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Executive summary 

Process technologies for nanoparticles represent an unprecedented challenge and 

opportunity. This opportunity can be tapped by continued innovation brought 

through research at and across the process scale, particle scale, and perhaps right 

down to the molecular and atomic scale. Particle formulation products can be simple 

dispersions of well-structured and shaped particles, thin films, or formulated 

products of complex hierarchical particle assemblies. The ability to construct and 

control the process-structure and structure-property relations is necessary if particle 

processing knowledge is to springboard into next generation products through 

scalable and sustainable manufacturing. This consequently will lead to far-reaching 

societal and environmental benefits and advancement of chemical engineering 

sciences. This thesis is concerned with enabling this ability to characterize and explain 

process-structure-property relations. Apart from model systems, the particle systems 

I have studied here include materials for energy conversion and storage such as fuel 

cell catalyst inks and battery slurries. Despite the great importance of ink formulation 

for the high-performance electrode layers in fuel cells and batteries, their 

optimization is largely empirical. Moreover, the literature consists of contradictory 

data, partly because of the huge parameter space (e.g., particle selection, solvent 

selection, fabrication process) and partly due to the lack of approaches to determine 

the surface properties of particles for quality control and their effect on subsequent 

process and solvent selection. Further complexity arises from the application-related 

high solids concentrations and the use of binders/additives resulting in a 

multicomponent system. This work presents the methods to characterize such 

systems comprehensively, embracing the complexity of the formulation. I prepared 

nanoparticle dispersions and performed particle characterization experiments such 

as the evaluation of surface properties and rheology. The aim here is to investigate the 

systems at their technical concentrations, without altering the sample integrity. I use 

a comparatively new analytical technique for the measurement of such complex multi-
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material particle systems, namely analytical centrifugation. Further, I propose and 

developed novel data processing workflows using the characterization measurement 

data. Among these data processing methods, first I describe transmittograms that 

allow facile visualizations for settling assemblages. I show how they can be used to 

draw information about the particles in suspension from sedimentation dynamics and 

rationalize observations made regarding agglomeration phenomena and particle size. 

Secondly, I describe stability trajectories, which provide a quantitative framework for 

assessing the heterogeneity in the formulation. Together, by using these procedures, I 

demonstrate how temporal and spatial patterns can be extracted from them to bridge 

the process-structure-property relationships. Finally, I propose and describe a 

combinatorics-based approach, which provides a deterministic framework for the 

evaluation of the Hansen solubility parameters of particles. Overall, these procedures 

and tools equip formulators and facilitate the study and development of particle-

based formulations.
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Zusammenfassung 

Prozesstechnologien fu r Nanopartikel stellen eine noch nie dagewesene 

Herausforderung und Chance dar. Diese Chance kann durch kontinuierliche 

Innovation genutzt werden, die durch Forschung auf der Prozess- und Partikelebene 

und vielleicht sogar bis hinunter zur molekularen und atomaren Ebene erreicht wird. 

Bei den Partikelformulierungen kann es sich um einfache Dispersionen von gut 

strukturierten und wohldefiniert geformten Partikeln, um du nne Filme oder um 

formulierte Produkte aus komplexen hierarchischen Partikelzusammenlagerungen 

(sog. Assemblierungen) handeln. Die Fa higkeit, Prozess-Struktur- und Struktur-

Eigenschaftsbeziehungen zu verstehen und gezielt einzustellen ist erforderlich, um 

das Wissen u ber die Partikelverarbeitung fu r eine skalierbare und nachhaltige 

Erzeugung partikula rer Produkte der na chsten Generation zu nutzen. Dies bringt 

weitreichende Vorteile fu r die Gesellschaft und die Umwelt und wird nicht zuletzt den 

gesamten Bereich des Chemieingenieurwesens voranbringen. In dieser Arbeit geht es 

darum, die Fa higkeit zur Charakterisierung und damit verbundene Aufkla rung von 

Prozess-Struktur-Eigenschafts-Beziehungen im Bereich der Formulierung zu 

ermo glichen. Zu den von mir untersuchten Partikelsystemen geho ren neben 

Modellsystemen auch Materialien fu r die Energiewandlung und -speicherung wie 

Katalysatortinten fu r Brennstoffzellen und Slurries fu r Batterien. Trotz der großen 

Rolle, die die Tintenformulierung fu r die Hochleistungselektrodenschichten in 

Brennstoffzellen und Batterien spielt, ist ihre Optimierung weitgehend empirisch. 

Daru ber hinaus besteht die Literatur aus widerspru chlichen Daten, zum einen 

aufgrund des großen Parameterraums (z.B. Partikelauswahl, Lo sungsmittelauswahl, 

Herstellungsprozess) und zum anderen aufgrund fehlender Ansa tze zur Bestimmung 

der Oberfla cheneigenschaften von Partikeln fu r die Qualita tskontrolle und deren 

Auswirkung auf den nachfolgenden Prozess und die Lo sungsmittelauswahl. Weitere 

Komplexita t ergibt sich aus den anwendungsbedingt hohen Feststoffkonzentrationen 

und der Einsatz von Bindemitteln/Zusatzstoffen, die zu einem 
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Multikomponentensystem fu hren. In dieser Arbeit werden die Methoden zur 

umfassenden Charakterisierung solcher Systeme vorgestellt, die die Komplexita t der 

Formulierung beru cksichtigen. Ich habe die Nanopartikeldispersionen hergestellt 

und Experimente zur Partikelcharakterisierung durchgefu hrt, z.B. zur Bewertung der 

Oberfla cheneigenschaften und zur Aufkla rung der rheologischen Fließeigenschaften. 

Ziel ist es, die Systeme bei ihrer Applikationskonzentration zu untersuchen, ohne die 

Integrita t der Probe zu vera ndern. Ich verwende eine vergleichsweise neue 

Analysetechnik fu r die Messung solcher komplexer Multimaterialpartikelsysteme, 

na mlich die analytische Zentrifugation. Daru ber hinaus habe ich neuartige 

Datenverarbeitungsabla ufe unter Verwendung der Charakterisierungsmessdaten 

vorgeschlagen und entwickelt. Unter diesen Methoden zur Datenverarbeitung und -

darstellung beschreibe ich zuna chst Transmittogramme, die eine einfache 

Visualisierung von sich absetzenden Assemblierungen ermo glichen. Ich zeige, wie sie 

verwendet werden ko nnen, um aus der Sedimentationdynamik Informationen u ber 

die Partikel in der Suspension zu gewinnen und Beobachtungen zu 

Agglomerationspha nomenen und Partikelgro ßen zu erkla ren. Zweitens beschreibe 

ich Stabilita tstrajektorien (engl. Stability trajectories), die einen quantitativen 

Rahmen fu r die Bewertung der Heterogenita t einer Formulierung bieten. Anhand 

dieser Verfahren zeige ich, wie zeitliche und ra umliche Muster extrahiert werden 

ko nnen, um abschließend die Bru cke zu den Prozess-Struktur- und Struktur-

Eigenschaftsbeziehungen zu schlagen. Zuletzt schlage ich einen auf Kombinatorik 

basierten Ansatz vor der einen deterministischen Rahmen fu r die Bewertung der 

Hansen-Lo slichkeitsparameter von Partikeln bietet. Insgesamt unterstu tzen diese 

Verfahren und Werkzeuge die Formulierer und erleichtern die Untersuchung und 

Entwicklung partikelbasierter Formulierungen. 

 



 

vii 
 

Table of Contents 

Acknowledgement i 

Executive summary iii 

Zusammenfassung v 

Table of Contents vii 

List of figures xi 

List of tables xix 

1 Introduction 1 

1.1 Thesis statement ....................................................................................................................................... 2 

1.2 Outline of thesis and contributions ................................................................................................... 3 

2 Background and related work 9 

2.1 Dispersion .................................................................................................................................................... 9 

2.2 Particle characterization methods .................................................................................................. 14 

2.3 Analytical centrifugation (AC)........................................................................................................... 16 

2.4 Dispersion preparation ........................................................................................................................ 18 

2.5 Solubility parameters ........................................................................................................................... 18 

2.5.1 Hildebrand parameter ................................................................................................................ 19 

2.5.2 Hansen solubility parameters ................................................................................................. 19 

2.6 Application areas .................................................................................................................................... 24 

2.6.1 Fuel cell ............................................................................................................................................. 24 

2.6.2 Emerging anode materials for batteries ............................................................................. 33 

3 Process-property relations for electrocatalyst inks 37 

3.1 Materials and Methods ......................................................................................................................... 38 

3.1.1 Ink preparation ............................................................................................................................. 38 

3.1.2 Structural characterization ...................................................................................................... 38 

3.1.3 Ink stability ..................................................................................................................................... 38 

3.1.4 MEA fabrication ............................................................................................................................. 39 

3.1.5 PEMFC test ...................................................................................................................................... 39 

3.2 Results and discussion ......................................................................................................................... 39 



 

viii 
 

3.2.1 TEM imaging ................................................................................................................................... 39 

3.2.2 Colloidal stability .......................................................................................................................... 40 

3.2.3 MEA performance ........................................................................................................................ 42 

3.3 Conclusion ................................................................................................................................................. 43 

4 Direct visualization of sedimentation dynamics of dispersions 45 

4.1 Materials and methods ......................................................................................................................... 46 

4.1.1 Model system: Silica particles ................................................................................................. 46 

4.1.2 Catalyst ink ...................................................................................................................................... 46 

4.1.3 Complex fluid systems ................................................................................................................ 47 

4.1.4 Scanning electron microscopy (SEM) .................................................................................. 47 

4.1.5 Analytical centrifugation (AC) ................................................................................................ 47 

4.1.6 Data processing for constructing transmittogram ......................................................... 48 

4.2 Results and discussions ....................................................................................................................... 48 

4.2.1 Difficulties in interpretation of AC profiles ....................................................................... 48 

4.2.2 Transmittogram anatomy ......................................................................................................... 49 

4.2.3 Sedimentation characteristics of silica particles ............................................................. 51 

4.2.4 Size estimation using transmittogram................................................................................. 53 

4.2.5 Sedimentation characteristics of complex fuel cell inks .............................................. 55 

4.2.6 Reducing visual subjectivity in the interpretation of transmittograms ................ 59 

4.2.7 Comparison of data utilization in fingerprints and transmittograms .................... 61 

4.2.8 Considerations for constructing and interpreting transmittogram ........................ 62 

4.3 Conclusion ................................................................................................................................................. 65 

5 State and stability of PEMFC inks 67 

5.1 Theory and Praxis .................................................................................................................................. 68 

5.1.1 Instability index ............................................................................................................................ 68 

5.1.2 S score ............................................................................................................................................... 69 

5.1.3 Stability trajectory ....................................................................................................................... 71 

5.2 Materials and Methods ......................................................................................................................... 74 

5.2.1 Materials for preparing catalyst inks ................................................................................... 74 

5.2.2 Catalyst ink preparation and dispersion ............................................................................ 74 

5.2.3 TEM imaging ................................................................................................................................... 75 

5.2.4 Measurements with AC .............................................................................................................. 75 

5.2.5 Evaluation of transmittogram and stability trajectory ................................................. 76 

5.2.6 Rheological characterization ................................................................................................... 76 

5.3 Results and Discussion ......................................................................................................................... 76 

5.3.1 TEM imaging of inks .................................................................................................................... 76 

5.3.2 Sedimentation fingerprints ...................................................................................................... 78 

5.3.3 Transmittograms .......................................................................................................................... 81 

5.3.4 Stability trajectory ....................................................................................................................... 84 



 

ix 
 

5.3.5 Comparison of bulk sedimentation times .......................................................................... 90 

5.3.6 Handling properties using rheological characterization ............................................. 93 

5.4 Conclusion ................................................................................................................................................. 96 

6 Extracting temporal patterns from particle settling behavior 99 

6.1 Background ............................................................................................................................................ 100 

6.2 Materials and Methods ...................................................................................................................... 101 

6.2.1 Dispersion preparation ........................................................................................................... 101 

6.2.2 Analytical centrifugation ........................................................................................................ 102 

6.2.3 Autocorrelation functions ...................................................................................................... 102 

6.3 Results and Discussion ...................................................................................................................... 102 

6.4 Conclusion .............................................................................................................................................. 105 

7 Hansen solubility parameters for particles 107 

7.1 Materials and Methods ...................................................................................................................... 108 

7.1.1 Synthesis of SiNx NPs ................................................................................................................ 108 

7.1.2 Probe liquids (PLs) ................................................................................................................... 108 

7.1.3 Dispersion procedure .............................................................................................................. 109 

7.1.4 SEM imaging ................................................................................................................................ 109 

7.1.5 Analytical centrifugation ........................................................................................................ 109 

7.1.6 S score and Stability trajectory ............................................................................................ 109 

7.1.7 Evaluation of Hansen solubility parameters .................................................................. 110 

7.2 Results and Discussion ...................................................................................................................... 110 

7.2.1 SEM imaging ................................................................................................................................ 110 

7.2.2 HSP evaluation using RST ...................................................................................................... 111 

7.2.3 Combinatorics-based approach ........................................................................................... 115 

7.2.4 Principal component analysis (PCA) ................................................................................. 126 

7.2.5 Reporting package for particle HSP ................................................................................... 127 

7.3 Conclusion .............................................................................................................................................. 128 

8 Conclusion and outlook 129 

9 Notation 133 

9.1 Abbreviation .......................................................................................................................................... 133 

9.2 Symbols ................................................................................................................................................... 135 

10 References 139 

 



 

x 
 



 

xi 
 

List of figures 

Figure 2.1. Relationships between individual PP and their complex structures. ......... 11 

Figure 2.2. Schematic of the working principle of an analytical centrifuge based on 

the STEP-technology™. Light passes through the sample cell, and the CCD 

detector captures the instantaneous attenuated transmission signals across the 

sample filling height. The first profile (in violet) captured at time 𝛕𝒊 corresponds 

to an unseparated sample. Profiles are captured at fixed time intervals, with the 

last profile (in yellow) captured at time 𝛕𝒇. Adapted with permission from Bapat 

& Segets [20]. Copyright 2020 American Chemical Society. ........................................ 16 

Figure 2.3. Schematic of the 3-Dimensional Hansen space with axes representing the 

three energy contributions δD, δP, and δH. The solute is located at the center of 

the sphere of radius R0, with poor liquid (red tetrahedron) outside the sphere 

and good liquid (blue cube) inside the sphere. Reprinted from Bapat et al. [22] 

with permission from the Royal Society of Chemistry. .................................................. 20 

Figure 2.4. Components of a polymer electrolyte membrane fuel cell. ............................ 25 

Figure 2.5. Structure of a PEMFC ink composed of a carbon supported platinum 

catalyst, an ionomer, and a solvent mixture. Adapted from Bapat & Segets [20] 

and Bapat et al. [21] with permissions from the American Chemical Society and 

Elsevier respectively.................................................................................................................... 27 

Figure 2.6. Schematic of an MEA fabrication via decal transfer. A catalyst ink is 

sprayed on a substrate forming CLs. Anode and cathode CLs and membrane are 

hot-pressed, followed by the addition of GDLs to prepare an MEA. ......................... 32 

Figure 3.1. TEM images of the cathode catalyst ink prepared by (a-b) 30 minutes of 

ultrasonic bath, (c-d) 30 minutes of ultrasonic bath followed by 15 minutes of 

probe sonication and (e-f) high-pressure homogenization at 100 MPa under 

different magnifications. Reprinted from Bapat et al. [19] with permission from 

IOP Publishing. .............................................................................................................................. 40 

Figure 3.2. Transmission fingerprints for cathode catalyst ink prepared by (a) 



 

xii 
 

ultrasonic bath, (b) probe sonication and (c) high-pressure homogenization 

respectively. The first profile is colored as violet, and the last profile as yellow. 

Inks were centrifuged at 4000 RPM at 2300 g for about 17.5 hours. ...................... 41 

Figure 3.3. RST of cathode catalyst inks prepared by three different processing 

methods. RST values were obtained from the transmission values recorded by 

AC and are indicative of the colloidal stability of inks. Reprinted from Bapat et al. 

[19] with permission from IOP Publishing. ....................................................................... 42 

Figure 3.4. H2/air polarization curves of an MEA fabricated from the catalyst ink 

processed by probe sonication (red line with squares), and that of the ink 

processed by high-pressure homogenization (blue line with circles). Reprinted 

from Bapat et al. [19] with permission from IOP Publishing. ..................................... 43 

Figure 4.1. Fingerprints for PEMFC ink samples undergoing centrifugation at 

4000 RPM for about 18 hours. Ink samples of identical compositions and 

concentrations were prepared using an ultrasonic bath followed by a probe 

sonication, with oscillation of [A] 20 % amplitude (FCAT_E20) and [B] 50 % 

amplitude (FCAT_E50). Adapted with permission from Bapat and Segets [20]. 

Copyright 2020 American Chemical Society. ..................................................................... 48 

Figure 4.2. Transmittogram illustrating the time and space resolved changes in 

attenuated transmission values. The radial position of the sample from the rotor 

center and elapsed time are indicated on the 𝒚- and 𝒙-axes, respectively. A gray 

value is assigned to instantaneous transmission values 𝑻[𝒓, 𝝉], to construct the 

heatmap. Underlying data is of monodisperse silica. Reprinted with permission 

from Bapat and Segets [20]. Copyright 2020 American Chemical Society. ............ 50 

Figure 4.3. Comparison of fingerprints and transmittograms for silica particles in 

water. Data acquired for samples undergoing centrifugation at 2000 RPM for 

about 40 minutes. [A] Fingerprints of sample SU1, with the [B] corresponding 

transmittogram. [C] Fingerprints for sample SM2 with the [D] corresponding 

transmittogram. Reprinted with permission from Bapat and Segets [20]. 

Copyright 2020 American Chemical Society. ..................................................................... 52 

Figure 4.4. SEM micrographs showing the spherical shape of (A) pure silica of 

nominal size 500 nm and (B) pure silica of nominal size 750 nm at a 

magnification of 25 Kx. Reprinted with permission from Bapat and Segets [20]. 



 

xiii 
 

Copyright 2020 American Chemical Society. ..................................................................... 53 

Figure 4.5. Particle size analysis of silica particles obtained from AC. (A) A volume-

weighted mean size of 378 +/- 64 nm was obtained for manufacture specified 

500 nm silica particles. (B) A volume-weighted mean size of 592 +/- 86 nm was 

obtained for manufacture specified 750 nm silica particles. Reprinted with 

permission from Bapat and Segets [20]. Copyright 2020 American Chemical 

Society. .............................................................................................................................................. 54 

Figure 4.6. Transmittograms for fuel cell ink samples of identical concentration and 

composition, prepared using an ultrasonic bath followed by a probe sonication, 

with oscillation of [A] 20 % amplitude (FCAT_E20) and [B] 50 % amplitude 

(FCAT_E50). Density stratification of assemblage settling is observed. Reprinted 

with permission from Bapat and Segets [20]. Copyright 2020 American 

Chemical Society. .......................................................................................................................... 56 

Figure 4.7. Transmittograms for catalyst inks. Sample measurements performed 

using analytical centrifuge with a rotor temperature of 25 °C, at 4000 RPM, and 

variable capture intervals. (A) Transmittogram of sample FCAT_U10 prepared at 

10 % amplitude. (B) Transmittogram of sample FCAT_U70 prepared at 70 % 

amplitude. Adapted with permission from Bapat and Segets [20]. Copyright 

2020 American Chemical Society. .......................................................................................... 58 

Figure 4.8. Sedimentation behavior of a mixture of silica particles of four different 

sizes (sample SM4). On the upper left, sample measurement metadata is 

displayed. Sample and measurement related meta-information provides checks 

for data validity. Below the metadata, a histogram with a kernel density 

estimator is plotted to show the distribution of raw data values. Below the 

histogram, the bottom left plot shows fingerprints for sample SM4. The 

corresponding transmittograms based on linear gray and viridis color mapping 

are shown in the top row. Here transmission values from 0 % to 100 % were 

linearly mapped to a monotonically increasing color map. Additionally, 

transmittograms using power transformation of the data, followed by the color 

mapping are shown in the second row. Lastly, the bottom right plots the 

transmittogram with quantile-based color mapping for improved visual 

contrast. Here color breaks are assigned automatically for optimal contrast. 



 

xiv 
 

Reprinted with permission from Bapat and Segets [20]. Copyright 2020 

American Chemical Society....................................................................................................... 60 

Figure 4.9. Fingerprints for fuel cell ink FCAT_E20 (A) with all 333 time points 

(profiles) recorded (B) with every 5th time point, and (C) corresponding 

transmittogram with all 333 time points. Reprinted with permission from Bapat 

and Segets [20]. Copyright 2020 American Chemical Society. ................................... 61 

Figure 4.10. (A) Fingerprints for orange juice measured using an analytical 

centrifuge at a constant time interval of 10 seconds and varying speed from 200 

RPM to 3200 RPM at 7 °C. (B) Transmittogram for orange juice employing a 

linear color mapping approach. (C) Fingerprints for whole human blood 

measured using an analytical centrifuge, at a constant time interval of 5 seconds, 

varying speed from 200 RPM to 3200 RPM at 7 °C. (D) Transmittogram for 

whole human blood, employing an automatic quantile color breaks approach for 

improved visual contrast and better visualization of sediment stratification. 

Reprinted with permission from Bapat and Segets [20]. Copyright 2020 

American Chemical Society....................................................................................................... 64 

Figure 5.1. Stability trajectories for pure solvents – 2-propanol (IPA, red dashed 

dotted line), and propylene carbonate (PC, blue line). .................................................. 72 

Figure 5.2. (A) Stability trajectory of a bimodal silica suspension in water juxtaposed 

to the transmittogram. The bulk sedimentation is achieved at ~2 min indicated 

by a blue vertical dotted line. The continuous phase is obtained after 5 min as 

indicated by alower S score. (B) Stability trajectory of a 4-modal silica 

suspension in water juxtaposed to transmittogram. The bulk sedimentation is 

achieved at ~17 min indicated by a blue vertical dotted line. Reprinted from 

Bapat et al. [21] with permission from Elsevier. .............................................................. 73 

Figure 5.3. TEM micrographs at different magnifications, 60 Kx (left panels), 100 Kx 

(middle panels), and 300 Kx (right panels). (A−C) Images of the catalyst ink 

sample UB. (D−F) Images of the catalyst ink sample UB+S20. (G−I) TEM images 

of the catalyst ink sample UB+S70. Some representative areas potentially 

covered with agglomerates are shown in white circles. Reprinted from Bapat et 

al. [21] with permission from Elsevier. ................................................................................ 77 

Figure 5.4. Transmission fingerprints for catalyst ink samples MS, UB, UB+S20, and 



 

xv 
 

UB+S70, respectively. The first profile is colored as violet, and the last profile as 

yellow. The meniscus for ink sample MS is shown by a black arrow at a radial 

position of 110 mm. Inks were centrifuged at 4000 RPM at 2300 g for about 

16 hours. Reprinted from Bapat et al. [21] with permission from Elsevier. ......... 78 

Figure 5.5. (A) Transmittogram for catalyst ink sample MS. The air-liquid interface 

and sedimentation front are marked by a black arrow. Three aggregates/ 

agglomerates were clearly observed settling at different speeds resulting in 

complete sedimentation within 4 hours. Transmittograms for ink samples (B) 

UB, (C) UB+S20 and (D) UB+S70 respectively. Quantile-based mapping was used 

for constructing transmittograms for better visualization. The radial positions 

for which sedimentation rates of topmost (RT) and bottommost (RB) 

assemblages were calculated are indicated by white lines, while corresponding 

transmission values are provided as part of the color code. The distance traveled 

from the start of the experiment (i.e., at the meniscus) to RB or RT is used to 

evaluate the settling rates. Reprinted from Bapat et al. [21] with permission 

from Elsevier. ................................................................................................................................. 81 

Figure 5.6. (A) Stability trajectory and (B) transmittogram of ink sample MS. The 

bulk sedimentation is achieved in about 105 min as indicated by a blue vertical 

dotted line. The continuous phase is clarified within 300 min as shown by the 

lower S score line. (C) Stability trajectory and (D) transmittogram of ink sample 

UB+S20. The BST of 805 min is indicated by a blue vertical dotted line. 

Reprinted from Bapat et al. [21] with permission from Elsevier. .............................. 86 

Figure 5.7. Stability trajectories of ink sample UB+S20 considering all 333 profiles 

captured by AC (blue line) and considering only the first 100 profiles (orange 

dashed dotted line). Reprinted from Bapat et al. [21] with permission from 

Elsevier. ............................................................................................................................................ 87 

Figure 5.8. Stability trajectory for catalyst ink samples (A) MS (dark gray line), (B) 

UB (brown line), (C) UB+S20 (magenta line) and (D) UB+S70 (dark green line), 

respectively. Corresponding blue dotted lines and inverted triangles show the 

global maxima indicating the BST. Reprinted from Bapat et al. [21] with 

permission from Elsevier. ......................................................................................................... 88 

Figure 5.9. Stability trajectories for ink samples MS, UB, UB+S20 and UB+S70 (from 



 

xvi 
 

left to right). The corresponding BSTs are indicated by a blue inverted triangle 

and dotted line. Reprinted from Bapat et al. [21] with permission from Elsevier.

 ............................................................................................................................................................. 90 

Figure 5.10. BSTs for catalyst ink samples MS (dark gray), UB (brown), UB+S20 

(magenta) and UB+S70 (dark green) respectively. Hollow squares, hollow 

rectangles and hollow triangles show triplicate measurements of the 

corresponding ink preparation method. The filled diamonds show the means of 

triplicates for sedimentation times of three different inks. The mean of all 

measurements is shown by the horizontal-colored lines along with the standard 

error of the means. Reprinted from Bapat et al. [21] with permission from 

Elsevier. ............................................................................................................................................ 91 

Figure 5.11. Instability index vs time for catalyst inks MS (dark gray line), UB (brown 

line), UB+S20 (magenta dotted line) and UB+S70 (dark green dashed line), 

respectively. Reprinted from Bapat et al. [21] with permission from Elsevier. .... 92 

Figure 5.12. Viscosity-shear rate curves for catalyst ink sample MS (dark gray 

square), UB (brown circle), UB+S20 (magenta triangle) and UB+S70 (dark green 

diamond) respectively. Corresponding colored ribbons are made by joining the 

standard deviations of three measurements. Reprinted from Bapat et al. [21] 

with permission from Elsevier. ............................................................................................... 94 

Figure 6.1. Schematic of (A) scattered intensity fluctuations over time and (B) 

autocorrelation function of the scattered light. This schematic is connected to 

how autocorrelation is used for size estimation by DLS measurement. .............. 100 

Figure 6.2. Stability trajectories of pure IPA (cyan), pure Si particles (red), pure TiO2 

particles (blue), and their binary mixture Si-TiO2 (magenta) dispersed in IPA. 

The shift in the stability trajectory peak is indicated by an orange arrow.......... 103 

Figure 6.3. Autocorrelation of the stability trajectories of IPA (cyan), pure Si particles 

(red), pure TiO2 particles (blue), and their binary mixture Si-TiO2 (magenta) 

dispersed in IPA. ........................................................................................................................ 104 

Figure 7.1. SEM micrographs of SiNx dispersions (0.0083 wt. %) in acetone (Ace, 

upper left), diacetone alcohol (DAA, upper right), ethanol (EtOH, middle left), N-

methyl-2-pyrrodinone (NMP, middle right), toluene (Tol, bottom left), and water 

(bottom left) at a magnification of 5 Kx. Reprinted from Bapat et al. [22] with 



 

xvii 
 

permission from the Royal Society of Chemistry. ......................................................... 110 

Figure 7.2. Photographs of vials filled with freshly prepared SiNx dispersions in (A) 

Toluene, (B) Hexane, (C) 2-propanol and (D) Diacetone alcohol. The vials 

became transparent immediately after preparation in case of toluene and 

hexane indicating poor dispersibility of SiNx NPs. Reprinted from Bapat et al. 

[22] with permission from the Royal Society of Chemistry. ..................................... 111 

Figure 7.3. Integral extinction over time for the region of interest (ROI) of 10 mm 

under the sample filling height for SiNx particles dispersed in twelve PLs. Three 

independent AC measurements were recorded over 50 minutes. Reprinted from 

Bapat et al. [22] with permission from the Royal Society of Chemistry. .............. 112 

Figure 7.4. HSP interaction distance vs number of PLs ranked good for all three AC 

measurements. Reprinted from Bapat et al. [22] with permission from the Royal 

Society of Chemistry. ................................................................................................................ 114 

Figure 7.5. Decision chart for the calculation of HSP for any particle system. 

Reprinted from Bapat et al. [22] with permission from the Royal Society of 

Chemistry. .................................................................................................................................... 116 

Figure 7.6. Stability trajectories of SiNx in the chosen PLs. S scores were evaluated for 

all the twelve SiNx dispersion systems and plotted against time to obtain 

stability trajectories. The ascending zone signifies how quickly the dispersed 

phase migrates and is indicated by black up-triangle motifs. The descending 

zone signifies how soon the dispersion clarifies and is denoted by down-triangle 

motifs. The absence of a dispersed phase in the continuous phase due to 

completed sedimentation is marked by cross motifs. Reprinted from Bapat et al. 

[22] with permission from the Royal Society of Chemistry. ..................................... 120 

Figure 7.7. Stability trajectories of SiNx dispersions in twelve probe liquids for three 

independent AC measurements. Reprinted from Bapat et al. [22] with 

permission from the Royal Society of Chemistry. ......................................................... 121 

Figure 7.8. Stability trajectory of SiNx in (A) pure PC and (B) PC/IPA mixture. ........ 125 

Figure 7.9. PCA biplot of SiNx dispersions. Two principal components (PCs) are 

plotted. PCA was performed using stability trajectories data of all PLs. Reprinted 

from Bapat et al. [22] with permission from the Royal Society of Chemistry. ... 126  



 

xviii 
 

 



 

xix 
 

List of tables 

Table 2.1. Terminology of disperse system. .................................................................................. 9 

Table 2.2. Summary of the definitions for the terms aggregate and agglomerate found 

in the literature. ............................................................................................................................ 12 

Table 2.3. Particle size measurement techniques for particle dispersions. ................... 14 

Table 2.4. Summary of some alternatives to commercial carbon support in fuel cell 

applications. ................................................................................................................................... 28 

Table 2.5. Summary of some alternatives to the commercial Pt/C catalyst in fuel cell 

applications. ................................................................................................................................... 30 

Table 2.6. Comparison of electrochemical performance of some representative Si-

based anodes in literature. ....................................................................................................... 34 

Table 4.1. Silica particle dispersion composition. Reprinted with permission from 

Bapat and Segets [20]. Copyright 2020 American Chemical Society. ...................... 46 

Table 4.2. Measurement conditions for analytical centrifuge testing. Adapted with 

permission from Bapat and Segets [20]. Copyright 2020 American Chemical 

Society. .............................................................................................................................................. 47 

Table 4.3. Sedimentation rates calculated for three assemblages by tracking the 

sedimentation front in the transmittogram for FCAT_U10. Reprinted with 

permission from Bapat and Segets [20]. Copyright 2020 American Chemical 

Society. .............................................................................................................................................. 58 

Table 5.1. Fuel cell catalyst ink sample coding. ......................................................................... 75 

Table 7.1. List of liquids used to study the dispersion behavior of SiNx NPs along with 

their HSP values. Reprinted from Bapat et al. [22] with permission from the 

Royal Society of Chemistry. ................................................................................................... 108 

Table 7.2. HSP interaction evaluation at IE = 0.25 for measurement 1 (top), 

measurement 2 (middle) and measurement 3 (bottom). Reprinted from Bapat et 

al. [22] with permission from the Royal Society of Chemistry. ............................... 113 

Table 7.3. Possible scoring permutations for HSP evaluation using up to 12 PLs.  



