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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 pCAM 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. 
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Zusammenfassung 

 Lithium Übergangsmetall Schichtoxide werden kommerziell eingesetzt als 

Kathodenaktiv Material (CAM) in Lithiumionen Batterien (LIB) für elektrische Fahrzeuge. Die 

aktuelle industrielle Herstellung von Lithium Übergangsmetall Schichtoxiden umfasst die 

Fällung von Mischmetallhydroxid Präkursoren (bezeichnet als pCAM) in einem Rührkessel 

Reaktor gefolgt von anschließender Kalzination des pCAMs mit einer Lithiumverbindung bei 

erhöhten Temperaturen in einem Röstofen. Die elektrochemische Leistung des resultieren 

CAM-Pulvers hängt maßgeblich von den physikalischen und mikrostrukturellen Eigenschaften 

des jeweiligen pCAMs ab, der zur Synthese eingesetzt worden ist. Weiterhin ist für eine 

ökonomische und effiziente Herstellung von einem CAM die präzise Kontrolle der Fluidität 

des pCAM und CAM-Pulvers notwendig. In diesem Kontext ermöglicht ein detailliertes 

Verständnis des Partikelbildungsmechanismus von Mischmetallhydroxiden während der 

Fällungsreaktion jeden Freiheitsgrad die Eigenschaften von einem pCAM gemäß der 

Anforderung einer kosteneffizienten CAM-Produktion als auch der entsprechenden LIB-

Anwendung maßzuschneidern. 

 Deshalb ist es das Ziel dieser Doktorarbeit das mechanistische Verständnis über den 

Fällungsprozess von Mischmetallhydroxiden zu fördern. Typischerweise wird Hydroxid 

pCAM durch ein simultanes Einspeisen einer Mischmetallsulfatlösung, einer 

Natriumhydroxidlösung und Ammoniakwasser in einen Rührkessel Reaktor unter inerter 

Atmosphäre gefällt. Zunächst wurde in dieser Arbeit ein Reaktor Setup entwickelt, welches 

anschließend optimiert wurde für die Studie von nickelreichen Mischmetallhydroxiden als 

Modellsystem. 

 Anschließend wurde ein zweistufiger Partikelbildungsmechanismus bestehend aus einer 

initialen Keimbildung von Agglomeraten gefolgt von einer anschließenden Polykristallisation 

identifiziert. In diesem Zusammenhang regelt der Turbulenzgrad die Größe und Anzahl der 

gebildeten initialen Agglomerate, welcher die Wachstumsrate, finale Partikelgröße und 

Sphärizität der Partikel bestimmt. 

 In einer zweiten Studie wurde der Einfluss des Fällungs-pH-Wertes auf den Verlauf der 

Partikelentwicklung während der Fällung von nickelreichen Mischmetallhydroxiden 

untersucht. Dabei wurde ein pH-Wert abhängiges Sulfatadsorptionsgleichgewicht aufgedeckt, 

welches nicht nur die Kristallinität des gebildeten Metallhydroxids, sondern auch das 

Kristallwachstum der Partikel bestimmt. Dies wiederum beeinflusst die Partikelmorphologie 

und Porosität.  
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 Die in dieser Arbeit aufgezeigten Zusammenhänge in dieser Arbeit erlauben die 

Herleitung von Design Strategien für Hydroxid-basierte pCAM in dem Kontext von 

industrieller CAM-Produktion und den Anforderungen an CAMs für LIB-Anwendungen. 
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List of abbreviations and symbols 

Abbreviation Meaning 

BET Brunauer-Emmet-Teller 

BEV battery electric vehicle 

CAM cathode active material 

CS cross section 

CS-SEM cross section-scanning electron microscopy 

CSTR continuous stirred tank reactor 

DRC Democratic Republic of Congo 

EU European Union 

EV electric vehicle 

FIB focused ion-beam 

FI flow indication 

HAADF high-angle annular dark field 

HR-TEM high resolution-transmission electron microscopy 

ICE internal combustion engine 

ICP-OES inductively coupled plasma-optical emission spectroscopy 

LFP lithium iron phosphate (LiFePO4) 

LIB lithium-ion battery 

LMO lithium manganese oxide (LiMn2O4) 

M motor 

MHP mixed hydroxide precipitate 

NUS user choice multivariable switch 

NCA lithium nickel cobalt alumina oxide (LiNi1-x-yCoxAlyO2, x+y < 1) 

NCM lithium nickel cobalt manganese oxide (LiNi1-x-yCoxMnyO2, x+y < 1) 

NDIR non-dispersive infrared  

NH3/M ammonia to metal ratio 

OEM original equipment manufacturer 

P pump 

pCAM precursor of cathode active material 

PI pressure indication 

PID process and instrumentation diagram 

PIS+ pressure indication switch and safety regulation above threshold 

PPvert. vertical primary particle size 

PSD particle size distribution 

PXRD powder X-ray diffraction 

Q(pH)IR quantity (pH-value) indication record 

RHK roller hearth kiln 

SEM scanning electron microscopy 

SSA specific surface area 

STEM scanning transmission electron microscopy 

STR stirred tank reactor 

T tank 

TIRS+ temperature indication record switch and safety regulation above threshold 

WIR weight indication record 

XRD X-ray diffraction 
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Symbol Meaning Units 

Aeq. circle area of circle with equivalent perimeter m2 

Aparticle area of segmented particle m2 

Asegm. Segmented area m2 

cMSO4 concentration of MSO4(aq.) mol/l 

C circularity − 

C50 median circularity − 

deq. equivalent diameter of circle with identical area m 

d10, d50, d90 volume-based percentile particle diameter m 

MM(OH)2 molar mass of M(OH)2 g/mol 

pka acid dissociation constant − 

Ppar. perimeter of segmented particle m 

p/p0 relative pressure − 

R gas constant J/(mol K) 

rK Kelvin radius m 

T temperature K or °C 

trun run time of coprecipitation reaction h 

VN2,m molar volume of liquid nitrogen m3/mol 

VN2,ads. total volume of adsorbed nitrogen m3 

VN2,liquid total volume of liquified nitrogen m3 

VM(OH)2 total volume of precipitated M(OH)2 m3 

Vpar. volume of individual particle m3 

Vtotal total volume of the reaction suspensions m3 

V̇in total volumetric flow rate of reactants entering the reactor m3/h 

V̇MSO4 volumetric flow rate of MSO4(aq.) m3/h 

V̇NaOH volumetric flow rate of NaOH(aq.) m3/h 

V̇NH3 volumetric flow rate of NH3(aq.) m3/h 

V̇out total volumetric flow rate of reaction suspension leaving the reactor m3/h 

γ surface tension J/m2 

εintra intra-particle porosity − 

ρcryst. crystallographic density g/m3 

ρN2, liquid density of liquid nitrogen at 77 K g/m3 

ρN2, STP. density of nitrogen at standard temperature (= 273.15 K) and 

pressure (= 101325 Pa) 

g/m3 

σ span − 
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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 2035.1 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.3 This drives a growing replacement of ICE-based vehicles by 

battery electric vehicles (BEVs), because BEVs have the potential to significantly reduce CO2 

