype
MigeCoy (Mg (OI):  secondary  particles  wsing  the  TImage)
soflware,”” This approach is exemplarly visvalized in (he SEM
lop-view image shown in the: top lell comner in Fig. Ga, which also
depicts the thus determined vertical primary particle size distribution
for G-lype Nig #Cog Mg (O} coprecipilated al pllys - — 1122
(orange), pllsg o — 12,0 (green), and pllyg o — 12.7 (black). In
agreement with the qualitive trend inferred from Fig. 5, the siee
distributions ane shifled towands larger vertical primary particle siees
when increasing the pll-valve from 11.2 1o 12.7. The resuliing mean
verlical primary particle siee (PPS,.; ) obltained from SEM image-
based distributions for coprecipitated Fiype Nig2Coy  Mny, ((O1),
i'sl;ledrl}'rel.lwtllulhemidmlﬂwnlm us shown in Fig, &b, As
the pll-valuve is decreased from 12,7 o 11.2, the residual S-content
increases [rom 0.35 mol%® w0 1L.20mol% while the mean PPS,.4
decreases by ~4-Told from 139.7 am (o 33.5 nom. Additionally, the
width of the size distributions is decreased lor larger PPS,., values,
as indicated by the error bars reps ing the standand deviation
[roam the mean size. In companson o the TS, valoes denved from
the PXRD analysis, the werlical primary particle siees delenmined
[rom the SEM images are roughly one order of magnitede larger,
This therelore suggests that the primary particles are comprised of
stacked crystallite layers along the -direction.

While (he SEM images in Fig. 5 suggest a decrease in secondary
particle porosily with increasing coprecipitation pll-value, quantita-
tive information abowl the porosity of G-iype NiggCoy Mng (01T,
secondary partickes was acguired by M. physisorplion. Considering
the size of the pores in ihe secondary particles ohservable by SEM
(Fig. 5), the average pore diameter is estimaled 1o be smaller than
~: 300400 nm. As described in the Experimental section, al relative
pressures of pfpy = 0995, N, Liguelaction occurs in pores with
diameter of < 380 nm, so that for the materials shown in Fig. 5 the
determined intrusion volume of Ny al pfpy = 0995 should
essenlially comespond 1o the intra-particle porosily (Cine) of the
Gtype Nig gCog Mny (01T}, particles. The specific liguid velume
intruded i the pores al a given pfpy can then be determined Bg. 2,
which allows the cabculation of Sy, by applying By, 3.7 Figure 6c
then relales the PP'S, ., values extracied from SEM top-view images
o the Eipm values determined by My physisorplion. As already
suggesied by the SEM lop-view images in Fig. 5, £, 15 inversely
correlated 0 PPS, . A decrease in coprecipitation pll-value rom
127 1o 11.2 (comesponding 1o a residual S-conlenl increase by a
lacior of ~3-4), also resulis in a increase of £y by a facior of ~4,
Al the same time, the PPS,, values are also increased by the same
factor, which strongly sugpests a correlation between these three
parameders. Accordingly, other authors also noliced a densification
uflhewmlarypanmluaﬂ:uimuu&ra"lhclmng of
primary  particles  when :,upnmplhl.mg of  NigCoy,Mn (011},
(with x+4y+z — 1) al mcreasing coprecipitation pll-value, bul they
did not conduet any Turther investigations."™'” We hypothesize that
secondary particle porosily 15 hinked 1o the ability of pamary
particles 10 grow in the verlical crysiallite direction during copre-
cipitation, which is poverned by ihe pll-dependent S$0,°  adsorp-
tion. Assuming thal primary particles starl growing radially owt-
wards [rom the secondary particle center during the crystallization
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Figure 5. SEMlop-vicwaSk(lopmw)andSOk(liddlcmw)nngmﬁunonaswdlasSEMawsecuonunagesall2kof;3—(ychu,£a..Mm.(0H),

sccondary particles coprecipitated from TMSO,, ) at pHzy - =
12.7 (right column, g, h, and i),

process, as indicated by cross-section ilm% (Figs. Sc, 51, and 5i),
and demonstrated by our previous work,”™ a pronounced vertical
growth of these primary particles would resull in less void spaces
between the primary particles, resulting in the observed overall
densification of the icle structure.

Next (o the identified SO, adsorption equilibrium, the NI
mmmonmualcompkxformmmm:dumglhcummm
reaction is dependent on the coprecipitation pH-value.'” Despile
keeping the molar ammonia o transition metal ratio NH;/TM in
cach experiment constant, the observed changes in  the
Nig sCoyp ;Mg ,(O11); secondary pani(,le morphology upon ad-
justing the coprecipitation pll-valuc in this work could be next to
the identified pH-dependent SO,” adsorption equilibrium influ-
enced by changes in the NH; transition metal complex formation
rate. Nevertheless, swhmuu;lbyachmgcmlhunlcupon
adjusting the coprecipilation pH-vaIuc is assumed o be minor
compared Lo the pll-(.‘cpuulcnl S0, adsorption equilibrium, due
1o the following reasoning: It is suggested that the NH; transition
metal complex funnauon rate decreases with increasing coprecipita-
ton pll—valuc. Combining this with the observation that an
mcrease in NHy,, feed rale at otherwise conslanl parameters
during the coprecipitation of NigogCop gsMng gs(OH), (therefore
mcmasmglheN}l\ transition metal complex formation r.u.e) resulted
in a decrease in secondary particle porosity,”” an increase in
secondary particle porosity with increasing coprecipitation pH-value
would be expected if the complex formation rale was mainly

11.2 (left column, a, b, and c), at pHas «: -

12.0 (middle column, d, ¢, and f), and at pHy; «- =

responsible for the development of the secondary particle mor-
phology upon changing the coprecipitation pH-value. Since the
mwwmoﬁnﬂvallnlhiswul‘k.wndy adecxeascinswuudny
particle porosity with increasing coprecipitation pH-value, it is
mummhzndllnulhempu:lollheNll;ooanlcuummwmlhe
Nig sCoy Mng ,(OI), physical properties investigated in this work
upon changing the coprecipitation pH- vnluelsmsumedwbcmm-
compared 10 the proposed pH-dependent SO,> adsorption equili-
brium.

If the identified pH-dependent SO, adsorption equilibrium during
coprecipilation is  indeed goveming the resulting  NipyCoy,
Mng (OH); secondary particle structure, a different morphology
wmlt:lbccxpeculwlmandm coprecipitations i the absence of
SO, . Therefore, S-type NigsCoy Mng (OH), particles were also
upmclpilnledﬂpli-".c — 12.0 from either a mixed metal acetate
solution (TM(CH:COO),,q)) or a mixed metal nitrale solution
(TM(NO3)5q)) mstead of from the mixed metal sulfale solution
(TMSO,5q,), while all other process parameters remained unchanged.
Figure 7 displays SEM images of NiyCoy ,Mng ,(OH), particles
precipitated at pHyy o — 12.0 from TM(NOy),,q, (left panels) and
from TM(CH;COO),,, , (right panels). For the cqxeupuabm with
TM(NOy)(aq secondary particles exhibiling primary particles that
are large in vertical size and with almaost no pores between the primary
particles can be observed by top-view imaging (Fig. 7b), consistent
with the cross-section image that shows highly dense secondary
particles (Iig. 7c). In contrast, NiyyCoy;Mny,(OH), particles
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Figure 6. () Momber distribation histogram of the vertical prinsary particls
size of [Ftype Nia gCog (Mg (0H), secondary particles coprecipitated from
TM500 gy at pHxy = = 11.2 {orange), at pHyy - = 12.0 (green), and at
PHa o 127 (hlack), The vertical primary particle size was manoally
extracied from lop-view SEM images al 50 k magnification via Image 1,7
evaluating at beast 200 prumary particles for each sample. The SEM mnage
the: top right comer of the figore cxemplarily depicts the analyzed wertical
size betwesn the yellow bars for sebected primary particles. b) Mean vertical
primary parficle size (PPS,m) of the examined 5 NigsCoy Mg, (OH)
PLAMs coprecipitsesd al dilTerent pllvaloes, plobled agaimst the S-oonbenl
(mormalized by the TM-content) that is representative for residoal 51}42 -
The crmor bars represent the standard devistion from the mean size. ) Mean
vertical primary particke size (PPS.cq.) of the S-type NigwCoy oM (OH)
samples v the intm-panticke pomsity (Cp,) determined by No-physisorption,