 

xx 
 

Reprinted from Bapat et al. [22] with permission from the Royal Society of 

Chemistry. ..................................................................................................................................... 119 

Table 7.4. HSP reporting with all possible scenarios. Note that (B) and (C) are 

subsets of (A), highlighting how the number of available permutations is 

reduced from 11 (in A) to 4 (in B) and to 2 (in C). Reprinted from Bapat et al. 

[22] with permission from the Royal Society of Chemistry. ..................................... 122 



 1  Introduction 

1 
 

1 Introduction 

Burgeoning research at the frontiers of particle and powder technology, dispersion 

and formulation science, nanotechnology and additive manufacturing have resulted 

in dissolved boundaries and ‘coalescence’ of these once distinct chemical engineering 

disciplines. This has been facilitated by increasing commercialization and widening 

reach of potential and powerful applications in the energy, environment, and 

pharmaceutical technologies. For instance, fuel cells [1] and batteries [2] for energy 

conversion and storage, photovoltaics [3] and photocatalysis [4–6], water and waste-

water purification [7], cosmetics [8] and active pharmaceutical ingredients [9]. 

The word ‘particle’ at a fundamental level is a unit constituting matter and energy. 

Because of its fairly open definition, it manifests across research areas in various 

forms, e.g., subatomic or elementary particles in high energy physics, or infinitesimal 

idealization in continuum mechanics [10]. In physical sciences, particle is referred to 

small sized units with a defined physical boundary [11]. The particles of interest in 

this work are materials whose primary size is in the nano- to micron length scale. 

Particulate matter when surrounded by solid, liquid or gas is referred as dispersion 

[12]. Dispersions are ubiquitous and are exploited at different stages of the particle 

lifecycle. First, dispersions are employed during the synthesis of particles, and second, 

it is employed during the processing. For the synthesis of particles, on one hand, 

gas-phase procedures have become very advanced and yield highly pure materials in 

large quantities [13]. The industrial production via gas-phase is already established 

for carbon blacks and oxide powders such as fumed silica and titania [14]. On the 

other hand, liquid-borne particles offer greater flexibility for tunable shape, structure, 

and size distributions [15,16]. The processing stages often involve the particles being 

suspended, stabilized in a dispersion – followed by further downstream processing 

into functional materials and devices for energy, catalysis, and medical applications. 
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1.1 Thesis statement 

Particle processing from the perspective of product design and engineering is with the 

aim of producing functionalized materials or devices with desired, and well-defined 

properties, under economic and environmental constraints. According to the property 

function proposed by Rumpf [17] as described in Equation 1.1, the final product 

property is a function of the particle dispersity and chemical composition. Here, 

dispersity comprises the particle shape, size, structure, surface properties, 

morphology – and the distributions and variations thereof. Further, according to the 

process function defined by Krekel and Polke [18] as described by Equation 1.2, the 

dispersity is a function of process parameters and concentration of the materials 

(input/output). The process parameters are the temperature, pressure, flow, mixing 

conditions. Together, these Equations rationalize the structure-property 

(Equation 1.1) relations and process-structure (Equation 1.2) relations. 

 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑦 = 𝑓 ( 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑡𝑦, 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) 1.1 

 𝐷𝑖𝑠𝑝𝑒𝑟𝑠𝑖𝑡𝑦 = 𝑔 ( 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠, 𝑒𝑑𝑢𝑐𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑠) 1.2 

Individual and collective properties of particles are determined by their structural 

and functional attributes, which is the result of the synthesis and processing steps. 

Together, the properties at the molecular level are connected to the properties at the 

mesoscale, which is in turn connected to properties and performance of the functional 

device. In this work, the desire to unravel and uncover our understanding of the 

process-structure-property relations has been the major driver in the development of 

new tools and procedures. These constitute into a toolbox which equip and enable 

researchers and engineers alike. 

The study and characterization of structure and property of particulate matter have 

some inherent and some systematic challenges. The interfacial phenomena and 

surface properties of nanoparticles (NPs) play a key role in determining their behavior 

in dispersion. Such effects are snowballed when real world technical concentrations 

are to be studied. The level of complexity only increases when there are multiple 

components mixed together. Given the complexity and challenging nature of studying 

these systems in absence of a powerful toolbox, we all have relied (and continue to 
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rely) on empirical knowledge and procedures. While these empirical procedures 

continue to serve us well, there is a significant opportunity to build transformative 

technologies enabling next generation products in sustainable energy conversion and 

storage devices, catalysis, and biomedicine, energy, environment, and medicine. 

To this end, the work described herein was set out to address the following questions– 

• How can we determine process-structure-property relations for complex, 

multi-material formulations? 

• How can existing empiricism be alleviated and instead supported by apropos 

parameters, within a qualitative or quantitative framework? 

• How can new analytical techniques be leveraged, to offer a new toolbox for 

measurement and characterization of complex dispersions? 

While the challenge posed by these questions is immense, continued pursuit and 

exploration in these directions will unlock avenues for building next generation 

nanomaterial products. In this work, we focus on energy applications with fuel cell 

catalyst inks and battery slurries. 

1.2 Outline of thesis and contributions 

Herein, the pronoun ‘we’ is used to generally refer to the author and the reader. 

Sections describing the work done in collaborative capacity are explicitly stated. In 

this thesis, we address the challenges by focusing on developing and extending new 

dispersion characterization methods, supported by data processing workflows. 

Chapter Two provides brief background and related work for dispersions, its state 

and stability. Relevant characterization techniques which take advantage of particles 

in dispersion for the measurement principle are discussed. Specifically, the principle 

of the analytical centrifugation technique is introduced and described. Further, the 

concept of solubility parameters is introduced, and relevant literature is discussed.  

Chapter Three describes the characterization of polymer electrolyte membrane 

fuel cell catalyst inks using analytical centrifugation. Here the process-structure-

property relations are investigated and connected to the final performance of the fuel 

cell. 
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Chapter Four introduces a visualization tool named transmittogram and its utility 

in analytical centrifugation to understand sedimentation dynamics of particulate 

systems. The anatomy of the transmittogram is discussed. The utility of 

transmittogram is highlighted using simple as well as multicomponent technical 

dispersions followed by real world colloidal formulations. 

Chapter Five introduces concepts of S score and stability trajectory with an aim to 

quantify the dispersibility of particle systems. The concepts are discussed along with 

their application in development of knowledge-based fuel cell inks, which assist in 

studying the process-structure and structure-property relationships. The utility of 

analytical centrifugation in quantifying stability of catalyst inks is demonstrated. The 

link between the dispersion processes, ink stability and ink flowability is highlighted. 

Chapter Six delineates a generalized technology-agnostic framework for reporting 

Hansen solubility parameters (HSP) for particles. Utility of combinatorics-based 

approach to estimate HSP is highlighted. Application of stability trajectory for 

unravelling interactions of emerging battery materials in a liquid environment are 

discussed in detail. 

Chapter Seven describes a novel procedure to extract temporal patterns in the 

settling behavior of particles. The concept of stability trajectory is expanded by 

calculating autocorrelation functions. The potential of this method is demonstrated 

using a binary mixture of titania and silicon particles. 

The experimental plan of this work can be briefly summarized as follows: 

Chapter 3: Process-property relations for electrocatalyst inks 

• Preparation and characterization of PEMFC catalyst ink using electron imaging, 

and analytical centrifugation. Imaging was done by Dr. Markus Heidelmann at 

the Interdisciplinary Center for Analytics on the Nanoscale (ICAN), University 

of Duisburg-Essen (UDE). 

• Investigation of ink preparation using high pressure wet milling device, in 

comparison to sonication methods.  

• Evaluation of relative sedimentation times based on evaluation of analytical 

centrifugation data evaluation. 
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• The prepared catalyst ink was transformed into a coated catalyst layer using 

ultrasonic spray coating. This was done with the help of Ms. Sabrina Fricke at 

Zentrum fu r BrennstoffzellenTechnik (ZBT) GmbH. 

• The resulting membrane electrode assembly along with other components 

were setup together at a fuel cell testing station to evaluate the performance 

curves. This was done by ZBT GmbH. 

Parts of the work described in this chapter is published in the proceedings of the 

Electrochemical Society meeting of 2020 [19]. 

Chapter 4: Direct Visualization of Sedimentation Dynamics of Dispersions 

• Propose a new visualization-based approach, namely transmittograms for the 

study of measurement data from an analytical photocentrifuge.  

• Devise procedures to parse the attenuated transmission values data captured 

by the analytical photocentrifuge. Developed python-based script to process 

the data and generate a reporting package. 

• Demonstrate the utility of the newly proposed method through experiments 

on model particle dispersion systems, i.e., silica of varying sizes in water. 

Further experimental evidence was also provided for more complex 

dispersions such as fuel cell catalyst ink containing platinum studded carbon 

black with an ionomer, in a solvent. 

• Propose new avenues for use of image processing pipelines to capture the 

sedimentation dynamics. 

• SEM Imaging was done by Dr. Fatih O zcan in the nanoparticle process 

technology (NPPT) lab. 

Parts of the work described in this chapter are published in Bapat & Segets, 2020 [20]. 



1  Introduction 

6 
 

Chapter 5: State and stability of PEMFC inks 

• Preparation of PEMFC catalyst ink dispersions, where different preparation 

methods were compared. 

• Devise a standard operating procedure for in depth measurement and 

characterization of PEMFC fuel cell inks at technical concentrations using 

analytical centrifugation. 

• Propose a new quantitative procedure to evaluate and track the time-resolved 

stability of dispersions at large – namely stability trajectories. 

• Develop calculation procedure and a python-based script for parallel 

processing of large measurement datasets from an analytical photocentrifuge.  

• Perform rheological investigations of the fuel cell ink. This was done under the 

supervision of Dr. Christopher Giehl at the facility of Anton Paar GmbH.  

• Comparison of different ink processing methods to the state and stability 

properties. 

• Imaging was done by Dr. Markus Heidelmann at ICAN, UDE. 

Parts of work described in this chapter are published in Bapat et al.,2021 [21]. 

Chapter 6: Extracting temporal patterns from particle settling behavior 

• Proposed the concept of using autocorrelation functions for studying the time-

resolved settling behavior of dispersed phase, especially hetero-mixtures and 

multi-material dispersions. 

• Described the ability to deconvolve the changes in the sedimentation behavior 

of the particles in dispersion. 

• Gas-phase synthesized particles were kindly provided by Ms. Malini Dasgupta 

from the working group of Prof. Dr. Hartmut Wiggers. 



 1  Introduction 

7 
 

Chapter 7: Hansen solubility parameters for particles 

• Introduce a framework for evaluation of Hansen solubility parameters (HSP) 

for particles. 

• Provide rigorous description of why probe liquid ranking lists will always be 

insufficient. 

• Build on previously reported recommendations, by providing a guide to 

reporting particle HSP in an efficient, unform and informative manner. 

• Describe the proposed framework for evaluation of HSP for SiNx particles. 

These particles find application as novel Lithium-ion battery anode materials. 

• The particle synthesis was performed by Mr. Stefan Kilian in the lab of Prof. Dr. 

Hartmut Wiggers. Imaging was done by Mr. Moritz Loewenich in the NPPT lab. 

Parts of this chapter are published in Bapat et al., 2021 [22]. 

The main contributions of the thesis focusing on the characterization of industrially 

relevant particle systems in application areas of fuel cells and batteries are: 

• The introduction of transmittogram for presenting the data acquired by 

analytical centrifugation. Transmittograms are visually intuitive, display a 

complete picture of the sedimentation dynamics and simplify interpretations 

of the labyrinthine transmission profiles which are the main readout of the 

analytical centrifuge. 

• The introduction of new metrics called S score stability trajectories. These 

metrics provide better insight into the duality of state and stability of a particle 

dispersion and allow fairer comparison of behavior of different samples than 

existing tools.  

• The development of combinatorics-based approach for evaluating and ranking 

the suitability of liquids for the particles of interest in a technology-agnostic 

manner, and reporting package for HSP of particles.
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2 Background and related work 

This chapter offers brief background on the fundamentals of dispersion systems. The 

key characterization techniques available to analyze the state and stability of particle 

systems are broadly discussed. The principle of analytical centrifugation (AC) is 

discussed in detail. The chapter also introduces the concept of solubility parameters. 

Furthermore, application areas for dispersion systems and relevant literature are 

discussed. Parts of this chapter are published in Bapat & Segets, 2020 [20] and Bapat 

et al., 2021 [21,22]. 

2.1 Dispersion 

A disperse system consists of solute particles distributed throughout a continuous 

medium. The continuous medium is referred to as a continuous or external phase. 

Disperse and continuous phases may be a solid, liquid or gas as described in Table 2.1. 

Table 2.1. Terminology of disperse system.  

Dispersed phase Continuous phase System description 

Liquid 
Gas 

Mist 

Solid Smoke 

Liquid 

Liquid 

Emulsion 

Gas Foam 

Solid Dispersion 

Gas 

Solid 

Solid foam 

Liquid Solid emulsion 

Solid Solid suspension 

 

When the dispersed phase is a solid, the system is commonly referred as 

dispersion. Dispersions can be classified as colloidal dispersions or suspensions. 

According to the IUPAC definition, a dispersion is termed as colloidal if dispersed 
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particles have a dimension of 1 nm to 1 µm in at least one direction [23]. Suspensions 

usually contain particles larger than 1 µm. However, the two terms have been used 

interchangeably in the literature [24]. 

Particulate dispersions are ubiquitous and cover a broad range of technological 

systems such as pigments, dyes, inks, or slurries with applications in energy 

conversion and storage, paints, foodstuff, pharmaceuticals, and optoelectronics, 

among others [12,16,25]. The ease at which particles can be dispersed or mixed in 

their surrounding medium defines their dispersibility. The good dispersibility or ease 

of mixing is a prerequisite for high-quality technical dispersions. The quality of 

technical dispersions is judged on the basis of their stability. Dispersions are stable if 

the particles do not undergo alteration over a long period of time during storage. In 

technical applications, various additional substances are added to the system that 

facilitates dispersion of particles in the continuous phase and improves stability and 

the resulting system is commonly known as formulation. The added substances are 

termed as stabilizers or additives. For instance, a fuel cell ink or battery slurry is 

comprised of an active material, a polymeric binder/stabilizer, and a continuous phase 

(solvent mixture). However, the movement of dispersed particles and thereby certain 

changes in the system are inevitable as certain forces are constantly acting upon them. 

If particles are lighter than the liquid, the gravitational forces are negligible, and 

particles accumulate at the top of the continuous phase. This phenomenon is called as 

flotation or creaming. On the other hand, if particles are denser than the continuous 

phase, the gravitational forces are considerably high and cause particles to settle to 

the bottom of the continuous phase. This process is known as sedimentation. Apart 

from gravitational forces, the stability of particles is influenced by transport via 

convection and/or Brownian force that inevitably causes collision of a moving particle 

with neighboring particles as well as the molecules of the continuous phase. Colliding 

particles may attract each other due to strong Van der Waals attractive energy at 

shorter particle-particle distance. The attractive energy can be overcome by the 

repulsive energy resulted from electrostatic, steric and electrosteric stabilization [26]. 

In the case of electrostatic stabilization, an electric double layer is formed around the 

particle surface. When particles having the same surface charge come in contact, they 

repulse each other due to an osmotic pressure generated by overlapping double 
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layers. In the case of steric stabilization, a protective layer is formed around particles 

by the molecules adsorbed on the particle surface preventing them from coming in 

close contact. On the other hand, electrosteric stabilization results from the 

combination of the electrostatic and steric effects. In the case of net attraction, the 

new structure formed is referred as an aggregate or agglomerate. Figure 2.1 shows 

the complex relationships between the individual units called as primary particles 

(PP), aggregates and agglomerates. 

 

Figure 2.1. Relationships between individual PP and their complex structures. 

Moreover, the aggregates can be classified into two types: homoaggregates and 

heteroaggregates. Homoaggregates are formed from a single component, while 

heteroaggregates are made of different component which possess different 

physicochemical properties [27,28]. 

However, the unequivocal compartmentalization of aggregate or agglomerate is 

challenging for particles. Many reports (especially in particle and powder technology 

at the nanoscale) use the terminology of aggregate and agglomerate interchangeably. 

This has also been discussed by Zook et al., Sokolov et al., among others [29–31]. On 

one side, in spoken and written forms of communication these terms can often end up 

being used synonymously, in a generalized manner. On the other side, different 

standards and guidelines present a more precise definition. Table 2.2 lists the 

definitions for agglomerates and aggregates according to different reports, standards, 

and guidelines. In general, agglomerates are formed by weak physical interactions 

whereas stronger interactions lead to the formation of aggregates. However, in 

experimental practice, it can be practically almost impossible to reliably distinguish 

aggregates from agglomerates [32]. Especially in the context of multicomponent 
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complex systems such as fuel cell inks or battery slurries the identification of what is 

an aggregate or agglomerate within a dispersion, is simply inconceivable. Thus, in this 

work without differentiating the two terms, any new structure formed through 

interactions within the particle system is referred to as “assemblage”. 

Table 2.2. Summary of the definitions for the terms aggregate and agglomerate found 

in the literature. 

Aggregate Agglomerate Source 

Particle comprising of strongly 

bound or fused particles. 

Collection of weakly bound 

particles or aggregates where 

the resulting external surface 

area is similar to the sum of 

surface areas of the individual 

components.  

Requirements on 

measurements for 

the 

implementation of 

the European 

Commission 

definition of the 

term 

'nanomaterial'[32]. 

Particle comprising strongly 

bonded or fused particles where 

the resulting external surface 

area is significantly smaller than 

the sum of surface areas of the 

individual components.  

The forces holding an aggregate 

together are strong forces, for 

example covalent or ionic bonds, 

or those resulting from sintering 

or complex physical 

entanglement, or otherwise 

combined former primary 

particles.  

Aggregates are also termed 

secondary particles and the 

original source particles are 

termed primary particles. 

Collection of weakly or medium 

strongly bound particles where 

the resulting external surface 

area is similar to the sum of the 

surface areas of the individual 

components.  

The forces holding an 

agglomerate together are weak 

forces, for example van der 

Waals forces or simple physical 

entanglement.  

Agglomerates are also termed 

secondary particles and the 

original source particles are 

termed primary particles. 

ISO/TS 

80004‑2:2015 3.4 

and 3.5 [33] 

ISO/TR 

18401:2017 3.8 

and 3.9 [34]. 

In nanotechnology, a discrete 

group of particles in which the 

In nanotechnology, a group of 

particles held together by 

ASTM Standard 

E2456 – 06, 2020 
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Aggregate Agglomerate Source 

various individual components 

are not easily broken apart, such 

as in the case of primary 

particles that are strongly 

bonded together (for example, 

fused, sintered, or metallically 

bonded particles). 

relatively weak forces (for 

example, Van der Waals or 

capillary), that may break apart 

into smaller particles upon 

processing, for example. 

[35]. 

Particle comprising strongly 

bonded or fused particles where 

the resulting external surface 

area may be significantly smaller 

than the sum of calculated 

surface areas of the individual 

components. The forces holding 

an aggregate together are strong 

forces, for example covalent 

bonds, or those resulting from 

sintering or complex physical 

entanglement.  

Aggregates are also termed 

secondary particles and the 

original source particles are 

termed primary particles. 

Collection of loosely bound 

particles or aggregates or 

mixtures of the two where the 

resulting external surface area is 

similar to the sum of the surface 

areas of the individual 

components. For this to be the 

case all primary particles would 

need to be at the surface of the 

agglomerate, which is 

impossible. A more accurate 

statement would be “where the 

surface area measured by gas 

absorption– BET – is similar to 

the sum of the surface areas of 

the individual components”. 

OECD 

Environment, 

Health and Safety 

Publications Series 

on the Safety of 

Manufactured 

Nanomaterials, No. 

25, Guidance 

Manual For The 

Testing Of 

Manufactured 

Nanomaterials: 

Development, 

Paris, 2010 [36]. 

Comprising strongly bonded 

colloidal particles, and the 

clustering process is 

irreversible. 

Case when dispersed particles 

are held together by weak 

physical interactions ultimately 

leading to phase separation by 

the formation of precipitates of 

larger than colloidal size and the 

whole process is reversible. 

IUPAC. 

Compendium of 

Chemical 

Terminology [37]. 

 

Transport and interactions within the dispersion system are influenced by the 

composition and concentration of each component in the system, causing assemblage 

formation which affects the “state of dispersion”. Thus, the dispersion state describes 

(i) the chemical composition, (ii) the degree to which the solid phase is dispersed in 

the continuous phase, and (iii) the characteristics of assemblages, such as their 
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presence or absence. The term “dispersion stability” can be defined as the ability to 

resist aggregation, sedimentation, floatation or creaming. For complex, multi-material 

dispersions such as fuel cell inks or battery slurries, several combinatorial 

interactions (i) within the dispersed phase(s) and (ii) between the dispersed and the 

continuous phase are pervasive. Certainly, dispersion state and stability are highly 

interconnected, and since both are dynamically interacting, these aspects change with 

time as well. Unraveling such multi-tier, complex interplays is crucial for controlling 

the dispersion behavior. 

2.2 Particle characterization methods 

The state of dispersion and thereby the dispersion stability are influenced by the 

physical and chemical properties of the dispersed phase. These include particle size, 

shape, density, surface area and the morphology of the particle surface. Particle size 

and particle size distribution (PSD) measurements are of utmost importance 

indicating the dispersion stability. These methods can be classified as single, batch and 

separation-based particle size measurements. In case of the single mode, each particle 

is analyzed individually, whereas the batch mode takes into consideration the whole 

population. The third mode i.e., the separation-based size measurement as the name 

suggests is used to measure the size during the separation of particles in the 

dispersion. Table 2.3 lists some conventional size measurements methods. 

Table 2.3. Particle size measurement techniques for particle dispersions. 

Technique Mode Principle Parameter(s) 

Electron microscopy 

(EM) [25,32] 

Single 

particle 

Direct visualization of 

images generated by 

scattered electrons 

Diameter of 

equivalent sphere 

or Feret’s diameter 

Particle tracking 

analysis (PTA) [32,38] 

Single 

particle 

Measures the ability of 

particles to scatter light 

and their movement caused 

by Brownian forces 

Hydrodynamic 

diameter 

Acoustic technique 

[12] 
Batch  

Measures the attenuation 

of the acoustic wave 

produced in a certain range 

Diameter of a 

sphere of equivalent 

volume 
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Technique Mode Principle Parameter(s) 

of frequency 

Dynamic light 

scattering (DLS) [32] 
Batch  

Measures the movement 

due to Brownian forces 

Hydrodynamic 

diameter 

Laser diffraction/static 

light intensity 

(SLS) [32] 

Batch  

Measures the angular 

variation in scattered light 

intensity 

Diameter of 

gyration 

Small-angle X-ray 

scattering (SAXS) [32]/ 

wide-angle X-ray 

scattering (WAXS) 

Batch  
Measures X-rays scattered 

by particles 

Diameter of 

gyration 

Differential centrifugal 

sedimentation (DCS) 

[32] 

Separation 

based 

Measures the 

sedimentation time under 

the influence of 

gravitational or centrifugal 

force 

Sedimentation 

equivalent diameter 

of sphere 

Field flow 

Fractionation (FFF) 

[32,39] 

Separation 

based 

Separation based on 

hydrodynamic diameter of 

particles under the 

influence of the field 

(electric, gravitational, 

thermal etc.) 

Retention time 

Analytical 

centrifugation (AC) 

[40] 

Separation 

based 

Measures the transmission 

through dispersion w.r.t 

space and time in a 

centrifugal field 

Sedimentation 

equivalent diameter 

of sphere 

 

Such technologies together provide a set of tools that enable a useful 

characterization of structural components of dispersions. The advantage of EM is that 

it allows the evaluation of individual particles. But EM micrographs only provide 

qualitative assessment of the sample state, which is merely a snapshot of a localized 

region. Images can be very deceptive of the “true” state of the entire system. Further, 

for imaging, there is considerable change in the state of the sample (e.g., drying). 

Moreover, imaging methods are typically laborious and thus expensive. On the other 

hand, DLS allows the sizing of particles in the dispersion. But it suffers from a low 

resolution for broadly distributed systems and very often requires a high degree of 

dilution, thus distorting the particle sizing analysis [41]. Some of the techniques have 
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great advantages for characterizing real-world technical formulations such as 

complex inks/slurries. For instance, SAXS or WAXS analysis is a powerful technique 

for characterizing inks [42–44], however, it is associated with challenging data 

interpretation [39] and high operating and investment costs. Despite the options 

available in-store, a gap in tools and technologies to study particle dispersions in their 

native state and at operational concentration levels exists. Moreover, concurrent 

investigation of dispersion state and stability remains an opportunity to be exploited. 

2.3 Analytical centrifugation (AC) 

The analytical photocentrifuge LUMiSizer® (LUM GmbH, Berlin, Germany), is a 

cuvette-based centrifuge working on the principle of STEP (Space and Time-resolved 

Extinction)-technology™ [45] as illustrated in Figure 2.2. 

 

Figure 2.2. Schematic of the working principle of an analytical centrifuge based on 

the STEP-technology™. Light passes through the sample cell, and the CCD detector 

captures the instantaneous attenuated transmission signals across the sample 

filling height. The first profile (in violet) captured at time 𝛕𝒊 corresponds to an 

unseparated sample. Profiles are captured at fixed time intervals, with the last 

profile (in yellow) captured at time 𝛕𝒇. Adapted with permission from Bapat & 

Segets [20]. Copyright 2020 American Chemical Society. 
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As the rotor moves, the sedimentation of the sample is accelerated because of 

centrifugal forces which typically range from 6 to 2300 g. The rectangular sample cell 

is fixed horizontally onto a rotor plate containing 12 channels. Monochromatic light 

(non-infrared or visible) is pulsed through the sample cell, and the attenuated optical 

transmission through the dispersion is captured by an array of charge-coupled device 

(CCD) detectors. The captured transmission profiles, which are a function of the radial 

position r and time τ, constitute the primary readout and are frequently called 

fingerprints. Figure 2.2 describes the cases of the first (at time τ𝑖) and the last (at time 

τ𝑓) profiles. Under the effect of centrifugal force, particles migrate across the length of 

the sample cell, i.e., from 𝑟𝑖 to 𝑟𝑓. The distance moved by the sample is expressed as 

radial distances, i.e., distance from the rotor center. The sample filling height is 

positioned from ~ 107 mm to ~ 130 mm.  The transmitted light is captured at a fixed 

interval of time, where the total time of the experiment and the time interval for the 

measurement are both user-defined parameters. Higher levels of attenuation 

correspond to a larger local volume fraction of the dispersed phase. Conversely, low 

levels of attenuation correspond to a smaller local volume fraction. Hence, the 

resulting transmission profiles or fingerprints as a function of space and time allow 

us to track the migration of particles. The measurement data captured by the 

instrument software is in the form of a matrix with rows corresponding to values at 

each space point and columns corresponding to each time point. These raw data serve 

as the basis for both instrument software evaluation features and the methods 

proposed in this work. 

AC is a non-destructive technique to study dispersions and owing to its quick and 

easy preparation demands and economic advantages has widely been used in many 

research fields such as food, pharmaceutical, and coating industries. For instance, 

Mert demonstrated the potential of AC to evaluate the physical properties of ketchup 

products [46]. Optimized formulations of solid lipid nanoparticles (SLNs) for essential 

oils were developed by Zielin ska et al. [47]. Barrios reported the applicability of AC to 

estimate the shelf-lives of polymeric coatings [48]. Lately, a handful of studies report 

the successful use of AC for energy applications [49–51]. Collectively, these studies 

underline the untapped potential of this characterization technique for complex 

colloids. 
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2.4 Dispersion preparation 

In order to control the dispersion behavior, breaking of agglomerates/aggregates into 

individual units commonly known as primary particles is necessary such that the final 

product consists of evenly distributed fine particles in the continuous phase. The 

dispersion preparation techniques can either be batchwise or continuous. The 

batchwise processes include high-speed mixers such as UltraTurrax, magnetic stirring 

etc. A continuous processing can be achieved by wet milling (e.g., ball mill, bead mill) 

and high-pressure homogenizers. On the other hand, ultrasound, the most commonly 

used technique in the ink/slurry formulation, can be operated in both continuous and 

batch mode. In all methods, mechanical energy (shear) and time are the primary 

process parameters which affect the interactions within the formulation and thus the 

dispersion behavior. Previous studies report significant impact of dispersion methods 

on end-product properties [52–55]. For instance, Wang et al. [42] systematically 

studied the effect of mixing methodology on the fuel cell performance. Pollet and co-

workers [56–58] highlighted the importance of the ultrasound technique during ink 

formulation. Understanding the interactions of particles, stabilizing agents [59], and 

solvents [60] which themselves can act as a ligand and coordinate or interact with the 

particle surface [61,62] and how these interactions influence the handling properties, 

the function and performance of the end-product has been a central pursuit for 

research and industry alike [16]. 

2.5 Solubility parameters 

In making any formulation, several decision steps are required to narrow down to the 

best recipe. For instance, (a) which solvent or mixture of solvents yields desirable 

dispersion stability, (b) what additives (e.g., polymeric surfactants or inorganic 

pigments) impart stabilizing properties, (c) what solvent or particle concentrations 

are adequate, (d) what recipes are cost-effective and environmentally sustainable. To 

assist in enabling rational choices for the above-listed decision steps, the use of 

solubility parameters is a promising approach. Solubility parameters were originally 

developed for polymers based on the principle of “like dissolves like”. They are used 

to provide a prediction of the cohesive and adhesive properties of unknown materials 
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from the properties of known materials. Thus, the affinity or compatibility between 

two materials (particles and solvent) can be determined by solubility parameters. 

Two commonly used measures of materials compatibility are the Hildebrand and 

Hansen solubility parameters which are described below. 

2.5.1 Hildebrand parameter 

The term solubility parameter was first introduced by Hildebrand and Scott [63]. The 

cohesive energy density was the basis for the Hildebrand parameter. The Hildebrand 

parameter, sometimes referred to as cohesion parameter δ, is defined as the square 

root of the cohesive energy density 𝑐 which is the energy of vaporization divided by 

the condensed molar volume expressed by Equation 2.1: 

 
𝛿 = √𝑐 = (

𝐸

𝜐
)1 2⁄  

2.1 

𝜐 is the molar volume of the pure solvent. E is the energy of vaporization of the pure 

solvent which is a direct measure of the total cohesive energy holding the solvent’s 

molecules together. The SI unit for δ is MPa1/2. The energy of vaporization for the 

solvent is calculated from the heat of vaporization for the solvent H using Equation 2.2 

where R is the universal gas constant and 𝒯 is the absolute temperature.  

 𝐸 = 𝐻 − 𝑅𝒯 2.2 

2.5.2 Hansen solubility parameters 

A shortcoming of the Hildebrand parameter is that it cannot differentiate between the 

types of interactions, for example polar and hydrogen-bonding interactions. To 

overcome the drawback, several attempts have been made [64]. In 1967, C. M. Hansen 

[65,66] proposed an extension to the Hildebrand parameter by dividing the single 

parameter 𝛿 into three components 𝛿𝐷, 𝛿𝑃 and 𝛿𝐻 known as Hansen solubility 

parameters (HSP). HSP is expressed by Equation 2.3: 

 𝛿 =  √𝛿𝐷2 + 𝛿𝑃2 + 𝛿𝐻2 2.3 

𝛿𝐷 describes the contribution from the non-polar London interactions i.e., dispersion 
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forces, 𝛿𝑃 indicates polar interactions arising from the permanent dipole-permanent 

dipole forces and the hydrogen bonding 𝛿𝐻 takes into account the electron exchange. 