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.4 In this regard, lithium-

ion batteries (LIBs) have solidified their status as current technology monopole to power 

electric vehicles (EVs).5, 6 While to the current day original equipment manufacturers (OEMs) 

have already commercialized an impressive selection of EV models,6 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.7, 8 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).5 

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).9 Further, the CAM 

significantly affects the overall achievable energy and power density in a LIB cell.10 Therefore, 

the development of high performing CAMs is essential to additionally decrease the cost of 
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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.11, 12 

 

 

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

LiNi0.6Co0.2Mn0.2O2-graphite 240 cells and divided in to 20 modules (the data to produce the 

figure were taken from Nelson et al,9 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.10 The most prominent representative for polyanion oxide-based 

CAM is lithium iron phosphate (LiFePO4, 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.10, 12 Spinel oxides present another alternative to polyanion oxides as non-toxic and 

inexpensive CAM. The most noteworthy spinel oxide CAM, is lithium manganese oxide 

(LiMn2O4, 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.10, 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-x-yCoxAlyO2, 

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.6, 10 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,13 the extractable quantity of Li increases and therefore, the attainable 

capacity and resulting energy density at a fixed operational voltage window increases.14, 15 

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).16 

 Summarized, the transformation of the transportation sector to electrically powered 

vehicles requires a considerable quantity of raw materials. Focusing on the production of NCM 

CAMs 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 CAMs 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.17 In this context, the 

global production share of the five main producing nations of transition metals employed in 

NCMs is given in Figure 2. 

 

 

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, 2021.18 
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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,19 it is expected 

that the fraction of Co extracted from the DRC being employed for NCM manufacturing will 

decrease noticeably,18 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.16 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).20, 21 Thus, the Co obtainable only 

by Ni ore mining would be sufficient for manufacturing NCMs with a composition of LiNi1-x-

yCoxMnyO2 with x ≤ 0.05 and y ≤ 0.95, compositions that would be compatibile with the current 

trend towards Ni-rich NCMs.22 

 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,18 there seems to be a discrepancy between the 

projected Mn demand for LIB-based EVs of 92 kt by 203016 and the current total global annual 

Mn production of 18.5 kt.18 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 unique position to be 

among the top five main producing countries of Ni (5th), Co (4th) and Mn (2nd) but also is the 

worldwide largest producer of Li and the 5th largest producer of aluminum (Al).18 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 44th most stable nation in the 
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world in 2020 (vs. 56th for Germany),24 it is reasonable that Australia is currently experiencing 

investments in the mining sector by companies related to LIB-based EVs such as Tesla25, 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%.21 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.20, 21 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.26, 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.28-30 This 

can significantly reduce negative environmental consequences by establishing a circular 

economy, decreasing the life cycle impact of LIBs by 51%.31 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.30, 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.33 
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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 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,21, 34-36 cobalt,20 

and manganese,26, 27 as well as lithium-ion battery recycling.28-30, 37, 38 The information about 

the distinctive CAM synthesis routes was taken from scientific and patent literature for the 

carbonate (q),39-42 hydroxide (r),15, 43, 44 all-dry (v),45-51 and direct route (w).52, 53 

 

 In the following discussion, roman numbers indicate raw materials, intermediates, and 

products (pCAM 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 
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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 (II). Matte (II) exhibits a metal grade range of 60-80wt% 

Ni and 0.1-1.0wt% Co. Since the obtained matte (II) is partially enriched with 5-25wt% copper 

(Cu), the metals are subsequently leached by sulfuric acid H2SO4(aq.) and separated in a two-

stage hydrometallurgical process (b). This yields an unrefined, aqueous Cu-free nickel cobalt 

sulfate solution NiCoSO4(aq.) (III) and leaves a Cu enriched leach residue.21 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) (IV).21, 34, 35 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 

(II) 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.21, 34, 35 

 Alternatively, pure Ni and Co metal (IV) can be obtained starting from mined lateritic 

Ni ores (IV) 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 H2SO4(aq.) 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 MgO(s.) 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 (VI). This beneficiated resource exhibits a metal grade of 35-40wt% Ni and 

1.0-2.0wt% Co. Subsequently, MHP (VI) is subjected to releaching in H2SO4(aq.) (f) to attain a 

crude NiCoSO4(aq.) (VII), which is refined (g) to battery grade Ni and Co(IV).21, 34, 35 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 



Introduction 

 

12 

 

 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 (VIII) are 

calcined in reductive atmosphere (h) to deliver Mn in the acid soluble +2 oxidation state. 

Resulting MnO (IX) is subsequently dissolved in H2SO4(aq.) to give crude manganese sulfate 

solution MnSO4(aq.) (X). While a wide range of methods are applied for the refinement of Ni 

and Co, the refinement (j) of MnSO4(aq.) (X) mainly comprises electrowinning to generate 

elemental Mn metal (IV) in the form of flakes, granules, or powder, exhibiting a grade of 

≥99.5%.26, 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 (XIII), an acid leaching with H2SO4(aq.) (n) is applied to recover the respective 

elements in the following operations from a crude nickel cobalt manganese sulfate solution 

NiCoMnSO4(aq.) (XII).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 (IV). 

Starting from the respective metals in elemental form (IV), 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 H2SO4(aq.) followed by recrystallisation (o) as 

the respective battery grade solid metal sulfate NiSO4(s.), CoSO4(s.), and MnSO4(s.)  (XIV). These 

are shipped to battery material manufactures and dissolved in H2O (p) in the desired transition 

metal ratio of the target NCM composition, yielding a mixed metal sulfate solution MSO4(aq.) 