obtained from TM{CH (U0, , appear porous in the cross-section
image (Fig. 70) and have a smaller vertical primary particle size
(Fig. Te). The residual impurity content (either M—, 53—, or C-content

introduced by the anions) and the other morphological properties of

the pCAM particles coprecipitated from the respective mixed metal
sodlutions TMX); ., (X = N0y, H[].,*', CHC0) ™ ; please note that
for the purpose of simplifying the notation the valency of the
respective anion X in TMX,, , is not considered) al pHyy - = 120

were amalogously charscierized as above and are compared in Fig, 8
Elemental  analysis revealed  thal the residval N-conlenl i
N—quCUu WMing  (OIT}, parm,lm- coprecipilabed  Troam m},‘,q,
amd residual S-content in Nig @Cog (Mng ((OIT), particles coprecips-
led  from  TMSOh.,, wis compamble (0078 mol® N oand
080 mol% 5), while 1h: coprecipitation from TMCTCOO )5,
yielded Wiy yCog May, (OIT), particles an almost two-Told higher
impurity coment of 148 mol% C (Fig. 8a). Comparing the CS,
values based on the (001} PXRD reflex of the Miy ¢Cog Mg, (01T},
malerials coprecipitated from the dilferent mized metal solutons,
CSyen. decreises by ~<40% from 59.7 A for the nitrates 1o 49.7 A for
the sulfates all the way o 374A for ihe acelabes (Fig. 8h).
Accordingly, the PPS,. values extracled by sepmeniation [rom
SEM op-view images also changes in the sune onder by a facior of
ol v, Troam 794 oo io 54,1 am all the way to 2000 am (Fig. 8¢). As
one would expect based on the rends in C8, and PPS, . the BET
SS.'\shmra ihe: opposite tend (Fig. 8d): the SSA is quadiupled Trom
EOm’g 'l'trx Ny it 140 m® g " lor X — 80,7 all ihe way
10390 m® g ! for X — CTLCOO. This is accompanied by an
increise O Epgr fom 10.2% w 15.3% all the way o 32.4% (Fg. e
Inlerestingly, an increase in the SSA of Nig eoCog psMing (01T},
particles by ithe addition of aceiale salis during the coprecipiiation
reaction is also clidmed in a patent.®

Considening the distinctive properties of the secondary particles
oblained al an identical coprecipitation  pll-value when using
dilferent anions in the mixed metal feeds, in combination with the
above established pll-dependent impact of $0,°  adsorplion on the
secondary particle morphology, we hypothesiee that NOy  has a less
relarding ellect on crysial growih in the Ldirection, thus the vertical
direction of primary particles, so thal dense secondary particles are
developed during coprecipilalion due 1o a decreased anjon ddsm!;-
tion strengihfcoverage. In contrast, this would suggest that S0y
and CHCOO  exhibii a higher retardation of the crystal growth in
the [-direction, yielding porous secondary particles, wherehy 50,2
has a more moderate influence than CHLCO0 | The argument that
the developed secomdary paricle morphology is linked w the
influence of the respective anion on the primary crystallite growth
due 1o ils adsorption strengihfcoverage is supporied by the reported
adsorplionfintercalation allinily sequences lor various anions lo-
wands Iayr.md double ||}'1h\u.i|les (LDIIs), which increases in the
order ITPO, = COC° = 80,% = NOy = €1 %07 Thig
series 15 also lollowed with regard 1o the residual impurty level in
MNi(OIT), precipitated from distinclive aqueous nickel sources, ™™
while analogous sdsorplion allinities were empirically established
for ANOITL. "™ Unfortunately, CILCOO  s0 lar was ool
eviluated and is therelore not included in the adsorplion alfinity
sequence for LDIIs. However, a rather [undamenial concepl for
rationalizing the observed phenomena in our present work would be
the Fajans-Paneth-Tlahn (FPIT) Law. It states that the specific
adsorplion capability of an ion lowards a crystalline solid is the
higher, the lower ihe solubility of the sall is thal would be Tormed
[rom the respective solvated ion and the oppositely charged ion in
the crystal lattice of the solid **™ The applicability of the rule was
demonstrated for a variely of sysiems. "™ In the case of NO, |
50,7, and CILCOO  adsorbed on Mi(OIT), the solubility of
MMk, NSOy, and NfCHLCOO), would have o be considered.
‘When comparing the solubilities at 25 °C lor the respective nickel
salis, the solubility of the salls increases (therelfore the adsorplion
allinily would be expecled o decrease) in the lollowing order:
Ni(CHLC00), < NiSOy, < Ni(NOg,.™ ™ As this sequence reflects
the impact on the secondary particle morphology of the respective
amion, il suggests (that the FPL Law is applicable for the precipitation
of hydroxide based pCAM:s and thal adsorplion equilibria are
responsible Tor the development of ithe primary and secondary
particle morphology.

In addition 10 postulated impact on the secondary particle
morphology given by the specilic adsorplion capability of the
respective anion, olher faciors have to be considered such as the
soflicd content and anion concentration inside the stirmed tnk reactor,
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Figure 7. SEM top-view images at 5 k (fop row) and 50 k (middle row) magnification as well ax SEM cross-section imagy

Nig £Cog Mng ;(OH), dary p precip
light green).

which could potentially influcnce the NiggCop Mng (OH), sec-
ondary particle development during the coprecipitation reaction. To
cvaluate this, the relevant soluble and insoluble components inside
the stirred tank reactor afier completed coprecipitation reaction of
5h is given Table Al in the Appendix. Comparing the final
Nig 4Cog ;Mng 1(OH); solid content inside the after a reaction time
of 5h from various anionic specics X in TMX, (X = NO;~,
S().", CH3CO07) (see column 2 in Table A-l in the Appendix), the
coprecipitation from TM(CH;C00),, resulted in a lower amount
of the Nig gCop ;Mng ,(OH); solid compared to the coprecipitation
reaction from TMSOjgg, and TM(NOi)yy, duc to the lower
concentration of the TM(CH3CO0); (., utilized for the coprecipita-
tion of NigCog Mng(OH),, namely 0.6moll™" compared to
22mol 1" for TMSOyq,, and TM(NOs)3¢4q) This is duc to the
intrinsically lower solubility of the respective transition metal
acctate salts comparcd to the transition metal sulfatc and nitrale
salts. "> 7%

Like the lower solid content for the coprecipitation conducted
from TM(CH3;C00)z,,). the lower final NHj,,, concentration
compared to the cxperiments conducted with TMSOy,,, and
TM(NO;)z(sg, as reactant is lower (see column 3 in Table Al in
the Appendix). This variation also stems from the lower concentra-
tion of TM(CH3;CO0)z, duc to the lower solubility of the
respective transition metal acctate salts as discussed above since
the target of the cxperiments was to keep the molar ammonia to

at 10 k magmifi of Ftype

d at pHiyy ~ = 12.0 from TM(NO:)saq ; (. b, and c: dark green) and from TM(CH;COO) g, (d. ¢, and f;

transition metal ratio NHy/TM constant between all experiments to
have comparable NH; transition metal complex formation rates.
Thercfore, an influence of a difference in NH; transition metal
complexation rate between the coprecipitations from TMSOg,, ) and
TM(NO3)2q, compared to the coprecipitation conducted from
TM(CH3CO0)z(,q ). which could next to the anionic species affect
the development of the NigygCog Mng (OH), sccondary particle
morphology, can be considered as neglectabl,

In terms of the final concentration of the respective anionic
species inside the stirred tank reactor (see column 4 in Table Al in
the Appendix), there is a difference between the trials conducted
from different TMX (g, (X = NO5~, S0, >, CHyCO0 ™) due to the
following rcasons: (a) the valency of SO,"", which is 2—, compared
to NO;~ and CH;CO0™, which arc 1—, is diffcrent, and (b) the
lower concentration of TM(CH3CO0);(,, utilized for the copreci-
pitation compared to thc concentration of TMSOg,,, and
TM(NO3)2q, as discussed above. To evaluate the role of these
diffcrences, the ratio of the final concentration of the anionic specics
to the final NigsCopMn, (OH), solid ¢ in the respective
experiment was formulated (see column 5 in Table A-l in the
Appendix). The attained ratios for the coprecipitation experiments
from TM(NO3)z0uq) and TM(CH;C00)z,,, arc identical but both
higher by a factor ~2 compared to the coprecipitations from
TMS0yyq,- If this difference in anion per solid ratio would have a
significant impact on the development of the secondary particle
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morphology during the coprecipitation reaction, a similar