The three axes, corresponding to 𝛿𝐷, 𝛿𝑃, and 𝛿𝐻, constitute the Hansen space in which 

a solvent is represented as a point, and a solute is represented as a volume, typically 

as a sphere, known as the Hansen sphere, as shown in Figure 2.3. 

Here, a solvent is located at the point (𝛿𝐷1, 𝛿𝑃1, 𝛿𝐻1) (shown by the blue 

tetrahedron or red cuboid in the figure) and the solute is indicated with a sphere of 

radius R0 and the center (𝛿𝐷2, 𝛿𝑃2, 𝛿𝐻2) (shown by the small green sphere in the 

figure). The interaction between the liquid and solute is then expressed as Ra which 

can be calculated using Equation 2.4: 

 𝑅𝑎
2 = 4(𝛿𝐷1 − 𝛿𝐷2)2 + (𝛿𝑃1 − 𝛿𝑃2)2 + (𝛿𝐻1 − 𝛿𝐻2)2 2.4 

RED stands for relative energy difference and is the ratio of Ra and R0 as given by 

Equation 2.5: 

 𝑅𝐸𝐷 = 𝑅𝑎/𝑅0 2.5 

 

Figure 2.3. Schematic of the 3-Dimensional Hansen space with axes representing 

the three energy contributions δD, δP, and δH. The solute is located at the center of 

the sphere of radius R0, with poor liquid (red tetrahedron) outside the sphere and 

good liquid (blue cube) inside the sphere. Reprinted from Bapat et al. [22] with 

permission from the Royal Society of Chemistry. 

Solvents with RED < 1, lie inside the sphere showing good solute-solvent affinity as 

indicated by a blue cube in Figure 2.3. Conversely, liquids with RED > 1 are located 

outside the sphere showing immiscibility between solute and solvent as indicated by 

a red tetrahedron in Figure 2.3. 
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Originally developed to predict the solubility of polymers in different solvents or 

liquids, the method has been extended to evaluate the HSP of solute particles and has 

frequently been used in coatings and paint industries. Using the known solubility 

parameters of solvents, a numerical method is applied to find an extremum of an 

objective function also known as a fitness function in a 3D-Hansen space which is 

essentially solving for the coordinates and radius of the Hansen sphere. For HSP 

calculations, algorithms such as Nelder-Mead Simplex [67,68], genetic algorithms 

[69,70], among others, can be employed for optimization routines as custom scripts 

or implemented through widely used software tools like HSPiP [51,71–79], or 

Microsoft® Excel sheets [80]. Regardless of the numerical method, a fitness function 

of the form 𝐺(𝛿𝐷, 𝛿𝑃, 𝛿𝐻, 𝑅0) as shown in Equation 2.6 can be written: 

 

𝐺(𝛿𝐷, 𝛿𝑃, 𝛿𝐻, 𝑅0) = [∏ 𝑔𝑖(𝛿𝐷, 𝛿𝑃, 𝛿𝐻, 𝑅0)

𝑁

𝑖=1

]

1
𝑁

 2.6 

Then 𝑔𝑖 is calculated for “N” solvents depending on the optimization algorithm 

[68]. Further, in solving the fitness function, there is a need to define constraints, e.g., 

the Hansen sphere radius cannot be zero. Additionally, a set of solvents should be 

defined which are to be encompassed by the Hansen sphere (good solvents as 1), and 

to be excluded (poor solvents as 0). 

To arrive at the HSP values, the objective of an optimization routine is (i) to 

maximize the fitness function (Equation 2.6), (ii) minimize 𝑅0, (iii) while avoiding any 

wrongly included poor solvents inside the Hansen sphere and (iv) wrongly excluded 

good solvents outside the Hansen sphere. The key to a consistent HSP value is that all 

these factors are met simultaneously. Thus far, we can appreciate the fact that 

obtaining a reliable HSP value is sensitive to convergence to an extremum in a multi-

dimensional space. 

In the context of particle dispersibility, the resulting parameters can also be 

referred to as HDP (Hansen dispersibility parameters) [51]. While this contentious 

terminology might be more intuitive from the perspective that particles do not 

dissolve in solvents, the basis for adopting them is weakly justified [81]. Towards this 

end, Abbott highlighted the in-depth discussion and reasoning behind the adoption of 

different terminologies [82]. Also suggested by Abbott, HSP can be thought of as 
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Hansen Similarity Parameters [82]. Hence, in this work, the HSP terminology is used 

for particles instead of HDP. Furthermore, solvents are referred as liquids. 

For evaluation of the HSP of particles, they are typically dispersed in several liquids 

which will be referred to here as “probe liquids” (PLs), and their dispersion behavior 

is characterized. The premise behind it is that if the particle is well-dispersed in a set 

of liquids (good liquids), their HSP values will be closer together. Conversely, the 

particle HSP is further away from that of the liquids (poor liquids) when they do not 

demonstrate desirable dispersibility. 

Wieneke et al. [76] reported HSP values of TiO2 NPs by investigating the dispersion 

quality using DLS and visual inspection. Similar methods were adopted by Sehlleier et 

al. [77] to identify the best suited porogenic liquid for the synthesis of a silicon/carbon 

composite material. Fujiwara et al. [75] reported HSP values and dispersibility of 

copper particles before and after various surface treatments using DLS. Choi et al. [79] 

studied the dispersibility of ZnO NPs for photovoltaic applications using induction-

coupled plasma mass spectroscopy. However, the role of subjectively scoring some of 

the liquids leading to unreliable HSP values has been a topic of contention. 

To alleviate issues of subjectivity, Su ss et al. [51] proposed a methodology to first 

rank liquids based on the relative sedimentation times (RSTs), and then incrementally 

classify liquids as good. The RST is calculated as shown by Equation 2.7: 

 
𝑅𝑆𝑇 =

𝑡𝑠𝑒𝑑  (𝜌𝑝 − 𝜌𝑙) 𝑎

𝜂𝑙  𝑑
 2.7 

𝑡𝑠𝑒𝑑 is the sedimentation time. 𝜌𝑝 and 𝜌𝑙  are the densities of the particles and the 

liquid respectively. 𝜂𝑙  is the viscosity of the liquid. The two parameters 𝑎 and 𝑑 take 

into account the linear influence of acceleration (𝑎) on the sedimentation velocity and 

that of the optical path length (𝑑) in Beer-Lambert’s law (Equation 2.8) [51]: 

 𝐴 =  휀 𝐶𝑑𝑖𝑠𝑝 𝑑 =  − log 𝑇 2.8 

𝐴 is the extinction which is inversely proportional to the transmission 𝑇, and directly 

proportional to the particle concentration 𝐶 and 휀 is the extinction coefficient.  

The transmission profiles captured from AC are converted into extinction profiles. 

The integral extinction (IE) is the mean of each extinction profile in the chosen region 
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of interest (ROI). The IE vs time data is directly accessed from the AC software 

SEPView®. Using an intelligently guessed value for IE, the sedimentation time 𝑡𝑠𝑒𝑑 is 

obtained. The work describes the calculation of HSP for a commercial carbon black 

(Printex® L, Evonik Industries), using fourteen PLs and dispersion characterization 

by means of AC. From 𝑡𝑠𝑒𝑑 values corresponding RSTs were calculated based on which 

all liquids were ranked. To start out, HSP was calculated with the top two liquids with 

the highest RST, chosen as good, and the rest chosen as poor. Then the HSP was 

calculated based on three liquids scored as good and the rest as poor. This process was 

repeated until only one liquid was scored as poor. As a result, twelve HSP values were 

obtained. The finally reported HSP was the one where the HSP values plateau, i.e., do 

not change upon further addition of good liquids. In subsequent studies, the described 

method was applied to other particulate systems such as ZnO quantum dots [71] and 

SiO2 particles [72]. However, intricacies in choosing an appropriate IE threshold can 

impact the ranking order based on RSTs. Indeed, what stands out in these reports is 

the endeavor of non-subjective ranking and the power of AC to study sedimentation 

behavior and assess dispersion stability in an accelerated manner [22]. 

Recently, Fairhurst et al. [78] reported the applicability of the Nuclear Magnetic 

Resonance (NMR) relaxation technique as an advantageous method to select suitable 

liquids for initial wetting and dispersing zinc and aluminum oxides. Herein, twelve 

liquids were ranked based on relaxation numbers (RNs), and then HSP was calculated 

by incrementally scoring liquids as good. The reported HSP was the center of the best-

fit sphere drawing boundaries between good and poor liquids. 

Some commonalities across the above-discussed methods are – (i) the reliance on 

one characterization method only and/or (ii) reporting a definitive ranking order (or 

grouping list) based on an appropriate parameter (e.g., RST or RN). Often, the 

information derived from tracking only one parameter from one type of measurement 

to decide which liquid is good and which is poor will be restricted. Perhaps we can 

only conclusively deduce about “some” liquids but are required to classify “all” the 

liquids as 0 or 1, again bringing in subjective judgment [83]. Certainly, another 

characterization method can yield another appropriate parameter to rank the liquids. 

As a result, the HSP values can arguably change based on the characterization 

technique or measured parameter, leaving no standard methodology to evaluate and 
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report HSP. What lacks currently is a technology-agnostic framework for evaluating 

and reporting HSP for particles that can be generalized and extended to any 

measurement platform or ranking procedure. Noteworthy, such a framework would 

also provide huge advantages as different materials might require different 

characterization techniques based on their disperse and physicochemical properties. 

2.6 Application areas 

Particulate dispersions are increasingly finding applications in energy conversion and 

storage devices. Two prominent examples of application area are proton exchange 

membrane fuel cell (PEMFC) and lithium-ion battery (LIB). The process chain for both 

is fundamentally similar that involves steps such as dispersion preparation, coating 

and structuring of functional layers. Despite the perceived progress, to meet the 

technical targets for widespread commercialization, there is a need for improvements 

on several fronts including — performance, durability, as well as on automated 

manufacturability for large scale production. While LIBs are more matured than fuel 

cells, to cover the remaining milestones in commercialization, every component and 

critical process along the fuel cell and battery design chain must be exploited. 

2.6.1 Fuel cell 

As the world transitions to a sustainable and practical alternative to the internal 

combustion engine, few options tick all boxes for necessary characteristics. Among 

those in contention, fuel cells remain a frontrunner. Sir William Robert Grove invented 

the initial prototype of a fuel cell in 1839 [84]. A fuel cell is an energy conversion 

device that converts the chemical energy of the externally supplied fuel to electrical 

energy. A variety of fuel cells were developed based on the type of electrolyte, fuel 

consumed and operating temperature range. Willard Thomas Grubb and Leonard 

Niedrach of General Electric invented the first PEMFC, also known as polymer 

electrolyte membrane fuel cell in 1960s which has gained a great deal of attention 

[85]. In its illustrative history of development, PEMFCs have made significant strides 

in achieving high energy efficiency, high power density, low operating temperatures 

(below 90 °C), and superior durability [86,87].  
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A typical PEMFC is made up of several functional layers as shown in Figure 2.4. 

 

Figure 2.4. Components of a polymer electrolyte membrane fuel cell. 

The outermost layer i.e., flow field channel facilitates the fuel gas supply on both 

electrode sides. The flow field plates are typically made from graphite, titanium or 

stainless steel to provide sufficient corrosion resistance during the fuel cell 

operation [1]. Each electrode consists of a gas diffusion layer which is a dual-layer 

structure made of carbon paper or carbon cloth with a thickness of 0.2-0.5 mm [86]. 

The first layer i.e., a macro-porous layer (not shown in the figure) serves as a current 

collector and provides physical support to the catalyst layer (CL). The second layer i.e., 

a micro-porous layer (not shown in the figure) made from hydrophobic agent ensures 

adequate water management and thereby enhances interfacial electronic contact with 

the CL. The innermost layer is a polymer electrolyte sandwiched between the two 

electrodes (anode and cathode). The anode-membrane-cathode assembly is often 

referred to as membrane electrode assembly (MEA) and it makes up the heart of a 

PEMFC. 

At the anode CL, hydrogen (H2) gas is decomposed into protons (or hydrogen 

ions, 𝐻+) and electrons (𝑒−). The generated protons pass through the membrane to 

the cathode side while the electrons travel through an external circuit to the cathode 

side. This reaction is called as hydrogen oxidation reaction (HOR) and is shown below: 

 2𝐻2 ⇌  4𝐻+ + 4𝑒− 2.9 

Meanwhile, at the cathode, oxygen (O2) combines with protons from the 



2  Background and related work 

26 
 

membrane, and electrons from the external circuit to form water. This reaction is 

known as oxygen reduction reaction (ORR) and is given below: 

 𝑂2 +  4𝐻+ + 4𝑒−  ⇌ 2𝐻2𝑂 2.10 

The overall reaction in a PEMFC can be expressed as: 

 2𝐻2 +  𝑂2  ⇌ 2𝐻2𝑂 + 𝐻𝑒𝑎𝑡 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 2.11 

Platinum (Pt) is commonly used as catalyst for both HOR and ORR. The splitting of 

the H2 molecule is easier than the breaking of the O2 molecule which causes 

substantial activation loss. Thus, the cathode CL, which facilitates the ORR is a 

‘bottleneck’, due to limitations with the sluggish reaction rate. The sluggish kinetics of 

the ORR require high loadings of expensive catalyst that can accelerate the reaction. 

This makes the cathode CL the performance and cost controlling component of the 

PEMFC. Numerous studies on PEMFCs have focused on the development of optimized 

CL layout with high catalyst utilization applying strategies such as (i) increasing 

catalyst loading [88–90], and (ii) graded catalyst loading [91,92]. Yet, fulfilling the US 

Department of Energy (DOE) target of achieving catalyst loading of 0.125 mg/cm2 is 

an ongoing endeavor [93]. One major hurdle towards engineering the next-generation 

CL is the limited fundamental understanding of how CLs are formed and can be 

characterized. Thus, CL development reside in the empirical domain.  

As shown in Figure 2.5, CLs are typically fabricated from a catalyst ink which is a 

highly complex multimaterial dispersion comprising active material (e.g., a 

platinum/carbon, Pt/C catalyst support), a binder (e.g., ionomer), and solvent(s). The 

catalyst and support properties, ionomer chemistry, solvent properties, their 

concentrations as well as the PSD defined by the dispersion processing dictate 

particle-particle, particle-ionomer, and particle-solvent interactions. These 

interactions in turn affect the ink flowability, CL microstructure and PEMFC 

performance. The complex interplay of ionomer and carbon at the particle and the 

molecular level using Derjaguin−Landau−Verwey−Overbeek (DLVO) theory [94,95], 

adsorption isotherms [50], and molecular dynamic simulations [96,97] has been 

explored in several reports. 
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Figure 2.5. Structure of a PEMFC ink composed of a carbon supported platinum 

catalyst, an ionomer, and a solvent mixture. Adapted from Bapat & Segets [20] and 

Bapat et al. [21] with permissions from the American Chemical Society and Elsevier 

respectively. 

Catalyst support: Carbon black, an amorphous form of carbon, is the best choice as 

catalyst support in fuel cells owing to its high electrical conductivity, large specific 

surface area, low mass density and low costs. These features improve the catalytic 

activity, stability and catalyst utilization. The morphology and particle size 

distribution of carbon blacks depend on the source of carbon and process parameters 

used for its thermal decomposition. Commonly high surface area carbon blacks such 

as Vulcan XC-72(R), Black Pearls BP 2000, acetylene black, Ketjen Black, etc. are 

suitable for fuel cell applications. Vulcan XC-72R is the most widely used 

electrocatalyst support [98]. However, the corrosion of carbon is one of the main 

concerns for long-term operations affecting the durability of the fuel cells. This in turn 

increases the electrode resistance by decreasing the electrode layer thickness due to 

mass loss, leading to reduced electrical contacts [99,100]. To overcome the issue, 

several strategies have been adopted with an aim to increase the stability of PEMFC 

over long operational time by graphitization, or using alternative carbon-supports, 

such as nanofibers, nanocages or non-carbon inorganic oxides and composite 

materials. These materials have been investigated as support materials in fuel cells 

and some of these studies are provided in Table 2.4. 
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Table 2.4. Summary of some alternatives to commercial carbon support in fuel cell 

applications. 

Materials Classification Performance Source 

Graphitized 

carbon 
Single support 

Enhanced long-term stability of catalyst 

and its alloys, higher resistance to 

carbon corrosion 

[101] 

Graphene Single support 
Better durability of graphene supported 

Pt NPs than Vulcan XC-72R 
[102] 

Nitrogen and 

fluorine (NF) 

co-doped 

graphite 

nanofibers 

Single support 

NF-co-doped graphene facilitates strong 

metal–support interactions with catalyst 

NPs and favors strong catalyst stability 

compared to Vulcan XC-72 

[103] 

Carbon 

nanocages 
Single support 

Higher catalytic activities and long-term 

stability compared to XC-72R 
[104] 

Modified 

graphitized 

carbon 

Modification of 

commercial 

carbon 

Enhanced distribution of catalyst NPs 

deposited on the functionalized 

graphitized surfaces, reduces their 

agglomeration, higher stability of Pt 

catalysts with enhanced activity 

[105] 

Activated 

carbon 

composite 

support  

Modification of 

commercial 

carbon 

Excellent performance and mass activity 

compared to commercial carbons 

(Vulcan, Ketjenblack, Timcal) 

[106] 

Nitrogen 

modified 

supports 

Modification of 

commercial 

carbon 

Improved corrosion stability [107] 

Titanium 

dioxide  
Non-carbon 

Less catalyst agglomeration, slow decay 

in activity over 80 hours, higher 

durability over 200 hours compared to 

commercial carbon supported catalyst 

[108] 

Tin oxide Non-carbon 
Comparable performance to Vulcan 

catalyst at lower current densities 
[109] 

Silicon carbide Non-carbon 
Higher electrochemical activity than 

Vulcan XC-72 catalysts 
[110,111] 

Titanium 

nitride 
Non-carbon 

Higher reduction in current compared to 

commercial carbon supported catalyst 
[112] 

Titanium 

diboride 
Non-carbon 

High activity and stability, but leads to 

surface oxidation 
[100] 
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Catalyst: In the mid-1960s, only Pt black NPs served as catalyst without any support 

material thus leading to high loadings of Pt in electrodes to ensure effective 

electrochemical reactions [113]. The use of carbon supported Pt catalyst was 

introduced in the late 1960s replacing the only-Pt black system. This in turn reduced 

the Pt loading massively [113]. With the advancement in catalyst technology, it was 

possible to bring down the Pt loading from 28 mg/cm2 to 0.2 mg/cm2 [84]. Although 

Pt remains the prime candidate as electrocatalyst for both anode and cathode due to 

its higher catalytic activity and greater stability [114], other noble metals such as 

ruthenium (Ru), rhodium (Rh), palladium (Pd), iridium (Ir) collectively called as 

platinum group metals (PGMs), silver (Ag) and gold (Au) have been extensively 

explored [90,115]. However, their catalytic performance and corrosion resistance are 

inferior to Pt catalysts [114]. In spite of remarkable improvements in catalyst 

designing, Pt based electrodes contribute immensely to the total cost of fuel cell 

stacks. The high costs of scarce PGMs and the target of the US DOE (as mentioned 

0.125 PGM mg/cm2) [116] have driven research into finding alternatives without 

compromising the performance. The various strategies include (i) the reduction of 

catalyst loading [90,117–120], (ii) the modification by alloying [52,101,118,121], (iii) 

the use of core-shell architectures [122,123], shape-controlled nanocatalysts 

[124,125], or nanoframes [126,127], (iv) and replacing PGM by non-noble metals 

[128]. Table 2.5 provides a short summary of the performance of some catalyst 

materials with or without carbon support which could be substitutes to the technical 

catalyst. 
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Table 2.5. Summary of some alternatives to the commercial Pt/C catalyst in fuel cell 

applications. 

Catalyst Support material Performance Source 

PtNi Unsupported 
Excellent stability, 2.5-fold higher 

specific activity  
[129] 

Au-doped PtCo Vulcan XC-72R 
Higher stability, enhanced mass 

activity, and specific activity 
[130] 

PtNi(OH)2 Vulcan XC-72R 

6-fold higher specific activity, 

decreased stability with decreasing Pt 

content 

[131] 

Ga-doped PtNi 

octahedral 
Vulcan XC-72R 

Enhanced stability, 11.7-fold higher 

mass activity, 17.3-fold higher specific 

activity 

[132] 

Rhombic 

dodecahedral Pt-

Ni nanoframe 

Vulcan XC-72 
10-fold higher specific activity, 6-fold 

higher mass activity  
[133] 

Pt 
Fe/N-doped 

carbon 

5.6 times higher mass activity, 2 times 

higher specific activity 
[134] 

Pt nanowires 
S-doped carbon 

nanotubes 

2 times higher mass activity, higher 

stability 
[135] 

 

Ionomer: Another important ingredient of the catalyst ink is the perfluorosulphonic 

acid (PFSA) polymer, also commonly known as ionomer. An ionomer facilitates 

chemical stability and proton conduction within the electrode. PFSA ionomer is 

comprised of a hydrophobic polytetrafluoroethylene (PTFE) backbone that provides 

mechanical support and hydrophilic sulfonic acid side chains. Nafion®, a long side 

chain PFSA, is one of the most widely used ionomers for PEMFC applications. However, 

short side chain polymers such as Aquivion® are gaining attention due to higher 

mechanical and thermal stability, enhanced ion conductivity and thereby improved 

PEMFC performance [50,136,137]. Previous studies report the significant impact of 

the state of the ionomer on the ink flowability and MEA properties [138–141]. For 

instance, Khandavalli et al. [43] provided insights on the rheological behavior of ink 

varying ionomer/carbon ratio and carbon-support type in the presence and absence 

of Pt. The study suggests that the presence of Pt stabilizes carbon dispersions via 

repulsive electrostatic interactions and a strong interaction between Pt and ionomer 
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exists only up to a certain ionomer/carbon ratio. Soboleva et al. systematically 

investigated the effects of ionomer loading on the water sorption and electrochemical 

activities of two types of carbon [142]. An optimum concentration of ionomer in ink 

dispersions is indispensable as it stabilizes the particles against aggregation and 

facilitates proton transport [43]. At extremely low concentrations, the catalyst 

particles are inadequately covered by ionomer which in turn results in poor catalyst 

utilization and ionic conductivity. On the other hand, extremely high concentrations 

hamper the diffusion of gases [143]. Many reports highlight the interaction of PFSA 

sulfonate moieties with the Pt surface, leading to poisoning of the catalyst by blocking 

active sites [144,145]. These findings were supported by reduced oxygen transport 

observed by other researchers [146,147]. 

Solvent(s): Besides these particulate constituents, dispersing solvent(s) play an 

important role in the catalyst ink preparation. It must be noted that a good solvent for 

carbon only may not be good enough for the mixture of Pt/C with an ionomer. Alcohol-

water mixtures are widely studied as dispersing solvents. Several studies reported 

that the interaction of ionomer changes with changing alcohol-water ratios. For 

instance, Ngo et al. [148] found that a lower 2-propanol (IPA) content in a binary 

dispersion of IPA-water results in the formation of larger and higher negatively 

charged Nafion® aggregates. This in turn leads to higher steric hindrance of the 

deposition of Nafion® ionomer on the catalyst surface resulting in a thinner Nafion® 

film in contact with the catalyst surface. However, the use of alcohol-water mixtures 

is not standardized. As a result, different solvents have been explored, which results 

in maximum dispersion stability [94,95], and electrochemical performance [149–

151]. 

Ink processing: The ink formulation is further complicated by the selection of 

dispersion processing. Traditionally, batch processes such as ball milling, high shear 

mixing or stirring and ultrasonication are employed in ink processing [53]. The 

interplay between the ink constituents is greatly influenced by the applied dispersion 

technique. The seminal work by Pollet and Goh highlights the effects of processing 

methods such as ultrasound and shear mixing on the electrochemical activity and the 

particle size of catalyst inks [56,152]. More recently, the use of wet pulverization and 
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dispersion devices working in a continuous mode under high-pressure conditions to 

study the effects of the dispersion process on the CL structure has been reported 

[153,154]. 

CL fabrication: Beyond material selection and ink processing, fabrication of CLs is a 

crucial step in the process design that influences the final MEA properties. A major 

breakthrough in the PEMFC development was achieved in 1991, when a catalyst ink 

was used for the first time to fabricate CLs via decal transfer [155]. The decal transfer 

comprises coating a catalyst ink onto a suitable substrate, commonly a PTFE film, 

followed by a transfer of the dried coating onto the membrane by hot-pressing. Thus, 

a catalyst ink, a dispersion of solid in liquid is only ad interim. In operation, the catalyst 

ink is applied as a layer onto a substrate or a membrane. Traditionally, various 

solution-coating methods such as ultrasonic spray coating [42,156], doctor blade 

[49,157,158], and large-scale roll-to-roll coating [94,159,160] have been employed to 

prepare CLs. Figure 2.6 depicts the MEA fabrication using typical laboratory scale 

ultrasonic spray coating via the decal transfer method.  

 
Figure 2.6. Schematic of an MEA fabrication via decal transfer. A catalyst ink is 

sprayed on a substrate forming CLs. Anode and cathode CLs and membrane are hot-

pressed, followed by the addition of GDLs to prepare an MEA. 

More recently, inkjet printing [117,161], owing to its flexibility and ability to scale 

up to a certain extent, has also been successfully experimented with to fabricate CLs. 

The rheological behavior of catalyst ink is critical in the manufacturing of CLs. As 

different techniques have different requirements of ink viscosity, the ratio of ink 
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components and the total solid content are set by the coating method. The flowability 

of the ink governs the CLs uniformity [94,162], thickness [163], and ink penetration 

into the substrate [164]. Supervising and controlling the MEA preparation methods to 

obtain the ideal microstructure and morphology of the CLs is non-trivial, to the extent 

of being impractical for large scale production. This is especially challenging when 

there is very little known about the “best” CL structure. Hence, the penultimate stage 

– which is the ink dispersion, becomes crucial as there is a possibility of greater 

control on tuning the state and stability of the dispersion, in particular during scale-

up. Ink stability is a desirable trait to ensure a high-quality end-product. There are two 

available ‘knobs’ to control dispersion state and stability, namely (i) the ink 

composition and (ii) the choice of processing methods. Inappropriate mixing and 

selection of constituents certainly results in a poorly dispersed or aggregated ink, 

leading to poor flowability and disordered layers during the fast-drying process. At 

the same time, the modified flow behavior of aggregated dispersions often results in 

clogged spray or inkjet nozzles [95,165]. Together these have a direct consequence on 

desirable characteristics of the CL [138]. As discussed previously, reports show how 

certain ink characteristics can translate to maximization of the available Pt loading 

[42] on the one hand and to positively influence the mass transport [166] through the 

active layer on the other hand. Thus, the colloidal state, stability, along with flow 

properties, have an enormous influence on the coating characteristics, subsequent 

mass transport through GDLs, and ultimately the electrochemical performance and 

cycling stability. 

2.6.2 Emerging anode materials for batteries 

The energy storage market has been dominated by LIBs owing to their maturity in 

terms of the commercial scale manufacturing of their electrode materials. In 1991, 

Sony commercialized the first LIB with a coke anode [167] followed by the advent of 

graphite-based LIBs in 1994 [168]. Since then, almost all commercial LIBs are based 

on graphite particles as active anode material. Although LIBs have enabled 

tremendous technological advancements over about 30 years, their low energy 

density remains the biggest hurdle in meeting the growing energy demand. Graphite 

has a theoretical capacity of 372 Ah kg-1, however, the practical capacity of 
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280-330 Ah kg-1 is observed [169]. 

The subsequent quest for high-capacity anodes maintaining high power rates led 

to other metals and alloys in particular those composed of Silicon-Si (3579 Ah kg-1), 

Tin-Sn (994 Ah kg-1), and Germanium-Ge (1600 Ah kg-1) [170]. Among these, Si being 

the second most abundant element on earth with the highest capacity has grabbed 

much interest. Despite several advantages in terms of availability, costs and 

environmental benignity over conventional graphite, Si has severe shortcomings that 

constrain the commercialization of Si-based anodes [170]. The main problem is the 

huge volume expansion during lithiation (~300 %) [171–173]. Due to repeated 

volume change, Si particles undergo pulverization and ultimately lose the electrical 

contact causing sharp decrease in the capacity and affecting the cycle performance.  

To alleviate some of these problems, strategies such as minimizing Si particle size 

to nanoscale, nano structuring, and doping have been developed over the course of 

about 20 years. Table 2.6 summarizes the performance of potential Si-based anode 

materials that have been investigated as alternative to pristine Si. 

Table 2.6. Comparison of electrochemical performance of some representative Si-based 

anodes in literature. 

Electrode Si source Performance Source 

C1-xSix 
Crystalline 

silicon 

C0.8Si0.2 ball-milled for 150 h had a 

reversible capacity of 1039 Ah kg-1, 

76 % capacity retained after 20 

charge/discharge cycles 

[174] 

Nano-Si composite Si powder 
High reversible capacity ~1700 Ah kg-1 

after 10 cycles 
[175] 

Si-C composite SiO 

High capacity of 1459 Ah kg-1, retaining 

97.8 % of the initial capacity after 200 

cycles 

[176] 

Mesoporous Si 

sponge 
Si wafer 

92 % capacity retention over 300 

cycles 
[177] 

3D porous Si  SiCl4 
99 % capacity retention after 100 

cycles 
[178] 

Si-C composite 
Al-Si alloy 

ingot 

86.8 % capacity retention over 300 

cycles 
[179] 

Multidimensional Si-C Si powder 95 % capacity retention over 70 cycles [180] 
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Electrode Si source Performance Source 

C-Si nanocomposite SiH4 ~1950 Ah kg-1 capacity [181] 

3D microporous Si-C Si powder 87 % capacity retention over 50 cycles [182] 

(Si-SiO-SiO2)-C 

composite 
SiO 

99.5 % capacity retention over 200 

cycles 
[183] 

Graphene/Si-C 

composite 
SiO 

After 100 cycles, retains capacity of 

3.2 mAh/cm2 
[184] 

Prickle-like Si@C Si powder 
65 % capacity retention over 100 

cycles 
[185] 

Si-C composite Triethoxysilane 
~90 % capacity retention over 150 

cycles 
[186] 

Si-C composite Si powder 
~68.9 % capacity retention over 100 

cycles 
[187] 

Graphene sheet 

wrapped Si 
Si powder 

After 30 cycles, retains capacity of 

1500 Ah kg-1 
[188] 

Si-C composite Si powder 
Capacity retains at 525 Ah kg-1 after 50 

cycles 
[189] 

Si@self-healing 

polymer 

Si 

microparticles 
80 % capacity retention over 90 cycles [190] 

Si/aminosilane-

functionalized carbon 

nanotubes/C 

composite 

Si NPs 
90 % capacity retention after 200 

cycles 
[191] 

Si-carbon nanotubes/ 

polyaniline composite 
Si NPs 

Capacity retention of 62.5 % after 500 

cycles 
[192] 

 

Recently, conversion type materials such as silicon oxides (SiOx) [193–195] and 

nitrides (SiNx) [196,197] have gained attention as promising substitutes for elemental 

Si owing to associated low costs and easy synthesis. Silicon/Silicon oxide blend 

anodes have already been commercially adopted by Tesla Inc. and Kia Motors 

corporation [198]. While, in earlier studies, silicon nitride Si3N4 was regarded as an 

electrochemically inactive material, silicon rich SiNx have shown considerable 

gravimetric capacity displaying high cycle stability [196,197,199,200]. Nevertheless, 

the development of these Si rich SiOx and SiNx anodes is still in its infancy. 