(M consisting of Ni, Co, Mn) (XV). The ensuing production of the pCAM is conducted by 

feeding MSO4(aq.) in a stirred tank reactor (STR) concomitant with either sodium carbonate 

Na2CO3(aq.) to precipitate a mixed metal carbonate MCO3(s.) (XVI), denoted as carbonate CO3
2- 

coprecipitation (q),39-42 or concomitant with sodium hydroxide solution NaOH(aq.) and ammonia 

solution NH3(aq.) to yield a mixed metal hydroxide M(OH)2(s.) (XVII), denoted as hydroxide OH- 

coprecipitation (r).15, 43, 44 During the OH- coprecipitation (s), an equilibrium of the 

coprecipitation reaction of metal cations M2+
(aq.) with OH- anions and of the complexation 

reaction of M2+
(aq.) with ammonia (for which especially Ni exhibits a high affinity) occurs, as 

presented in the following.44 
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MSO4(aq.) + 2 NaOH(aq.) → M(OH)2(s.) ↓ +Na2SO4(aq.) (1) 

M(aq.)
2+

 + n NH3(aq.) ⇌ [M(NH3)]
n(aq.)
2+

 (2) 

 

Further, it is suggested that the coprecipitation of M(OH)2(s.) (XVII) might also occur from the 

metal ammonia complex, which enables controlled crystallization.54 Accruing NH3(aq.) is 

typically recovered in gaseous state by raising the temperature of the wastewater in a stripping 

column to outgas NH3(aq.). 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, 41, 44, 55 Further, a reductive atmosphere, such as nitrogen gas, is maintained in the STR 

to suppress the oxidation of manganese hydroxide Mn(OH)2 to manganese oxo hydroxide 

MnOOH and/or manganese dioxide MnO2. This prevents the formation of undesired side 

phases and reduces impurity uptake.56, 57 

 The underlying reaction of the CO3
2- coprecipitation (q) is given by the ensuing 

expression.39-42 

MSO4(aq.) + Na2CO3(aq.) → MCO3(s.) ↓ +Na2SO4(aq.) (3) 

 

A reductive atmosphere is redundant during CO3
2- coprecipitation as the oxidation of Mn2+ 

cannot occur from the carbonate, and for this reason is advantageous for the synthesis of phase-

pure Mn-rich NCMs.39-41 In contrast to the OH- coprecipitation, the CO3
2- coprecipitation is 

operated in pH-range of 7.5-9.0, which represents the solubility minimum of the respective 

metal carbonates.40, 41 Since the pka-value of NH3 at 23 °C is approximately 9.3, NH3 exists 

below a pH-value of 9.3 in the protonated form as ammonium cation NH4
+,58, 59 which exhibits 

no complexation ability towards metal cations according to equation 2. In light of this, and in 

contrast to academic literature,39-41 the CO3
2- coprecipitation is industrially practiced in the 

absence of NH3(aq.).
42 Apart from morphology control of the resulting pCAM,40 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 (MSO4(aq.)) where the cations are homogenously dissolved.56, 60 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 (LiOH(s.)) or lithium 
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carbonate (Li2CO3(s.)). The solid mixture is then transferred to an industrial kiln and calcined at 

elevated temperatures to produce lithium transition metal oxides LiMO2(s.) (≙ NCMs) (XVIII) 

by solid state synthesis (s, t). Accordingly, the following net reaction for the case of M(OH)2(s.) 

with LiOH(s.)
61, 62 (equation 4) and MCO3(s.) with LiOH(s.)

63 (equation 5), respectively, are 

occurring. 

M(OH)2(s.) + LiOH(s.) +
1

4
 O2(g.)  → LiMO2(s.) +

3

2
 H2O(g.) ↑ (4) 

MCO3(s.) + LiOH(s.) +
 1

4
 O2(g.)  → LiMO2(s.) + CO2(g.) ↑ +

1

2
 H2O(g.) ↑ 

(5) 

 

Based on equation 5, application of MCO3(s.) (XVI) as pCAM for the synthesis of NCMs results 

in a stoichiometric release of carbon dioxide CO2(g.), 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 Li2CO3(s.) is 

employed as lithium source for CAMs, because Li2CO3(s.) decomposes to CO2(g.) at the 

commonly applied calcination temperatures for NCMs of above 700 °C.64 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.65 This may 

have a crucial role in the context of the final LIB application of the CAM,66, 67 since the physical 

properties68-73 and electrochemical performance73-75 are affected by the pCAM that was utilized 

for the synthesis of the CAM. 

 Nevertheless, independent of the synthesis route starting from MSO4(aq.) (XV), large 

amounts of alkaline water contaminated with sodium sulfate Na2SO4(aq.) 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 Na2SO4 is limited, costly wastewater treatment and disposal of Na2SO4 is 

necessary.63 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 MCO3(s.) (XVI) or M(OH)2(s.) (XVII), a physical 

blend of the individual transition metal oxides NiO(s.), CoO(s.) and MnO(s.) (XIX) can be directly 

applied as pCAM for NCM (XVIII).45-50 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, 36 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 oxide76 as well as NCMs from a physical mixture of various transition metal 

precursors such as oxides, nitrates, and/or carbonates77-79 has been known for more than 20 

years, it regained attention as an alternative method for NCM synthesis by both academia45, 46, 

51 and industry.47-50 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”.46 It is assumed that the following solid state reaction is taking 

place during the calcination reaction of the metal oxide blend with LiOH(s.). 

1

x
NiO(s.) + 

1

3y
Co3O4(s.) +

1

z
MnO(s.)  + LiOH(s.) +

7

18
O2(g.) →

            LiNiXCoyMnzO2(s.)
+ H2O(g.)↑ 

(6) 

 

where x, y and z present the mole fraction of Ni, Co, and Mn, respectively, in the target NCM 

LiNixCoyMnzO2(s.). 

 

 For the purpose of cost reduction, it is suggested to utilize class 2 NiO(s.) for the all-dry 

synthesis of Ni-rich NCMs,45 since class 2 NiO(s.) 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 NiO(s.) 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.21 This corresponds to ~5% of the total annual Ni production worldwide.18 

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),68, 70-73 the irregular-shaped distinctive metal oxides are milled, physically mixed, 

and granulated prior to the calcination reaction within the all-dry route (w).45, 47-50 However, 

these techniques are known to yield aspherical granulates with void fractions.45, 80, 81 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,82, 83 but also excessive internal porosity in CAM 

particles that lowers the volumetric energy density of the LIB.66, 67 Further, the irregular shape 

of particles decreases powder flowability,84-89  which negatively affects powder production.84 
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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.56, 60 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.90-92 This particle architecture originates from the coprecipitation reaction of 

pCAM and can be transferred to the CAM after calcination.90-92 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.93-96 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,93, 94, 97 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,46 which otherwise cannot be 

achieved at the lower calcination temperatures applied for the synthesis of conventional NCM 

materials by the all-dry method (v).60 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.46 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 (XIV).45, 46, 98 

 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 (I, V, VIII) 

or secondary by recycling (XI), every process route shares crude metal sulfate solution 

MSO4(aq.) (M = Ni, Co for III 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 (IV) 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.20, 21, 26-30, 34, 35 If Ni, Co, and Mn are emerging from 

the same raw material source and therefore, are accrued together as a crude MSO4(aq.), it is 

pointless in the context of NCM production to isolate the metals separately and refine them 

individually to only mix (p) the elements (XIV) together again to give a battery grade MSO4(aq.) 