Niy 4Cog ;Mng ;(OH), secondary particle morphology would be
expected for the coprecipitation conducted with TM(NO+)5(5q ) and

the TM(CH4COO), 54 ) due 1o the same anion-solid ratio, while only
a different secondary particle morphology would be expected for the
TMSO45q, based coprecipitation. However, since clearly distinctive
particle morphologies were attained from the different
transition metal feeds, the discrepancy in the anion-solid ratio is
wusiduedle&sinwﬂulcompamhodnimpmuflhewlcaﬁonic
species itsell. To overcome these differences in solid content and
anion 1o solid ratio one could, meg,.nlsomkhutmllydoselhc
respective anion X in TMX,,, (X — NOy , S0,% , CICOO ) as
mapmussmhumsahuﬂuuoumtrymgloachncveﬂncsamcmiou
Lo solid ratio. However, this again would then decrease the final
Nig «Coy {Mny, ,(O1), solid content achieved due 1o dilution by an
additional aqueous reactant solution. To ummum:l this then an
adjustment of the TMX,q, (X — NO; , SO.* , CH,COO )
umoenlratimwouldbemxm.whdmmmﬂmlhemiun
1o solid ratio. Therefore, it is nearly impossible 1o realize identical
solid contents and concentrations of the respective anion due to the
differences in valency between the anions.

Despite these slight differences in experimental conditions, it is
suggaswdllnlhewpmmplmnmmlh(hﬁaemmmsmmq,
(X — NO; , SO, , CI4COO0 ) still captures the impact of the
dﬂmlannxncspu.iumthemmdarypaﬂi:lcdcvelwnml,n
the main parameter governing the interaction of the metal hydroxide
solids in solution with an anionic species in aqueous solution is the
surface charge of the solid, which is governed. by the pll-value.***"

Since the pll-value was kepl constant at pllys o — 12.0 for the
coprecipilations  from o )0 TM(NO))z(q y and
TM(CHLCOO0) (g ), Tespectively, it is rationalized that the differ-

ences in solid content and anion concentration can be considered as
neglectable compared (o the impact on the secondary particle
morphology of the respective anion itsell at identical plly, <. This
argument is supported by the fact that the clearly distinctive physical
properties of the NigxCog Mny, (OI1), secondary particles obtained
from the different anion systems with different anion adsorption
alfinities in this work can be well understood based on the FPH Law
for crystallization,“*™ for which the Wcabdlly of this law was
demonstrated for a variety of systems.

Additionally, the role of the overall secondary particle growth
rale as a potential factor influencing the development of the
Nig «Cop (Mng (OI), secondary particle morphology should be
considered, as this might also vary upon changing the coprecipita-
tion pll-value. It is worthy 1o note that this secondary particle growth
rate should not be confused with the growth rate of the individual
crystal faces of the NiygCoy (Mng ,(O11), crystallites and primary
particles, which considering the results presented above is affected
by the adsorption of anionic species.

The development of the secondary particle size was monitored
during the coprecipitation of the N:“Coo.Mno 1(O11), secondary
pmuclcsbyszmlplmg reaction su: and determining the
particle size distribution of the NigsCoy Mng (OIl), secondary
particles by light scattering. The volume median particle size dsg of
the coprecipitated Niy sCoy, {Mny, ((O11), secondary particles after a
coprecipilation time of 5h was between 6-8 um. To evalvate if the
secondary particle growth rate could potentially affect the secondary
particle morphology, Table A1 lists in the Appendix the values for
the dsy al a coprecipitation reaction run lime of 1 h, dsg,p, and S h,
dspspe as well as the average growth rate (G,,;) of
Nig «Cop {Mng (OI1), secondary particles within the run time of
I h and 5 h for the “extreme” coprecipitation conditions conducted in
this work.

Notably, independent of the TMX,,,, (X NO; ', SO,
CHCOO ) applied as feed and plly; . the valves obtained for
the volume median particle sizes from the rwpecuve lime mlerva.l
only differ by 25%-33%, while the G, varies by032 pmh ! (see
Table A-Il in the Appendix). Further, when increasing pll; o from
11.210 12.0, the dsg, ¢ p and dsy,_ s 5, increase, while when going from
plls oc 12.0 10 12.7, the dsp_y y and dsy, 5  both decrease again. The
sume analysis is true for G,y . Based on these results, G,,, varies
when changing the plly; <, however, no logical trend can be found
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Figure %, Schematic ilhestrtion for the proposed mechamism of the impact nl'Sl:lf' adsoaption on the secomdary particle formation during the coprecipitation of

Atype NiggUng  Mng 011} from TMSC,, Al low coprecipitation pl-values {phg oo

10.5 TZAY lop row), the crystalbile surface 15 les negatively

charged (1) and thus has a bigh 50, coverage on the (001) erystallite plane (1. This keads o 2 high 50,°  aptake and consequently high rssidisl §-content as
nd.laslnasuppwmionufmjrmllih:.grwﬂllu]-dhwﬁm{mMhmhmmmﬁmmwmmmmwmmm.ln
contrast, at high pH-valoes (pHy, o = 120 bottom row), the crystallite surface is highly negatively charped (V), leading to a redoced 30,7 coverage on the
(001 crystallite plane (V). This resalts in a bvwer S-content as well as in a redeced sappression of crysallite growth in -direction (VIT), which leads (o primary

particles with large vertical see amd 10 denser secondary particles (V).

between both valees, Therefore, an impact on ihe Mig gCog
My, (01T}, secondary particle morphology upon changing ihe
pllsy o is unlikely. This argument is further supported by the Tact
that changing the anion in the TMX,;, (X MO, , 50,7 .
CILCO0 ) applied as meactanl al constant pllss o resulied in
Mig §Coyg Mg ({011}, secondary particles with clearly distinctive
secondary morphologies and dilferent physical properties [or which
the: C8, and the PPS,. increase, while the BET 55A and the ¢
concomilanily decrease in the order X — (CI,0000), < X — 80, <
X — (NOy}y. Such trend is hard 1o justily by the varations in G, as
the G, increases in the order X — (NOy)y < X — (CILOOO), <
X — 80y, Therefore, il is rationalized that the imphcations on the
development of the Nig xCog Mny (011, secondary particle mor-
phology caused by varations in Gy, wpon changing the plly o and
the amion in TMXN,, (X NO, , S0,°, CILCOO ) are
neglectable compared 1o the pll-dependent S0, adsorption equili-
brivm and the adsorplive strengih of the respeclive anion.

Consolidating the: above indings and considering the established
pll-dependent 50,°  adsorplion equilibrium, we propose the me-
chanism for the development of the secondary particle morphology
during the coprecipitation of Ni Co, M {OIT); (with x+y-+e — 1)
Trom TMSOhy,, that is depicted in Fig, 9

* Al comparably low coprecipitation plT-valves of plly o
10.7-12.0 {see (T) in Fig. 9, the S0,%  coverage on the (001) plane
of the Ni,Co,Mn (OIT), (wilh x+y+e — 1) primary crystalliles is
high (1T}, which retands the crystal growth in the Fdirection (TI). As
shown in Fig. 6, ihis leads o high residual 50,° conieni
(=l B mol®) as well as o “thin™ primary particles with low
vertical size (PPS,.m <50nm), which in wm resulis in secondary
particles with high intra-particle porosily (£, = 15%), depicled in
(IV).

* In conirasi, al mﬂ.ﬁ.libl;’ high coprecipitation pll-valves of
Plles o = 120 (V), the S0,° coverage on the (001) plane is
decreased  dwe w0 the pronounced  oegatively  charped
Wi, Co, Mn, (O}, (with x+y+z 1) surface (VI), leading 1o an
enhanced crystallite growth in direction is enhanced (VIT). Tence,
ihe S0, uptake and thus the S-content is reduced (1o ~0.3 mol% ai
pll 127, see Fig. 6) and “thick™ primary particles with enlarged
vertical size are oblained (PPS,q = 140nm at pll 12.7, see Fig. 6),
which leads 10 a densification of the secondary particles (VI with
intra-particle porosilies as low as ~5% (see Fig. 6).

