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Abstract 

Catalyst layers (CL) as an active component of the catalyst coated membrane (CCM) form the 

heart of proton electrolyte membrane fuel cell (PEMFC). For optimum performance of the fuel 

cell, obtaining suitable structural and functional characteristics for the CL is crucial. Direct tuning 

of the microstructure and morphology of the CL is non-trivial; hence catalyst inks as catalyst layer 

precursors need to be modulated, which are then applied onto a membrane, to form the CCM. 

Obtaining favorable dispersion characteristics forms an important prerequisite in engineering 

catalyst inks for large scale manufacturing. In order to facilitate a knowledge-based approach for 

developing fuel cell inks, this work introduces new tools and methods to study both the dispersion 

state and stability characteristics, simultaneously. Catalyst inks were prepared using different 

processing methods which include stirring and ultrasonication. The proposed tools are used to 

characterize and elucidate the effects of the processing method. Structural characterization of the 

dispersed particles and their assemblages was carried out by means of transmission electron 

microscopy. Analytical centrifugation (AC) was used to study the state and stability of inks. 

Herein, we introduce new concepts, S score and stability trajectory, for a time-resolved assessment 

of inks in their native state using AC. The findings were validated and rationalized using 

transmittograms as a direct visualization technique. The flowability of inks was investigated by 

rheological measurements. It was found that probe sonication only up to an optimum amplitude 

leads to a highly stable colloidal ink. 
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1. Introduction 

As a sustainable and practical alternative to the internal combustion engine, few options tick all 

boxes for necessary characteristics. Among those in contention, proton exchange membrane fuel 

cell (PEMFC), which directly converts hydrogen fuel into electrical energy remains a frontrunner. 

In its illustrative history of development, PEMFCs have made significant strides in achieving high 

energy efficiency, high power density, low operating temperature, and superior durability [1,2]. 

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. To cover the remaining milestones 

in enhancing the performance and improving the durability, every component and critical process 

along the fuel cell design chain must be exploited. 

The membrane electrode assembly (MEA), which makes up the heart of a PEMFC, is subject to 

numerous improvements from structural, chemical and performance perspectives. The MEA 

consists of (i) anode and cathode catalyst layers (CLs), (ii) polymer electrolyte membrane and (iii) 

gas diffusion layers (GDLs). CLs are the home to the critical oxygen reduction reaction (ORR) 

and hydrogen oxidation reaction (HOR). In particular, the cathode catalyst layer (CCL), which 

facilitates the ORR is a ‘bottleneck’, due to limitations with the sluggish reaction rate. This makes 

the CCL the performance and cost controlling component of PEMFC. As a solution, increasing 

platinum (Pt) catalyst loading can accelerate the reaction, but limitations in scalability and 

economic feasibility restrict engineering of high Pt loading. As a result, numerous studies on 

PEMFCs have focused on development of optimized catalyst coated membranes (CCM) and MEA 

layout with high catalyst utilization applying strategies such as (i) increasing Pt loading [3–5], and 
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(ii) graded catalyst loading [6,7]. Yet, fulfilling the Department of Energy (DOE) targets is an 

ongoing endeavor [8]. 

Toward this end, several recipes for catalyst ink dispersions have been tuned for optimum kinetic 

and thermodynamic performance [9–14]. The cathode of a high-power density PEMFC is typically 

made of a catalyst ink consisting of carbon black (C), forming an extensive skeleton. This high 

surface area framework is decorated by Pt particles as an electrocatalyst. A perfluorosulphonic 

acid, also commonly known as ionomer (e.g. Nafion®) is additionally used to facilitate proton 

conduction and stabilize carbon aggregates. The fuel cell catalyst ink is a solid in liquid dispersion, 

but only ad interim. In operation, the catalyst ink is ultimately applied as a layer onto a substrate 

or a membrane. CLs are typically fabricated via solvent-based processing methods in which Pt/C 

catalyst powder is dispersed in a continuous phase containing solvent (mixture) and ionomer (see 

Figure 1B). 

Traditionally, various solution-coating methods such as ultrasonic spray coating [15,16], doctor 

blade [17–19], and large-scale roll-to-roll coating [20–22] have been employed to prepare CLs. 

More recently, inkjet printing [23,24], owing to its advantages over traditional techniques, has also 

been successfully experimented with, for fabrication of MEAs. Supervising and controlling these 

MEA preparation methods to obtain the ideal microstructure and morphology of the CL 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. Together these have a direct 

consequence on desirable characteristics of the CL [25]. Therefore, knowledge-based development 
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and “deployment” of catalyst inks can be facilitated by simultaneous investigation of dispersion 

state and stability. 