While there is an extensive work that describes the integration of emerging 

materials in battery electrodes and understanding of the underlying electrochemical 

phenomena, less work is available describing engineering of an electrode for LIBs. 
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With the increasing number of promising particulate materials, an in-depth 

understanding of their interactions with the surrounding media becomes 

indispensable for knowledge-based electrode design similar to PEMFCs. Also, in this 

case the formulation step is crucial as it has a great influence on the electrode 

microstructure and in turn the device performance similar to the fuel cell catalyst 

layers. 

In summary, this chapter gives a comprehensive account on the fundamentals of 

particulate dispersions and related terminologies such as dispersibility and stability. 

The phenomena of agglomeration as a result of transport and interactions within 

particle systems is discussed. The chapter also explains the significance of the term 

“assemblage”, especially in the case of complex multimaterial systems where a clear 

distinction between aggregate and agglomerate is difficult. It offers an overview of 

existing techniques for characterization of dispersions along with related challenges. 

In order to fill in the gaps in characterization of technical dispersions, a glimpse of 

untapped potential of AC is provided. Furthermore, the concept of solubility 

parameters that is of great importance in particle formulation science is discussed. 

Two prominent technical formulation and application areas namely fuel cells and LIBs 

are introduced. The components of the process chain for fuel cell and battery design 

starting from conventional and emerging raw materials to the ink/slurry preparation 

and further to the functional layers are discussed in detail. The important link 

between process-structure and structure-property for these particle-based systems 

and their characterization will be unfolded in next chapters.      
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3 Process-property relations for 
electrocatalyst inks 

This chapter paves the way to unravel the process-structure and structure-property 

relations for MEA design. The electrocatalyst layers for PEMFCs are typically prepared 

using solvent-based processing methods. In this process, Pt/C particles are dispersed 

in solvent(s) forming a colloidal ink which is stabilized by an ionomer. Although an 

appropriate ink formulation is a prerequisite for electrode preparation, ink processing 

is still governed by empiricism [95,201]. The main purpose of ink processing is to 

break agglomerates to a desired size and form a homogeneous dispersion. Previous 

investigations have shown the impact of ultrasonication and shear mixing on the 

particle size and the catalyst activity of fuel cell materials [56,202]. However, the 

complexity of the multi-material catalyst ink system poses a true challenge to 

understand the underlying interparticle interactions. The important process-

structure and structure-property relationships are still unknown and remain to be 

adequately explored [43,201]. This is due to the fact that most of the existing 

techniques to characterize the catalyst inks require modifications to the original ink 

concentration, such as dilution or drying [42,202]. Such modifications, in turn, make 

the assessment of complex systems challenging and laborious and, in some cases, lead 

to misleading results. 

In this chapter, the specific aim is to examine catalyst inks in their original 

concentrations and compositions, at which they are ultimately coated on the 

membrane. The effects of different methods for ink processing were systematically 

studied using the characterization tools provided by AC and electron microscopy. In 

this study, ultrasonication and high-pressure homogenization were used to prepare 

the catalyst inks. CLs were prepared using spray coating on a transfer foil, and the 

subsequent MEAs were fabricated by decal transfer on a membrane. The 

electrochemical performance of the MEA was investigated. Parts of this chapter are 

published in proceedings of the Electrochemical Society meeting of 2020 [19]. 
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3.1 Materials and Methods 

3.1.1 Ink preparation 

Inks were prepared by Ms. Sabrina Fricke at ZBT GmbH. Active material HISPEC® 

4000 40 wt. % Pt/C was used for cathode catalyst ink preparation. 5 wt. % Nafion® 

dispersion (D521, EW 1100) was purchased from Ion Power. 2-Propanol (≥99.0 % 

purity, VWR international) and ultrapure water (18. mΩ·cm) were used as solvents. 

Three catalyst inks of identical composition (ionomer/carbon volume ratio of 0.9 and 

water/alcohol mass ratio of 1.95) with 0.5 wt. % catalyst in a solvent mixture were 

prepared. Ink 1 was prepared by dispersing all components using an ultrasonic bath 

(USC 500 TH, 45 kHz, VWR International) for 30 minutes. Ink 2 was processed using 

the ultrasonic bath for 30 minutes, followed by 15 minutes of probe sonication 

(2 minutes ON, 1 minute OFF at 18 W) (Sonifier 450, Branson Ultrasonics). Ink 3 was 

premixed in the ultrasonic bath for 10 minutes before processing it using a high-

pressure homogenizer (Star Burst minimo, Sugino Machine) at 100 MPa. 

The anode catalyst ink was prepared by mixing the HISPEC® 2000 10 wt. % Pt/C 

powder, Nafion® dispersion, ultrapure water, together with an ionomer/catalyst ratio 

of 1.12 and a water/alcohol mass ratio of 2.67. The mixture was first dispersed by the 

ultrasonic bath for 30 minutes, followed by 15 minutes of probe sonication. 

3.1.2 Structural characterization 

TEM images were acquired using a JEOL JEM-2200FS scope. For sample preparation, 

20 μL of the diluted catalyst inks was drop-cast on the copper grids and dried at 80 °C 

in an ambient atmosphere. The images of the inks were acquired in bright field mode 

with an acceleration voltage of 200 kV. Imaging was done by Dr. Markus Heidelmann 

at ICAN, UDE. 

3.1.3 Ink stability 

AC device LUMiSizer® 651 (LUM GmbH, Berlin, Germany) was used to study the ink 

stability. Inks were tested at a rotor speed of 4000 RPM. The temperature was set at 

25 °C, and a wavelength of 870 nm was used. The measurement consisted of 999 

transmission profiles captured over 17.5 hours. 
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3.1.4 MEA fabrication 

MEAs were prepared by Ms. Sabrina Fricke at ZBT GmbH. The cathode and anode 

layers were sprayed through an ultrasonic nozzle (Exacta Coat FC Fuel Cell Coating 

System, Sono-Tek, USA) on decal transfer PTFE foil, which was placed on a vacuum 

table heated to 150 °C. Catalyst inks were sprayed at a rate of 0.5 ml/min. The final 

loadings of 0.2 mg/cm2 and 0.05 mg/cm2 were achieved for the cathode and anode 

layers, respectively. Anode and cathode catalyst layers were then hot-pressed and 

transferred onto a Gore® membrane type MX820.15 (Gore, Germany) at a 

temperature of 160 °C and a pressure of 20 kN for 10 minutes. Gas diffusion structures 

type H23C9 (Freudenberg FCCT, Germany) were used in the MEA. 

3.1.5 PEMFC test 

The MEA performance was tested in a 25 cm2 single cell hardware (BalticFuel Cells 

GmbH) at ZBT GmbH. The cell and gas temperatures were set to 80 °C, and the relative 

humidity at both electrodes was set to 70 %. The hydrogen and air stoichiometry were 

set to 5.0 for the anode and cathode at an overpressure of 1.5 atm. The full MEA 

electrochemical measurements were performed in a fuel cell test station coupled with 

a potentiostat Interface 5000 E (Gamry Instruments) and an electronic load PLI 

(Ho cherl & Hackl GmbH). 

3.2 Results and discussion 

3.2.1 TEM imaging 

The diluted and dried inks were characterized by TEM to visualize the structure of 

inks subjected to the employed processing techniques. Figure 3.1 shows TEM images 

of cathode catalyst inks prepared by an ultrasonic bath (a-b), probe sonication (c-d), 

and high-pressure homogenizer (e-f). The dark areas marked by white circles 

represent the aggregation or agglomeration of Pt/C particles. All three inks show a 

certain degree of aggregation/agglomeration. However, in all three cases, Pt NPs 

remained undetached from the carbon carrier. This suggests that the applied 

sonication energy or high pressure in the homogenizer did not dislodge the Pt NPs. 

Thus, it can be assumed that they remain electrochemically active and can contribute 
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to the ORR. However, due to the necessary drying step, the observed degree of 

aggregation/agglomeration does not represent the catalyst ink in its native state 

within the dispersion. 

 

Figure 3.1. TEM images of the cathode catalyst ink prepared by (a-b) 30 minutes of 

ultrasonic bath, (c-d) 30 minutes of ultrasonic bath followed by 15 minutes of probe 

sonication and (e-f) high-pressure homogenization at 100 MPa under different 

magnifications. Reprinted from Bapat et al. [19] with permission from IOP 

Publishing. 

3.2.2 Colloidal stability 

As described in Chapter 2, AC monitors the sedimentation of particles with respect to 

the space (i.e., sample filling height) and the time. Figure 3.2 shows the main readout 

of the AC i.e., transmission profiles for cathode inks prepared by ultrasonication, 

probe sonication and high-pressure homogenization (from left to right). These 

profiles are provided by the instrument software SEPView®. The reader can get a 

general idea of the time progression for the experiment with the help of line color 

coding. In Figure 3.2, violet color indicates the first profile, and the last profile is 

shown by yellow color. The meniscus is formed around 108 mm from the rotor center 

as manifested by a small valley. The transmission values in all cases before the 

meniscus are ~80 % which indicate the transmission through the empty cell. 
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Figure 3.2. Transmission fingerprints for cathode catalyst ink prepared by (a) 

ultrasonic bath, (b) probe sonication and (c) high-pressure homogenization 

respectively. The first profile is colored as violet, and the last profile as yellow. Inks 

were centrifuged at 4000 RPM at 2300 g for about 17.5 hours. 

For all three processes, the sedimentation is almost complete as the final 

transmission values nearly reach the transmission values through the empty cell. 

However, a clear picture of the sedimentation kinetics cannot be obtained from the 

profiles as the time is implicit. Hence, in this case, the end values of transmission 𝑇𝑒𝑛𝑑 

recorded by AC were taken into consideration for all three cathode catalyst inks. The 

stability analysis was carried out using the RST suggested by C.M. Hansen [66] as 

described by Equation 3.1: 

 
𝑅𝑆𝑇 =  

𝑡50(ρ𝑝 − ρ𝑠)

η𝑠
 

3.1 

where 𝑡50  is the time (s) at which 50 % of the maximum integral transmission was 

reached [49], ρ𝑝 and ρ𝑠 (kg/m3) are the densities of the particles and the solvent 

respectively, and η𝑠 (Pa s) is the dynamic viscosity of the solvent. Noteworthy, 

Equation 3.1 is similar to Equation 2.7 (see Chapter 2), but it does not take into 

account the linear acceleration on the sedimentation velocity and the optical path 

length owing to the nonlinear relation between concentration and extinction for 

highly concentrated inks.  For a given sample, the higher the RST, the slower the 

sedimentation of the particles under investigation, and the higher the colloidal 

stability. For the comparative assessment of inks processed by three different 

methods, the density of pure carbon particles was taken into consideration. The 

density value of the water/IPA mixture was obtained from the literature [203]. 

Figure 3.3 shows the RST for inks prepared by the three different methods. The ink 
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prepared by high-pressure homogenization takes the longest time to sediment, as 

indicated by the largest RST. This can be attributed to the effective reduction of 

particle size by the homogenization compared to either of the sonication methods. 

The smallest RST is exhibited by the ink prepared using an ultrasonic bath, pointing 

towards the lowest stability. This indicates that using an ultrasonic bath alone is 

insufficient to break up the large particle agglomerates into smaller aggregates or 

primary particles. 

 

Figure 3.3. RST of cathode catalyst inks prepared by three different processing 

methods. RST values were obtained from the transmission values recorded by AC and 

are indicative of the colloidal stability of inks. Reprinted from Bapat et al. [19] with 

permission from IOP Publishing. 

3.2.3 MEA performance 

Figure 3.4 shows the H2/air polarization plots for MEAs fabricated from inks 

processed by probe sonication and high-pressure homogenization. It can be observed 

that the MEA from the probe sonicated ink suffers from a performance loss at high 

current densities compared to the MEA from the high-pressure homogenized ink. This 

suggests that the ink preparation by high-pressure homogenization has a positive 

influence on the catalyst structure and mass transport in the CL. These results are in 

good agreement with the colloidal stability test, which showed that higher stability 

has been achieved by high-pressure homogenization compared to probe sonication. 

Moreover, at a current density of 2 A/cm2, the high-pressure homogenized ink reached 

a 33 % higher cell voltage, namely 0.4 V for the ink dispersed by the high-pressure 

homogenization and 0.27 V for the probe sonicated ink. In the case of the ink 
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processed by an ultrasonic bath, the catalyst layer could not be transferred onto the 

membrane during the hot-pressing procedure. As a result, the MEA could not be 

tested. This can be attributed to a poor ionomer distribution during processing. 

 

Figure 3.4. H2/air polarization curves of an MEA fabricated from the catalyst ink 

processed by probe sonication (red line with squares), and that of the ink processed 

by high-pressure homogenization (blue line with circles). Reprinted from Bapat et 

al. [19] with permission from IOP Publishing. 

3.3 Conclusion 

This study underlines the untapped potential of analytical centrifugation to 

characterize fuel cell catalyst inks in their native state of dispersion. Among the three 

employed dispersing methods, high-pressure homogenization turned out to be a 

superior method compared to probe sonication and bath sonication. The best MEA 

was achieved by the most stable ink prepared by high-pressure homogenization, while 

with the least stable ink prepared by ultrasonic bath, no MEA could be formed. 

Together, these findings can be further confirmed with follow-up experiments before 

employing the ink preparation protocol. Such systematic insights on the effects of 

different processing methods and the stability of catalyst inks provide a strong basis 

for understanding the process-structure-property relationships of fuel cell electrode 

layers. This will become the cornerstone towards a knowledge-based development of 

inks for high-performance PEMFCs.
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4 Direct visualization of sedimentation 
dynamics of dispersions 

To tap the immense potential of AC for studying complex dispersions, an important 

link between dispersion processing, ink stability and the fuel cell performance was 

described in the previous chapter. The concept of RST was used as proposed by C.M. 

Hansen and other reports [49,66]. Using an arbitrary integral transmission (50 % of 

the maximum transmission value), corresponding RSTs were calculated based on 

which ink stability was quantified. But here a clear downside is that the information 

derived from tracking one parameter will be limited, let along the fact that this 

parameter is based on an arbitrary value to decide which system is more stable. For 

complex systems such as inks, by tracking one parameter only, we can be blindsided 

due to the limited information problem – as some other transmission value might lead 

to different results. The multi-material dispersions show intricate sedimentation 

dynamics in which assemblages are formed as a result of interparticle interactions. 

Through fingerprints, little can be derived on the formation of assemblages as their 

corresponding settling times are implicit. Thus, understanding of the main 

transmission readout, so-called transmission profiles or fingerprints can be 

nonintuitive and complex. This chapter describes the intricacies involved in the 

characterization of complex catalyst inks in their native state. It introduces a novel 

visualization tool, called transmittogram which readily depicts the time-resolved 

settling behavior of solid-liquid dispersions. The utility of transmittogram is 

demonstrated using silica particles as model system. Further, the strength of the 

approach is described through the study of nano-scale dynamics in fuel cell inks as a 

use-case in real-world particle systems. Herein, the difficulties in interpretation of 

transmission fingerprints, anatomy and advantages of transmittogram are presented. 

Furthermore, some considerations in constructing and interpreting transmittograms 

are discussed. Parts of this chapter are published in Bapat & Segets, 2020 [20]. 
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4.1 Materials and methods 

4.1.1 Model system: Silica particles 

Spherical silica particles of sizes 150 nm, 200 nm, 500 nm, and 750 nm were 

purchased from Sigma Aldrich. These particles were suspended in ultrapure water 

(18.2 MΩ.cm) to make separate dispersions. Three dispersion systems were prepared, 

namely SU1, SM2 and SM4 (see Table 4.1). The particle samples were introduced into 

an ultrasonic bath (Elmasonic S10, Elma Schmidbauer GmbH) for 30 minutes, for 

adequate mixing. 

Table 4.1. Silica particle dispersion composition. Reprinted with permission from 

Bapat and Segets [20]. Copyright 2020 American Chemical Society. 

Sample 

Name 

Dispersed 

solid 

Size (nm) as per 

manufacturer 
Dispersion composition 

SU1 Unimodal silica 500 0.4 wt. % in water 

SM2 Bimodal silica 500 and 750 0.4 wt. % in water at 1:1 mass ratio 

SM4 4-modal silica 150, 200, 500, 750 5 wt. % in water at 4:3:2:1 mass ratio 

 

4.1.2 Catalyst ink 

The catalyst ink was prepared by mixing Pt/C powder (HISPEC® 4000, 40 wt. % Pt, 

Alfa Aesar), Nafion® dispersion (D521, 1100 EW at 5 wt. %, Ion Power), ultrapure 

water (18.2 MΩ.cm) and 2-propanol (≥99.0 % purity, VWR international) at desired 

ionomer/catalyst and solvent volume ratio. Inks of identical composition were 

prepared by four different dispersion procedures and were grouped accordingly. In 

the first group, ink samples FCAT_E20 and FCAT_E50 were mixed using a sonication 

bath (Elmasonic S10, 50/60 Hz, 30 W) for 30 minutes followed by 15 minutes of probe 

sonication (UP300ST, Hielscher Ultrasonics GmbH) at amplitudes of 20 % and 50 % 

(2 minutes ON and 1 minute OFF) respectively. An ice bath was used to avoid the 

overheating of the probe. In the second group, ink samples FCAT_U10 and FCAT_U70 

were prepared by mixing in a sonication bath (USC 500 TH, VWR International) for 30 

minutes, followed by 15 minutes of probe sonication (Sonifier 450, Branson 

Ultrasonics) at amplitudes of 10 % and 70 % (2 minutes ON and 1 minute OFF) 
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respectively. An ice bath was used to avoid the overheating of the probe. 

4.1.3 Complex fluid systems 

Human whole blood was purchased from VWR international and orange juice from a 

local supermarket. They were measured as received using an AC device. 

4.1.4 Scanning electron microscopy (SEM) 

SEM was performed by Dr. Fatih O zcan in the NPPT lab using a JEOL JSM-7500F 

microscope. The acceleration voltage was set to 5 kV, and the secondary electron 

detector was used. Pure silica powders were directly put on an SEM adhesive tape. 

4.1.5 Analytical centrifugation (AC) 

AC measurements were performed with a LUMiSizer® 651 (LUM GmbH, Berlin, 

Germany). For a typical AC run, a near-infrared wavelength of 870 nm was used. 

Polycarbonate cells (LUM GmbH, Berlin, Germany) with an optical path length of 2 mm 

were used for all measurements. The sample cells were filled with 420 μl of the 

sample. Sample cells filled with the silica suspensions and fuel cell inks were inserted 

into the rotor immediately after the ultrasonication step. Whole human blood and 

orange juice were refrigerated overnight on receiving, followed by direct 

measurement. Table 4.2 summarizes the analytical centrifuge test settings. 

Table 4.2. Measurement conditions for analytical centrifuge testing. Adapted with 

permission from Bapat and Segets [20]. Copyright 2020 American Chemical Society. 

Sample code Temperature (°C) Capture interval (s) Rotational speed (RPM) 

SU1 25 10 2000 

SM2 25 10 2000 

SM4 25 10 Variable: 500 to 3000 

FCAT_E20 7 200 4000 

FCAT_E50 7 200 4000 

FCAT_U10 25 Variable 5 to 600 4000 

FCAT_U70 25 Variable 5 to 600 4000 

Orange juice 7 10 Variable 200 to 3200 

Blood 7 5 Variable 200 to 3200 
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4.1.6 Data processing for constructing transmittogram 

9-point moving averaged raw data for the transmission profiles was accessed from the 

instrument acquisition software (SEPView®). It should be noted that non-smoothed 

data can also be used for generating transmittograms. The current version of 

instrument acquisition software (v6.4) does not provide the ability to export raw data 

into ASCII formats through the graphical user interface. Nevertheless, the raw data 

can be manually copied into spreadsheet software and saved as comma-separated or 

“xlsx” file formats. Scientific libraries in Python language were used to construct the 

transmittograms. Numerical processing was performed with NumPy [204] and 

Pandas [205] and plotting was done using Matplotlib [206]. The corresponding code 

is available at github.com/ydmm/partform. 

4.2 Results and discussions 

4.2.1 Difficulties in interpretation of AC profiles 

Consider two fuel cell ink samples of identical composition as a case demonstration. 

Two different sonication amplitudes of 20 % (sample FCAT_E20) and 50 % (sample 

FCAT_E50) were used for the ink processing. Figure 4.1 depicts the transmission 

fingerprints showing the evolution of relative transmission against the radial position.  

 

Figure 4.1. Fingerprints for PEMFC ink samples undergoing centrifugation at 

4000 RPM for about 18 hours. Ink samples of identical compositions and 

concentrations were prepared using an ultrasonic bath followed by a probe 

sonication, with oscillation of [A] 20 % amplitude (FCAT_E20) and [B] 50 % 

amplitude (FCAT_E50). Adapted with permission from Bapat and Segets [20]. 

Copyright 2020 American Chemical Society. 
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These plots exemplify the intricacies involved in reading and direct interpretation 

of fingerprints, for such complex, multi-material dispersions. For instance, little can 

be derived regarding the formation of different particle assemblages and their 

respective sedimentation times. Additionally, the availability of experimental 

progression time is implicit and qualitative (seen through transitioning curve colors). 

Besides, several studies that report AC results provide and process manually taken 

images of sample cells (before and after the measurement), juxtaposed to the 

transmission profiles. This assists the reader to draw meaningful conclusions 

regarding the sample behavior progressing over time. Despite the utility, it is not 

always possible to take a snapshot of the sample cell at different time points. 

Furthermore, the movement of the sample may not be discernible across a couple of 

centimeters of the sample filling height. Hence, unambiguous identification of particle 

fractions with distinct sedimentation velocities is impossible without reasonable 

assumptions or prior system knowledge. 

4.2.2 Transmittogram anatomy 

A novel visualization technique by transforming the raw data acquired by AC into 

intuitive visual formats is introduced. Such direct visualizations enable easy 

understanding and interpretation of particle migration dynamics, for expert and 

inexperienced eyes alike. In a photocentrifuge such as LUMiSizer®, the dispersed 

particles migrate over time in a sample cell, under the influence of gravitation and 

centrifugal fields. The attenuated optical transmission through the colloidal solution, 

reaching the array of CCD detectors, is captured at fixed time intervals (∆𝜏). 

Considering ′𝑛′ number of profiles captured over ′𝑚′ number of spatial points, the 

resulting data matrix of size (𝑚 × 𝑛) is used to construct a heatmap (see Figure 4.2). 

In this work, such spatio-temporal maps are named as “Transmittograms”. Prior to 

this work, the term transmittogram has been reported to describe non-thermal 

infrared vision images. These are generated using a non-destructive technique for 

testing materials such as paintings, glass, and natural fibers [207,208]. Additionally, 

this term has been used by McConville et al. [209] to describe the transmission-time 

relationship for nebulization of pharmaceutical dispersions. To the best of my 

knowledge, the development of such exhibitive maps to depict submicron particle 
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dynamics over space and time is the first of its kind.  

To intuitively understand transmittogram plots, parallels can be drawn to image 

construction. By utilizing all the captured instantaneous transmission values (𝑇[𝑟, 𝜏]) 

over space (across the sample cell) and time, one image is constructed as 

schematically illustrated in Figure 4.2. 

 

Figure 4.2. Transmittogram illustrating the time and space resolved changes in 

attenuated transmission values. The radial position of the sample from the rotor 

center and elapsed time are indicated on the 𝒚- and 𝒙-axes, respectively. A gray 

value is assigned to instantaneous transmission values 𝑻[𝒓, 𝝉], to construct the 

heatmap. Underlying data is of monodisperse silica. Reprinted with permission 

from Bapat and Segets [20]. Copyright 2020 American Chemical Society. 

The 𝑥-axis of the plot shows the time elapsed from the start of the experiment. The 

time resolution of the graph depends on the capture interval (∆𝜏). Smaller capture 

intervals yield smoother curves for the solid-liquid interface. Note that depending on 

the chosen time interval, the total elapsed time may vary from experiment to 

experiment. Currently, the standard software paired with AC device (SEPView®) 

allows the acquisition of profiles at intervals as low as 5 seconds. The 𝑦-axis shows 

the radial position of the dispersion contents, spanning 103 mm to 130 mm from the 

center of the centrifuge rotor. This is because the filling chamber of the sample cells 
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typically starts at a distance around 103 mm and ends at 130 mm from the rotor 

center. Optical signals are captured at a spatial resolution of 13.37 µm, across the 

sample chamber. Here the absolute radial distances (instead of the corresponding 

normalized distances), were chosen to plot as these are of assistance in size 

estimation and radial momentum assessment. Additionally, the radial position values 

may be counter-intuitive to the increasing y-axis values of an exemplary graph. This is 

because the orientation of a transmittogram plot is chosen in a way to fulfill a facile 

generalization of human judgment that dense solid matter settles in a “downward” 

direction. Conversely, visualizing creaming processes with a transmittogram will 

result in “upward” rising dynamics. 

To construct the heatmap, a gray value between 0 to 255 is assigned to the 

attenuated transmission, acquired across the sample cell, over time. The darkest color 

is assigned to the lowest transmission value indicating the highest concentration and 

the brightest color to the highest transmission value, indicating the lowest 

concentration. Thus, transmittograms showing changes in transmission profiles are 

surrogate for change in particle concentrations. For instance, solid-liquid interfaces 

and sedimentation strata can be characterized by sharp transmission gradients. This 

enables the user to instinctively understand complex colloidal migration dynamics, in 

comparison to more complicated fingerprints. 

4.2.3 Sedimentation characteristics of silica particles 

To emphasize the novelty of the approach, in the following paragraphs, how different 

types of information can be easily inferred from the visual maps is demonstrated We 

see how transmittograms provide a dossier of information regarding the presence of 

several particle assemblages, with varying sedimentation characteristics. First, the 

technique is applied to silica particles as model systems and rationalized the 

observations against known aspects of the dispersion. 



4  Direct visualization of sedimentation dynamics of dispersions 

52 
 

 

Figure 4.3. Comparison of fingerprints and transmittograms for silica particles in 

water. Data acquired for samples undergoing centrifugation at 2000 RPM for about 

40 minutes. [A] Fingerprints of sample SU1, with the [B] corresponding 

transmittogram. [C] Fingerprints for sample SM2 with the [D] corresponding 

transmittogram. Reprinted with permission from Bapat and Segets [20]. Copyright 

2020 American Chemical Society. 

Figure 4.3A (sample SU1) depicts the sedimentation of 0.4 wt. % silica in water, 

with a nominal diameter of 500 nm as given by the manufacturer. Looking at the 

transmittogram (Figure 4.3B), the viewer is instantly furnished with information 

regarding (i) the transient state of particle migration at any time (𝜏), (ii) the 

progression of the solid-liquid interface until complete settling is achieved, (iii) the 

time taken to sediment completely, i.e., ~5 minutes and (iv) the position of the air-

liquid interface (meniscus) around 107 mm. Moreover, the shape of the solid-liquid 

boundary is indicative of the particle monodispersity as confirmed by manufacturer 

specifications and SEM imaging (see Figure 4.4) 
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Figure 4.4. SEM micrographs showing the spherical shape of (A) pure silica of 

nominal size 500 nm and (B) pure silica of nominal size 750 nm at a magnification 

of 25 Kx. Reprinted with permission from Bapat and Segets [20]. Copyright 2020 

American Chemical Society. 

Figure 4.3C-D shows the sedimentation of a binary mixture of silica particles 

(sample SM2). Here, 0.4 wt. % silica of nominal diameters 500 and 750 nm were mixed 

at a 1:1 mass ratio. Deciphering the fingerprints for SM2 is limited to the eye of an 

expert or trained user. On closer scrutiny of the fingerprints for SM2 (Figure 4.3C), 

one can correlate the different manifested shapes of fingerprints sectioning around 

65 % transmission, to groups of different sizes. In contrast, different mobility rates are 

evident in the transmittogram (Figure 4.3D) as two different sedimentation fronts can 

be easily tracked by two color shades. The darker shade (highlighted by the dashed 

line) indicates the sedimentation front of the larger silica particles, which settle in 

about 2 minutes while the complete settling of comparatively smaller silica particles 

(highlighted by the dotted line) takes about 5 minutes as shown by the lighter shade. 

Thus, transmittogram correctly exhibits two differently sized monodisperse 

components, which can be easily recognized by their apparent transmission level. 

4.2.4 Size estimation using transmittogram 

Transmittograms not only lend to deducing the behavior of particles in suspension 

but also provide a size estimate. The sedimentation equivalent diameter 𝑑𝑠𝑒𝑑 of 

particles that reach the rotor position 𝑟 in time 𝜏 can be obtained from Stokes’ law 

described by Equation 4.1 [210]: 
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𝑑𝑠𝑒𝑑 =  √
18 𝜂𝑠 ln (

𝑟
𝑟0

)

(𝜌𝑝 − 𝜌𝑠)𝜔2 𝑟
 4.1 

with (𝜌𝑝 − 𝜌𝑠) being the density difference of particle and solvent in kg/m3, solvent 

viscosity 𝜂𝑠 in Pa s, and angular speed 𝜔 in rad/s. As depicted in Figure 4.3B, the solid-

liquid interface for sample SU1 paces from 107 mm to 129 mm in about 5 minutes at 

a rotational speed of 2000 revolutions per minute (RPM). The 𝑑𝑠𝑒𝑑 thus, calculated 

from Equation 4.1 for sample SU1 is 390 nm. Particle size analysis following ISO 

13318-2 (SEPView®) yields a volume-weighted mean size (𝑥1,3) of 378 nm (see 

Figure 4.5A). Likewise, a size estimation for the binary sample SM2 gives sizes of 390 

nm (actual volume-weighted mean size of 378 nm) and 587 nm (actual volume-

weighted mean size of 592 nm) for particles settling in 5 and 2 minutes, respectively 

(see Figure 4.5B). At this point it needs to be mentioned that the sample preparation 

and the particle size measurement technique used by the manufacturer are unknown. 

The average size of 450 nm was obtained by analyzing the SEM image shown in Figure 

4.4A. In this case the dry silica powder was characterized without prior treatment 

such as sonication. However, in the case of AC, the measurement was carried out in a 

dispersion state where the powder was dispersed in water for 30 minutes using 

ultrasonic bath. Therefore, the discrepancies in 𝑑𝑠𝑒𝑑 and size reported by the 

manufacturer might be attributed to different working principles of characterization 

techniques employed [41,211] and different sample preparation. 

 

Figure 4.5. Particle size analysis of silica particles obtained from AC. (A) A volume-

weighted mean size of 378 +/- 64 nm was obtained for manufacture specified 500 

nm silica particles. (B) A volume-weighted mean size of 592 +/- 86 nm was obtained 

for manufacture specified 750 nm silica particles. Reprinted with permission from 

Bapat and Segets [20]. Copyright 2020 American Chemical Society. 
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4.2.5 Sedimentation characteristics of complex fuel cell inks 

Having demonstrated how transmittograms are constructed and read for model silica 

systems, this visualization approach is employed to PEMFC inks. We see that the 

limitations in the interpretability of fingerprints in Figure 4.1A-B are overcome by this 

new approach shown in Figure 4.6A-B. At this stage explicitly studying and comparing 

different ink processing methods is out of the scope of current work. Instead, the focus 

remains on introducing and demonstrating how the direct visualization technique can 

be leveraged to gather knowledge of the sedimentation dynamics effectively. 

Noticeably, transmittograms (Figure 4.6A-B) provide a global view of the entire 

sedimentation experiment in contrast to transmission profiles (Figure 4.1A-B). The 

heatmaps also fetch additional information about (i) whether bulk sedimentation has 

been achieved and at what time, (ii) density stratification and variations in settling 

velocities, (iii) vicinity of assemblages, and (iv) presence of back diffusion. In 

Figure 4.6A, FCAT_E20 shows an assemblage of comparatively large size, settling in 

the course of ~6½ hours, followed by another assemblage settling by 9 hours. 

However, there is still a good amount of particulate phase dispersed in the solvent, 

which tends to settle slowly, suggested by a gradient of gray becoming lighter in the 

shade from left to right (i.e., increase in transmission values from ~30 % to ~60 %). 