Approaches W lower  the  resideal  S-contemt of
Nig #Cog ;Mg (O )5~ was demonsiraied above that the pll-
dependent S0,°  adsorplion equilibrium is governing the growih of
Nig #Coy Mg ((OIT),  primary  crystallites  coprecipilated  Trom
TMSOhy,,, as well as the secondary particlke morphology. In the
case where a porous pCAM wilh a high intra-particle porosily (Eine)
would be desired lor the subsequent CAM manulaciuring, the here
shown synihesis would require a low coprecipitation pll-value (see
Fig. 6c) which in turm would resuli in a high residual S-conlent (see
Fig. 6b). However, a high-punily pCAM s necessary [or CAM
production, because impurilies could negatively alfect the subse-
quent manulaciuring sleps, Therelore, approaches Tor the reduction
of impunities in precipitated MiCo,Mno (011 (with x+y+e — 1)
PCAMSs are requined.

Amon desorption in agqueosus solution for LDIS can be achieved
by either ion exchange with an anion exhibiting a higher adsorplion
allinily than the presently adsorbed species or by increasing the pll-
value Tar above the pec, thereby promoting a negatively charged
surface of the mixed hydroxide that leads 1o electrostialic repulsion of
the anion. "™ Inspired by the latter method, the pll-value of a
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Figure 10, (2) Comparison of residual S-content normalized by the TM-
content in f-type Niy «Coy Mng (0H), obtained by coprecipitation st o
given pHyy -valoe withowt any suhsequent pH-adjnstment (preen circles,
comespomding o the green ocles shown in Fig. Ta) vs thal oblamed by
coprecipitstion al pHoy -0 = 116 (yellow eross) followed by adjusting the
pH-value of the suspension after completion of the coprecipitation reaction
by addition of cither NaOH,,, ; or HCl, , (yellow circles). b) Residual 3-
content  nomalizesdd by the TMM-content  afier  washing  Fype
Mg g0 | Mng ({1}, coprecipatated al plls oo 116 with T wi%
NallH,, solution i difforeat Na(H, yNig 3Cog  Ming ((OH): weight
rafios.

504" -based fFiype NigoCog Mg ((OH), particle suspension was
adjusted afier the completion of the coprecipitation reaction by he
addition of NaOH,,,, or HCl.,,. Figure |0 compares the residual
S-content of NigxCog Mg ((OH), coprecipitated at various pH
values without pH-adjustment (green circles; coresponding o the
preen cirches in Fig, la) with that oblained for Nig g Cog yMig,  (OF),
that was first coprecipitated at pHyy o = 116 (yellow cross)
Tollowed by a pH-adjusiment of the pCAM suspension (o different
values (yellow circles). Increasing the pH-value of the pCAM
suspension from the coprecipitation pH-value of 11,6 w0 13,0 resulis
in a ~2-fold decrease of the residual S-content from 0,93 mol%: o
0.45 mol%. This, however, is still ~30% higher than the S-conient
of the Nig gCoq (Mg ({0}, coprecipitaie thal was obtained when
the pH-value was fixed to pHys o = 127 throughout the entine
reaction, On the other hand, lowering the pH-value of the final
PCAM suspension from the coprecipitation pH-value 116 1o an
adjusted pH of 11.0 leads to an increase of the S-content by ~27%
(from (.93 mol% to 118 mol%, see F% 10a). These observations
are consistent with a pH-dependent SO coverage aml suggest an
al least pantial reversibility of S0,° removal and uptake by
adjusting the pH of the NiggCog Mg ((OH), pCAM suspension
afler completion of the coprecipitation reaction: Tor pHguemen =
PHooprecipitatzon: e S-conteni decreases, while it increases for
PH.; < PHy However, the S-content obiained by

adjusiing the pll alier coprecipitaiion o a higher valve (yellow
cirches o the right of the yellow cross in Fig. 10a) is still higher than
that of a material that was direcily coprecipitated at that higher pll
(green dots in Fig, 10a). This indicates thal some minor fraction of
the residual 504" might simply nol be able anymore o desorb,
which according 1o Kolihofl ei al™ likely originaies from eiiher
80,%  incorporation inlo the lattice andfor occlusion in the crysial
during the coprecipitation reaction. This would also explain that the:
S-content oblained by adjusting the pll aller coprecipitalion 1o a
lower value remains below thal of a materal thal was directly
coprecipilated al that lower pll {the yellow circles w the lefl of the
yellow cross in Fig, [0a are below the green dois).

As allernative impurily reduction approach, washing of Fiype
Mig oy {Mny (01T}, coprecipitated al plly < — 116 with 10wi%
MaOlla,, in various NaOTlg, /MNig<Coy  Mng (010, weight ratios
was investigaled. The S-conlents in the thus washed coprecipitales is
depicied i Fig. 10b. By washing in a  NaOll,, /Ny,
Cog y Mg (01T}, weight ratio of 173, the S-content is lowened by
44%, i.e., from 0293 mol% 1o 0.51 mol%, while fora 1/1 weighi ratio
the residual S-comient could even be lowered by 60¢%, down o
037 mol%. A reduction of the residual S-content was also shown
also for Ni-rich NrCoANOI), coprecipitated from TMSOy,, , by
washing ihe precipilate with 1.0 M N.l(}]l,—_,.”. while the J'nurpl'mlugj
of the particles remained l.mchan,gﬂd Complementary 1o mnmmg
the pll-value of the suspension aller completion of the coprecipita-
tion reaction (see Fig. 10a), washing of the Nig @Coy (Mng (0L,
PCAM with NaOT T, , provides an additional leverage (o reduce the
residual S-content and 10 thereby effectively decouple impurily
conlenl from aitainable particle morphology.

Derivation of pCAM design strategies.—As shown and dis-
cussed above, the residual S-conient, the cryslallinily, and the
morphological properties of Ni Co Mo (O}, (with x+y+e — 1)
PCAM particles can be manipulaied by adjusting the pll-value
during coprecipilation due 1o the pll-dependeni 50,  adsorpiion
equilibrium. In light of this, pCAM design stralegies can be
Formulated.

Generally, coprecipilation above the pec of the mixed meial
hydrozide in MiCoxMn(OIT), 15 recommended (o drastically
reduce ils S-content and 1o attain (NipCo, Mo {OIT), with xty+e

1} with reasonable crystallinity. Tl 15 assumwed thal excessive
804" adsorption during the coprecipilation process nol only
disturbs the growih of the NCM crystallites during the subsequent
calcination reaction with lithivm salis conducied al elevaied tem-
peralures, bul also leads (o hithium consumplion due o hithium
sullate (LizS0y) formation® This could eventually lead o the
Tormation of an under-lithiated CAM (i.e., o Li, MO, with x < 1.000
with a decreased specilic capacity, Additionally, LizS0y does nol
decompose al iypical CAM calcination temperatures, hence it coubd
be curied ower into the calhode electrode as electrochemically
inactive “dead weight,” Turher decreasing the specilic capacily of
the electrode. In addition, il was sugpgesied that sulluric residuals
may cause nanopores in NCM crysiallites, which can promole
degradation mechanisms during cycling.® These deirimenial elfects
can be mimmized by reducing the residual S-conlent in the pCAM,
which can be achieved by increasing the pll-valve of the pCAM
suspension aller completion of the coprecipitation reaction and/or by
washing he pCAM filer cake with MNaOlly,,, This allows o
decouple the S-conient from the pCAM particle morphology, which
is particularly important il a porous pCAM is desired.