(XV) for the pCAM synthesis. To save cost, the metals can be purified simultaneously as a 

MSO4(aq.) 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
2- (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 MSO4(aq.) of minimum required grade can be employed as 

starting material for the OH- coprecipitation or CO3
2- coprecipitation (w) to produce M(OH)2(s.) 

or MCO3(s.), 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 MSO4(aq.) solution derived from hydrometallurgically treated black mass 

against commercially available NCM111, demonstrating comparable electrochemical 

performances for 11 Ah cells.68 This was also proven for other NCM chemistries such as 

NCM523,99 NCM622,99 and NCM811100 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.52, 101, 102 The impact of 

common impurities that are present in an MSO4(aq.) feedstock derived from black mass, such as 

Al,103 Cu,104 Li,105 and Mg106 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.103-106 These approaches can also be 

transferred to crude metal sulfate solutions (III, 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)107, 108 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)2(s.) (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 pCAM particles (I),15, 43, 44 their calcination with a lithium compound to yield 

a raw NCM product (II),109-111 and the final  posttreatment of the latter to give a treated NCM 

(III) that is ready to be used as CAM in a LIB application.112 

 

 

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

cobalt manganese oxides (i.e., NCMs ≙ LiMO2(s.)) as cathode active material (CAM) for 

lithium-ion batteries (LIBs). The manufacturing process can be divided into three major steps: 

(I) coprecipitation, (II) calcination and (III) posttreatment. During coprecipitation (I), an 

aqueous mixed metal sulfate MSO4(aq.) (a) is continuously fed alongside aqueous sodium 

hydroxide solution NaOH(aq.) and aqueous ammonia solution NH3(aq.) into a stirred tank reactor 

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

the subsequent calcination step (II), the coprecipitated M(OH)2(s.) particle powder (b) is mixed 

with a lithium compound (lithium hydroxide LiOH(s.) or lithium carbonate Li2CO3(s.)) and 

calcined in a roller hearth kiln (RHK) at elevated temperatures in an oxygen O2(g.) or synthetic 

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

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

LiMO2(s.) (d). The top view SEM images exemplarily depict M(OH)2(s.) (e) and LiMO2(s.) (f) 

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

LiMO2(s.) 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,15, 43, 44 the calcination,109-111 and the posttreatment,112 while the 

displayed SEM images present internal data from BASF SE. 
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 The OH- coprecipitation (I) is conducted by simultaneously feeding MSO4(aq.) (a), 

NaOH(aq.), and NH3(aq.) into an STR operated under N2(g.) atmosphere. After the completed 

reaction, the solid slurry is collected, washed, and dried to obtain M(OH)2(s.) as a solid powder 

(b).15, 43, 44 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 10.0-13.05, 

41, 44, 55 in order to favor the reactions given by equation 1 and 2.15, 43, 44 The thereby attained 

secondary particles exhibit particle sizes in the lower micron range (4-16 µm) and are composed 

of numerous plate-like primary particles in the submicron range (exemplarily depicted in Figure 

4e).56, 74, 113-115 It is suggested that the primary particles consist of various crystallites115 which 

are micro-structurally related to layered, hexagonal brucite-type β-Ni(OH)2.
54, 113, 116-118 Further, 

an elemental mixing on an atomic scale in the M(OH)2(s.) particle is achieved since the metal 

cations are coprecipitated from liquid phase.56, 60 The course of the coprecipitation (growth rate, 

nucleation rate, agglomeration, etc.) and the M(OH)2(s.) 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),119 the reaction 

time,113, 120-122 the coprecipitation pH-value,43, 113, 114, 120, 121, 123 the temperature,120, 121, 124 the 

NH3(aq.) concentration,43, 114, 120, 122, 125 the flow rates,126 the turbulence controllable by the 

stirring speed,43, 114, 120, 121 and the composition of the reactor’s gaseous atmosphere,56, 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 properties128-131 and/or heterogenous elements (commonly referred to as 

dopants) such as Al,132, 133 Mg,132, 134, 135 Ti,134 Zr,134, 135 W,136-138 Nb,134 and Mo138 can be 

coprecipitated into M(OH)2(s.) particles to modify the microstructural and physical properties of 

the M(OH)2(s.) pCAM, which ultimately affects the electrochemical properties of the final 

NCM. 

 In the subsequent calcination process (II), the M(OH)2(s.) powder (b) is blended with a 

lithium compound such as LiOH(s.) or Li2CO3(s.) 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 

O2(g.) or synthetic air atmosphere in order to convert the powder mixture to LiMO2(s.) (≙ NCM) 

powder (c).109-111 The net solid-state reaction if LiOH(s.) 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)2(s.) to MO(s.) with a rock-salt crystal structure, ii) the decomposition 

of Li(OH)(s.) to lithium oxide Li2O(s.), iii) the lithiation reaction to form layered NCM with a 

hexagonal α-NaFeO2 crystal structure, and iv) finally growth of the individual NCM 
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crystallites.61, 139 Despite several phase transitions occurring during the calcination reaction, the 

secondary particle structure of the M(OH)2(s.) pCAM is maintained after the calcination at high 

temperatures and is transferred to the NCM CAM.69-72 Therefore, the M(OH)2(s.) pCAM can be 

considered as template for the final NCM, which is indicated by the SEM images depicting 

exemplarily an M(OH)2(s.) (Figure 4e) and an LiMO2(s.) CAM secondary particle (Figure 4f). 

Consequently, it is widely acknowledged that the NCM electrochemical performance is affected 

by the associated pCAM utilized for synthesis.73-75 Analogous to the coprecipitation reaction 

(I), a vast assortment of process variables exists during the calcination (II) 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.61, 62, 69, 82 The employed lithium salt,61 

the Li equivalents per mol transition metal in M(OH)(s.),
62, 82 the atmosphere in the oven and the 

exchange thereof per time,140 the total solid loading as well as the corresponding architecture 

of the powder bed in the ceramic vessels,61, 141 and the kiln design present additional process 

parameters.61, 142 Further, multi-step calcination profiles61, 94, 143 and/or particle growth 

amplifiers144 can be employed to improve the manufacturing throughput and/or tailor the 

product properties. Besides the coprecipitation reaction (I), the calcination (II) offers likewise 

an opportunity to incorporate dopant-elements such as Al,145 B,146, 147 F,148 Mg,145, 149 Ti,145 

Zr,145, 150, 151 W,152 Sn,90 and Ta145, 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.132, 154-156 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, 135 

 The raw NCM product (c) attained by calcination (II) is subsequently subjected to a 

posttreatment (III) like washing and/or coating in order to produce the final treated NCM 

particles (d).112 Figure 4g exemplarily depicts a cross-sectionally sliced LiMO2(s.) secondary 

particle (blue) exhibiting a coating (yellow). The washing is conducted to remove Li residuals 