Without identifying or distinguishing between aggregates or agglomerates, the term 

assemblages is used as a collective noun for the dispersed phase. One striking 

observation can also be made regarding the possibility of back diffusion of particles 

over long experimental times. This can be seen in the bottom right part of Figure 4.6A, 

between radial distances of ~123 mm and ~129 mm, after ~7 hours of elapsed time. 

Although intriguing, the causes and kinetics of back-diffusion need to be 

systematically investigated in subsequent studies. 
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Figure 4.6. Transmittograms for fuel cell ink samples of identical concentration and 

composition, prepared using an ultrasonic bath followed by a probe sonication, 

with oscillation of [A] 20 % amplitude (FCAT_E20) and [B] 50 % amplitude 

(FCAT_E50). Density stratification of assemblage settling is observed. Reprinted 

with permission from Bapat and Segets [20]. Copyright 2020 American Chemical 

Society. 

On the other hand, on using larger oscillation amplitude in sample FCAT_E50, we 

are able to see discernible changes in the settling pattern. These changes in settling 

rates, in turn, provide insights into the stability of the ink. The four distinct interfaces 
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reveal the existence of at least four different assemblages of varying sedimentation 

velocity. Assemblage I settles in ~8 hours, assemblage II in ~11½ hours. Assemblages 

III and IV do not entirely settle by the end of the experiment running for over 17 hours. 

Pairwise comparison between FCAT_E20 and FCAT_E50, in Figure 4.6A-B, permits 

assessment of sonication settings affecting the dispersion behavior of ink samples. 

The data suggest that higher oscillation amplitude in FCAT_E50 resulted in partial 

breaking up of large agglomerates, leading to an increased degree of stabilization as 

indicated by the longer settling time. Such direct visual analysis of dispersions using 

transmittograms hence allows studying the outcome of different processing modes 

and stabilization strategies on sedimentation mechanisms. The developed method of 

transmittograms will open new avenues for investigating fuel cell inks through the 

study of different factors influencing the ink dispersion behavior, which can be studied 

on a case-by-case basis. For instance – ultrasonic frequency [57,152], intensity of 

vibrational oscillations [212] and temperature [213]. Illustrative analysis to study 

such effects is shown below as a motivating case-study, for which inks were prepared 

using a different sonication device and measured at higher temperatures. 

Figure 4.7 shows the transmittograms for catalyst inks prepared using a probe 

sonication instrument at 10 % and 70 % oscillation amplitude, respectively 

(FCAT_U10 and FCAT_U70). The sonication device used herein is of a different design 

compared to the device used for preparing samples FCAT_E20 and FCAT_E50. For the 

AC measurement, the capture time interval (∆𝜏) was ramped up from 5 to 25, 100, 

200, to 600 seconds. One can instantly pinpoint the effect of ramping capture intervals 

as the sedimentation fronts show “shoulder breaks”. These breaks explain the effect 

of instrument acquisition settings and operating conditions. Figure 4.7A shows 

stratification into at least three assemblages. Assemblage I settles twice as fast as 

assemblage II and about 5 times as fast as assemblage III. Table 4.3 shows the 

calculation for sedimentation rates of different assemblages. The initial and final 

radial position for assemblage I is shown by a solid white line in Figure 4.7A. Similarly, 

dashed and dotted white lines indicate the initial and final radial positions of 

assemblage II and assemblage III respectively. Individual sedimentation rates were 

calculated over a time of 125 min as shown in Table 4.3. 
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Figure 4.7. Transmittograms for catalyst inks. Sample measurements performed 

using analytical centrifuge with a rotor temperature of 25 °C, at 4000 RPM, and 

variable capture intervals. (A) Transmittogram of sample FCAT_U10 prepared at 

10 % amplitude. (B) Transmittogram of sample FCAT_U70 prepared at 70 % 

amplitude. Adapted with permission from Bapat and Segets [20]. Copyright 2020 

American Chemical Society. 

Table 4.3. Sedimentation rates calculated for three assemblages by tracking the 

sedimentation front in the transmittogram for FCAT_U10. Reprinted with permission 

from Bapat and Segets [20]. Copyright 2020 American Chemical Society. 

Assemblage 

Initial 

position 

(r0) (mm) 

Final 

position (r) 

(mm) 

Total 

displacement 

(r-r0) (mm) 

Total 

time 

(min) 

Average speed 

(sedimentation 

rate) 

(mm/min) 

I 111 123 12 125 0.096 

II 109.5 115.5 6 125 0.048 

III 109 111.5 2.5 125 0.02 
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Arguably, the revelation of several assemblages and their stratification in Figures 

4.6 and 4.7 is fascinating. Such stratification has been observed consistently over 

several investigated samples regardless of the formulation recipe or processing 

method. Few studies have reported to discuss and demonstrate the formation of layers 

during sedimentation, especially in heterogeneous dispersions, due to convective rolls 

[214] resulting from lateral thermal gradients. It cannot be discounted that 

assemblage formation in PEMFC inks is a result of one or multiple interacting factors 

including (a) particle clustering, aggregation, agglomeration, coalescence processes 

[215] and (b) lateral temperature gradients [216] causing thermophoresis. These can 

be further influenced by perpendicular edges of a rectangular sample cell [217]. In 

this study, the observed layering and stratification phenomena in fuel cell inks during 

sedimentation transport is highly characteristic. And mechanistically investigating 

such effects becomes very important. To facilitate such studies, transmittograms are 

well-positioned to (i) formulate pertinent questions and assumptions, (ii) 

automatically recognize stratification and (iii) develop strategies to set up elaborate 

computational and physical experiments. 

4.2.6 Reducing visual subjectivity in the interpretation of transmittograms 

Thus far, the results provide valuable insights into the number of assemblage fractions 

and their characteristic sedimentation times. These insights can be exploited, first to 

compare differently processed inks, and second, to understand how ink properties 

affect the final PEMFC performance. As with any imaging method, visual inferences 

using transmittograms for assemblage (or settling front) ‘presence’ or ‘absence’ can 

be subjective. The image viewing experience can vary from person to person due to a 

multitude of factors, including the color perception of the eye, screen contrast, or print 

quality. To reduce (and ultimately remove) the subjectivity, one can directly borrow 

techniques from imaging sciences and computer vision and apply it for enhanced 

contrast and visibility of existing settling fronts. In the scope of this work, a number 

of such techniques (see Figure 4.8) is implemented. The figure shows a template of 

the report-like output from the envisioned tool for transmittogram analysis. Such a 

report with different views of the data provides the user with a non-subjective, holistic 

view. 
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Figure 4.8. Sedimentation behavior of a mixture of silica particles of four different 

sizes (sample SM4). On the upper left, sample measurement metadata is displayed. 

Sample and measurement related meta-information provides checks for data 

validity. Below the metadata, a histogram with a kernel density estimator is plotted 

to show the distribution of raw data values. Below the histogram, the bottom left 

plot shows fingerprints for sample SM4. The corresponding transmittograms based 

on linear gray and viridis color mapping are shown in the top row. Here 

transmission values from 0 % to 100 % were linearly mapped to a monotonically 

increasing color map. Additionally, transmittograms using power transformation of 

the data, followed by the color mapping are shown in the second row. Lastly, the 

bottom right plots the transmittogram with quantile-based color mapping for 

improved visual contrast. Here color breaks are assigned automatically for optimal 

contrast. Reprinted with permission from Bapat and Segets [20]. Copyright 2020 

American Chemical Society. 

(i) Firstly, color values were mapped in a non-linear fashion. (ii) Likewise, data 

normalization and transformations (e.g., power transformation) were applied to 

spread out the distribution of transmission values for enhanced color mapping. Taking 

this a step further, specific colors were also mapped to different user-defined 

transmission intervals. To intelligently choose optimum intervals, a quantile-based 

approach is implemented that allows the division of the transmission value array to 

be optimally and automatically assigned to different color breaks. Additionally, 

carefully curated, perceptually distinct color maps tailored to offer improved contrast 
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can also be applied. Such methods for smart color mapping not only improve the 

readability of the plots (by reducing the subjectivity) but can also reveal confounded 

characteristics. 

4.2.7 Comparison of data utilization in fingerprints and transmittograms 

It must be noted that although both fingerprints and transmittograms rely on the 

same raw data source, the latter noticeably enhance the utility of the AC technique by 

revealing properties of complex ink formulations, which could not be accessed with 

the former. Additionally, transmittograms utilize all the measured values, without 

leaving any data point out. Fingerprints often only show a part of the measured data, 

for visual aesthetics and clarity purposes. Hence, some profiles are dropped while 

plotting, which may result in skewing the results, consequently leading to limited 

interpretation. Transmittograms, on the other hand, make use of every measured 

value by the instrument. Figure 4.9 illustrates such a comparison. 

 

Figure 4.9. Fingerprints for fuel cell ink FCAT_E20 (A) with all 333 time points (profiles) 

recorded (B) with every 5th time point, and (C) corresponding transmittogram with all 

333 time points. Reprinted with permission from Bapat and Segets [20]. Copyright 2020 

American Chemical Society. 
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As a result, transmittograms cannot improve the quality of the measurement 

process itself and can only permit ‘downstream’ investigations. Hence determining 

the quality and validity of the data generated ‘upstream’ is essential. To tackle this, 

here two ways are proposed – (i) always attach the measurement metadata to 

transmittograms, and (ii) plot raw data histograms. Studying the metadata and raw 

data histograms gives insights into (i) experimental conditions such as temperature, 

time interval, wavelength, etc. (ii) implausible measurement data, and (iii) 

distribution of attenuated transmission values. 

4.2.8 Considerations for constructing and interpreting transmittogram 

This section addresses three main aspects, along with some practical considerations. 

Firstly, the physical properties of the dispersed phase will govern the amount of light 

absorbed or scattered. The light reaching the detector will consequently differ. Hence 

the choice of the wavelength at which the measurement is performed can be 

important. The choice of a light source in the photocentrifuge does not impact the 

transmittogram methodology but may affect the dispersion behavior being captured 

by the photocentrifuge. All samples in this work were measured at a wavelength of 

870 nm. This wavelength choice was motivated by the fact that the NIR range is 

recommended for a sample with a wide size range of particles [218]. Although the 

effect of wavelengths can be systematically studied for specific systems, significant 

changes reflected in the time-resolved maps of PEMFC inks when measured in the 

visible light range were not seen. Secondly, at times the instrument provides raw data 

with implausible relative transmission values (𝑇[𝑟, 𝜏] <  0 and 𝑇[𝑟, 𝜏] > 100) due to 

electronic aberrations. Care must be taken in parsing such values as it may lead to 

biased interpretation of the transmittogram. Herein, such implausible values were 

replaced appropriately (for example, negative values were replaced by 0.1). More 

sophisticated statistical imputing methods can also be applied. Thirdly, the 

distribution of transmission values (𝑇[𝑟, 𝜏]) provides insights into color mapping 

options and thresholding foreground (dispersed phase) from the background 

(continuous phase). For example, if the transmission values are distributed as a 

narrow, Gaussian distribution (can be skewed), it is challenging to differentiate the 

dispersed phase from the continuous phase effectively. 
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Ultimately, a tool for analysis using transmittograms can be created, which 

simultaneously provides all different ‘views’ in a report-like output as shown in 

Figure 4.8, each with a different mode for color mapping, along with the metadata and 

histogram for providing important information on data quality. Such a report panel 

would provide an integrative analysis and avoid biased or subjective assessments. A 

natural next step of this work would be to extend transmittograms with routines for 

automated detection of settling fronts and assemblage formations through 

quantitative data mining and image processing. This would replace the human brain 

as an interface to perform pattern recognition with a machine. As a result, the 

elucidated evidence is not only enriched but also ensures the quantitative objectivity 

of results. 

It is important to bear in mind recommendations of standard operating protocols 

during the measurement process, for instance, to avoid filling the sample to the brim 

[219]. Since the CCD detector is positioned between the radial distance of 103 mm to 

130 mm, edge effects may be dominant in photon detection and transfer. Hence in 

reading a transmittogram, the top and bottom extreme edges should be interpreted 

with care. With the current instrument setup, it should be noted that a band of higher 

transmission value exists beyond the radial distance of 129 mm. This is because the 

sample filling chamber ends at ~129 mm, and the dark band is attributed to the light 

absorbed by the sample cell bottom.  

Developing a time-lapsed graph for the complete particle concentration gradient 

has potential benefits for several other real-world particulate systems exhibiting 

polydispersity and multimodality [220]. As proof of concept, showing the usefulness 

of transmittograms to study other complex colloidal fluids, a similar analysis was 

performed for orange juice and human whole blood. Figure 4.10 shows the 

fingerprints and the corresponding transmittogram for an orange juice and blood 

samples. The centrifugation speed was ramped from 200 RPM to 3200 RPM. With the 

help of transmittograms (see Figures 4.10B and 4.10D), one can easily pinpoint the 

time at which the speed was changed, causing a change in the rate of sedimentation, 

which is otherwise not directly accessible. Also, in the case of blood sample at least 

three groups of particles moving at different velocities can easily be seen from the 

transmittogram. 
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Figure 4.10. (A) Fingerprints for orange juice measured using an analytical centrifuge at 

a constant time interval of 10 seconds and varying speed from 200 RPM to 3200 RPM at 

7 °C. (B) Transmittogram for orange juice employing a linear color mapping approach. 

(C) Fingerprints for whole human blood measured using an analytical centrifuge, at a 

constant time interval of 5 seconds, varying speed from 200 RPM to 3200 RPM at 7 °C. 

(D) Transmittogram for whole human blood, employing an automatic quantile color 

breaks approach for improved visual contrast and better visualization of sediment 

stratification. Reprinted with permission from Bapat and Segets [20]. Copyright 2020 

American Chemical Society. 

Recently, transmittograms were used to visualize the inhomogeneities in artificial 

kidney stones [221]. Moreover, the concept can be extended to data acquired from 

other sedimentation-based particle characterization methods such as Turbiscan® 

[222]. 
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4.3 Conclusion 

In summary, this work introduces a new direct visualization technique by plotting 

heatmaps of attenuated optical signals captured using AC. By utilizing the complete 

available raw data, transmittograms were generated to simplify interpretations of the 

labyrinthine transmission profiles. This could be an important part of routine analysis 

for any sample characterized using an analytical centrifuge such as LUMiSizer®. Using 

transmittograms, we can derive qualitative and quantitative characteristics that are 

together important to establish the physical reality of complex colloidal systems. To 

demonstrate the utility of the method, first it was applied to simple and well-known 

particle systems like silica. Building on what is known through the interpretation of 

simple systems, the complexity was increased by investigating fuel cell inks. It was 

shown how one can distill relevant information from the plots and how 

transmittograms can be used to study the dispersion behavior. Furthermore, on 

deconvoluting and deducing the state of dispersions, one can rationalize the visual 

cues in a statistical framework. Moreover, the characteristics and observations 

obtained from transmittograms can aid in establishing informed assumptions and 

boundary conditions for bottom-up mathematical modeling strategies. In pursuit of 

revealing the sedimentation dynamics of such particulate systems, the 

transmittogram approach can be a significant addition to the existing characterization 

toolbox.
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5 State and stability of PEMFC inks 

Coming into this chapter, so far, we have seen how the raw data acquired by AC can be 

transformed into intuitive visual formats called transmittograms. Such an image is 

constructed by plotting a heatmap from all the captured instantaneous transmission 

values over space (across the sample cell) and time. The ability to visualize the entire 

centrifugation experiment while tracking several colloidal features can be a powerful 

tool in the study of complex dispersions. Different types of qualitative and quantitative 

information can be drawn from such visual maps. With the transmittogram, the user 

can instantly fetch information regarding the transient sedimentation state of 

assemblages and the progression of the sedimentation front. The exact time at which 

complete settling has been achieved can be extracted easily. Moreover, particle sizes 

can also be estimated using Stokes' law. Collectively, transmittograms lend heavily to 

deducing the dispersion state and open avenues for deriving the colloidal stability 

characteristics. 

Noticeably, a quantitative appraisal for the dispersion stability cannot be made 

from a visual analysis of images. During heatmap plotting, several dispersion features 

can be confounded or missed by the human eye due to inadequate color mapping. In 

pursuit of a quantitative evaluation of the destabilized state of the dispersion, in this 

chapter, we turn to calculation of stability metrics. This facilitates objective 

comparison between particulate systems based on their colloidal stability. Herein, 

new methodologies called S score and stability trajectory, for a time-resolved 

assessment of complex catalyst inks in their native state using AC were introduced. 

The proposed tools are used to characterize and elucidate the effects of the processing 

method and the structural characterization of the dispersed particles, and their 

assemblages was carried out by means of TEM. The findings were validated and 

rationalized using transmittograms as a direct visualization technique. Finally, the 

flowability of inks was investigated by rheological measurements. Parts of this chapter 

are published in Bapat et al. [21]. 
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5.1 Theory and Praxis 

This section describes the procedures performed by the manufacturer's software for 

computing the instability index [223], which are reported in several studies 

[47,224,225]. Its limitations are briefly discussed. Thereon, the theoretical base for a 

newly proposed technique of S score and stability trajectories is provided and their 

evaluation and interpretation are demonstrated. 

5.1.1 Instability index 

The instrument acquisition software – SEPView® provides a quick evaluation of a 

quantitative metric using the recorded transmission values. This is known as 

instability index which is a dimensionless value ranging between zero and one [223]. 

To calculate the instability index, transmission profiles (𝑇𝑖) at a given time across the 

length of the sample cell are compared against the first profile (𝑇1), which corresponds 

to the start of the centrifugation experiment. Differences to the first profile are 

calculated for each profile. It is to be noted that a region of interest (ROI) must be 

defined by the operator in the calculation of the instability index. Consider that ROI is 

set between radial positions 𝑟𝑚𝑖𝑛 and 𝑟𝑚𝑎𝑥. The instability index can thus be calculated 

as: 

 
𝑖𝑛𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =  

∑ 𝑇𝑖,𝑗
𝑑𝑖𝑓𝑓𝑟𝑚𝑎𝑥

𝑗=𝑟𝑚𝑖𝑛

(𝑇𝐸𝑛𝑑
̅̅ ̅̅ ̅̅ −  𝑇1̅) 𝑚

 5.1 

where, 𝑇𝑖
𝑑𝑖𝑓𝑓

indicates the difference between the transmission value of the 𝑖𝑡ℎ 

profile and the first profile. The summation of all incremental 𝑇𝑖
𝑑𝑖𝑓𝑓

 from position 

𝑟𝑚𝑖𝑛 to 𝑟𝑚𝑎𝑥 for the chosen ROI is calculated. The denominator term indicates the 

maximum clarification possible. It is calculated as the difference between the mean 

transmission of the last transmission profile 𝑇𝐸𝑛𝑑
̅̅ ̅̅ ̅̅   from position 𝑟𝑚𝑖𝑛  to 𝑟𝑚𝑎𝑥  and the 

mean transmission of the first profile 𝑇1̅. And m is the number of transmission values 

between positions 𝑟𝑚𝑖𝑛 and 𝑟𝑚𝑎𝑥. 

Although by default, the SEPView® uses a value of 90 % for (𝑇𝐸𝑛𝑑
̅̅ ̅̅ ̅̅ ), herein the 

actual mean transmission value of the last profile was used. Since this index is 

calculated based on differences to the first profile (see Equation 5.1), the nature of the 
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curve is monotonically increasing for settling samples. In other words, the value of 

instability index strictly increases with time. Hence, its interpretability is constrained 

as it needs to be approached with knowledge on the sample’s general behavior. To give 

an example, even if the particles have partially or completely settled down and only 

clear liquid remains at the end of the experiment, the instability index value towards 

the end of the experiment remains nearly one. 

Moreover, a proper comparison using calculated instability indices requires 

identical measurement settings. This implies that two samples can only be compared 

over the same ROI, capture interval and measurement time. The selection of ROI is 

user dependent, and hence can be an informed decision or an arbitrary one. In order 

to fill these gaps in stability quantification, new metrics called S score and the changes 

in its values over time, the so-called stability trajectory were developed, to investigate 

the time-resolved sedimentation dynamics across samples. This will be explained in 

the following. 

5.1.2 S score 

The new metric called S score is a measure of stability as a function of time, based on 

the differences in transmitted light. Here stability of the dispersion is derived from its 

characteristic sedimentation or clarification patterns, captured in the form of light 

transmitted across the length of a sample cell at fixed intervals of time. The 

transmission profile (𝑇𝑖) is first normalized by subtracting the corresponding mean 

(�̅�𝑖), across the radial positions, and dividing by the standard deviation (𝜎𝑇𝑖
) of the 

profile. This is also known as z-normalization (Equation 5.2). The resultant 

normalized transmission profile (𝑍𝑖) is used for further calculations: 

 
𝑍𝑖 =

𝑇𝑖 − �̅�𝑖

𝜎𝑇𝑖

 5.2 

Z-transformation ensures all data are scaled uniformly. Further, the median of each 

normalized profile is calculated as described by Equation 5.3: 

 �̃�𝑖 = 𝑚𝑒𝑑𝑖𝑎𝑛(𝑍𝑖) 5.3 

Following this, the median absolute deviation (MAD) is calculated for each of the 
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transmission profiles, resulting in an S score (�̃�𝑖) for each time point as shown in 

Equation 5.4: 

 �̃�𝑖 =  𝑚𝑒𝑑𝑖𝑎𝑛(|𝑍𝑖 − �̃�𝑖|) 5.4 

The S score concept involves the calculation of MAD estimator over time. 

Statistically, MAD is a robust measure of the variance. S score values are always 

positive, as mathematically, they are calculated based on the absolute values. 

The S score of a sample at a particular time shows the extent of variation in 

transmission values across the sample cell. A lower S score over time indicates a stable 

state of the sample, because the dispersed phase is evenly distributed along the cell. 

Conversely, a higher S score over time means an unstable state of the sample due to 

heterogeneity upon sedimentation. Here we briefly revisit the concept of 

heterogeneity. The reader is cautioned that in this work, when heterogeneity is 

discussed, it is not implying the polydispersity or multi-material nature of the sample. 

Instead, it refers to the heterogeneous distribution of the relative motion of particles, 

i.e., some particles are separating faster than others. As a result, the measured 

transmission values across the sample cell also show large variations and distinct 

gradients, which are captured by the S scores.  

Notions of dispersion stability can be multifaceted, i.e., related to electrostatic 

interactions or settling behavior, among others. Further, when the S scores are tracked 

over a period of time, resulting in a trajectory (see next section), it can be indicative of 

the evolution of the heterogeneity of the dispersed phase. Thus, the S score value 

provides a surrogate metric for tracking stability based on the quantitative 

assessment of settling. 

The S scores developed in this work and the instability index provided by the 

SEPView® software package are fundamentally different in four ways. First, the value 

of the instability index at any time is the characteristic measure of the instability of 

the sample. This is because the instability index is calculated as a difference to the 

transmission of the first profile, i.e., it is in comparison to the initial state of the 

dispersion. In contrast, the S score at a particular time point represents the 

instantaneous state of the sample, derived from the dissimilitude of the transmission 

values across the sample cell at a specific time point, independent of the system's 
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initial state. Secondly, the instability index depends on the selection of an ROI. The S 

score calculation does not require a preselection of ROI, albeit an ROI can be used. 

Thirdly, the instability index is normalized against the maximum possible clarification 

achieved by the sample. This depends on the attenuated transmission levels of the last 

profile. By default, a value of 90 % transmission is often used as the mean 

transmission for the profile at full separation. The S score evaluation developed in this 

work does not rely on normalization against the maximum possible clarification. 

Fourthly, for optimum comparison of sample stabilities using instability index, all 

samples must be run simultaneously. Even if the samples cannot be run together, care 

must be taken to ensure the same operating procedure during the measurement 

process. By contrast, the data normalization step enables S scores to compare any 

(reasonable) samples, even in cases where one sample is run for a shorter 

experimental time than another sample (but with the same relative centrifugal force 

(RCF)). Altogether, and as will be discussed in the following sections, S scores can 

provide valuable and deep insights on the dispersion state and stability of a sample 

and facilitate comparability between experimental data obtained from AC 

measurements, in general. 

5.1.3 Stability trajectory 

When S scores are plotted with time, the resulting trace is referred to as a stability 

trajectory. The shape of the trajectory is unique to the sedimentation behavior of the 

dispersion. The stability trajectory provides an indication of the extent of dispersion 

stability. An ascending trajectory indicates how quickly the dispersed phase migrates. This 

can be alluded to substantial extent of particle migration due to larger and/or heavier 

structures from the beginning of the experiment, aggregation, or agglomeration 

phenomena. Likewise, a descending trajectory indicates how soon the system 

approaches the state of a clear continuous phase. As a whole, the stability trajectory 

is not a monotonically increasing trace. If there are several distinct peaks and valleys, 

then they are indicative of a diverse mix of particles, forming different sedimenting 

fronts. Such a diverse mix of particles may not necessarily be due to the multi-material 

dispersed phase only, but also because of polydispersity or multimodality. Hence, a 

relatively noisy trajectory means that there are many diffused boundaries. 
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To explore the behavior of the trajectory after settling is completed and only the 

continuous phase is left, one can look at the stability trajectory for pure solvents (see 

Figure 5.1). 

 

Figure 5.1. Stability trajectories for pure solvents – 2-propanol (IPA, red dashed 

dotted line), and propylene carbonate (PC, blue line). 

Typically, such a trajectory is characterized with low values of S scores. Besides, for 

samples that have no significant changes in transmission over time in a 

photocentrifuge, the stability trajectory will remain horizontal over time. This can 

happen in two scenarios – (i) when the dispersed phase has completely settled, and 

(ii) when a dispersion is highly stable and does not experience any sedimentation in 

the given experimental time. However, in the latter, the plateau will be characterized 

with higher S score values than the former, solvent-only samples. In both scenarios, 

the S score at time t = 0 will always be greater than zero as an identical transmission 

over the sample filling height cannot be achieved. 

The trajectory itself serves as a quantitatively rich tool for the comparison of 

sample stability. Alternatively, individual trajectory features such as 

ascending/descending rate, the time window for plateauing trace, times 

corresponding to peak or valley positions – can be directly used to evaluate and 

compare samples. The choice of relevant features can be rationalized based on the 

objective of the investigation. For example, readily discernible valleys can point 

towards complete settling of a specific assemblage (see Figure 5.2A). Observations 

from the corresponding transmittogram help to establish and assign the meaning to 

distinct trajectory features.  
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Figure 5.2. (A) Stability trajectory of a bimodal silica suspension in water 

juxtaposed to the transmittogram. The bulk sedimentation is achieved at ~2 min 

indicated by a blue vertical dotted line. The continuous phase is obtained after 5 

min as indicated by alower S score. (B) Stability trajectory of a 4-modal silica 

suspension in water juxtaposed to transmittogram. The bulk sedimentation is 

achieved at ~17 min indicated by a blue vertical dotted line. Reprinted from Bapat 

et al. [21] with permission from Elsevier. 
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In the event when complete settling has not been achieved (see Figure 5.2B), in this 

work, the corresponding time point for which the highest S score is obtained is chosen 

as means of comparison. This time herein is referred as the bulk sedimentation time 

(BST). Physically, this denotes that the distribution of transmission values beyond this 

time has significantly shifted towards higher values. In other words, more light is 

transmitted because a majority of the particles have undergone settling. Together, 

such features (e.g., time points corresponding to extrema) can be derived from 

automatic peak processing and fed into databases. 

While evaluation of features underscores the importance of the trajectory, not all 

features might be manifested or prove to be useful for sample comparison. Further, it 

must be noted that the parameters derived from peak processing of the trajectory can 

be compared for different samples when the RCF is the same for all the samples and 

the measurement was run sufficiently long to observe differences in the dispersion 

state. Additionally, comparing peak parameters for samples with varying capture 

times can have a higher uncertainty associated due to different “sampling” rates. 

5.2 Materials and Methods 

5.2.1 Materials for preparing catalyst inks 

Commercial Pt/C catalyst (40 % Pt on C) were purchased from Alfa Aesar. The 

Nafion® ionomer dispersion D521 (1100 equivalent weight, at 5 wt. %) was 

purchased from Ion Power. 2-propanol (≥99.0 % purity, VWR international) and 

Millipore water (18.2 MΩ cm) were used to prepare the dispersions. 

5.2.2 Catalyst ink preparation and dispersion 

The cathode catalyst inks were prepared by mixing Pt/C powder, Nafion® dispersion, 

Millipore water, and 2-propanol (IPA) with an ionomer/carbon volume ratio of 0.9 

(without Pt) and a total H2O/IPA volume ratio of 1.43. 20 ml of the mixture were 

exposed to four dispersion procedures. The solid content was kept constant at 0.5 

wt.% to prepare all dispersions. The first ink was mixed using a magnetic stirrer (IKA 

50/60 Hz, 50 W) at 500 RPM over 24 hours (ink sample MS). The second type of ink 

was mixed using an ultrasonic bath (Elmasonic S10, 50/60 Hz, 30 W) for 30 min (ink 



 5  State and stability of PEMFC inks 

75 
 

sample UB). The third set of ink was prepared by 30 min of ultrasonic bath followed 

by 10 min of probe sonication (Bandelin HD2200) at an amplitude of 20 % (2 min. ON 

and 1 min. OFF) (sample UB+S20). The fourth ink was prepared by 30 min of 

ultrasonic bath followed by 10 min of probe sonication at an amplitude of 70 % (2 

min. ON and 1 min. OFF) (sample UB+S70). The used sonotrode tip was 5 cm long and 

had a diameter of 13 mm. For all samples exposed to probe sonication, an ice bath was 

used to avoid overheating of the sample. The sample name and the corresponding 

dispersion process are summarized in Table 5.1. 

 

Table 5.1. Fuel cell catalyst ink sample coding. 

Sample Name Dispersion Process 

MS Magnetic stirring 

UB Ultrasonic bath 

UB+S20 Ultrasonic bath followed by probe sonication at 20 % amplitude 

UB+S70 Ultrasonic bath followed by probe sonication at 70 % amplitude 

 

5.2.3 TEM imaging 

The structure of ink constituents subjected to the various dispersion techniques was 

characterized by a TEM (JEOL 2200FS). The diluted catalyst ink was drop cast on the 

copper grids and dried at room temperature. The images of the inks were acquired in 

bright field mode with an acceleration voltage of 200 kV. Imaging was done by Dr. 

Markus Heidelmann at ICAN, UDE. 

5.2.4 Measurements with AC 

AC was performed using a LUMiSizer®, (LUM GmbH, Berlin, Germany). For all 

measurements, approximately 0.4 ml of sample was filled in a polycarbonate cuvette 

with an optical path length of 2 mm. The temperature was set to 10 °C, and a light 

source with a wavelength of 870 nm was used. A rotor speed of 4000 RPM (2300 × g 

at the bottom ~130 mm) was applied. Every measurement consisted of 333 profiles, 

which were recorded every 175 s. The total centrifugation time was ~16 hours. To 

check the reproducibility, three different ink samples were prepared on separate days 

for each dispersing method (i.e., 12 samples in total) and were measured in triplicate. 
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Raw data (in the form of attenuated transmission values) from SEPView®, were saved 

into a spreadsheet file format. The default setting of 9-point averaged transmission 

values was used. 

5.2.5 Evaluation of transmittogram and stability trajectory 

Scientific libraries in Python language were used for reading, processing, and 

evaluation of the AC data. Numerical processing was performed as described in 

Chapter 4 for the generation of transmittograms. Additional functions were written 

based on Equations 5.2-5.4 to calculate the S scores. The stability trajectory was 

plotted using the time-series array of S scores. The entire sample height was 

considered for the calculation. The corresponding code is available at 

github.com/ydmm/partform. 