Regarding the desired pCAM morphology, il musi be considered
that ihe secondary particle structure of the pCAM is partially
transferred to the CAM afier the high-lempersiure calcination. For
lithium- and manganese-nch NCMs (LMRE-NCMs), il has been shown
that the CAMfelectrolyle inlerface area is poverning heir electro-
chemical performance, concluding thal porous materials exhibiling
high BET surface area are preferable for achieving high discharge
capacities.®> Tlowever, in onder 10 maximize the volumetdc energy
densily in a batlery, densely packed elecirodes are roquired, so that ithe
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inlemal void volume in CAM parlicks must be minimized ™
Therelons, these properties have 1o be carclully counterbalanced,
which can be already inflluenced during pCAM synithesis,
Additionally, il was demonstrated in this stedy that particle
marphology can be Turther modified depending on the employed
metal feed solution TMX,,, ; and on the respective anion adsorplion
alfinity towards Wi Co,Mo{OIT), (with x+y -+ — 1). This suggesis
that the erysial growth during coprecipitation amnd thus the resulling
maorphology can hkewise be tuned by additives (eg., organic acuds),
provided that the additive exhibiis a higher adsorption allinity than
the anion X in the TMX,,,, feed. Accordingly, addition of acetate
salts during Ni,Co,Mn (01D (with x+y-+e — 1) crystallization in
the: presence of nilrale ions was claimed in a patent o allain porous
particles.™ Tlowever, attention has 1o be paid o residoal impurities
(e, C from organics) during the subsequent lithiation reaction and
mamulaciuring steps. Analogous 1o $0,0 | impurities could nel only
alfect crystal growdh, but also consume lithium during calcination,
resulting in under-lithiated NCMs accompanied by undesired
residual lithium sall impurities (e.g., Liy004). Furthermone, impu-
rities could also decompose depending on the calcination lempera-
ture amd atmosphere, keading (o the formation of hieardous gases (e
g 00y or NO.), which eniails expensive exhausl emission
treatment Tor indusirial-scale CAM manulaciuring. In the event
that residual impurities ane remaining in lllc C;'\M they may cause
ink-gelation du.ri'ng electrode manulaciurin uring, * andior deierionaling
udﬂ-mﬂ;lm in the final L[B application.
Expanding the implications of this work, [ulure studies could
investigate, eg., the impact of resclion lemperalure al consiant
coprecipilation pll-value on the Ni,Co,Mn, O} (with x-+y+z — 1)
particle [ormation. Since adsorplion processes are exolherm, a
decrease in 50,5 coverage would be expecied wilh increasing
coprecipilation lemperaiure, potentially resulling in ihe densification

Conclusions

In this study, the MNiCoMn {00, (with xty+ze — 1) partich
lormation mechanism during the coprecipilation reaction in a stirmed-
Lank reactor was sludied by preparing semi-balch wise len particle lots
of Mig gCog Mg (011} a5 precursor lor Bithium-ion baflery cathode
malerials, The coprecipilation pll-value between the baich syniheses
wits adjusied over a range of plly o — B6-127, while keeping oiher
process paramelers constanl,. The residual S-content in the resulling
Mg gy Mg, ({01 T}y powders was characlerioed by elemental analysis
and was eniirely afiribuied 1o be S0, | which originales from ihe
mﬁoqm,fmdusulﬁmmﬂnuuﬂumdﬂmmf
wdsorplion  on  the microstructural  properties o the  NiggCuoy,
Mg (I}, smuples wis mvestipated by Xoray dillraciion, while the
mmmmmm.(ﬂlmmmm
wis analyzed by SEM imaging. Furthenmons, the gualitative irends
observed by SEM mmaging were quantified by determimation of the
primary partich: sice distibutions from SEM images and by detenmi
thon of the secondary particle porosily via nitrogen physisorplion. As a
proodl  of concepl, comparative  semi-batch  coprecipilations  of
MiggCoy Mag (OITy,  particles  were  also conducted  with
TMNO Yy and n{{m[}cm},,.,, as rm:lanl feed, along with
adsorplion/desorption  experiments of S0,°  [rom  coprecipated
Mg ooy, Mg ({01 T}y produced with metal sullie reactant leeds.

Elemental analysis of the NiggCoq Mng (O}, particle lois
revealed a dependency of their residual S-content on the coprecipila-
tion pll-value in relation lo the pec of NiggCogMny, (O1T); {al a
pllag o 0f ~10.5), which was rationalized by a pll-dependent 50,
adsorption equilibrium. Coprecipitation al pllys o < pec resulied in
Nig ¢Cog (Mg (00T}, particles with high residual $0,%  conteni,
while al plly o < pec the S0,%  uplake is significanily redvced by
a Mactor of ~10. Thereby, ithe S0,  adsorption equilibriom
repulates  additionally  the  crystallinily of  the resuliing
Mig g Cog s Mg (01T} powder, as il was proven by X-ray dillraction
that amworphous o-lype MNiggCoy (Mg (01T}, was oblaxined when

ur;uu:lpll,.leg al pﬂn o e while a coprecipilation al pllas o0 >

lied in  crystalline  Fype  NiggCon Mng (011}
]"url.hemm, |l was demonstraled by X-ray dilfraction that the
specific $0,°  adsorption on the (001} plane of the Fype
Nig oy .Mnu WOIT), crystallites alfects the vertical crystal growth
of the mm.n'y particles, which resulls in an enla.rgemenl of the
vertical primary particle size (determined by SEM image analysis)
wilh increasing coprecipilation pll-valve concomilant with a de-
crease in secondary particle porosily  (determined by nitrogen
physisorplion).

For concepl validation, F-iype Nig ¢Cog  Mny, ((O1T); was copre-
cipitated using TM{NOskyag, or TMICHRCOO), o, , reactan] leeds,
and the physical properties of the resulling particles were analo-
pgously characterized and compared o the properties of an
TMS Oy bised precipitate oblained al the identical coprecipitation
pll-value of pllyy o — 12,0, Here, the vertical primary particle size
increased, while intra-particle porosity of the secondary parhdms
decreased depending on the mixed tramsition metal solution in the
following  order:  TM{CILCOOhyq, < TMS3Og,,, =
TMINO ksag y This trend is rationalieed in the light of the Fajms
Paneth-Tlahn Law by the distinclive impact on crysial g;ruwlh of the
respective amion in the mixed metal solution, which originates From
the specilic adsorption strength of the respective anion.

Further, adsorplion/desorplion experiments demonsirate the pos-
sibilily 1o decouple the S-type NigzCogMng ((OIT); secondary
particle morphology that is attained by the coprecipilation [rom
the intrinsically related residual S-content: By raising the pll-value
alter completion of the coprecipitation reaction above the respective
coprecipitation  pll-value (plly; = pll iom)s Lhe S5-
conlent decreases, while il the pll-value is lowered below the
u:pru:lpll.lhml pll-value (pll <l iom)e Lhe S-
conient increases, In addition o manipulating the ‘S-content afler
the selid formation, the S-conlent can also be decreased by washing
B-lype MNig eCog My, (011 with NaOIlL,, , during Gliration.

Based on ihe implications of this study, the lollowing design

rules for Mi-ich MNi.Co, Mo (OITh: (with x-+y+x 1) cam be
Fommulated.
* To atain Ni-rich Ni,Co,Mn,(OIT); (with x+y+z — 1) pCAM

coprecipilaies with sulliciently low residual S-conient and crystal-
linity lor subsequent CAM preparation, the coprecipitation should be
conducted above the pll-value corresponding 10 the pec of the
respective Ni,Co,Mn (OIT), (with x+y+e — 1), which is in the case
off Miy 5Coyg i Mng (O, above the pll;; «c-value of 10.5,

* The secomdary pariicle porosilty  of  coprecipilated
MiCo, Mo (01T (with aty+e Iy as pCAM can be wmed
according o the requiremenis of the respective CAM application
by either manipulating the coprecipitation pll-value and/or by
varying lhe anions present during the coprecipilalion reaction.

* The residual S-content in Mi,Co,Mn (01T, (with x+y+e — 1)
can be lowered alier the coprecipitation reaction has compleied by
increasing the pll-value above the coprecipitation pll-valve andfor
by applying a NaOll,, wash, which eflfectively decouples sec-
ondary particle morphology from impurily content.
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Appendix
Stirred tank reactor sefup.—A schenatic illustration of the
employed  stired-tank  reactor  setup  for  preparing

Nig sCog Mg ((OH), pariicles is given in Fig, A-1.
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Figure A-1. Sch ic all of the employed stirred-tank reactor setup lor prepanng Nlax(_(\]_.Mm‘(()")x p:lln.lex The flow rates of the agqueous

ammonia solution (NHag,, ) and the mixed metal salt sol
and with X represeating cither SOy, (NO3),. or (CH,CO0),

108 (TMX ), with the molar

mual T™ of NuCo/Mn of (.8X).1/0.1

antomatically regulated by a flow control-unit that lled the solution pH

hout the ¢ while the NaOH,,,, flow was

Figure A-2Z, HR-TEM image of S-type Nig <Coy ;Mng (OH),; coprecipitated
at pliy o = L7,

Fimlwnmhmmojwmumindeﬁcrwdw—An
overview of lht:rc.lcv.mlwlubleundmsolublc componenls mside the
stirred tank after completed cog action of 5 h is

v L

‘bylhcpﬂ-wﬂtcmdcdwrmmxloasa pH-valuc th

given in Table Al Please nole that the listed concentrations for
MBSOy, , are representative for all coprecipitation experiments from
MSOy s, despite being conducted at different coprecipitation pH-
values as the volumetric flow rate of the NaOH,, , for adjusting the
coprecipitation pH-value was nearly identical.