(e.g., Li2CO3(s.)) originating from the calcination reaction (II), 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,82, 157 but also prevents down-stream issues by Li 
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residuals such as ink-gelation during electrode casting158 and detrimental side reactions in the 

LIB cell.159 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 NiO(s.) in the near surface region of 

the NCM particles.157, 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,160 

the water to CAM ratio,157 the washing time,157 and the washing temperature,162 as well as the 

drying temperature of the washed NCM.157, 160 Further, specialized washing techniques such as 

acid163 or buffer washing162 can be employed for specific NCM chemistries. To mitigate 

performance loss by material degradation during cycling in the LIB application,5 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.164 

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.165 Commonly applied coating elements are W,166 Ti,167, 168 Zr,156, 165, 169 Al,155, 165, 170 

La,165 Co,164 B,164 and Nb.171 Again, various process parameters exist to apply a coating and to 

modify the coating properties (coating thickness, homogeneity, etc.) such as coating substrate 

concentration,171 wet or dry coating,170 annealing temperature,155 and reactivity of the coating 

element with Li compounds or Li residuals.164, 169, 171 

 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 (I) comprises 10 process parameters, while the 

calcination (II) and posttreatment (III) each have 13 process parameters (application of doping 

elements or additives during the coprecipitation (I) and calcination (II), 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 pCAM 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 chemistries67, 94, 96 even 

including the calcination parameters,61, 62 the lithiation mechanism occurring during the 
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calcination process reaction61, 139 leading to the use of two-stage calcination profiles for 

optimized physical properties,94, 143 or the transfer of the M(OH)2(s.) particle morphology to the 

NCM.68-73 Despite this impressive work, a certain knowledge gap persists, especially regarding 

the OH- coprecipitation to generate the M(OH)2(s.) 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.39, 43, 121, 123 Since 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)2(s.) particle formation and growth during 

the coprecipitation reaction to contribute to an efficient manufacturing of excellent NCMs for 

high-performing LIBs 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 pCAM particles for NCM 

CAM particles, both OH- and CO3
2- coprecipitation39-42, 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)56 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 Ni2+, Co2+, and Mn2+. Therefore, an STR setup suitable for the investigation of the 

M(OH)2 coprecipitation mechanism was developed in this work. The piping and 

instrumentation diagram (PID) of the designed STR system is given in Figure 5. 

 

 

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 MSO4(aq.) and NH3(aq.) 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 l 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 NaOH(aq.) is fed into the reactor by a 

cylinder stroke pump P3 (6.0-240.0 ml/h) from the NaOH(aq.) 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(aq.) 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(g.) atmosphere inside 

the reactor can be generated by a N2(g.) stream from the N2(g.)  laboratory supply line, which can 

be controlled by a flow meter (0.1-5.0 Nl/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, MSO4(aq.) and NH3(aq.), were conveyed from the respective 2.0 l feed tanks 

(3a and b, respectively) by membrane pumps (4a and b, respectively; Bischoff, HDP Pump 

multitherm 200 for MSO4(aq.) and Bischoff, HDP Pump multitherm 3351 for NH3(aq.)) through 

0.5 mm Teflon tubes to the STR (1). These tubes entered the vessel through the respective feed 

inlets (5a and 5b). The NaOH(aq.) 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(aq.) was fed through a 0.5 mm Teflon tube that entered 

the STR through the respective feed inlet (5c). The N2(g.) stream from the N2(g.) 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 (a) and the corresponding cap of the STR (b) is schematically depicted in Figure 7  

 

 

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 N2(g.) 

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 

MSO4(aq.) inlet (7) was located 40 mm from the NH3(aq.) inlet (8) and 80 mm from the NaOH(aq.) 

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 NH3(aq.) 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 l), in smaller setups (<1 l), 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 MSO4(aq.) feed entry, because alkaline reaction suspension is being 

pushed into the feed inlet of the acidic MSO4(aq.) solution by the turbulent flow in the STR 
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induced by the mechanical stirring. This leads to plugging of the MSO4(aq.) feed inlet, thus 

generating pressure loss in the conveying system, which in turn then decreases the effective 

MSO4(aq.) 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 l) this problem is rarely encountered, as the absolute volumetric flow rates are 

intrinsically higher than for smaller STRs (<1 l), 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,172 but in 

the case the formation of a solid reaction product  can result in crystal fouling and the formation 

of undesired crystal deposits.84 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 pCAM 

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 NaOH(aq.) 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 l) 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 l), 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 l, 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,82 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.173 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 µm. 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 µm. 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.173 

 Since the particle size of CAMs and pCAMs ranges from 2-20 µm, 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 pCAM powder was homogenously 

dispersed in H2O, 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 H2O 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 

Ni0.8Co0.1Mn0.1(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 µm 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 Ni0.8Co0.1Mn0.1(OH)2 material in Figure 8 (for detailed information about 

the SEM method, see section 2.3). 

 

 

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

for an exemplary sample of Ni0.8Co0.1Mn0.1(OH)2 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 Ni0.8Co0.1Mn0.1(OH)2 particles taken at 1 k magnification by application of image J174 (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 µm and a large modal in 

the range of 3.4-12.0 µm. 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 µm 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 pCAM 

PSDs by light scattering. Hackley et al. observed a similar artefact in their analysis of aluminum 



Experimental section 

 

33 

 

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.173 In light 

of these results, the Mie theory was utilized as model for the evaluation of the PSD of pCAMs 

by light scattering. 

 When conducting a PSD analysis of reaction suspension samples from the operating 

STR containing mother liquor and Ni0.8Co0.1Mn0.1(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 d10, d50, and d90 were determined. The span σ was 

calculated according to the following equation. 

 

σ = 
d90 − d10

d50
 (7) 

 

 pH-value measurement – Besides light scattering for the determination of the PSD of 

the Ni0.8Co0.1Mn0.1(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® SemI 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 HCl(aq.). This approach proves especially beneficial for pH-values >12.7, where the so-

called alkaline error can falsify the pH-probe measurement.175 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 

digestion176 for monitoring the NH3(aq.) concentration during the coprecipitation as well as for 

deconvoluting the overall OH- concentration into free OH- and OH- originating from NH3(aq.). 

 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 NH3(aq.) concentration in the mother liquor. 

 

 

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

oxidation of Mn2+ in Ni0.8Co0.1Mn0.1(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(g.) 