5.2.6 Rheological characterization 

Rheological measurements were performed with an air-bearing Modular Compact 

Rheometer (MCR 302) (Anton Paar GmbH, Graz, Austria) using a cone-plate 

measuring geometry (CP60-0.5) in collaboration with Dr. Christopher Giehl during 

research visit in Ostfildern. Dispersions were pipetted onto the sample loading lower 

plate. The ideal gap filling was determined by testing different sample volumes to 

avoid the need of trimming and thus improving reproducibility. A solvent trap was 

used to minimize solvent evaporation. After sample loading, viscosity curves were 

obtained at 25 °C from shear rate 0.1 s-1 to 1000 s-1 with measuring point duration 

decreasing from 50 s to 2 s. The total testing time used was 285 s. Repeatability and 

reproducibility were confirmed by duplicate measurements and testing three 

separately prepared ink samples for each dispersing method, i.e., 12 samples and 24 

measurements in total. 

5.3 Results and Discussion 

5.3.1 TEM imaging of inks 

TEM micrographs of ink dispersions after dilution of 1:1000 are shown in Figure 5.3. 

In the panel, the magnification increases from 60 Kx (left panels), over 100 Kx (middle 



 5  State and stability of PEMFC inks 

77 
 

panels), to 300 Kx (right panels). TEM micrographs of inks made using the magnetic 

stirrer are not captured. These samples formed large agglomerates, causing blobbing 

onto the beaker walls as well. Images A to C belong to ink sample UB, followed by 

images D to F to ink sample UB+S20. Lastly, images G to I belong to sample UB+S70. 

The images suggest that the applied sonication energy did not dislodge the Pt NPs, 

which is a crucial aspect contributing to the ORR and thus controlling the electrode 

performance. Apart from showing the spread of Pt particles around the ionomer 

impregnated carbon, images reveal the presence of several fractal agglomerate 

structures. Areas in the micrograph with relatively low brightness represent the 

carbon agglomerates (encircled in white). Breaking the agglomerates and/or 

aggregates in a defined way is the desired outcome for any ink processing method. 

 

Figure 5.3. TEM micrographs at different magnifications, 60 Kx (left panels), 100 Kx 

(middle panels), and 300 Kx (right panels). (A−C) Images of the catalyst ink sample 

UB. (D−F) Images of the catalyst ink sample UB+S20. (G−I) TEM images of the 

catalyst ink sample UB+S70. Some representative areas potentially covered with 

agglomerates are shown in white circles. Reprinted from Bapat et al. [21] with 

permission from Elsevier. 
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Interestingly, it is hard to distinguish agglomerate breakup on using additional 

probe sonication treatment to the inks after ultrasonic bath treatment. What stands 

out is that the inks prepared using high amplitude probe sonication do not show a 

significant breakup of carbon support or dislodging of Pt NPs. Surplus sonication often 

leads to the detachment of catalyst from carbon skeleton and ionomer network [42]. 

Although many reports describe assemblage characteristics using imaging and major 

progress is also observed in the area of TEM image analysis [226], only a limited 

distinction of voids, agglomerates, primary aggregates, among others, can be made 

from the images. Reasons are excessive dilution and potential drying artifacts 

resulting directly from the requirements for the TEM. Hence, images in Figure 5.3 

display the aggregated state of inks, but only to some extent as the conditions during 

imaging are far from the actual state of inks as prepared at technical concentrations 

in dispersion. 

5.3.2 Sedimentation fingerprints 

To address the main objective of this work, i.e., to fully characterize both the state and 

stability of the catalyst ink, AC analysis was used. Transmission signals captured at a 

particular time, across the length of the sample cell, are referred to as transmission 

profiles or fingerprints. They constitute the main readout for the photocentrifuge. 

Representative fingerprints for inks MS, UB, UB+S20, UB+S70 are shown in Figure 5.4. 

 

Figure 5.4. Transmission fingerprints for catalyst ink samples MS, UB, UB+S20, and 

UB+S70, respectively. The first profile is colored as violet, and the last profile as 

yellow. The meniscus for ink sample MS is shown by a black arrow at a radial 

position of 110 mm. Inks were centrifuged at 4000 RPM at 2300 g for about 

16 hours. Reprinted from Bapat et al. [21] with permission from Elsevier. 
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Fingerprints provided by the software accompanying the instrument (SEPView®) 

show each line as a separate transmission profile. With the help of line color coding, 

the reader can get a general idea of the time progression of the experiment. Here the 

first profile is colored as violet and the last profile as yellow. Since all 333 profiles are 

plotted, except for the ill-dispersed sample MS with fast sedimentation, the lines are 

very close to each other. In all cases, the distance between subsequent profiles is very 

narrow in the early onset of the sedimentation experiment and towards the end. This 

results in the lines forming compact segments of violet and indigo (start phase of the 

experiment), and of green and yellow (end phase of the experiment). The meniscus 

position is manifested by a small valley before the radial position of 110 mm from the 

rotor center. The transmission value before the meniscus indicates the transmission 

through the empty cuvette, which is ~80 % for all samples. What can be clearly 

identified is how the transmission increased in the middle portion of the 

measurement cells (from 115 mm to 120 mm) for the samples MS, UB, UB+S20, and 

UB+S70, respectively. We see that transmission for sample MS over the cuvette filling 

height is ~85 %, indicating that complete sedimentation has occurred. 

Several published works report different motifs in the fingerprints and their 

corresponding interpretations on the particle interaction and migration behavior 

resulting from monodispersity, polydispersity, multimodality or solid concentrations 

[40,227]. Different particulate systems, in different solvents, varying concentrations, 

in the presence of additives, can have their behavior manifested in diverse ways. This 

is clearly seen for ink samples that no one motif is dominantly expressive of the 

underlying stability of the dispersion. What can be easily understood from the 

fingerprints is the highly convoluted nature of the transmission profiles, which form 

different but highly characteristic patterns that are hard to decode. 

A typical motif in the form of steps can be seen in Figure 5.4B-D. Few reports argue 

that the formation of such steps can allude to convective instabilities leading to the 

formation of layers during sedimentation. For instance, Butenko et al. [228] noticed 

the formation of successive plateaus, when they measured Cu-Ag NPs. It is reported 

that such convective instabilities arise primarily due to (i) temperature gradients 

across the cuvette and (ii) rectangular shaped sample cell. Uttinger et al. [217] 

recently reported the presence of temperature gradients of 0.1-50 mK across the 
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sample cell, at higher instrument operation temperatures, which might lead to 

convective rolls for NP suspensions over long experimental times. In order to reduce 

the effect of lateral temperature gradients, all measurements were performed at low 

temperatures (~10 °C). In the case of ink dispersions, these motifs are not random 

occurrences. Such plateauing profiles were consistently and reproducibly observed 

for samples with varied constituencies, concentrations, solvents, and measured at 

different time intervals and rotor speed and depending on the particular sample 

treatment history. Additionally, the propensity of carbon to form large agglomerates 

and flocs is well known [138,229]. These assemblages sediment at different rates, 

leading to the formation of several layers. Hence, it can be concluded that the 

formation of several layers during sedimentation is a direct outcome of agglomeration 

processes. It should be noted that stratification and layering can be either (i) pre-

existing from the very beginning of the measurement or (ii) are formed during the 

measurement. The former are true features of the sample, while the latter, although 

just evolving during the measurement, are also unique, characteristic, and strongly 

sample related. 

In light of these observations, it is worthy to note that fingerprints for fuel cell inks 

do not provide holistic information on the ink dispersion. Collective conclusions 

possible until now are – (i) the location of the meniscus or air-liquid boundary can be 

seen in the fingerprints, (ii) for samples other than MS, complete sedimentation has 

not been achieved, and (iii) polydispersity motifs shed light on the presence of 

agglomerates. Thus, these data allow us to recognize expected dispersion 

characteristics, permitting us to advance to recently developed transmittograms 

analyses in the next section. This enables us to go beyond deducing from line patterns 

of fingerprints and directly “see” how the dispersion is. 
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5.3.3 Transmittograms 

 

Figure 5.5. (A) Transmittogram for catalyst ink sample MS. The air-liquid interface 

and sedimentation front are marked by a black arrow. Three aggregates/ 

agglomerates were clearly observed settling at different speeds resulting in 

complete sedimentation within 4 hours. Transmittograms for ink samples (B) UB, 

(C) UB+S20 and (D) UB+S70 respectively. Quantile-based mapping was used for 

constructing transmittograms for better visualization. The radial positions for 

which sedimentation rates of topmost (RT) and bottommost (RB) assemblages were 

calculated are indicated by white lines, while corresponding transmission values 

are provided as part of the color code. The distance traveled from the start of the 

experiment (i.e., at the meniscus) to RB or RT is used to evaluate the settling rates. 

Reprinted from Bapat et al. [21] with permission from Elsevier. 

Figure 5.5A is the transmittogram for catalyst ink MS. The 𝑥-axis represents the 

time elapsed from the start of the experiment. In this case, the experiment was carried 

out for over 16 hours. The 𝑦-axis represents the height of the filling chamber of the 

sample cell. This length scale is reported as the radial distance from the rotor center. 

Hence the values start from 103 mm (top) to 129 mm (bottom). The meniscus or the 

air-liquid interface is seen around 109 mm, through the course of the experiment. A 

sedimentation front is annotated in the figure. At least three such sedimentation 

fronts are observed, indicating the existence of at least three assemblages in the ink 

sample. Assemblage I settles in about 2 hours. The complete settling of particles takes 

place within 4 hours. When the sedimentation is complete, the liquid becomes clearer, 
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as indicated by the lighter shade of gray, having transmission values above 70 %. 

Interestingly, the sedimentation front for assemblage III becomes diffused towards 

the lower end of the sample cell after 2 hours of experimental elapse time. This is 

because of the equalization of centrifugal force on the particle and other forces 

(diffusion forces plus buoyancy force) due to solvent interactions. This leads to a 

diffused sedimenting front. 

Similarly, representative transmittograms are plotted for inks prepared by 

ultrasonic bath and probe sonication, as shown in Figure 5.5B-D. It is evident that 

complete sedimentation did not take place for the ink samples UB, UB+S20 and 

UB+S70. This confirms the observation made using the fingerprints as well. Gradients 

in the transmission values and distinct boundaries show the presence of several 

assemblages in the ink samples. Compared to sample MS, there is clear breaking of 

large assemblages in the presence of probe sonication, which are well-dispersed over 

long times. Hence qualitative visual confirmation using space-time sedimentation 

maps reveals several assemblages. Some assemblages sediment much faster, while 

some remain dispersed even until the end of the experiment. Defining primary carbon 

particles, which are prenucleating structures, aggregates of primary particles, 

agglomerates of primary particles as well as agglomerates of primary aggregates are 

not binary (yes or no) outcomes. 

The different sedimentation fronts can be tracked, and the sedimentation times of 

each assemblage can be evaluated. In addition to the visualization of the settling 

behavior, transmittograms also allow to calculate the settling rate. For a uniform 

comparison across the three samples (UB, UB+S20, UB+S70), the corresponding 

sedimentation fronts are tracked from the start of the experiment to 300 min. The 

bottommost and the topmost assemblages and the corresponding radial positions RB 

(radial bottom, dashed arrow) and RT (radial top, dotted arrow) were considered as 

annotated in Figure 5.5B-D. RB and RT mark the distance traveled by respective 

assemblages from the meniscus in 300 mins. Since the ink processed by the magnetic 

stirrer settled before 300 min, it was excluded from this calculation. Certainly, 

transmittograms for samples other than MS show the presence of several assemblages 

whose settling rates can be quantified and compared, but for simplicity, only two were 

chosen to demonstrate the potential of the technique. Comparing the settling rates 
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from meniscus (at time = 0 min) to the marked radial position (at time = 300 min) for 

the bottommost assemblage in the transmittograms for different samples, ink sample 

UB has the highest rate of 6.8 cm/day, followed by ink sample S70 with the rate of 

6.0 cm/day. Ink sample UB+S20 settles at the slowest rate of 5.3 cm/day. Similarly, 

settling rates are compared for the topmost assemblage in the transmittograms for 

the three ink samples. As seen in the transmittograms, the topmost assemblage is the 

one that is constituted by smaller sized agglomerates. For UB, UB+S20, UB+S70, the 

settling rates are 1.8, 1.6, and 1.9 cm/day, respectively. Comparing the settling rates 

for assemblages that settle the fastest vs which settle the slowest indicates several 

observable trends. Firstly, sample UB+S20 has the slowest relative settling rate for 

both topmost and bottommost assemblage. Secondly, while UB has the fastest settling 

bottommost assemblage, UB+S70 has the fastest settling topmost assemblage. From 

this, in line with findings of Retamal Marí n et al. [212] on the re-agglomeration of silica 

particles at high-intensity sonication, it can be carefully speculated that the energy 

input during the preparation of sample UB+S70 potentially leads to re-agglomeration 

of broken assemblages, which settled quickly. 

The results of this section establish transmittograms in line with the previous 

chapter as an effective way to compare, contrast and study the dispersion state. 

Sample MS is, without doubt, the sample which is not dispersed properly and hence 

settles very fast and completely. Remarkably, the other three samples (UB, UB+S20, 

UB+S70), show evidence of incomplete settling, even after being under accelerating 

centrifugal force for three-quarters of a day. All these samples show the presence of 

multiple assemblages that are stabilized in the solvent and settle slowly. Tracking 

sedimentation fronts for these samples hints at some assemblages settling faster 

compared to others. As a quantitative evaluation of the changes in colloidal properties 

during sedimentation is largely unavailable for complex dispersions, such analyses 

can become a door-opener for improved understanding. The present results from 

transmittograms are significant in at least three major aspects. First, a transmittogram 

enables us to distill information on the colloidal migration of particles. Additionally, it 

also provides clues on when and how many assemblages are formed. Secondly, the 

transmittogram directly shows whether complete sedimentation has been achieved. 

Thirdly, settling rates can be evaluated by tracking the sedimentation fronts. This can 
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be done manually (as shown here) or using a machine interface to process images to 

find edges and boundaries algorithmically. Thus, transmittogram analysis can be a 

powerful tool for characterizing complex dispersions in their native state, 

circumventing the need to deconvolve fingerprints to draw meaningful conclusions. 

Instead, the information-rich spatio-temporal maps provide a facile way to reveal 

particle migration dynamics. 

So far, transmittograms reveal both the (i) initial state of the ink, which is the direct 

outcome of the shearing forces applied during processing, and (ii) successive state 

transformations under centrifugal action, which may be arising due to several 

interacting forces. The latter are associated with stabilization and destabilization 

actions within the dispersion and possible layering due to thermal instabilities. What 

is clearly missing from transmittograms is a way to quantify them and the need for 

information beyond the dispersion state. This will be useful to select the ink 

preparation method most appropriate for the required stability characteristics. The 

next section, therefore, moves on to discuss how to quantify dispersion stability using 

the measured optical transmission. 

5.3.4 Stability trajectory 

The transmission profiles captured with AC were used to calculate S scores (see 

Equations 5.2-5.4). For each profile, an S score value was calculated. Together, the 

array of S scores plotted over time as a line chart yields a stability trajectory. 

Figure 5.6A and 5.6C show trajectories for ink samples MS and UB+S20, respectively. 

It should be noted that both samples were centrifuged for 16 hours. Sample MS clearly 

shows complete settling in about 4 hours. Thus, to provide a granular look at the time 

duration, which indicates particle migration, only the first ~8 hours of data are shown. 

The trace describes the evolving stability characteristics of the samples. 

Corresponding transmittograms (see Figure 5.6B and 5.6D) are plotted below with 

shared time axes. 

Recollecting that the time point corresponding to the valleys in the stability 

trajectory can be mapped to complete settling of a distinct assemblage. This can be 

seen while comparing Figures 5.6A and 5.6B, where the largest assemblage settled 

completely. For simple particle systems such as silica as discussed in Section 5.1.3, the 
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location of valleys is very characteristic to complete settling times. However, it has to 

be noted that for complex catalyst inks, this may not always be easily visible as 

sedimentation fronts are lesser defined due to pronounced dispersity. 

The trajectory of sample MS ascends quickly, reaching the highest value of S score, 

compared to UB+S20. In the first 50 min, the S score for MS increases four times. In 

contrast, UB+S20 sees no increase in the S score value. In other words, for MS 

trajectory, to reach an S score value of 0.4, it takes about 50 min, whereas for UB+S20 

trajectory it takes about 375 min. Evidently, the rate of increase of the trajectory 

shows how fast the sample develops a state of higher disorder at a certain 

measurement time due to particle migration i.e., how fast separation proceeds. This 

can be easily confirmed by looking at the juxtaposed transmittograms. Clearly, MS 

shows settling at a faster rate, compared to UB+S20. 

The ascending zone indicates how quickly the dispersed phase migrates, such that 

the largest particles (which will naturally settle sooner than smaller ones) in the 

dispersion have settled. The descending zone of the trajectory indicates how soon the 

dispersion clarifies to obtain a pure continuous phase. Noteworthy, these 

interpretations are in line with the conclusions drawn from transmittograms. The 

ascent reaches a point where the S score exhibits its maximum value of 1.04 and 1.16 

for MS and UB+S20, respectively. The corresponding BSTs are 105 and 805 min 

(marked by a blue vertical line joining the peak to the 𝑥-axis). Recalling that the BST 

corresponds to the highest S score, i.e., the highest MAD value of the z-normalized 

profiles. The transmittogram shows a distribution of lower transmission values to the 

left of this time point (darker shades). Conversely, higher transmission values are 

prevalent to the right of this time point (lighter shades). Beyond the BST, the trajectory 

plummets to a value of 0.2 for MS, and 0.75 for UB+S20. The value of the S score is 

persistently low beyond this time point as the transmittogram confirms that only the 

continuous phase is present, and the dispersed phase has settled. Together, the plots 

in Figure 5.6 allow us to draw conclusions from the transmittogram on the dispersion 

characteristics and substantiate the observations from the stability trajectory, and 

vice versa. 
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Figure 5.6. (A) Stability trajectory and (B) transmittogram of ink sample MS. The 

bulk sedimentation is achieved in about 105 min as indicated by a blue vertical 

dotted line. The continuous phase is clarified within 300 min as shown by the lower 

S score line. (C) Stability trajectory and (D) transmittogram of ink sample UB+S20. 

The BST of 805 min is indicated by a blue vertical dotted line. Reprinted from Bapat 

et al. [21] with permission from Elsevier. 
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One considerable advantage in employing stability trajectories is the ability to 

compare them for samples that may not have been captured in the same experimental 

run. As long as the centrifugal acceleration is constant, experiments of different 

duration can also be compared. For instance, as seen in the Figure 5.7, trajectory for 

an ink sample run for a duration of ~16 hours, does not change when only a part of 

the total time is considered for evaluation, i.e., ~5 hours. 

 

Figure 5.7. Stability trajectories of ink sample UB+S20 considering all 333 profiles 

captured by AC (blue line) and considering only the first 100 profiles (orange 

dashed dotted line). Reprinted from Bapat et al. [21] with permission from Elsevier. 

Furthermore, we note that a time point corresponding to the maximum S score for 

a shorter period trajectory may not correspond to the true BST. This is because such 

peaks can be local maxima. A more extended period experiment at the same RCF may 

reveal a rising trajectory that peaks at an ensuing time point, revealing the global 

maximum, which would be the true BST. On encountering such a case, the user can 

examine the transmittogram and the shape of the trajectory and decide if BST 

comparisons shall be made with additional (longer time or higher RCF) experiments. 

This is one of the main advantages of the trajectory and transmittogram, together 

assisting in unraveling the state and stability of the system. 

The full strength of S score and trajectory, however, becomes clear when samples 

are directly compared with each other. Figure 5.8 shows representative stability 

trajectories of the four ink samples – MS (panel A), UB (panel B), UB+S20 (panel C), 

and UB+S70 (panel D), comparing the time-resolved response of the dispersion state. 

These are the same samples for which transmittograms are seen in Figure 5.5. The 

maxima for the four trajectories are shown with a blue inverted triangle. The dotted 

blue vertical line joins the maxima to the time axis to indicate the BST. 
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Figure 5.8. Stability trajectory for catalyst ink samples (A) MS (dark gray line), (B) 

UB (brown line), (C) UB+S20 (magenta line) and (D) UB+S70 (dark green line), 

respectively. Corresponding blue dotted lines and inverted triangles show the global 

maxima indicating the BST. Reprinted from Bapat et al. [21] with permission from 

Elsevier. 
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It immediately becomes clear that S score values are the highest for UB+S20 and 

lowest for MS. The latter is the case because only the continuous phase is present, 

whereas the former indicates the widespread presence of dispersed particles. After 

UB+S20, sample UB+S70 also shows a larger S score value at the end, which is 

indicative of the presence of many assemblages. Interestingly, the S scores around the 

zeroth time are temporarily high, as the sample undergoes transient but severe 

upheaval due to a jerk motion at the start of the rotor motion. Together, these 

observations corroborate with what we can see in the transmittograms (see 

Figure 5.5), however, at the clear advantage of significant data reduction. This is 

getting increasingly important when numerous datasets are to be analyzed, which is 

the only way to ultimately replace prevailing empiricism in formulation (science) by 

knowledge-based design. 

In Figure 5.8, the discriminating feature of the MS trajectory (panel A) is that it 

rises, reaches a peak, descends, and then remains constant until the end. This differs 

entirely from the trajectory of UB+S20 (panel C), which first ascends gradually, dips 

briefly (~500 min), increases sharply (~540 min) before it peaks (~560 min), and 

then drops progressively and goes into a plateau phase. Thus, the shape of a stability 

trajectory is unique to the dispersion sample it represents. Finally, regarding 

reproducibility, Figure 5.9 shows trajectories of three different samples for each 

processing method. It becomes clear that the evolution of S score is highly 

reproducible from one experiment to another and that changes between differently 

processed samples are obvious. 

Herein, the BST is a very useful parameter, which is explanatory for the behavior of 

the trajectory. In this study, the concept of BST takes prominence as inks of three of 

the four processing methods do not entirely sediment after 16 hours of experimental 

run time. Hence the characteristic time for complete sedimentation is inappropriate 

for comparing the different ink samples. Having seen how trajectories are descriptive 

of the evolving dispersion stability, the following section relates the BST parameter 

for all the measured samples. 
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Figure 5.9. Stability trajectories for ink samples MS, UB, UB+S20 and UB+S70 (from 

left to right). The corresponding BSTs are indicated by a blue inverted triangle and 

dotted line. Reprinted from Bapat et al. [21] with permission from Elsevier. 

5.3.5 Comparison of bulk sedimentation times 

In the following, the BSTs for the four processing methods are compared. As 

mentioned in the experimental section, three samples for each of the four dispersion 

methods were prepared to assure the experimental reproducibility. Then, each of the 

three samples was measured in triplicate to check the repeatability of the 

measurement using the photocentrifuge. Thus, nine data points were obtained for 

each dispersion procedure. Figure 5.10 shows the BSTs on the 𝑦-axis and the 

processing method on the 𝑥-axis. The hollow points of the same shape (square, or 

circle, or triangle) represent the triplicate measurements of the same ink dispersion. 

Filled diamonds are the means for the triplicates of each of the three different ink 

dispersions. The horizontal-colored lines show the mean for all the measurements, 

and the error bar shows the standard error of the means. Sample MS has exceptionally 

low BSTs (~100 min). The mean BSTs for samples UB and UB+S20 are similar, with 

UB+S20 being marginally higher than UB. It is striking that the mean BST for ink 

sample UB+S70 is lower. 

As discussed previously, studies report that a high energy input resulting from 

larger oscillation amplitudes often leads to re-agglomeration of the broken 

assemblages and induces various physicochemical alterations on the surface of the 

constituents of a dispersion [230–232]. The deagglomeration of NP suspensions 
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occurs to a certain vibrational amplitude, as explained by Nguyen et al. [233]. Hence, 

operating beyond the optimum amplitude or energy input results in insignificant size 

reduction and sometimes even a re-agglomeration. The lower BST indicates lower 

stability of sample UB+S70 compared to that of samples UB and UB+S20. Although 

more systematic studies clearly beyond the scope of this work would be needed, this 

could be attributed to the re-agglomeration of particles as a result of an increased 

number of effective collisions at a higher amplitude. At the same time, it could also be 

caused by the rupture of Nafion® due to cavitation and shock waves, destabilizing the 

ink structure as suggested in the literature [234]. 

 

Figure 5.10. BSTs for catalyst ink samples MS (dark gray), UB (brown), UB+S20 

(magenta) and UB+S70 (dark green) respectively. Hollow squares, hollow 

rectangles and hollow triangles show triplicate measurements of the corresponding 

ink preparation method. The filled diamonds show the means of triplicates for 

sedimentation times of three different inks. The mean of all measurements is 

shown by the horizontal-colored lines along with the standard error of the means. 

Reprinted from Bapat et al. [21] with permission from Elsevier. 

At this point, it needs to be mentioned that quantitative appraisal of stability (or 

the lack of it) is also possible by calculation of the instability index, provided by 

SEPView®. As discussed in Section 5.1.1, the instability index allows an assessment 

of the stability of samples by comparing the values at any user-defined time point. In 

Figure 5.11, mean instability indices for the three different inks are plotted with time 

for the four processing methods. The higher the instability index value, the lower the 

stability of the sample. The ROI of width 10 mm was chosen from the meniscus. 
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Typically, these instability indices are then compared at a chosen time point. 

SEPView® by default compares the instability index at the experimental end time 

point. Undoubtedly the ink sample MS has the highest instability index (indicating the 

lowest stability) at any time point, in comparison to the other three differently 

processed inks. Also, the ink UB+S20 shows the lowest instability index (indicating 

the highest stability) over the course of time. While the mean instability indices for 

ink samples UB and UB+S70 only differ very slightly over time. However, it can be seen 

that instability indices make no attempt to properly describe the stability 

characteristics such as individual assemblage settling times due to a monotonically 

increasing curve. In comparison, the outcome of studying the stability trajectory 

emerges to provide descriptive and deductive stability parameters, at least for the 

study of catalyst inks. 

 

Figure 5.11. Instability index vs time for catalyst inks MS (dark gray line), UB 

(brown line), UB+S20 (magenta dotted line) and UB+S70 (dark green dashed line), 

respectively. Reprinted from Bapat et al. [21] with permission from Elsevier. 

In summary, measures to examine the duality of state and stability in the context of 

dispersions at technically relevant application concentrations are described. The tools 

presented not only provide rich insights but also quantify them for objective 

comparisons of complex interactions of multiple entities in a dispersion. To finally 

close a first process-structure-property relationship [16], we now move to examine 

the effect of different catalyst ink processing methods on its rheology (handling 

property and solution-coating performance). 
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5.3.6 Handling properties using rheological characterization 

Rheological testing assists in process optimization and monitoring quality control. 

Noteworthy, it also allows to connect the disperse state and stability of the system 

under investigation with handling properties [235]. The effects of the four processing 

methods on the ink rheology were investigated. Figure 5.12 displays the viscosity 

curves of the inks with identical composition and concentration. 

Viscosity data recorded from 0.1 s-1 to 10 s-1 show relatively large variation due to 

torques below the lower limit of the rheometer, and thus data from shear rate 10 s-1 

to 1000 s-1 are shown in the figure. Different markers represent the mean value of 

three measurements made on three separately prepared ink samples to assure the 

experimental reproducibility and the measurement repeatability. The different 

colored ribbons are made by connecting the error bars, which represent the standard 

deviations of the three measurements. 

All ink samples demonstrate nearly Newtonian behavior between shear rates of 10 

to 1000 s-1. Ink sample MS shows the highest mean viscosity. In case of inks prepared 

by ultrasonic treatment, sample UB shows a slightly lower mean viscosity compared 

to the mean viscosity of sample MS; this difference ranges from 0.57 % (1000 s-1) to 

2 % (10 s- 1). Remarkably, UB inks show a large variability between three 

independently prepared inks. This variability is so large that it completely overlaps 

with the results of MS samples. When the ink prepared by ultrasonic bath is treated 

by probe sonication for 10 min, like in case of samples UB+S20 and UB+S70, the 

viscosity is further reduced. When compared with the mean viscosity of sample MS, 

samples UB+S20 and UB+S70 exhibit a reduction of 9 % to 14 % and 18 % to 22 % in 

mean viscosities over the shear rate range, respectively. Although the mean viscosities 

for UB+S70 samples are the lowest, they show a very large variation (similar to UB) 

over three independently prepared ink samples. It must be noted that the time tests 

show a linear increase (5 %) in the viscosity after 3600 s (data not shown here). The 

viscosity increase due to drying effects after about 360 s (sample loading + thermal 

equilibration + measurement) may thus account for an overestimation of up to 0.5 % 

for the last data point recorded, assuming a linear interrelation [21]. 
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Figure 5.12. Viscosity-shear rate curves for catalyst ink sample MS (dark gray 

square), UB (brown circle), UB+S20 (magenta triangle) and UB+S70 (dark green 

diamond) respectively. Corresponding colored ribbons are made by joining the 

standard deviations of three measurements. Reprinted from Bapat et al. [21] with 

permission from Elsevier. 

From the perspective of the production process of a catalyst coated membrane 

(CCM), both viscosities being too high (as in the case of ink MS) and too low (as in the 

case of UB+S70) might lead to clogging of a nozzle while spraying or inkjet printing. 

Both processes involve high shear rates and might thus lead to shear-thickening for 

higher viscosity samples (shear-thickening with high solid loading) or the formation 

of vortices (non-laminar flow conditions) more likely for low viscosity samples. Very 

low viscosity may lead to the formation of satellite droplets [236]. Thus, an optimum 

viscosity would be desirable in a given working range. Herein, the results for UB+S20 

show that such an ink dispersion would be the most favorable. 

Starting with the extrema, ink sample MS shows the highest mean viscosity. This is 

consistent with the findings from stability analysis, which show the lowest BST for 

sample MS, hinting at the least stable ink. Another notable observation is that UB+S70 

shows the lowest mean viscosity. Generally, a decrease in viscosity may be attributed 

to a greater extent of stabilization due to the breakage of aggregates and agglomerates. 

However, this must be interpreted with care, as evidence from stability analysis brings 

to light the relatively faster settling of particles. Figure 5.10 clearly depicted a lower 

BST of ink sample UB+S70 in comparison to samples UB and UB+S20. This decrease 
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in BST indicates faster settling of the majority of the particles and hence implying 

lower stability. Lower viscosity for UB+S70 can be postulated due to (i) rupturing of 

ionomer chains and (ii) propensity of particles to re-agglomerate. Thus, the most 

likely explanation for the reduced viscosity of UB+S70 is the degradation of polymers 

(in this case, Nafion®) by applying higher ultrasonic energy [231,237].  

Similar observations have been discussed in a few reports. For example, Adamski 

et al. [238] systematically studied the effects of power ultrasound on Nafion® 

dispersion properties. The results showed a significant reduction in the viscosity of 

Nafion® upon ultrasonication. This was alluded to the degradation of polymer chains 

due to the combination of hydrodynamic cavitation and mechanical shearing forces. 

In contrast, only ~1 % decrease in viscosity was observed under stirring conditions 

of 1000 RPM for a day. Safronova et al. [234] also reported a reduction of viscosity of 

Nafion® caused by the rupture of macromolecule chains upon ultrasonic treatment. 

Further, systematic studies to confirm the degradation of Nafion® at higher 

oscillation amplitudes and their effects on ink properties would be needed. 

Nevertheless, this study shows that optimization of the dispersion procedure itself 

may supersede the need to introduce rheological additives, which might be used to 

tailor the flowability, thus avoiding possible negative effects on the performance of the 

resulting electrode. 