HR-TEM image of NigsCoq Mng ,(OH), coprecipitated at
PH 3 -¢ = 10.7—For better visual investigation, the HR-TEM image
of fFtype NiggCoq Mng ;(OH), coprecipitated at pHaz o = 10.7 is
given Fig. A-2. The yellow arrows are highlighting Iayct distortions,
which indicate cr-phasc interstratifications and/or ﬁ(). incorpora-
tion.

particle size and secondary particle growth rate.—In
desired time intervals, the coprecipitalion reaction progress was
controlled by withdrawing 4-5 ml of reaction suspension from the
reactor, cooling it to 23 °C, measuring the pll-value at 23 °C and
determining the secondary particle size distribution by laser diffrac-
tion. For this purpose, the reactor suspension sample was homo-
genously dispersed, and a small amount of the particle slurry was
transferred into the particle size analyzer (Mastessizer 2000, Malvern
Panalytical GmblIT) until a light obscuration between 4.0%-14.0%
was achieved. The respective volume-based secondary particle size
distribution (PSD) was determined by laser diffraction based on
Mie’s scatlering theory. A refractive index of 1.33 for 11,0 as
dispersant was selected, while a refractive index of 2.19, identical o
the refractive index of NiO, was assumed for (he
Nig «Coy {Mng ((OIT), secondary particles. The intensity of the
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Tuhle A1l The mived trunsition metal solution TMX, ., (X = NOL-, 50,%, CHL0007) with anion X applied s feed for the coprecipitation of
Miig g g 3 Wimg g (CVH )y secomdary particles, the coprecipitation pi-valme al measored al 23 °C pHas =0, the yolome median portiche sioe dog of e
corresponding FSDs determined by light scattering From MNiggCog Mg (0OH); reaction suspension sampled at ron tioe of 1 h and 5 h doriog te
coprecipitation of NigsCogMug (0H); sccondary particles and the average growth rate G, betwern the run tine of 1 h and 5 b in the respective

coprecipitation experiment calenlated sceording to Eq. 5.

maq} pHzy - [ iy, 1 [jam] duny 5 1 [jem] G:v‘_ [pmh]
X = 50,7 1.2 13 60 068
X = s0,° 120 43 11 085
X = 50,7 127 40 6.1 153
X = MO, 120 a1 69 070
X = CH000 127 30 610 0.5

scatlered laser beam was collected as a function of the scattering
angle for particle sizes in the range of L05T01) gm by applying a
combination of red and blue light. Based on three measurements per
sample, the median volume-hased percentile secondary particle siaes
dsp was determined. The average MiggUCog  Mng (I0H): secondary
particle growth rale (., beclween a coprecipitation run Gme Ly, of
1h and 5 h was calculaled according 1o the following equation.

dsp, 2 — dsa 1
trms 2 — tun, 1

To evaluate the role of the secondary pariicle growth raie,
Table A-Il hsis the values for the dsg al a coprecipilabion reacton
run fime of 1 h, dsg, g 5, and 5h, dsg,_ 51, 35 well as the average .. of

Mig ¢ Cing jMing (OH) secondary particles within the ran time of 1 h
and 5 h for the “extreme™ coprecipilation condilions conducied.

G, = 151
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4 Conclusions and outlook

The goal of this PhD thesis was to deepen the understanding of the NCM pCAM
coprecipitation mechanism by detailed investigation of process-parameter-product-property
relationships. The Nio.sC00.1Mno.1(OH)2 particle formation and growth were studied with an in-
house-designed STR by monitoring the course of the coprecipitation reaction and characterizing
the properties of intermediates and products. The key findings of this work are summarized in

Figure 17 marking the sections in which the findings are described.
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Figure 17: Graphical summary of the key results of this PhD thesis. The discovery of a two-
stage No.sC00.1Mno.1(OH)2 secondary particle formation mechanism comprising the seeding of
agglomerates and the subsequent growth thereof described in section 3.1.1, and the
identification of a pH-dependent SO.> adsorption equilibrium governing the secondary
porosity of the resulting No.sCoo.1Mno.1(OH)2 secondary particles, described in section 3.1.2.

At the outset, in section 3.1.1, the particle development during the semi-batch
coprecipitation of NiogC001Mno.1(OH). in an STR at stirring speeds of 550-1350 rpm was
monitored by laser scattering and SEM imaging. Independent of the synthesis conditions, a two-
step particle formation mechanism consisting of a seeding and growth phase was identified.

During the seeding phase, rapid agglomeration of nucleating nanospheres results in the
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generation of irregular-shaped secondary particles, while the overall secondary particle size
remains constant. In the ensuing growth phase, the agglomerates increase in size with the third
root of time by lateral crystal growth of the individual plate-like shaped primary particles, which
eventually leads to spherical secondary particles. Complementary evidence for a two-stage
mechanism was found in CS-SEM images of NiogC0o1Mno1(OH). secondary particles,
revealing a secondary particle center comprising of randomly aligned primary particles
followed by radially aligned primary particles elongated towards the outer perimeter of the
secondary particle. Thereby, the extent of the turbulence in the STR, controllable by the stirring
speed, governs at otherwise constant process parameters the agglomerate size and number
formed during seeding, which dictates the growth rate and the secondary particle sphericity.
This relationship provides control over the pPCAM physical properties of the secondary particles
such as size and sphericity during the coprecipitation reaction. In this context a high degree of
turbulence (quantified by the Reynolds number and average energy input) during the seeding
stage is necessary to achieve spherical pPCAM secondary particles. This is imperative for cost-
effective processing of pCAM and CAM powders in tonnage quantities during NCM
manufacturing, as the fluidity and filterability of powders generally suffers for non-spherical

particles.84-89

In section 3.1.1, the secondary particle growth during semi-batch coprecipitation of
Nio.gC00.:Mno.1(OH)2 with respect to the coprecipitation pH-value was investigated in detail by
manipulation of the coprecipitation pH-value between 8.7-12.7. Elemental analysis of the
obtained precipitates revealed a pH-dependent SO42 adsorption equilibrium that governs the
S04 uptake during the coprecipitation reaction. This in turn affects the crystallinity of the
resulting NiosC00.1Mno.1(OH). powders determined by X-ray diffraction. Further, it is shown
by examination of individual reflexes in the diffraction patterns of crystalline
Nio.sC00.1Mno1(OH). that the SOs* adsorption also regulates the vertical crystal growth
crystallites due to preferred SO4> adsorption on the (001)-plane. This effect influences the
NiogC00.1Mno.1(OH)2 secondary particle morphology and porosity, as with increasing
coprecipitation pH-value an enlargement of the vertical primary particle size concomitant with
an increase in secondary particle density was identified by SEM imaging and nitrogen
physisorption. As proof-of-concept, the physical properties of NiogC0o.1Mno.1(OH)2
precipitated from different MX@q) (with X = SO4%, (NO3)2, (CH3COO"),) feed solutions at
constant coprecipitation pH-value, was compared. The obtained secondary particle
morphologies are rationalized by the distinctive impact on the crystal growth of the respective
anion (X) during the coprecipitation reaction based on the individual adsorption affinity of the
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respective anion towards NiogC00.1Mno.1(OH)2 according to the Fajans-Paneth-Hahn Law.
Finally, desorption experiments demonstrate options to reduce the impurity content in the
pCAM particles after its formation is completed. Making use of the here discovered pH-
dependent SO% adsorption equilibrium, design rules for NCM pCAM can be formulated.
Generally, it is recommend to conduct the pCAM coprecipitation process at pH-values above
the pzc-value of the structurally dominating metal hydroxide in NixCoyMnz(OH).. This limits
the residual SO+% uptake during the coprecipitation reaction and yields a product with a
reasonable crystallinity. While SO+ itself is electrochemically inactive, thus not causing
undesired side-reactions in the LIB application, residual SO+ in the pCAM results in undesired
Li consumption during the calcination reaction due to the formation of lithium sulfate
Li2SOss). 18 This leads to an under-lithiated CAM as well as a carryover of LizSOqs) to the
electrode as inactive weight, both decreasing eventually the achievable specific capacity.
Additionally, it was shown that the control of pCAM secondary particle porosity provided by
adjusting the coprecipitation pH-value of the pCAM is intrinsically linked to the residual SO4*
content in the resulting precipitate. This inherent relationship can be decoupled by increasing
the pH-value after the solid formation has been completed and/or washing the pCAM
precipitate with NaOHaq.), which is particularly useful if a porous secondary particle structure
is desired. Further, the act of counterbalancing the CAM’s electrode density to achieve a high
volumetric energy density® against the CAM-to-electrolyte interface area, which governs the
electrochemical performance,®” can be already influenced during the pCAM synthesis by
adjusting the coprecipitation pH-value. Likewise, the pCAM secondary particle morphology
can be tuned by additives (e.g., organic acids). However, in this case the additive residuals in
the pPCAM must be considered regarding their reactivity with Li and decomposition temperature
of the resulting Li salt, as the formation of hazardous gases would entail expensive exhaust