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

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

[Ni(NH3)x]
2+

(aq.) complex that colors the mother liquor progressively blue with increasing 

NH3(aq.) 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)2(s.) to MnOOH(s.) and/or 

MnO2(s) in the precipitated M(OH)2(s.) is prevented by conducting the coprecipitation reaction 

under inert atmosphere, typically N2(g.).
56, 127 Since MnOOH(s.) is a light brown solid and MnO2(s) 

is a dark brown/black solid while Mn(OH)2(s.) is a cream-colored/white solid,27 the former two 

turn a mixed NiCoMn(OH)2(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)2(s.), which originates from Ni(OH)2(s.).
177 

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(g.) flow tube, etc.) and the oxidation of Mn2+ in the M(OH)2(s.) precipitate must have occurred 

inside the STR. This is exemplarily demonstrated in Figure 9a. 

 If the coprecipitation reaction of a Ni containing NiCoMn(OH)2(s.) is practiced in the 

presence of NH3(aq.), the complexation of Ni2+
(aq.) occurs, which results in the formation of an 

ammonia-nickel complex [Ni(NH3)6]
2+

(aq.). The appearance of this complex colors the aqueous 

mother liquor blue.178 Therefore, if M(OH)2(aq.) is precipitated at medium to high NH3(aq.) 

concentrations, a blue coloring of the mother liquor indicates the presence of NH3(aq.). This 

means in turn that the lack of a blue color at medium to high NH3(aq.) concentrations must be 

due to a loss of NH3 from the reaction mixture (e.g., due to excessive N2(g.) flow removing NH3 

from the aqueous phase, etc.). This is exemplarily shown in Figure 9b. Based on the strong 

color of the [Ni(NH3)6]
2+

(aq.) complex, the Ni2+ concentration can be also quantitatively 

determined by colorimetric determination.178 

 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 trun. 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 Vtotal and of the volume of the formed M(OH)2 VM(OH)2 with 

progressing batch run time trun. In contrast, during continuous operation (see Figure 10b), the 

summed-up volumetric flow rates of reactants V̇in equals the volumetric flow rate of reaction 

suspension leaving the system V̇out via the overflow. Thus, Vtotal and VM(OH)2 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 N2(g), charged with deionized H2O, and 

NH3(aq.) was added to achieve the desired starting liquid volume and NH3(aq.) 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 MSO4(aq.) and NH3(aq.) 

into the reactor, while the NaOH(aq.) 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 trun, the reactant flows were stopped, 

the obtained product suspension was collected, filtered, washed with H2O in a 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 H2SO4(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 H2O instead of H2SO4(aq.). 

 Tracking the development of the average volume-based percentile particle sizes d10, d50, 

and d90 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)67, 82 as well 

as the processing thereof.84 In this work, the morphology of coprecipitated 

Ni0.8Co0.1Mn0.1(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,43, 114 primary particle size,127 orientation 

of primary particles,91 secondary particle sphericity,43, 114 porosity,127 and/or the homogeneity 

within and/or between particles.60 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.61, 82 

 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 pCAM 

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 Ni0.8Co0.1Mn0.1(OH)2 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.179 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.180 

 

C = 
Aparticle

 Aeq.  circle  
=

4πAparticle

Pparticle
2  (8) 

 

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 Pparticle as the particle (C 

equals one for a perfect circle). 

 

 On average, 60-100 particles per Ni0.8Co0.1Mn0.1(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,174 which is exemplarily given in Figure 13. 

 

 

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

Ni0.8Co0.1Mn0.1(OH)2 secondary particles by SEM image analysis. An exemplary top view SEM 

image at 1 k magnification of Ni0.8Co0.1Mn0.1(OH)2 secondary particles is shown a) before and 

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

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

of Ni0.8Co0.1Mn0.1(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 C50 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 Ni0.8Co0.1Mn0.1(OH)2 secondary particles at various 

magnifications by applying ImageJ.174 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. 

 

deq. = 2√
Asegm.  area

π
 (9) 

 

The area of approximately 50 secondary particle centers per Ni0.8Co0.1Mn0.1(OH)2 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 Ni0.8Co0.1Mn0.1(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.174 b) Corresponding volume-based particle size distribution of Ni0.8Co0.1Mn0.1(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 Ni0.8Co0.1Mn0.1(OH)2 secondary particles taken at 50 k magnification 

applying ImageJ software.174 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 Ni0.8Co0.1Mn0.1(OH)2 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. 

 

Figure 15: a) Exemplary SEM image of a Ni0.8Co0.1Mn0.1(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.174 b) Corresponding formulated number 

distribution histogram of vertical primary particle size in a Ni0.8Co0.1Mn0.1(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.181 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.82, 182 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.181 

In section 3.1.1 and 3.1.2, N2 physisorption was conducted by degassing the 

Ni0.8Co0.1Mn0.1(OH)2 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 Ni0.8Co0.1Mn0.1(OH)2 secondary particles. Figure 15 depicts 

exemplarily N2 isotherms obtained for a porous and a dense Ni0.8Co0.1Mn0.1(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/p0 

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 N2(g.) into the mesoporous network of the sample.181 

 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/p0 ≤ 0.20-0.30 (see Figure 16) by applying the relationship 

1/(VN2,ads (p0/p-1)) against p/p0 allows to determine the BET SSA.181 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.67, 82 
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Figure 16: Exemplary adsorption and desorption isotherms for a pCAM with porous (squares, 

light green) or a pCAM with dense Ni0.8Co0.1Mn0.1(OH)2 secondary particles (circles, dark 

green) obtained by N2 physisorption. The relevant relative pressure ranges p/p0 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 

Ni0.8Co0.1Mn0.1(OH)2 pCAM exhibited a BET SSA of 6.7 m2/g and intra-particle porosity of 

5.5%, while the porous Ni0.8Co0.1Mn0.1(OH)2 pCAM exhibited a BET SSA of 24.8 m2/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/p0-valuesN2 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.183 

 

rK = 
−2 γ VN2,m

R T ln (
p

p0
)
 (10) 
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where γ is the surface tension of liquid N2 at 77 K (= 8.85x10-7 J/cm2), VN2,m is the molar 

volume of liquid N2 (= 34.7 cm3/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/p0 ≥ 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 Ni0.8Co0.1Mn0.1(OH)2 secondary particle structure was estimated to be <200 nm. Therefore, 

the porous structure of the Ni0.8Co0.1Mn0.1(OH)2 secondary particles investigated in this work 

will be filled with liquid N2 at a relative pressure of p/p0 = 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.181 

 

VN2,liquid = VN2,ads ∙
ρN2,STP

ρN2,liquid
 (11) 

 

where VN2,liquid is the specific liquid N2 volume intruded into the particles pores, VN2,ads is the 

total amount of the measured adsorbed N2 at a relative pressure of p/p0 ≈ 0.995, ρN2,STP is the 

density of N2 at standard temperature 273.15 K and pressure 101325 Pa (= 1.25 mg/cm3), and 

ρN2,liquid is the density of liquid N2 at 77 K (= 0.809 g/cm3). 