In a nutshell, this section brings to light the intriguing relations between the 

stability and rheology of catalyst ink. It also shows how an independent approach to 

colloidal stability potentially allows to better understand the fluid flow of disperse 

systems. The latter is literally the integral response of the system to all interactions 

present when the ink is exposed to external stress and thus often challenging to 

interpret. The results motivate the premise for quantitatively assessing dispersion 

stability in combination with handling properties for a knowledge-based approach to 

catalyst ink formulation. 
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5.4 Conclusion 

Studies on model systems for PEMFC are reported in abundance. However, they 

contribute to industrial problems in a limited way only. This work is a step forward in 

the direction of approaching relevant formulation conditions, i.e., (i) highest degree of 

polydispersity, (ii) multi-material dispersed phase (iii) mixtures of liquids as the 

continuous phase, and (iv) high, technical concentrations. On one side, 

characterization tools and techniques (methods), and on the other side, the 

improvement of ink dispersion stability and suitability for layer preparation, in the 

end for enhanced PEMFC catalyst layer performance (application), together form two 

sides of the same coin. Through this work, ‘both sides of the coin’ to elucidate process-

structure and structure-property relationships are investigated. On the methods side 

of the coin, the utility of a photocentrifuge as a characterization tool for complex fuel 

cell catalyst ink dispersions is demonstrated. As a step forward, it was shown that how 

the state and stability of the dispersion can be evaluated concurrently. Using 

transmittograms, direct visual cues provide a dossier of presence and number of 

assemblages. By calculating S scores, a new concept of stability trajectory is 

introduced. The latter is derived from the presentation of S scores as a time series, 

which allows the tracking of dynamics of the particle migration. Together these two 

procedures of analyses can be easily integrated with typical measurement and 

assessment workflows.  

On the application side of the coin, the developed techniques are put to use and an 

approach to systematically study the effect of ink dispersion preparation methods is 

presented. An attempt is made to extract process-structure-property relations by 

preparing ink dispersions using four methods. The stability of the dispersion, 

formation of different assemblages is then investigated using AC. We see a clear effect 

of the ink processing on stability and rheology. For quality control purposes in 

production, it is important to consider the effects of rheology and stability and find an 

optimum balance between them. Considering dispersion stability, transmittogram 

analysis and stability trajectory show that UB+S20 has the highest dispersion stability. 

Also, rheology results show the lowest viscosity of UB+S70, i.e., the sample prepared 

with the highest energy input, rather likely because of degradation of ionomer. Future 
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outcomes of this approach may include printing or spraying the well-dispersed ink to 

form the CL, around which a CCM and an MEA can be constructed. Hence, as shown in 

Chapter 3, the fuel cell performance can be measured and correlated to the processing 

method, stability, and rheology of the catalyst ink.



5  State and stability of PEMFC inks 

98 
 



 6  Extracting temporal patterns from particle settling behavior 

99 
 

6 Extracting temporal patterns from 
particle settling behavior  

The complexity of particle systems in dispersion and the challenges in studying them 

has been the key theme in this work. The complexity stems from the heterogeneity of 

the surface properties of the particles in combination with the interfacial phenomena 

(e.g., wettability, surface tension, adsorption). Characterizing and studying this 

complexity is important from the perspective of engineering and particle formulation 

product development. The modeling approaches such as DLVO help to study and 

unravel the complexity. But in cases where model assumptions are inappropriate or 

inadequate, then the insights from modeling are limited to describe the transient 

processes, and variation in functional or structural organization. The other possible 

option at hand is to obtain information from the available characterization data. To 

this end, one possible way to enable useful studies for formulation development and 

colloid process engineering is to take advantage of dispersion measurements using 

the analytical photocentrifuge. In Chapter 5, stability trajectories were introduced 

where the attenuated transmission values are transformed into a time-series signal 

describing the extent of heterogeneity of the system with time. In this chapter the 

concept is extended, and a brief proof of principle is provided for how these 

transmission profiles can be leveraged to extract temporal patterns. Herein, 

autocorrelation analysis is performed, to examine the time-resolved characteristics. 

These temporal patterns can then be correlated to changes in the particle behavior. As 

an example, the potential utility of the method is demonstrated by preparing a hetero-

mixture of homoaggregates (i.e., aggregates possessing the same physicochemical 

properties) namely titania (TiO2) and silicon (Si). Such a method brings to the 

forefront the use of chemometric methods for the AC readout.   
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6.1 Background 

The statistical concept of autocorrelations is used in several signal processing and 

time series data analysis. It also plays an important role in DLS which is used for the 

determination of the particle size and size distribution in a dispersion (i.e., 

hydrodynamic size). Here the movement of particles i.e., diffusion caused by Brownian 

forces is measured. In a dispersion, the diffusion of each particle causes temporal 

fluctuations in the intensity of the scattered light. As shown in Figure 6.1A, the 

intensity 𝐼(𝜏) changes over time 𝜏 as particles continue to diffuse. The speed of 

intensity fluctuations depends on the diffusion rate which is influenced by the size of 

the particle. The smaller the particle more rapidly it diffuses translating more rapid 

fluctuations in the scattered light. 

 

Figure 6.1. Schematic of (A) scattered intensity fluctuations over time and (B) 

autocorrelation function of the scattered light. This schematic is connected to how 

autocorrelation is used for size estimation by DLS measurement. 

The rate of change of intensity is described by an autocorrelation function that 

compares the intensity at time 𝜏 to the intensity at a time 𝜏 + ∆𝜏. Mathematically, the 

correlation function can be explained by Equation 6.1: 

 
𝑔2(𝜏) =

1

𝑡
∫ 𝐼(𝜏)𝐼(𝜏 + ∆𝜏)𝑑(∆𝜏)

𝑡

0

 6.1 

The intensity autocorrelation function 𝑔2(𝜏) depends on the time interval ∆𝜏 and 

is independent of the time 𝜏 at which the measurement starts. The correlation 

function typically shows an exponential decay as depicted in Figure 6.1B. The 

intensity signals are similar at shorter timescale (i.e., smaller ∆𝜏) indicating higher 

correlation. On the other hand, at larger timescale the correlation begins to decrease 
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and ultimately the intensity signal reaches a point at which no correlation exists. The 

rate of decay provides the information of the particle size. Larger particles diffuse 

slowly and thus take longer for a complete loss of the correlation. On the contrary, 

correlation of signal decays rapidly for small particles. This information enables 

determination of the hydrodynamic size [12]. 

Similar to how DLS employs an evaluation of correlations in the signal to connect 

to a physical parameter, this chapter describes an approach that was developed to 

extract temporal patterns from the particle settling behavior. As discussed in Chapters 

5 and 6, the stability trajectory provides the information on the state of the system 

due to heterogeneity upon sedimentation/separation. It refers to the heterogeneous 

distribution of the relative motion of particles, i.e., some particles are separating faster 

than others. In the case of DLS, autocorrelation is used to analyze fluctuations in 

intensity over time as discussed above. On the similar lines, the concept of 

autocorrelation function is applied to analyze fluctuations in transmission values over 

time (in the form of a stability trajectory). 

6.2 Materials and Methods 

6.2.1 Dispersion preparation 

Gas-phase synthesized nanostructured Si and TiO2 nano powder were kindly provided 

by Ms. Malini Dasgupta from the Wiggers group (IVG-RF, UDE). The nanostructured Si 

aggregates were synthesized by gas-phase decomposition of monosilane in a hot-wall 

reactor [191]. The TiO2 particles were synthesized in a spray flame [239]. Pure Si 

particles, pure TiO2 particles and a binary mixture of Si and TiO2 (Si-TiO2) were 

suspended in 2-propanol (IPA). The solid content was maintained at 0.008 wt.%. For 

the binary mixture, Si and TiO2 powders were mixed at the mass ratio of 1:1. 

Dispersions were prepared by probe sonication (Bandelin HD2200) for 5 minutes at 

an amplitude of 20 %. 
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6.2.2 Analytical centrifugation 

AC measurements were performed with a LUMiSizer® 651 (LUM GmbH, Berlin, 

Germany). For an AC run, a blue-light wavelength of 410 nm was used. Polycarbonate 

cells (LUM GmbH, Berlin, Germany) with an optical path length of 2 mm were used. 

The sample cells were filled with 300 μl of the sample. The temperature was set to 

25 °C. Sample cells filled with pure IPA, pure Si particles, pure TiO2 particles and their 

binary mixture (Si-TiO2) dispersed in IPA were inserted into the rotor immediately 

after the ultrasonication step. Centrifugation was performed with no delay at 

4000 RPM corresponding to an RCA of 2300 at the bottom of the cell for 50 minutes. 

6.2.3 Autocorrelation functions 

9-point moving averaged raw data for the transmission profiles was accessed from the 

AC software. The raw data was manually copied into spreadsheet software and saved 

as comma-separated or “xlsx” file formats. Scientific libraries in Python language were 

used for calculating S scores and plotting stability trajectories as explained in 

Chapter 5. The corresponding code to generate autocorrelation function of stability 

trajectories is available at github.com/ydmm/partform. 

6.3 Results and Discussion 

Recollecting that the stability trajectory was evaluated from the transmission profiles 

over time and the S score at a time point described the extent of heterogeneity in the 

sample cell. Thus, when correlation of the stability trajectory against itself is 

calculated, we obtain the relation of how the sample cell heterogeneities are 

correlated over time.  

The dispersion characteristics of homoaggregates (Si and TiO2) and their binary 

mixture were analyzed. Figure 6.2 shows the stability trajectories of the pure IPA, the 

pure Si dispersion, the pure TiO2 dispersion and the binary mixture (Si-TiO2). 
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Figure 6.2. Stability trajectories of pure IPA (cyan), pure Si particles (red), pure TiO2 

particles (blue), and their binary mixture Si-TiO2 (magenta) dispersed in IPA. The 

shift in the stability trajectory peak is indicated by an orange arrow. 

From the trajectory of Si (shown in red), it can be seen that the particles remain 

well-dispersed in IPA until the peak (highest S score) is reached ~1000 s (marked by 

an orange dashed line). In case of TiO2, the particles remain dispersed over 100 s after 

which a complete sedimentation takes place as indicated by a flat line. On the other 

hand, when Si and TiO2 particles are mixed, there is a clear shift in the position of the 

Si peak (indicated by a magenta line) due to the possible underlying Si-TiO2 particle 

interactions. These interactions might in turn trigger faster settling of particles as 

revealed by a nearly flat line after 1000 s. 
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Figure 6.3. Autocorrelation of the stability trajectories of IPA (cyan), pure Si 

particles (red), pure TiO2 particles (blue), and their binary mixture Si-TiO2 

(magenta) dispersed in IPA. 

Figure 6.3 shows the calculated autocorrelation of the stability trajectories for the 

individual components IPA (solvent), Si and TiO2, followed by their mixture. In general, 

the higher correlation coefficient at shorter timescales indicates that the 

heterogeneity of the systems is correlated at shorter timescale. This can be 

interpreted in such a way that particles or assemblages of particles when settling 

quickly, will result in a short-lived heterogeneity. The decaying rate for the solvent 

only is very high at shorter times, as the solvent system has virtually no settling 

behavior. In the case of Si particles, the autocorrelation decays at a much slower rate. 

It crosses the zero value at around 11 minutes and then continues to have negative 

correlation coefficient values. This means that the system’s heterogeneity is 

correlated at longer timescales. In other words, there are distinct assemblages which 

are settling slowly. And the heterogeneity resulting from the settling of one 

assemblage is hence correlated to the settling of the following assemblage. This means 

that it is likely that the settling rates and patterns for the different assemblages are 
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similar. In contrast, the pure TiO2 system shows a relatively higher decay rate, and 

shortly after 2.5 minutes the autocorrelation coefficient becomes zero. This is 

indicative of the fact that there is a short-lived heterogeneity, which ends with (most 

of) the particles settling. 

It can be observed for the binary mixture Si-TiO2 that there is a clear shift in the 

time taken for the autocorrelation coefficient to reach zero. Further, the decay rate 

also varies from that of the individual components. The parameters such as slope, 

decay rate, minimum correlation coefficient, time to zero correlation coefficient can 

be used to develop polynomial relations for the individual components and the 

mixture. 

6.4 Conclusion 

Temporal patterns of the settling behavior when extracted, can prove to be very useful, 

and can help establish causal bridges in the study of complex hetero-mixtures. The 

potential of stability trajectory is extended here by evaluating its autocorrelation. The 

shape of the autocorrelation curve is shown to be peculiar for the individual system. 

Hence certain parameters of the curve can be extracted. These parameters when 

related together for individual components (forming the mixture), with the ones 

obtained from the mixture can help deconvolve the interfacial processes such as the 

ligand adsorption on the particle surface and heteroaggregation. 

Notably, described here is only a qualitative description of the autocorrelation 

results. Future work entails evaluating quantitative parameters from the 

autocorrelation curve such as its height, slope, time to reach 0 correlation, etc. – and 

then compare these parameters for different particle systems, i.e., enable calibration. 

Much work is required further to bring this concept to other particle systems, and 

experimentally confirm the derived correlations, accessed using this concept. This 

work lays the groundwork for future studies on particulate systems such as hybrids 

and composites which are gaining attention for high-end applications. 
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7 Hansen solubility parameters for 
particles 

Previous chapters dealt with highly concentrated technically relevant particulate 

systems. A thorough understanding of complex interactions like particle-particle, 

particle-liquid, particle-polymer, polymer-liquid within particulate systems is key for 

knowledge-based formulations. Studying the particle-liquid interactions is the first 

and crucial step after which suitable binders, or additives can be added for making 

real-world formulations. HSP are widely used to assess the compatibility of the 

dispersed phase (particles) with the continuous phase (liquid). At present, the 

determination of HSP is often based on a liquid ranking list obtained by evaluating a 

pertinent dispersion parameter using only one preselected characterization method. 

Furthermore, one cannot rule out the possibility of subjective judgment especially for 

liquids for which it is difficult to decipher the compatibility or underlying interactions. 

As a result, the end value of HSP might be of little or no information. 

To this end, this chapter touches on three main aspects. First, it describes a new 

combinatorics-based procedure as a general technology-agnostic framework for HSP 

calculations in order to embrace the ambiguity in evaluating good or poor liquids. 

Second, it shows the nuances of evaluating and reporting particle HSP values and their 

ramifications on the quality and reliability of the said value are discussed. Third, it 

illustrates how to leverage the measurement results from an AC device and evaluate 

the previously introduced tool called stability trajectories to deduce particle-liquid 

compatibility. To demonstrate and discuss these three aspects, the HSP of SiNx NPs 

synthesized in the gas-phase as a running case example is investigated. SiNx NPs were 

chosen as a technically relevant model system because of their promising use-case in 

Li-ion batteries to give improved long-term cyclability and stability [196,197,200]. 

Parts of this chapter are published in Bapat et al., 2021 [22]. 
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7.1 Materials and Methods 

7.1.1 Synthesis of SiNx NPs 

SiNx NPs were synthesized and kindly provided by Mr. Stefan Kilian from the Wiggers 

group (IVG-RF, UDE). A tubular hot-wall reactor was used to synthesize SiNx NPs at 

900 °C and 1 bar [200]. Two precursor gases – NH3 (N50, Air Liquide) and 10 % SiH4 

in Ar (UHP Silane, Argon N50, Air Liquide) gases mixed at a molar ratio of 3 were fed 

through a nozzle. The gas nozzle was supported by a co-axial sheath gas flow (N2) that 

reduces the chemical vapor deposition (CVD) growth on the inner walls of the reactor 

tube and the recirculation of precursor gases. The volumetric flow rates were kept 

constant at 20 SLM for N2 and 2.6 SLM for the precursor gas mixture. The gas mixture 

was pyrolyzed in an 80 cm long hot zone of the reaction tube of 60 mm inner diameter 

and 2 m length. Post pyrolysis, the NP-laden waste gas was filtered through a porous 

membrane. The waste gas was burned, and the NPs were collected from the filter, in 

an inert atmosphere. A sieving step was carried out to exclude unwanted CVD-

particles and aggregates bigger than 63 µm (Mesh-270). 

7.1.2 Probe liquids (PLs) 

All liquids used in this study including their abbreviations are listed in Table 7.1.  

Table 7.1. List of liquids used to study the dispersion behavior of SiNx NPs along with 

their HSP values. Reprinted from Bapat et al. [22] with permission from the Royal 

Society of Chemistry. 

Liquids Abbreviation 𝜹𝑫/𝑴𝑷𝒂𝟎.𝟓 𝜹𝑷/𝑴𝑷𝒂𝟎.𝟓 𝜹𝑯/𝑴𝑷𝒂𝟎.𝟓 

Acetone Ace 15.5 10.4 7 

Diacetone alcohol DAA 15.8 8.2 10.8 

Ethanol EtOH 15.8 8.8 19.4 

Ethyl acetate EA 15.8 5.3 7.2 

Hexane Hex 14.9 0 0 

2-Propanol IPA 15.8 6.1 16.4 

Methanol MeOH 14.7 12.3 22.3 

N-Methyl-2-pyrrolidone NMP 18 12.3 7.2 

Propylene carbonate PC 20 18 4.1 

Tetrahydrofuran THF 16.8 5.7 8 

Toluene Tol 18 1.4 2 

Water - 15.5 16 42.2 
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As described in the work of Su ss et al. [51] and Stauch et al. [72] liquids were 

selected in such way that their HSP coordinates span a wide range of the 3D Hansen 

space. 

7.1.3 Dispersion procedure 

SiNx dispersions (0.0083 wt.%) were prepared by dispersing the powder in a defined 

set of liquids (listed in Table 7.2). The suspensions were introduced into an ultrasonic 

bath (Elmasonic S30, Elma Schmidbauer GmbH) for 30 minutes, for adequate mixing. 

The water inside the bath was replaced every 10 minutes to avoid overheating. 

7.1.4 SEM imaging 

SEM was performed by Mr. Moritz Loewenich in the NPPT lab using a JEOL JSM-7500F 

microscope. The acceleration voltage was set to 5 kV. Samples of SiNx dispersed in 

acetone, diacetone alcohol, ethanol, N-Methyl-2-pyrrodinone, toluene and water were 

prepared according to the dispersion procedure described above. Then, 1 µl of 

dispersion was dropped on a cleaned silicon wafer. Samples were dried overnight. 

7.1.5 Analytical centrifugation 

AC measurements were performed with a LUMiSizer® 651 (LUM GmbH, Berlin, 

Germany). For a typical AC run, a blue-light wavelength of 410 nm was used. 

Polycarbonate and polyamide cells (LUM GmbH, Berlin, Germany) with an optical path 

length of 2 mm were used depending on their compatibility with liquids. The sample 

cells were filled with 300 μl of the sample. The temperature was set to 7 °C for all 

measurements. This is in accordance with the recommendation made by Uttinger et 

al. [217] to avoid any convective instability due to thermal gradients. Sample cells 

filled with the SiNx suspensions were inserted into the rotor immediately after the 

ultrasonication step. Centrifugation was performed with no delay at 1500 RPM 

corresponding to a relative centrifugal acceleration (RCA) of 327 at the bottom for 50 

minutes. 

7.1.6 S score and Stability trajectory 

9-point moving averaged raw data for the transmission profiles were accessed from 
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the AC software. The data were manually copied into spreadsheet software and saved 

as comma-separated or “xlsx” file formats. Scientific libraries in Python language were 

used for calculating S scores and plotting stability trajectories as explained in 

Chapter 5. The corresponding code to generate a PCA plot from the trajectories is 

available at github.com/ydmm/partform. 

7.1.7 Evaluation of Hansen solubility parameters 

HSP values were calculated using HSPiP (Hansen Solubility Parameters in Practice, 

5th edition, version 5.3.06) software. 

7.2 Results and Discussion 

7.2.1 SEM imaging 

SEM micrographs of SiNx dispersions are shown in Figure 7.1. In the panel, the 

magnification increases from 60 Kx (left panels), over 100 Kx (middle panels), to 

300 Kx (right panels). Images with labels Ace, DAA, EtOH, NMP, Tol, and Water 

represent SiNx NPs dispersed in acetone, diacetone alcohol, ethanol and N-methyl-2-

pyrrodinone, toluene and water respectively.  

 

Figure 7.1. SEM micrographs of SiNx dispersions (0.0083 wt. %) in acetone (Ace, 

upper left), diacetone alcohol (DAA, upper right), ethanol (EtOH, middle left), N-

methyl-2-pyrrodinone (NMP, middle right), toluene (Tol, bottom left), and water 

(bottom left) at a magnification of 5 Kx. Reprinted from Bapat et al. [22] with 

permission from the Royal Society of Chemistry. 
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As can be seen in the image, toluene leads to high degree of agglomeration 

making it a poor liquid. This corroborates the observations from the photographs 

of vials filled with freshly prepared SiNx dispersions (see Figure 7.2). In case of 

toluene, the vial became transparent immediately due to agglomeration and fast 

sedimentation indicating a poor dispersibility of SiNx NPs. On the hand, DAA shows 

less degree of agglomeration as can be seen in the SEM image indicating a good 

dispersibility of SiNx NPs. This was also confirmed by the opaque vial as seen in 

Figure 7.2D. Other liquids (acetone, ethanol, N-methyl-2-pyrrodinone, and water) 

result in comparatively large agglomerates as shown in the SEM micrographs. 

 

Figure 7.2. Photographs of vials filled with freshly prepared SiNx dispersions in (A) 

Toluene, (B) Hexane, (C) 2-propanol and (D) Diacetone alcohol. The vials became 

transparent immediately after preparation in case of toluene and hexane indicating 

poor dispersibility of SiNx NPs. Reprinted from Bapat et al. [22] with permission 

from the Royal Society of Chemistry. 

7.2.2 HSP evaluation using RST 

As mentioned earlier in Chapter 2, in case of solvents, HSP can be directly obtained by 

measuring the heat of vaporization [65,66,83,240]. However, in case of particles, HSP 

can only be estimated experimentally from the known parameters of the set of 

solvents. Su ss et al. [51] proposed a method to evaluate HSP of particles using AC. In 

this method, the measured transmission profiles are first converted to extinction 

profiles using SEPView®. The mean of each extinction profile i.e., integral extinction 

(IE) values are obtained from the start to the end of experiment (see Figure 7.3).  
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Figure 7.3. Integral extinction over time for the region of interest (ROI) of 10 mm 

under the sample filling height for SiNx particles dispersed in twelve PLs. Three 

independent AC measurements were recorded over 50 minutes. Reprinted from 

Bapat et al. [22] with permission from the Royal Society of Chemistry. 

The threshold IE value is selected arbitrarily for a set of solvents which are referred 

here as probe liquids (PLs). A threshold IE value is required to evaluate the 

sedimentation times for different PLs, which can be used to evaluate the RST. Using 

Equation 2.7 (see Chapter 2), all evaluable liquids are ranked based on their RSTs that 

are calculated. The RSTs are normalized by dividing each RST value by the maximum 

RST value and thus the values are between 0 and 1. In the HSPiP software, two good 

liquids and one poor liquid are needed to construct the HSP sphere and estimate the 

HSP values of the particles. Using the binary scoring system, good liquids are scored 

as 1 and poor liquids as 0. To start out, HSP is calculated with the top two liquids with 

the highest RST, chosen as good, and the rest chosen as poor. Then the HSP is 

calculated based on three liquids scored as good, and the rest as poor. This process is 

repeated until only one liquid is scored as poor. As a result, (𝑁 − 2) HSP values are 

obtained where 𝑁 is the total number of PLs to be ranked. The final reported HSP is 

the one where the HSP values plateau, i.e., do not change with the further addition of 

good liquids.  
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Moving on to deciding good or poor PLs, we now discuss to what extent it impacts 

the evaluated HSP values. Two liquids are incrementally considered as good, and the 

results obtained are summarized in Table 7.2.  

Table 7.2. HSP interaction evaluation at IE = 0.25 for measurement 1 (top), 

measurement 2 (middle) and measurement 3 (bottom). Reprinted from Bapat et al. 

[22] with permission from the Royal Society of Chemistry. 

A] Measurement 1 

Number 

of PLs 

ranked 

good 

δD/MPa0.5 δP/MPa0.5 δH/MPa0.5 

HSP 

interaction 

distance 

Poor 

liquids 

inside 

sphere 

Good 

liquids 

outside 

sphere 

2 19.0 15.6 6.8  1 2 

3 16.9 9.5 15.8 8.1 0 2 

4 16.3 9.4 14.3 3.3 0 3 

5 17.2 11.0 10.8 1.0 0 5 

6 17.0 10.2 9.8 1.3 0 6 

7 16.5 9.1 13.2 0.9 0 6 

8 16.2 9.5 14.3 2.5 0 6 

9 16.4 8.7 13.2 2.6 0 8 

10 16.5 9.0 10.8 2.4 0 9 

11 16.4 9.0 10.2 0.6 0 9 

 

B] Measurement 2 

Number 

of PLs 

ranked 

good 

δD/MPa0.5 δP/MPa0.5 δH/MPa0.5 

HSP 

interaction 

distance 

Poor 

liquids 

inside 

sphere 

Good 

liquids 

outside 

sphere 

2 16.7 11.4 10.0  1 2 

3 17.1 11.3 9.3 1.0 1 2 

4 17.3 10.5 10.4 1.5 0 4 

5 17.2 11.0 10.7 0.6 0 5 

6 16.4 10.4 13.6 3.3 0 5 

7 16.3 9.8 15.2 1.7 0 6 

8 16.2 9.5 14.3 1.0 0 7 

9 16.5 8.8 13.4 1.3 0 8 

10 16.5 9.0 10.8 2.5 0 9 

11 16.4 8.9 10.4 0.5 0 10 
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C] Measurement 3 

Number 

of PLs 

ranked 

good 

δD/MPa0.5 δP/MPa0.5 δH/MPa0.5 

HSP 

interaction 

distance 

Poor 

liquids 

inside 

sphere 

Good 

liquids 

outside 

sphere 

2 19.0 15.6 6.8  1 2 

3 16.9 9.5 15.8 11.7 1 3 

4 16.3 9.4 14.3 1.9 0 3 

5 17.2 11.0 10.8 4.2 0 5 

6 17.0 10.2 9.8 1.3 0 4 

7 16.5 9.1 13.2 3.7 0 6 

8 16.2 9.5 14.3 1.4 0 7 

9 16.4 8.7 13.2 1.4 0 8 

10 16.5 9.0 10.8 2.4 0 9 

11 16.4 9.0 10.2 0.6 0 9 

 

A minimum HSP interaction distance is plotted with number of liquids ranked as 

good in Figure 7.4.  

 

Figure 7.4. HSP interaction distance vs number of PLs ranked good for all three AC 

measurements. Reprinted from Bapat et al. [22] with permission from the Royal 

Society of Chemistry. 

We see that the minimum is reached when all eleven liquids are considered as good. 

As a result, there is ambiguity, this time in the final HSP value to choose trust and 

report. Furthermore, what is not considered in this method is the number of PLs that 

are wrongly included inside the sphere and wrongly excluded outside the sphere. The 

two major issues in this method are intersecting IE curves, and a wavy IE curve (for 
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instance as seen for PC in Figure 7.3). With the former, the selection of a threshold IE 

value becomes arbitrary, and with the latter, the IE curve intersects with the threshold 

IE at multiple time points. Both these aspects leave the user in perplexity, which 

eventually leads to multiple ranking possibilities based on the RST. Changes in RST 

order can directly affect the assignment of good or poor liquid for evaluation of HSP. 

Further, on incrementally adding good liquids, there is no clear plateau, and a 

minimum is achieved when eleven of the twelve liquids are scored as good. Reporting 

the corresponding HSP value can be misleading, to say the least, as it clearly does not 

corroborate to available evidence on the goodness of eleven liquids. To fill these gaps 

in assigning liquids as good and poor in order to estimate and report the HSP of 

particles, new combinatorics-based method was developed. This will be explained in 

the following. 

7.2.3 Combinatorics-based approach 

Herein, a combinatorics-based approach for the evaluation of HSP of particles in a 

technology-agnostic manner is introduced. Figure 7.5 describes the decision chart for 

the HSP evaluation, which constitutes a general framework. Altogether, the process 

can be summarized in the following steps –  

1. Calculate all possible permutations (Q) for scoring when starting out an HSP 

study. This is made under the assumption that only the total number of PLs is 

known (=N), and there is no available information on their affinity towards the 

particles. 

2. Perform measurements and investigative studies to evaluate the dispersibility 

characteristics. This is done to gather evidence to rank, order and decide 

whether the liquid is good or poor. Here, any characterization method can be 

adopted, even more than one. 

3. Based on the newly acquired information from Step 2 regarding which PL has 

targeted dispersibility traits, update the number of possible permutations (Q) 

by eliminating redundant combinations of good or poor PLs. 

4. If necessary, repeat Steps 2 and 3 to minimize the possible permutations Q. 

5. Calculate the values for HSP with the remaining number of PL scoring 

permutations. 
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Figure 7.5. Decision chart for the calculation of HSP for any particle system. 

Reprinted from Bapat et al. [22] with permission from the Royal Society of 

Chemistry. 

In the first step, no characterization studies have been performed to elucidate 

liquid interactions. Hence, we can consider that there is absolutely no information on 

the goodness or poorness of the chosen PLs. All possible number of permutations for 

scoring N liquids as good (1) or poor (0) can be given by 2𝑁 . But at least two good 
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liquids and one poor liquid are required for evaluation of HSP. Hence, all scoring 

combinations which do not fulfil these criteria need to be excluded. As a result, the 

maximum number of allowable permutations to score liquids, is given by 

Equation 7.1: 

 𝑄0 = 2𝑁 − 𝐶0
𝑁 − 𝐶 − 𝐶1

𝑁
𝑁
𝑁  7.1 

Here, 𝐶0
𝑁  (which is read as N choose 0) is always equal to 1 and represents the case 

where all N PLs are scored as poor. Similarly, 𝐶𝑁
𝑁  represents the case where all N PLs 

are scored as good and is also equal to 1. And lastly, 𝐶1
𝑁  represents the number of cases 

where only one PL is scored as good and is equal to N. Thus, 𝑄0 is nothing else than all 

possible permutations for HSP evaluation after subtraction of forbidden cases. To give 

an idea, Table 7.3 lists the number of permutations (𝑄0) for up to 12 liquids calculated 

using Equation 7.1. For example, if N=4, then 𝑄0 = 10 scoring permutations are 

possible, based on which a set of ten HSP values can be calculated. Similarly, if N=12 

as in the case of this work, then 𝑄0 = 4082 permutations are possible. 

Next, we move to Step 2, in which we gather as much experimental evidence or 

expert knowledge regarding the dispersibility of the prepared samples as possible. 

This is done to explore possibilities of determining their goodness or poorness. Before 

moving to Step 3 in the following paragraphs, we will see how the number of possible 

scoring permutations is reduced significantly but stepwise with each piece of 

additional “knowledge” gained regarding the behavior of the PLs. 

Now, if there is sufficient reason to believe that some liquids are poor (=L), then we 

are left with (𝑁 − 𝐿) liquids. Hence, the possible scoring permutations 𝑄𝑙 can be 

calculated using Equation 7.2: 

 𝑄𝑙 = 2𝑁−𝐿 − 𝐶0
𝑁−𝐿 − 𝐶1

𝑁−𝐿  7.2 

Here 𝐶0
𝑁−𝐿  which equals to 1, represents the case where all remaining (𝑁 − 𝐿) 

liquids are scored as poor. And 𝐶1
𝑁−𝐿 , which equals to (𝑁 − 𝐿), represents the cases 

where only one liquid is scored as good. These cases do not confer to the 

aforementioned criteria, and hence are subtracted, for maximum possible 

permutations (2𝑁−𝐿). 