emission treatment during CAM manufacturing on an industrial scale.

Expanding the topic of this work, future studies could address the role of the remaining
coprecipitation parameters such as feed flow rates, NHz(q) concentration, and temperature. For
the latter, an increase in Ni(OH)2 secondary particle density with increasing coprecipitation
temperature at otherwise constant parameters was reported without further investigation.?*
This agrees well to the in this work demonstrated pH-dependent SO, adsorption equilibrium
that governs the Nio.gC00.1Mno.1(OH). secondary particle porosity during coprecipitation
reaction. Since adsorption processes are exothermic, a decrease in SO4?* occupation would be
expected, resulting in the densification of secondary particles, as the vertical crystal growth of

primary particles can freely occur. This hypothesis could be verified by variation of the reaction
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temperature during the coprecipitation reaction at otherwise constant parameters and by an
analogous characterization of the thereby attained precipitates as used in section 3.1.2.
Alternatively, the influence of impurities in the MSOaq,) feed originating from a LIB recycling
process on the coprecipitation reaction and the resulting pCAM properties in light of the Fajans-
Paneth-Hahn law®’ for adsorption affinities can be explored. Such studies can be even extended
to investigate the mode of action of the impurities in the pCAM during the subsequent
calcination reaction with a lithium salt and impact on the CAM physical properties as well as
electrochemical performance. Regardless, it has to be considered that LIB related research like
pCAM and CAM development is rather novel compared to the actual underlying scientific field
for pPCAM coprecipitation, crystallization. Therefore, a vast amount of the insights available in
the field of crystallization can be transferred and applied in pCAM research.

Finally, pPCAM-property-CAM-property/performance relationships could be tackled in
detail by forthcoming researchers. While it is known that the physical properties®®'2 and the
electrochemical performance’ " of an NCM CAM is affected by the associated pCAM utilized
for the synthesis thereof, a mechanistic understanding is still missing in literature. In e.g., it was
phenom logically demonstrated for NCM424 and NCM111 that comparably large primary
particles in the pCAM secondary particles yielded comparably smaller primary particles in the
resulting NCM CAM secondary particles after calcination at equal conditions. This resulted in
distinctive electrochemical performance differences in the final LIB application of the
synthesized NCMs from various pCAM morphologies.”® However, the precise details of the
crystal growth during the calcination of various pPCAM morphologies as well as the mechanistic
transfer from pCAM properties to CAM properties should be elucidated for a wide spectrum of
NCM chemistries (e.g., Ni-rich, Mn-rich, Co-free, etc.) to establish an in-depth knowledge of
NCM synthesis to enable high performing CAMs for LIBs.
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5 Appendix

Reactants are continuously added during a semi-batch coprecipitation in an STR, while
the reaction suspension is unable to leave the stirred vessel. This results in a steady increase of
the total reaction volume (Vita) and mass of formed mixed metal hydroxide, hence volume of
formed mixed metal hydroxide (VwmoH)2), with progressing batch run time (twn). Due to
solubilities of the respective metal hydroxides being < 200 ppm in the coprecipitation pH-range
of 11.0-13.0,*%° a complete conversion of the aqueous mixed metal sulfate solution (MSOa(g),
here M = Ni/Co/Mn in a molar ratio 8/1/1) can be assumed. Further, considering that across the
entire run time (trun) the total volumetric flow rate (Vi) remained constant, then Vmon)2 of the

formed NiosC0o.1Mng 1(OH) particles is a function of tu, and the following expression is valid.

VMso4 trun CMs04 Mmon)2
VM(OH)Z: - Pcryst (13)

where Vyso4 is the volumetric flow rate of MSOaq,) (= 18.0 mL/h), cmsoa is the concentration
of the MSOu@q) solution (= 2.6 mol/L), Mmon)2 is the molar averaged molar mass of
NiogC001Mno1(OH)2 (=91.93 g/mol), and peyst. is the crystallographic density of
Nio.sC00.1Mno1(OH)2. A molar composition averaged crystallographic density of 3.96 g/cm? is
assumed based on the crystallographic density of Ni(OH), (=4.1g/cm3), Co(OH),
(= 3.6 g/cm®) and Mn(OH). (= 3.26 g/cm?) as well as considering the transition metal ratio of
8/1/1.

By approximation of the NigsC0o.1Mno.1(OH)2 particle’s shape as spherical, the volume
of individual particles (Vpar) can be defined as the volume of a sphere with a diameter

corresponding to the determined volume median particle size (dso) by light scattering.

4 d
Vpar.: § TE(%) 3 (14)

Given that Vgo, remains constant throughout the batch coprecipitation, and considering
equation 13 and 14, the determined dso of Nio.8C00.1Mno.1(OH)2 particles at any tru, should then
correlate linearly with the third root of tun, as given by the ensuing relationship.
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3
dso=

6 Vmsoa Cmsos Mm(om)2

T pcryst.

3| trun 3
. ’ x 3t for Ny, = constant
Npar. run ( par. )

(15)
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Figure 1: Mass (a) and cost (b) breakdown of a lithium-ion battery pack, comprised of

LiNio.sC0o0.2Mng.2O»-graphite 240 cells and divided in to 20 modules (the data to produce the

figure were taken from Nelson et al.® based on the price for the respective components in the

year 2018). The cost breakdown solely reflects the cost contributions of the components, while

the manufacturing cost of the battery cell, module, and pack are not considered........c.ce.v.... 4

Figure 2: Global production share (bars) and absolute annual production in the year 2020 (data

points) of metals employed in NCMs as cathode active materials for lithium-ion batteries,

itemized after the five major producing nations of nickel (a), cobalt (b), and manganese (c). The

nations were listed in descending sequence from left to right, where DRC = Democratic

Republic of Congo. Note that the percentiles do not add up to 100%, as the remaining producing
countries are not depicted, which make up in total 31% for Ni (775 kt), 18% for Co (25.2 kt),
and 24% for Mn (4.44 kt). The data to produce the figure were taken from the United States
Geological SUrvey, 2021.28, ... .. 6

Figure 3: Schematic overview of the major production routes of layered lithium nickel cobalt

manganese oxide (NCM)-based cathode active material (CAM), with emphasis on the nickel

chain of production, starting from mineable ores or black mass extracted from end-of-life

batteries. The raw materials, important intermediates, and products are numbered by roman

numbers and are categorized by color: raw materials are given in grey boxes, important

intermediates in grey striped boxes, precursor of cathode active material (referred to as pPCAM)

in light green boxes and CAM in dark green boxes. The grey arrows indicate the processing

steps (colorless box, numbered by letters) of raw materials (grey), synthesis of pCAM (light

green) and CAM (dark green). The light green striped arrow indicates the potential for direct

synthesis of pCAM applying crude metal sulfate solutions after only minor or no refining at all.