 

 At relative pressure ranges of p/p0 ≈ 0.995, the determined intrusion volume of N2 was 

entirely allocated to intra-particle porosity ɛintra, which then can be calculated according to the 

following expression.184 

 

εintra = 
VN2,liquid

VN2,liquid + 
1

ρ
cryst.

 
(12) 

 

where ρcryst. is the crystallographic density of the investigated compound. In the case of 

Ni0.8Co0.1Mn0.1(OH)2, a molar averaged crystallographic density of 3.96 g/cm3 was assumed, 
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based on the crystallographic density of Ni(OH)2 (= 4.1 g/cm3), Co(OH)2 (= 3.6 g/cm3) and 

Mn(OH)2 (= 3.26 g/cm3) 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,185 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 

Ni0.8Co0.1Mn0.1(OH)2 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.176 The microstructural properties of synthesized 

Ni0.8Co0.1Mn0.1(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.186 To visualize the degree of layer 

orientation on an atomic level in the crystals of synthesized Ni0.8Co0.1Mn0.1(OH)2 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 Ni0.8Co0.1Mn0.1(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 SO4
2- adsorption equilibrium during the coprecipitation 

reaction of Ni0.8Co0.1Mn0.1(OH)2 was identified, which determines the SO4
2- uptake in 

Ni0.8Co0.1Mn0.1(OH)2, the crystallinity, and the vertical size of primary particles affecting the 

secondary particle porosity. Further, the implications of other anion systems (acetate CH3COO- 

and nitrate NO3
-) on the secondary particle morphology due to distinctive anion adsorption 

affinities can be well understood based on the Fajans-Paneth-Hahn law for crystallization.187 
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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-Ion 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 243rd Meeting of the Electrochemical Society in Boston, Massachusetts, May 28th–June 2nd, 

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.5, 

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.5, 43, 56 Thereby, the secondary 

particle structure of the pCAM is transferred to the CAM.68, 70-72 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.84-89 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.84 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 

Ni0.8Co0.1Mn0.1(OH)2 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 Ni0.8Co0.1Mn0.1(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. 

 

Author contributions 

R.B.B. carried out the coprecipitation experiments, the processing of data from analytical 

measurements as well as the calculations. All authors discussed and commented the data, as 

well as the conclusions. R.B.B. wrote the manuscript. T.B., L.M., and H.A.G. edited the 

manuscript. 
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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-Ion 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 242nd 

Meeting of the Electrochemical Society in Atlanta, Georgia, October 9th-13th, 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.13, 188 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 (MSO4(aq.)).
13, 56 The thereby attained 

secondary particles are comprised of numerous primary particles.56, 74, 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.68, 70-72 In this 

context, it was demonstrated that the morphology and electrochemical performance of NCMs 

is affected by the physical properties of the respective pCAM utilized for synthesis.73-75 So far, 

the relationship between coprecipitation parameters and pCAM morphology were primarily 

studied in an empirical manner.43, 121 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)2 particle formation, ten 

distinctive Ni0.8Co0.1Mn0.1(OH)2 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 Ni0.8Co0.1Mn0.1(OH)2 powders revealed 

a pH-dependent SO4
2- adsorption equilibrium, which determines the SO4

2- uptake in the 

Ni0.8Co0.1Mn0.1(OH)2 pCAM during the coprecipitation reaction. Investigation of the 

precipitates by X-ray diffraction shows that the SO4
2- not only governs the crystallinity of the 

Ni0.8Co0.1Mn0.1(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
2- adsorption, Ni0.8Co0.1Mn0.1(OH)2 was precipitated at constant pH-value but using 

different metal feed stocks (MX(aq.), with X = SO4
2-, (NO3

-)2, (CH3COO-)2). The resulting 

distinct physical properties of the Ni0.8Co0.1Mn0.1(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.187 Further, desorption experiments present 

options to reduce the amount of residual SO4
2- after the Ni0.8Co0.1Mn0.1(OH)2 particle formation 

has been completed. In the end, pCAM design rules are discussed based on the findings of this 

work. 

 

Author contributions 

R.B.B. carried out the coprecipitation experiments and the processing of data from analytical 

measurements. All authors discussed and commented the data, as well as the conclusions. 

R.B.B. wrote the manuscript. T.B., L.M., and H.A.G. edited the manuscript. 
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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 Ni0.8Co0.1Mn0.1(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. 

 

 

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

stage N0.8Co0.1Mn0.1(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
2- adsorption equilibrium governing the secondary 

porosity of the resulting N0.8Co0.1Mn0.1(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 Ni0.8Co0.1Mn0.1(OH)2 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 Ni0.8Co0.1Mn0.1(OH)2 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 pCAM 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 pCAM 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 

Ni0.8Co0.1Mn0.1(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 SO4
2- adsorption equilibrium that governs the 

SO4
2- uptake during the coprecipitation reaction. This in turn affects the crystallinity of the 

resulting Ni0.8Co0.1Mn0.1(OH)2 powders determined by X-ray diffraction. Further, it is shown 

by examination of individual reflexes in the diffraction patterns of crystalline 

Ni0.8Co0.1Mn0.1(OH)2 that the SO4
2- adsorption also regulates the vertical crystal growth 

crystallites due to preferred SO4
2- adsorption on the (001)-plane. This effect influences the 

Ni0.8Co0.1Mn0.1(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 Ni0.8Co0.1Mn0.1(OH)2 

precipitated from different MX(aq.) (with X = SO4
2-, (NO3

-)2, (CH3COO-)2) 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 Ni0.8Co0.1Mn0.1(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 SO4
2- 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)2. This limits 

the residual SO4
2- uptake during the coprecipitation reaction and yields a product with a 

reasonable crystallinity. While SO4
2- itself is electrochemically inactive, thus not causing 

undesired side-reactions in the LIB application, residual SO4
2- in the pCAM results in undesired 

Li consumption during the calcination reaction due to the formation of lithium sulfate 

Li2SO4(s.).
189 This leads to an under-lithiated CAM as well as a carryover of Li2SO4(s.) 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
2- 

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 NaOH(aq.), 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 density66 against the CAM-to-electrolyte interface area, which governs the 

electrochemical performance,67 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 pCAM 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, NH3(aq.) 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.124 

This agrees well to the in this work demonstrated pH-dependent SO4
2- adsorption equilibrium 

that governs the Ni0.8Co0.1Mn0.1(OH)2 secondary particle porosity during coprecipitation 

reaction. Since adsorption processes are exothermic, a decrease in SO4
2- 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 MSO4(aq.) feed originating from a LIB recycling 

process on the coprecipitation reaction and the resulting pCAM properties in light of the Fajans-

Paneth-Hahn law187 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 pCAM coprecipitation, crystallization. Therefore, a vast amount of the insights available in 

the field of crystallization can be transferred and applied in pCAM research. 