Again, referring to Table 7.3, for N=4, when one of the liquids is known to be poor, 

then 𝑄𝑙 = 4 scoring permutations are possible. When two of the four liquids are 
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known to be poor, then only 𝑄𝑙 = 1 permutation is possible. One can easily find this 

solitary scoring possibility as {1, 1, 0, 0}. Similarly, for N=12, 𝑄𝑙 is 2036 and 1013 for 

one and two known poor liquids, respectively. Here, we can already see how the 

number of possible permutations is cut into half with each extra piece of information 

that can be added to the poorness of PLs. 

Similarly, if there is sufficient evidence to believe that some liquids are good (=M), 

then we are left with (𝑁 − 𝑀) liquids. On similar lines of Equations 7.1 and 7.2, a 

formula can be easily derived to calculate all possible scoring permutations 𝑄𝑚. 

 

𝑄𝑚 = {
2𝑁−𝑀 − 𝐶𝑁−𝑀

𝑁−𝑀 , 𝑀 > 1
 

2𝑁−𝑀 − 𝐶𝑁−𝑀
𝑁−𝑀  −  𝐶0

𝑁−𝑀 , 𝑀 = 1
 7.3 

Table 7.3 also lists 𝑄𝑚values for different combinations of N and M calculated as 

per Equation 7.3. For N=4, 𝑄𝑚 = 6 and 𝑄𝑚 = 3 scoring permutations are possible for 

M=1 and M=2 good liquids, respectively. Coming back to our case example with twelve 

PLs, we again see how 4082 permutations are reduced to 2046 when one of the twelve 

liquids is scored as good, which is further reduced to 1023 when two of the twelve 

liquids are scored as good. Again, scoring certain liquids as poor or good is the direct 

outcome of some experimental characterization, visual inspection or known prior 

information. 

Finally, when we simultaneously know that L and M number of liquids are poor and 

good respectively, the resultant scoring permutations can be evaluated using 

𝑁 −  𝐿 −  𝑀 liquids, as given in Equation 7.4: 

 

𝑄𝑙𝑚 = {
2𝑁−𝐿−𝑀, 𝑀 > 1

 
2𝑁−𝐿−𝑀 − 𝐶𝑁−𝐿−𝑀

𝑁−𝐿−𝑀  , 𝑀 = 1
 7.4 

Table 7.3 describes the number of permutations for different scenarios of known L 

poor and M good liquids simultaneously. As an example, for N=12, there are 

𝑄𝑙𝑚 =  256 possible permutations if two of them are known to be poor and good each. 

Typically, in the process of rating liquid compatibility, the extreme case (best and 

worst) liquids are relatively easy to identify. Here, we see that by knowing which two 

liquids are good and which two are poor can cut down possible permutations by over 

90 %. At the same time, it is important to pay attention to the fact that if we score the 
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rest of the eight liquids in any particular way (e.g., forced ranking order based on a 

particular characterization parameter), it is merely going to be one of 256 

possibilities. 

Table 7.3. Possible scoring permutations for HSP evaluation using up to 12 PLs.  

Reprinted from Bapat et al. [22] with permission from the Royal Society of Chemistry. 

N 

liqui

ds 

No 

informa

tion  

Q0 

Known good liquids  

Qm 

Known poor liquids  

Ql 

Known good  

and poor liquids 

Qlm 

M = 1 M = 2 M = 3 L = 1 L = 2 L = 3 
M = 1  

L = 1 

M = 2  

L = 1 

M = 2 

L = 2 

3 3 2 1 0 1 0  1 1  

4 10 6 3 1 4 1 0 3 2 1 

5 25 14 7 3 11 4 1 7 4 2 

6 56 30 15 7 26 11 4 15 8 4 

7 119 62 31 15 57 26 11 31 16 8 

8 246 126 63 31 120 57 26 63 32 16 

9 501 254 127 63 247 120 57 127 64 32 

10 1012 510 255 127 502 247 120 255 128 64 

11 2035 1022 511 255 1013 502 247 511 256 128 

12 4082 2046 1023 511 2036 1013 502 1023 512 256 

 

Here, the combinatorics approach was applied to the SiNx dispersion systems. In 

Step 1 referring to Figure 7.5, we know from Equation 7.1 and Table 7.3 that a total of 

4082 permutations of scoring 1 and 0 are possible with twelve liquids. Now 

proceeding to Step 2, i.e., perform experiments to study dispersion characteristics, an 

AC is used. In order to obtain the time-resolved dispersion stability characteristics, 

S scores were evaluated for all the twelve SiNx dispersion systems, and Figure 7.6 plots 

the resulting trajectories. The stability trajectories capture the dispersion behavior in 

a variety of ways (see Chapter 5). An uphill trajectory indicates how quickly the 

migration of the dispersed particles takes place. The cause of this might be 

aggregation or agglomeration (as denoted with an up-triangle motifs on the different 

trajectories). By contrast, a downhill trajectory indicates how soon the end state of a 

clear continuous phase is reached (as denoted by down-triangle motifs). Wavy 

trajectories indicate multiple sequential settling fronts as in the case of SiNx dispersed 

in PC and NMP. And a flat trace in the low S score range indicates the absence of a 
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dispersed phase due to complete sedimentation (as denoted by cross motifs). 

 

Figure 7.6. Stability trajectories of SiNx in the chosen PLs. S scores were evaluated 

for all the twelve SiNx dispersion systems and plotted against time to obtain stability 

trajectories. The ascending zone signifies how quickly the dispersed phase migrates 

and is indicated by black up-triangle motifs. The descending zone signifies how 

soon the dispersion clarifies and is denoted by down-triangle motifs. The absence of 

a dispersed phase in the continuous phase due to completed sedimentation is 

marked by cross motifs. Reprinted from Bapat et al. [22] with permission from the 

Royal Society of Chemistry. 

Altogether, the stability trajectories allow us to (i) track individual settling fronts, 

(ii) reveal the degree of heterogeneity in the samples through peaks and troughs, (iii) 

find if complete settling was achieved, and at what time. Based on these 

characteristics, one can easily deduce the dispersion traits of liquids. Moreover, 

observations from stability trajectories can help to clearly designate some liquids as 
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poor which can then help to shrink down the possible scoring permutations 

considerably. Looking at the stability trajectories for Tol and Hex (see Figure 7.6), 

what is striking is that they are flat right from the start of the experiment. This means 

the dispersions are quite unstable making them unsuitable, i.e., poor liquids. This 

observation is consistent across three independent repeats corroborating visual 

inspection (see Figure 7.2A-B). With this information of two poor liquids, we already 

reduce the number of possible permutations by 75 % (from 4082 to 1013 referring to 

Table 7.3). Furthermore, trajectories for Ace, MeOH, EtOH, EA, water, and THF reveal 

that complete settling has been achieved in the time range of 500 to 1000 s 

(~8-16 min). Rapid settling at a given centrifugal acceleration can be considered an 

undesirable trait for our use-case. Thus, six more liquids can be designated as poor. 

Again, these observations were made over three independent repeats (see Figure 7.7). 

 

Figure 7.7. Stability trajectories of SiNx dispersions in twelve probe liquids for three 

independent AC measurements. Reprinted from Bapat et al. [22] with permission 

from the Royal Society of Chemistry. 
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Now with the updated information of eight poor liquids in all, using Equation 7.2 

we are down to eleven possible permutations for scoring the remaining four liquids. 

HSP calculations can now be reasonably performed using an automated script or even 

manually, to provide a set of eleven different HSP. These eleven HSP are summarized 

in Table 7.4A. The table also describes the eleven scoring permutations for the 

remaining four liquids – IPA, DAA, PC, NMP. Besides, Hansen sphere outliers, i.e., 

incorrect inclusion of poor liquids within the sphere and incorrect exclusion of good 

liquids outside the sphere are also listed. 

Table 7.4. HSP reporting with all possible scenarios. Note that (B) and (C) are subsets 

of (A), highlighting how the number of available permutations is reduced from 11 (in A) 

to 4 (in B) and to 2 (in C). Reprinted from Bapat et al. [22] with permission from the 

Royal Society of Chemistry. 

A] HSP reporting summary for eleven remaining permutations after having evidence for 

eight out of twelve liquids to be poor. Hence, remaining liquids to permute are DAA, IPA, 

PC and NMP. 

DAA IPA PC NMP δD/MPa0.5 δP/MPa0.5 δH/MPa0.5 R 

Poor 

liquids 

inside 

sphere 

Good 

liquids 

outside 

sphere 

1 1 1 0 22.26 10.85 15.12 14.0 2 0 

0 1 1 0 24.00 11.20 16.94 16.6 1 1 

1 1 0 0 15.83 7.15 13.6 3 0 0 

1 0 1 0 15.89 21.57 13.46 12.9 1 2 

1 1 1 1 19.94 12.65 13.56 10.8 0 2 

0 1 1 1 23.44 9.99 13.64 13.8 0 2 

1 1 0 1 16.91 10.1 12.43 6.1 0 0 

1 0 1 1 19.17 12.61 9.88 8.1 0 0 

0 1 0 1 19.28 10.6 15.00 8.4 0 0 

0 0 1 1 19.15 15.01 5.68 3.9 0 0 

1 0 0 1 16.98 10.13 9.08 3.6 0 0 

B] HSP reporting summary for four remaining permutations after having evidence for 

nine out of twelve liquids to be poor. Hence, remaining liquids to permute are DAA, IPA, 

and PC. 

DAA IPA PC  δD/MPa0.5 δP/MPa0.5 δH/MPa0.5 R 

Poor 

liquids 

inside 

sphere 

Good 

liquids 

outside 

sphere 
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1 1 1  22.26 10.85 15.12 14.0 2 0 

0 1 1  24.00 11.20 16.94 16.6 1 1 

1 1 0  15.83 7.15 13.6 3 0 0 

1 0 1  15.89 21.57 13.46 12.9 1 2 

C] HSP reporting summary for two remaining permutations after having evidence for nine 

out of twelve liquids to be poor and two of twelve liquids to be good. Here DAA and IPA 

are considered good, while EtOH, MeOH, NMP, water, Ace, Tol, Hex, THF, EA are considered 

poor. PC cannot be determined unambiguously. Hence, remaining liquids to permute are 

DAA, IPA, PC and NMP. 

DAA IPA PC  δD/MPa0.5 δP/MPa0.5 δH/MPa0.5 R 

Poor 

liquids 

inside 

sphere 

Good 

liquids 

outside 

sphere 

1 1 1  22.26 10.85 15.12 14.0 2 0 

1 1 0  15.83 7.15 13.6 3 0 0 

 

At this juncture, even after we have found reasonable estimates for HSP, we take a 

step forward and explore the options for further reducing the possible number of 

permutations by inferring particle-liquid behavior from stability trajectories. It is 

important to note that the following discussions are not to ‘force-fit’ the arguments in 

favor of a particular desirable outcome. They highlight how some permutations can 

be excluded in light of new information as proposed in the decision chart (Figure 7.5), 

and in this case, what are the resulting implications (i.e., how the variation in the HSP 

value can be reduced). 

Observing the trajectories for NMP obtained across three different experiments, it 

can be said that they have the highest S scores among all the investigated liquids. Also, 

the data corroborates that complete settling is achieved after 2000 s (~30 min). 

Compared to complete settling times of previously discussed liquids (~8-16 min), this 

is relatively long, but it can be argued that it remains an undesired trait that indicates 

unfavorable dispersion conditions. As a result, we can consider one more liquid as 

poor, updating our list to a total of nine poor liquids. Again, using Equation 7.2 we 

calculate the possible permutations which are left equal to 4 (Table 7.4B). 

Lastly, we can include our expert knowledge. “If” we combine observations from 

visual inspection of the dispersions showing highly homogeneous samples after 

dispersion without settling and trajectory data measured by AC, we can conclude that 
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dispersions in IPA and DAA remain stable throughout the experiment. In line with this 

expert knowledge, the undulatory nature of trajectories, in the low S score range, until 

the end of the experiment suggests that these two liquids are good. Basically, we once 

again update our information, this time amounting to a total of two good and nine 

poor liquids.  

According to Equation 7.3, only two scoring permutations are left. Noting that no 

clear evidence was available for PC, the corresponding HSP values for the two 

permutations involve IPA, DAA and PC and are reported in Table 7.4C. At this point it 

should be mentioned that the finally assigned two good PLs result in a very small 

sphere. In future works that also include liquid mixtures and additional PLs, it would 

be interesting to challenge its edges and validate them.  

However, the selection of the liquid list another important aspect that must be 

carefully differentiated from the assignment into good and poor liquids and the 

combinatorics approach discussed here. It is also worth mentioning that reducing the 

scoring permutation down to one or two (best) is not “always” the aim but should be 

done when there is enough data available to support the claims. Noteworthy here is 

that the designation of poor or good liquids can be done on the basis of different 

dispersion traits, or measurement techniques. This is an important benefit in contrast 

to methods which rank using only one particular parameter (for e.g., RST using IE as 

input or RN using NMR relaxation).  

Remarkably, the final HSP outcomes as outlined in Table 7.4A, B, and C for eleven, 

four and two combinations respectively, highlight yet another purposeful function of 

the described approach. It can be observed that Table 7.4C is a subset of Table 7.4B, 

and Table 7.4A. Additionally Table 7.4B is a subset of 7.4A. Hence, it is safe to say that 

even if it is not possible to bring all known possible combinations down to a handful, 

after HSP calculations we can further make informed judgments about the most 

appropriate value. It is recommended that if some liquids are even slightly ambiguous, 

there is absolutely no harm in considering them into the list of all possible scoring 

combinations. The HSP values will ergo include the necessary variation. Just like 

biological systems measurements accommodate and report existing variation, this 

perspective of embracing the variation for real world particulate dispersions would 

be beneficial to the formulator and the end user. 

Thus far, the stepwise workflow for HSP evaluation of SiNx has been demonstrated 



 7  Hansen solubility parameters for particles 

125 
 

using our newly proposed method. Here the general basis of this method is 

highlighted. Considering certain liquids as good or poor does not discount the fact that 

other liquids may also be (partially) good or poor like it is the case for PC, which also 

shows undulatory trajectories. Such liquids are automatically included in the different 

scoring permutations as seen in Table 7.4, reiterating the claims made for the merit of 

this method. 

Another important aspect in particular in the case of inorganic NPs is that PLs 

themselves can act as a ligand and coordinate or interact with the surface [61,62]. In 

this regard, stability trajectories will be suitable for identifying such effects in an early 

stage of dispersion studies. According to the classic HSP theory, an 𝑥 ∶ 𝑦 vol. % mix of 

liquids will have an 𝑥 ∶ 𝑦 mix of their HSP. Thus, if there exists a specific reactivity on 

the surface such as ligand interactions, this may lead to the formation of completely 

new surfaces. In order to check if there are such effects, stability trajectories of SiNx in 

pure PC and in a PC/IPA mixture (95:5 vol. %) were compared as seen in Figure 7.8. 

PC was chosen due to its ambiguous compatibility with SiNx. While IPA was chosen as 

one of the best liquids for SiNx. However, no discernible changes were observed in the 

trajectories for pure PC (Figure 7.8A) and the PC/IPA mixture (Figure 7.8B) indicating 

the absence of ligand effects for the chosen PLs in this study. 

 

Figure 7.8. Stability trajectory of SiNx in (A) pure PC and (B) PC/IPA mixture. 
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7.2.4 Principal component analysis (PCA) 

In this section, cases in which evaluating particle HSP is not feasible or has limited 

applicability are brought to forefront. This can happen in several scenarios such as, 

(but not limited to) when – (i) the HSP calculation is not possible at all due to 

convergence issues, (ii) the reported HSP has a large dispersion due to a large number 

of plausible permutations, (iii) the functionality of the particles under consideration 

is split, where the particles have a high affinity to multiple groups of liquids far apart 

in the HSP space, (iv) the sample compatibility to a mixture of liquids is dissimilar 

compared to its constituent components (i.e., a mixture of two poor liquids can be 

good, or vice versa), (v) the range of available and workable PLs is very low. 

Consequently, the relative positioning of the components in the HSP space may be of 

limited use. In such circumstances, it is believed that the rich information from AC, 

manifested in the form of stability trajectories directly provides compatibility 

information. The trajectories can be reduced to a 2D scatter using dimensionality 

reduction techniques such as PCA (see Figure 7.9). 

 

Figure 7.9. PCA biplot of SiNx dispersions. Two principal components (PCs) are 

plotted. PCA was performed using stability trajectories data of all PLs. Reprinted 

from Bapat et al. [22] with permission from the Royal Society of Chemistry. 

Here we can see how similarly behaving liquids cluster close to each other (e.g., IPA 

and DAA). Interestingly, poor liquids do not form one cluster, but are spread out in the 

PCA space. This is indicative of the fact that even if a liquid is deemed poor, the 
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underlying mechanism governing it can be very different. For example, water and 

NMP have very different behaviors in line with their respective trajectories. A decision 

boundary can be established based on the relative positions of the points in the scatter 

plot. 

7.2.5 Reporting package for particle HSP 

Envisioning standard procedures, an HSP reporting package is proposed. Using the 

described combinatorics-based method, any ranking strategy or measurement 

method can be performed. After the process of eliminating permutations, if only one 

permutation is left, then the calculated HSP can be reported as is. On the other hand, 

if there exists a finite small number of permutations, then HSP must be reported as an 

interval. When multiple permutations are tried, then instead of reporting a single 

value for the HSP, it is recommended to report the interval (min:max) along with a 

robust estimator such as a median. A very large number of permutations means that 

there is inconclusive evidence for goodness and poorness of liquids for a majority of 

liquids. In this case, a different set of PLs should be investigated. Towards building a 

database of particle HSP, along with the parameters, the following aspects should be 

considered – 

• The number of PLs with which the HSP study was conducted. This has been 

also pointed out previously [51]. 

• In all cases, HSP reporting must be accompanied by reporting of the number of 

outliers as shown in Table 7.4. Outliers are the number of poor PLs inside the 

sphere, and the number of good PLs outside the sphere. If the number of 

outliers is high (>50 %), it will indicate the reader to interpret the HSP with 

care. 

• In any case, the number of tried permutations must be reported. HSP for all 

permutations should be reported whenever possible. 

 
All the above aspects lead to better reporting of the HSP, with exact indication of 

the underlying uncertainty. The quality of the obtained HSP values has been addressed 

by Hansen[66] and Vebber et al.[69], but these aspects are often left out in most 

reports on HSP values.
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7.3 Conclusion 

Several studies report the use of HSP for the quantitative evaluation of the 

compatibility of (nano)particles in a selected set of probe liquids (PLs). In absence of 

a general, standard framework, HSP reporting is affected by the limitations of the 

measurement method with which the dispersions were characterized. For real-world 

formulations at technical concentration, decisive classification of good and poor is not 

always possible. Furthermore, a single decisive ranking list is seldom possible. Given 

these aspects, it is hard to rely on a value obtained from the convergence of an 

optimization algorithm. 

This work describes a general framework to determine HSP in a technology-

agnostic way. The proposed combinatorics approach has three important advantages. 

First, “sufficient” evidence to make an unequivocal decision of good and poor is not 

always available. The beauty of the developed combinatorics approach is that, when 

we cannot bucketize the liquids as 1 or 0, then we are made aware of exactly how 

many possible scoring permutations and thus how much uncertainty needs to be 

considered – in a deterministic way. Second, in considering these different 

combinations we automatically embrace the variation in HSP values. We are not led to 

chance that the numerical method will yield plateauing HSP values or not. On the 

contrary, we get an indication of the reliability of the obtained HSP value. Third, this 

approach does not propose ways to obtain the (best) ranking order, either through 

intelligent guesswork or automated procedures. As we have observed, these can fail 

when applied to new particle systems or with a different set of PLs. This approach 

makes the user aware that their theorized ranking and scoring order is only one 

permutation out of the many possible ones. 

This approach can be useful for hybrid and composite materials where dispersity 

and pronounced surface heterogeneity pose severe challenges in their determination. 

Lastly, the advantage of AC in revealing characteristics through trajectories, even 

without singling out one time point is shown.
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8 Conclusion and outlook 

In this work, I describe novel methods and procedures which address several 

challenges in particle technology – (a) how to characterize nanoparticle based 

dispersions at technical concentrations, (b) how to determine and establish process-

structure-property relationships for such particle systems, (c) how can the interfacial 

dominant processes such as adsorption, wettability etc., be expressed in a quantitative 

framework, (d) how can qualitative and quantitative metrics be derived and used to 

describe the state and stability of the particle dispersions. Together, the presented 

methods and experimental evidence aim to advance the field of particle technology 

and reduce the reliance on empirical or heuristic processes. 

Analytical centrifugation (AC) was used for the study of complex, multi-material 

dispersions at technical concentrations, such as fuel cell inks, as described in Chapters 

3, 4, and 5. In Chapter 3 the impact of ink processing methods on the dispersion 

stability and PEMFC performance was systematically studied using inbuilt AC tools. 

The important link between process, structure, and performance of the 

electrochemical device was revealed.  

In Chapter 4, I highlight the shortcomings of the main transmission readout of AC, 

so-called transmission profiles or fingerprints to study the complex systems such as 

inks. In the case of fingerprints owing to their complexity, only little can be derived on 

the assemblage formation due to implicit time information. In order to overcome the 

shortcomings, I introduce a novel visualization tool, called transmittogram. I 

demonstrate the utility and strength of transmittogram in studying the settling 

behavior of solid-liquid dispersions using silica particles as model system and fuel cell 

inks as a use-case in real-world particle systems. Moreover, I discuss in detail the ways 

to reduce subjectivity in the interpretation of transmittogram and the practical 

considerations in constructing and interpreting them.  

On the one hand transmittograms provide rich information on the dispersion state 

by revealing the presence of assemblages, however on the other hand, a quantitative 
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appraisal for the dispersion stability cannot be made from a visual analysis of images. 

In pursuit of a quantitative evaluation of stability of dispersion, I introduce the new 

methodologies called S score and stability trajectory in Chapter 5. Herein I show how 

the state and stability of the dispersion can be evaluated concurrently. Using 

transmittogram, the state of dispersion i.e., the presence and number of assemblages 

can be obtained. Whereas the trajectory itself facilitates a quantitatively rich tool for 

the comparison of samples based on their stability. Moreover, different features of 

trajectory such as ascending/descending rate, the time window for plateauing trace, 

times corresponding to peak or valley positions – can be directly used to evaluate and 

compare samples. Using the proposed tools, the clear effect of the ink processing on 

stability and rheology was shown.  

In the context of stability trajectory, one possible way to extract temporal patterns 

was discussed in Chapter 6. I highlight how these temporal patterns of the settling 

behavior can become helpful to establish causal bridges in the study of hetero-

mixtures. Herein, autocorrelation analysis is performed, to examine the time-resolved 

characteristics of homoaggregates (i.e., Si and TiO2) and their binary mixture. 

Furthermore, when combined with the particle size information, the trajectories can 

assist in knowledge-based formulation design, by providing information on dispersed 

phase structure and state, its compatibility with the continuous phase, and surface 

properties. 

Moving on to the surface properties, they are often quantified using Hansen 

solubility parameters (HSP). Evaluation of HSP has been shown to be a promising tool 

to analyze particle-liquid compatibility by various reports in the past [51,71,72,77]. 

But HSP for particle systems are still in their blossoming stage. In Chapter 7, I highlight 

major issues with how HSP of particles are evaluated. Here, reports often resort to 

new and unique ranking or grouping procedures, based on which a liquid is assigned 

to be good or poor. I discuss how there can be many possible permutations for 

assigning good or poor to liquids. To account for the variation in the liquid-particle 

compatibility and diverse interfacial phenomena influencing it, it is not only useful but 

imperative to consider all possible possibilities for the liquid behavior. In practical 

scenarios, the best and worse compatible liquids are easily recognizable. It is the 

liquids which are difficult to unambiguously group as good or poor, which lead to 
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ambivalent cases, and consequently unintelligible HSP values. Here I propose to factor 

in the variation in these ambiguous cases, by considering all the permutations. 

Therefore, the resulting HSP is no more a single value, but rather a range for each of 

the three parameters. I provide a deterministic way to calculate all possible 

permutations. This number acts like a guide to how much dispersion can be expected 

in the final HSP ranges. The framework relieves the users from relying on a single 

characterization method for evaluating the particle-liquids behavior. Instead, 

encourages to use data and information from multiple characterization methods in 

order to clearly elucidate the particle-liquid behavior. As a case example, HSP 

evaluation for SiNx particles were discussed. To unequivocally identify and group 

liquids as good or poor, AC characterizations were performed, and stability trajectory 

analyses were performed. Future work here entails expanding the use of this 

framework to other particle systems and encourage its use to empower the scientific 

community at large. 

In a nutshell, transmittograms and stability trajectories developed in this work 

revealed much information of the system, which was previously inaccessible. It would 

be worthwhile to explore the possibility of integrating these evaluations with the 

instrument acquisition software. Alternatively, some user interface should be built to 

enable quick and easy evaluation routes for widened user base. It would be interesting 

to make use of the AC characterization data and assist in DLVO based modeling for the 

stability parameter, for fuel cell inks. Shukla et al. [95] performed these studies, where 

the sedimentation behavior only under gravitational effect was assessed. 

Furthermore, accelerated stability testing features of AC can be used to compare the 

condition of the ink in real time (gravity settling only) and accelerated settling time 

(centrifugal plus gravity settling). This will also help to ratify if the settling behavior 

is altered due to any external factors affecting the sedimentation processes. 

Investigation of experimental data also reveal the possibility of external factors 

affecting the settling and particle aggregation behavior, such as the shape of the 

sample cell (rectangular) and temperature gradients inside the instrument [217]. 

While temperature gradient effects were reduced by running experiments at low 

temperatures, a different sample cell shape is yet to be explored. Furthermore, the 

developed autocorrelation analysis of stability trajectories serves as a starting point 
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for understanding heteroaggregation phenomena and studying hybrid and composite 

materials which are of great interest for high-end applications. For such materials the 

proposed technology-agnostic combinatorics approach can be useful where 

dispersity and pronounced surface heterogeneity pose severe challenges in their 

determination.  

Overall, the experimental studies, characterization methods and novel data 

processing pipelines can be applied to a broad range of complex dispersions, other 

than the ones I have reported here. Ultimately, with the aim of overcoming societal 

and scientific challenges – work herein provides completely new ways and is an 

addition to the existing toolbox to equip and enable knowledge-based formulations 

and scalable particle process technology. 



 9  Notation 

133 
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9.1 Abbreviation 

AC  Analytical centrifugation 

Ace  Acetone 

BST  Bulk sedimentation time 

CCD  Charge-coupled device 

CCM  Catalyst coated membrane 

CL  Catalyst layer 

CVD  Chemical vapor deposition 

DAA  Diacetone alcohol 

DCS  Differential centrifugal sedimentation 

DLS  Dynamic light scattering 

DLVO  Derjaguin−Landau−Verwey−Overbeek 

DOE  Department of Energy 

EA  Ethyl acetate 

EM  Electron microscopy 

EtOH  Ethanol 

FFF  Field flow fractionation 

GDL  Gas diffusion layers 

Hex  Hexane 

HOR  Hydrogen oxidation reaction 

HSP  Hansen solubility parameters 
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IE  Integral extinction 

IPA  2-propanol 

LIB  Lithium-ion battery 

MAD  Median absolute deviation 

MEA  Membrane electrode assembly 

MeOH  Methanol 

NMP  N-Methyl-2-pyrrolidone 

NMR  Nuclear magnetic resonance 

NP  Nanoparticle 

ORR  Oxygen reduction reaction 

PC  Propylene carbonate 

PCA  Principal component analysis 

PEMFC Proton exchange membrane fuel cell 

PFSA  Perfluorosulphonic acid 

PGM  Platinum group metal 

PL  Probe liquid 

PSD  Particle size distribution 

Pt/C  Platinum/carbon 

PTA  Particle tracking analysis 

PTFE  Polytetrafluoroethylene 

RCA  Relative centrifugal acceleration 

RCF  Relative centrifugal force 

RED  Relative energy difference 

RN  Relaxation numbers 

ROI  Region of interest 
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RST  Relative sedimentation time 

SAXS  Small-angle X-ray scattering 

SEM  Scanning electron microscopy 

SLS  Static light intensity 

STEP® Space and time-resolved extinction profiles 

TEM  Transmission electron microscopy 

THF  Tetrahydrofuran 

Tol  Toluene 

WAXS  Wide-angle X-ray scattering 

9.2 Symbols 

𝐴  Extinction [-] 

𝑎  Centrifugal acceleration [m/s2] 

𝑐  Cohesive energy density [Pa] 

𝐶𝑑𝑖𝑠𝑝  Concentration of dispersed particles [mol/L] 

𝑑  Optical path length [cm] 

𝑑𝑠𝑒𝑑  Sedimentation equivalent diameter [nm] 

𝛿  Hildebrand/cohesion parameter [MPa0.5] 

𝛿𝐷  Disperse contribution to the Hansen solubility parameter [MPa0.5] 

𝛿𝑃  Polar contribution to the Hansen parameter [MPa0.5] 

𝛿𝐻  Hydrogen contribution to the Hansen parameter [MPa0.5] 

휀  Extinction coefficient [L/(mol m)] 

𝐸  Energy of vaporization [J/mol] 

𝑔2(𝜏)  Intensity correlation function [-] 

𝐻  Heat of vaporization [J/mol] 
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𝐼(𝜏)  Intensity of scattered light as a function of time 𝜏 [-] 

𝐿  Number of poor liquids [-] 

𝑀  Number of good liquids [-] 

𝑚 Number of transmission values between the maximum and the 

minimum radian positions [-] 

𝑁  Number of probe liquids [-] 

𝜂𝑠  Viscosity of solvent [Pa s] 

𝜌𝑝  Density of particle [kg/m3] 

𝜌𝑠  Density of solvent [kg/m3] 

𝑄  Number of possible permutations for HSP evaluation [-] 

Q0 Number of possible permutations for HSP evaluation after subtracting 

forbidden cases [-] 

Ql Number of possible permutations for HSP evaluation if L poor liquids 

known [-] 

𝑄𝑚 Number of possible permutations for HSP evaluation if M good liquids 

known [-] 

𝑄𝑙𝑚 Number of possible permutations for HSP evaluation if L poor and M 

good liquids known [-] 

r  Radial position [mm] 

𝑟𝑚𝑎𝑥  Maximum radial position [mm] 

𝑟𝑚𝑖𝑛  Minimum radial position [mm] 

𝑅  Gas constant [J/(mol K)] 

𝑅𝑎  Distance between a solute and a solvent in Hansen space [MPa0.5] 

𝑅0  Radius of Hansen sphere [MPa0.5] 

𝜎𝑇𝑖
  Standard deviation of transmission profile 𝑇𝑖 [-] 

�̃�𝑖  Median absolute deviation of 𝑖𝑡ℎ normalized transmission profile [-] 



 9  Notation 

137 
 

∆𝜏  Time interval [s] 

𝜏  Time [s] 

𝑡𝑠𝑒𝑑  Sedimentation time [s] 

𝑡50  Time at 50 % of the maximum integral transmission value [s] 

𝒯  Absolute temperature [K] 

𝑇[𝑟, 𝜏]  Transmission over space and time [-] 

𝑇𝑖  𝑖𝑡ℎ transmission profile [-] 

𝑇𝐸𝑛𝑑
̅̅ ̅̅ ̅̅   Mean of last transmission profile 𝑇𝐸𝑛𝑑 [-] 

𝑇𝑖,𝑗
𝑑𝑖𝑓𝑓

 Difference between the transmission value of 𝑖𝑡ℎ profile and the first 

profile [-] 

𝑇1̅  Mean of first transmission profile [-] 

�̅�𝑖  Mean of 𝑖𝑡ℎ transmission profile [-] 

𝜔  Angular speed [rad/s] 

𝑥1,3  Volume-weighted mean size [nm] 

𝑍𝑖   Normalized transmission profile [-] 

�̃�𝑖  Median of normalized transmission profiles [-] 
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