The arrow exhibiting a color gradient from yellow to red illustrates the relative cost of raw

materials. The colored underlay denotes the business segment related to the respective process

steps within the NCM supply chain itemized after mining (dark blue), refining (light blue),

recycling (pink), and battery material manufacturing (purple). The scheme is based on the

information available in the literature on the raw material supply chain of nickel, 2! 3436 cobalt,?°

and manganese,?® 27 as well as lithium-ion battery recycling.?8-3% 37: 38 The information about

the distinctive CAM synthesis routes was taken from scientific and patent literature for the
carbonate (q),2%*? hydroxide (r),*> *3 ** all-dry (v),*>°! and direct route (w).%%%3............... 10

Figure 4: Schematic illustration depicting the industrial synthesis of layered lithium nickel

cobalt manganese oxides (i.e., NCMs 2 LiMOys)) as cathode active material (CAM) for
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lithium-ion batteries (L1Bs). The manufacturing process can be divided into three major steps:

(1) coprecipitation, (I1) calcination and (I11) posttreatment. During coprecipitation (1), an

aqueous mixed metal sulfate MSOu@.g) (a) is continuously fed alongside aqueous sodium

hydroxide solution NaOH gy and agueous ammonia solution NHs(ag) into a stirred tank reactor

(STR) under nitrogen N2(q.) atmosphere to produce a mixed metal hydroxide M(OH)2¢s) (b). In

the subsequent calcination step (1), the coprecipitated M(OH)»(s, particle powder (b) is mixed

with a lithium compound (lithium hydroxide LiOH,) or lithium carbonate LioCOs3;s)) and

calcined in a roller hearth kiln (RHK) at elevated temperatures in an oxygen Oz or synthetic

air) atmosphere. In the end, the attained lithium metal oxide LiMO2) particle powder (c) is

subjected to posttreatments like washing and/or coating to vield treated lithium metal oxide

LiMO2s) (d). The top view SEM images exemplarily depict M(OH)2s.) (€) and LiMOgzs,) (f)

secondary particles. The SEM-EDX image (g) exemplarily depicts a cross-sectionally sliced

LiMOys,) secondary particle (blue) with a coating (yellow). The information about the NCM

production process steps to create the figure was taken from scientific and patent literature for

the OH- coprecipitation,® ** #* the calcination,'®'" and the posttreatment,'*? while the

displayed SEM images present internal data from BASFE SE. ..vvieiiiiiiiiiii e rnennrnennss 19

Figure 5: Piping and instrumentation diagram (P1D) of the coprecipitation reactor setup utilized

in this work, depicting the major constituents, where T =tank, P =pump, M = motor,

STR = stirred tank reactor, WIR = weight indication record, NUS = user choice multivariable

switch (here: volumetric flow rate), PIS+ = pressure indication switch and safety requlation

above threshold value, Pl = pressure indication, Fl = flow indication, Q(pH)IR = guantity (pH-

value) indication record and switch, and TIRS+ = temperature indication record switch and

safety requlation above threShold VAIUE. ... e ieee i et et r e e ee e e e sn s rnenenenens 24

Figure 6: Photographs of the coprecipitation reactor setup utilized in this work, depicting the

overall setup equipment (upper photo, depicted without frame), a higher magnification of the

stirred tank reactor (framed by red dashed lines), and a detailed close-up view of the stirred tank

reactor (framed by blue dashed lines). The major parts of the setup are labeled by numbers. 26

Figure 7: Schematic illustration of the STR cross section (a), and the corresponding STR cap

from the top (b). The major parts of the STR and cap are labeled by numbers.........cc.c...... 27

Figure 8: a) Comparison of particle size distributions (PSDs) attained by various technigues

for an exemplary sample of Nio.sC00.1Mno.1(OH)» particles. The shown PSDs were obtained by

light scattering using either the Fraunhofer approximation (red) or the Mie theory (green) or

PSD obtained by manual determination of the particle size distribution from a b) SEM image
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of Nig.sC0o.1Mno.1(OH), particles taken at 1 k magnification by application of image J*™ (blue).

(For detailed information about the SEM method, see SECtioN 2.3). vvvveveviriririrnenerernrnrnenes 32

Figure 9: a) Illlustration of the impact of the atmosphere inside the STR on the undesired

oxidation of Mn?* in NigsCoo.1Mno.1(OH), showing the coloring of the coprecipitated solid for

a coprecipitation reaction where the initial Oy atmosphere was gradually exchanged by a No)

atmosphere. Note that the reaction suspension samples were homogenously suspended before

taking the photo. (b) The influence of the NH3(ag) concentration on the formation of the

|Ni(NH3)X|2+(ag,) complex that colors the mother liquor progressively blue with increasing

NHs(ag) concentration (here being increased from 0.0 mol/l to 0.7 mol/l). Note that the sampled

reaction suspension the solid was allowed to settle before taking the photos. ...c.vovvevueeernens 34

Figure 10: Schematic illustration of STR setups for the two major process operation modes for

pCAM coprecipitation. a) Semi-batch and b) continuous operation (continuously stirred tank

reactor, CSTR). During semi-batch operation, the reaction volume and therefore the

coprecipitated M(OH). volume and mass are a function of the batch run time tmun. In contrast,

during continuous operation, the reaction volume and therefore the total coprecipitated M(OH)»

volume and mass inside the reactor remain constant due to the overflow that enables a steady

flow of reaction suspension leaving the reaCtion VESSEL. v.vueueeverereieiiireirienerernrnrenenenens 36

Figure 13: Quantification of particle circularity C as descriptor for the sphericity of

Nio.sC00.1Mno.1(OH), secondary particles by SEM image analysis. An exemplary top view SEM

image at 1 k magnification of Nig.gC0oo.1Mno.1(OH), secondary patrticles is shown a) before and

b) after automated secondary particle segmentation. The segmented particles are highlighted

with a blue overlay. ¢) Comparison of the corresponding number-based circularity distribution

of NiggC0o.1Mng.1(OH), secondary particles determined by automated (filled) and manual

SEOMENTALION (UNTITEA). tutneiiiieiii it i ier et era e e s se s sesa s s tasnsasssasssasnnsnsnnsnsnnsnsnnsnsnes 39

Figure 14: a) Exemplary CS-SEM image of a cross-sectionally sliced Nig.gC0o.1Mng.1(OH)»

secondary particle taken at 15 k magnification. The secondary particle center is encircled in

vellow, illustrating how the particle core size was determined by SEM image segmentation via

ImageJ.!”* b) Corresponding volume-based particle size distribution of NiggC0g1Mng.1(OH),

secondary particle centers obtained by the analysis of approximately 50 secondary particles by

SEM image segmentation and determination of the size of the secondary particle center. ... 41

Figure 15: a) Exemplary SEM image of a NiosCo0o.1Mno.1(OH)2 secondary particle taken at

50 k magnification. The vellow bars exemplarily depict the analyzed vertical primary particle

size (PPvert) for selected primary particles via Imagel.’* b) Corresponding formulated number

distribution histogram of vertical primary particle size in a Nip.sC00.1Mno.1(OH)> secondary
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particle obtained by analysis of approximately 100 primary particles by SEM image

=8 ]=]011%- LA 0] PP 41
Figure 16: Exemplary adsorption and desorption isotherms for a pCAM with porous (squares,

light green) or a pCAM with dense NiggCoo.1Mno.1(OH),> secondary particles (circles, dark

green) obtained by N> physisorption. The relevant relative pressure ranges p/po for the

determination of the SSA and for the intra-particle porosity are indicated by arrows and denoted

as “BET range” and “Porosity range”, respectively. Further, the adsorption hysteresis between

the adsorption and desorption isotherm is highlighted for the porous material. Here, the dense
Nio.sCo00.1Mng.1(OH)> pCAM exhibited a BET SSA of 6.7 m?/g and intra-particle porosity of
5.5%, while the porous NiogCoo.1Mng.1(OH)> pCAM exhibited a BET SSA of 24.8 m?/g and

INTra-PArtiCle POIrOSITY OF 26.400. vureeinineneenereinrntneneeneresetasarsesseresnsasassssenenesnsnsnsnsnes 44

Figure 17: Graphical summary of the key results of this PhD thesis. The discovery of a two-

stage No.sCoo.1Mno.1(OH)2 secondary particle formation mechanism comprising the seeding of

agglomerates and the subsequent growth thereof described in section 3.1.1, and the

identification of a pH-dependent SO4% adsorption equilibrium governing the secondary

porosity of the resulting No.sCoo.1Mno.1(OH), secondary particles, described in section 3.1.2.
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