 Finally, pCAM-property-CAM-property/performance relationships could be tackled in 

detail by forthcoming researchers. While it is known that the physical properties69-72 and the 

electrochemical performance73-75 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.73 However, the precise details of the 

crystal growth during the calcination of various pCAM 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 (Vtotal) and mass of formed mixed metal hydroxide, hence volume of 

formed mixed metal hydroxide (VM(OH)2), with progressing batch run time (trun). Due to 

solubilities of the respective metal hydroxides being < 200 ppm in the coprecipitation pH-range 

of 11.0-13.0,44, 55 a complete conversion of the aqueous mixed metal sulfate solution (MSO4(aq.), 

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 (V̇in) remained constant, then VM(OH)2 of the 

formed Ni0.8Co0.1Mn0.1(OH)2 particles is a function of trun and the following expression is valid. 

 

 VM(OH)2
= 

V̇MSO4 trun cMSO4 MM(OH)2

ρcryst. 
 (13) 

 

where V̇MSO4 is the volumetric flow rate of MSO4(aq.) (= 18.0 mL/h), cMSO4 is the concentration 

of the MSO4(aq.) solution (= 2.6 mol/L), MM(OH)2 is the molar averaged molar mass of 

Ni0.8Co0.1Mn0.1(OH)2 (= 91.93 g/mol), and ρcryst. is the crystallographic density of 

Ni0.8Co0.1Mn0.1(OH)2. A molar composition averaged crystallographic density of 3.96 g/cm3 is 

assumed based on the crystallographic density of Ni(OH)2 (= 4.1 g/cm3), Co(OH)2 

(= 3.6 g/cm3) and Mn(OH)2 (= 3.26 g/cm3) as well as considering  the transition metal ratio of 

8/1/1. 

 

 By approximation of the Ni0.8Co0.1Mn0.1(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 (d50) by light scattering. 

 

Vpar.= 
4

3
π(

d50

2
)3 (14) 

 

Given that V̇SO4  remains constant throughout the batch coprecipitation, and considering 

equation 13 and 14, the determined d50 of Ni0.8Co0.1Mn0.1(OH)2 particles at any trun should then 

correlate linearly with the third root of trun, as given by the ensuing relationship. 
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d50= √
6

𝜋
∙

V̇MSO4 cMSO4 MM(OH)2

ρcryst.

3

 ∙ √
 trun

Npar.

3
  ∝   √trun

3   (for  Npar.= constant) (15) 
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Figure 1: Mass (a) and cost (b) breakdown of a lithium-ion battery pack, comprised of 

LiNi0.6Co0.2Mn0.2O2-graphite 240 cells and divided in to 20 modules (the data to produce the 

figure were taken from Nelson et al,9 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. ................. 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, 2021.18 ....................................................................................... 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 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 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,21, 34-36 cobalt,20 

and manganese,26, 27 as well as lithium-ion battery recycling.28-30, 37, 38 The information about 

the distinctive CAM synthesis routes was taken from scientific and patent literature for the 

carbonate (q),39-42 hydroxide (r),15, 43, 44 all-dry (v),45-51 and direct route (w).52, 53 ............... 10 

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

cobalt manganese oxides (i.e., NCMs ≙ LiMO2(s.)) as cathode active material (CAM) for 
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lithium-ion batteries (LIBs). The manufacturing process can be divided into three major steps: 

(I) coprecipitation, (II) calcination and (III) posttreatment. During coprecipitation (I), an 

aqueous mixed metal sulfate MSO4(aq.) (a) is continuously fed alongside aqueous sodium 

hydroxide solution NaOH(aq.) and aqueous ammonia solution NH3(aq.) into a stirred tank reactor 

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

the subsequent calcination step (II), the coprecipitated M(OH)2(s.) particle powder (b) is mixed 

with a lithium compound (lithium hydroxide LiOH(s.) or lithium carbonate Li2CO3(s.)) and 

calcined in a roller hearth kiln (RHK) at elevated temperatures in an oxygen O2(g.) or synthetic 

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

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

LiMO2(s.) (d). The top view SEM images exemplarily depict M(OH)2(s.) (e) and LiMO2(s.) (f) 

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

LiMO2(s.) 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,15, 43, 44 the calcination,109-111 and the posttreatment,112 while the 

displayed SEM images present internal data from BASF SE. ........................................ 19 

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. .................................................................... 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. .................. 27 

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

for an exemplary sample of Ni0.8Co0.1Mn0.1(OH)2 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 Ni0.8Co0.1Mn0.1(OH)2 particles taken at 1 k magnification by application of image J174 (blue). 

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

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

oxidation of Mn2+ in Ni0.8Co0.1Mn0.1(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(g.) 

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

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

[Ni(NH3)x]
2+

(aq.) complex that colors the mother liquor progressively blue with increasing 

NH3(aq.) 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. .................... 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)2 volume and mass are a function of the batch run time trun. 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. ............................................... 36 

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

Ni0.8Co0.1Mn0.1(OH)2 secondary particles by SEM image analysis. An exemplary top view SEM 

image at 1 k magnification of Ni0.8Co0.1Mn0.1(OH)2 secondary particles is shown a) before and 

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

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

of Ni0.8Co0.1Mn0.1(OH)2 secondary particles determined by automated (filled) and manual 

segmentation (unfilled). ......................................................................................... 39 

Figure 14: a) Exemplary CS-SEM image of a cross-sectionally sliced Ni0.8Co0.1Mn0.1(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.174 b) Corresponding volume-based particle size distribution of Ni0.8Co0.1Mn0.1(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. ... 41 

Figure 15: a) Exemplary SEM image of a Ni0.8Co0.1Mn0.1(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.174 b) Corresponding formulated number 

distribution histogram of vertical primary particle size in a Ni0.8Co0.1Mn0.1(OH)2 secondary 
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particle obtained by analysis of approximately 100 primary particles by SEM image 

segmentation. ...................................................................................................... 41 

Figure 16: Exemplary adsorption and desorption isotherms for a pCAM with porous (squares, 

light green) or a pCAM with dense Ni0.8Co0.1Mn0.1(OH)2 secondary particles (circles, dark 

green) obtained by N2 physisorption. The relevant relative pressure ranges p/p0 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 

Ni0.8Co0.1Mn0.1(OH)2 pCAM exhibited a BET SSA of 6.7 m2/g and intra-particle porosity of 

5.5%, while the porous Ni0.8Co0.1Mn0.1(OH)2 pCAM exhibited a BET SSA of 24.8 m2/g and 

intra-particle porosity of 26.4%. .............................................................................. 44 

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

stage N0.8Co0.1Mn0.1(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
2- adsorption equilibrium governing the secondary 

porosity of the resulting N0.8Co0.1Mn0.1(OH)2 secondary particles, described in section 3.1.2.
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