The “dispersion state” describes (i) the chemical composition, (ii) the degree to which the solid 

phase is mixed in the continuous phase, and (iii) characteristics of assemblages, such as their 

presence or absence, counts, or size distribution. Carbon materials themselves have a high 

propensity to form aggregates and agglomerates [25,26]. Since an unequivocal 

compartmentalization of aggregate or agglomerate is challenging, without delving into the 

semantics, in this text we refer the presence of large supramolecular association of Pt decorated 

carbon with ionomer as ‘assemblages.’ The “dispersion stability” can be defined as the ability to 

resist aggregation, agglomeration, flocculation, coalescence, sedimentation, floatation or 

creaming. For complex, multi-material dispersions, 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. Unravelling such multi-tier, complex interplays 

is crucial for controlling the dispersion behavior. 

At the core of it, an ill-dispersed ink will result in aggregate and agglomerate formation, leading 

to disordered, ill-controlled layers during the fast-drying process. At the same time, the modified 

flow behavior of agglomerated dispersions often results in clogged spray or inkjet nozzles [27,28]. 

To avoid clogging of the nozzles and obtain ordered and continuous layers, the dispersions should 

provide enough colloidal stability. Moreover, rheological behavior of catalyst ink is critical in 

manufacturing of CLs. The flowability of ink governs the CL uniformity [22,29], thickness [30], 

and ink penetration into the substrate [31]. Thus, the colloidal state, stability, along with rheology 
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have an enormous influence on the coating characteristics, subsequent mass transport through 

GDLs, and ultimately the electrochemical performance. 

Dispersibility for long time is a desirable trait to ensure a high-quality end-product. Reports show 

how certain ink characteristics can translate to maximization of the available Pt loading on the one 

hand and to positively influence the mass transport through the active layer on the other hand. 

There are two available ‘knobs’ to control dispersion state and stability namely (i) ink composition, 

and (ii) choice of processing methods. Several studies have reported the modifications to the ink 

recipe by changing the carbon-support type and ionomer to carbon (I/C) ratio. For instance, 

Soboleva et al. systematically investigated the effects of ionomer loading on the water sorption 

and electrochemical activities of two types of carbon [32]. Khandavalli et al. provided insights on 

the rheological behavior of ink varying I/C ratio and carbon-support type [33]. Similarly, different 

solvent selection has been explored, which results in maximum stability [22,28], and 

electrochemical performance [14,34]. It must be noted that a good solvent for carbon only, may 

not be good enough for the mixture of Pt/C with ionomer. Previous studies report the significant 

impact of the state of ionomer on the MEA properties [25,35–37]. The complex interplay of 

ionomer and carbon at particle and molecular levels using Derjaguin−Landau−Verwey− Overbeek 

(DLVO) theory [22,28], molecular dynamic simulations [10,38], and adsorption isotherms [39] 

has been explored in several reports. Furthermore, the seminal work by Pollet et al. highlights the 

effects of processing methods such as ultrasound and shear mixing on the electrochemical activity 

and the particle size of catalyst inks [40,41]. 

Many technologies together provide a set of tools that enable useful characterization of structural 

and chemical components of the ink, to systematically study the effects of changes in recipe or 

processing. In order to describe the state, electron microscopy is widely used. Herein the images 
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provide a localized view on pore, void, and aggregate formation. But imaging relies on physical 

modifications to the ink such as drying [42]. Not to forget, the subjectivity in selection of regions 

to image, and field of view. Dynamic light scattering (DLS) allows sizing of particles in dispersion. 

But DLS very often requires high degree of dilution or is feasible for monodispersed systems only, 

which consequently provides misleading particle sizing analysis [43]. Small-angle or wide-angle 

x-ray scattering analysis is a powerful technique for characterizing inks [16,33,44], however, 

associated with challenging data interpretation [42] and higher operating and investment costs. 

Despite the options available in store, a gap in tools and technologies to study ink dispersions in 

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

of catalyst ink dispersion state and stability remains an opportunity to be benefitted from. 

Analytical centrifugation (AC) is a non-destructive technique to study dispersions, in which small 

sample volumes are exposed to higher g-force, to study particle migration behavior. Over the years, 

AC owing to its quick and easy preparation demands, and economical 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 

[45]. Optimized formulations of solid lipid nanoparticles (SLNs) for essential oils were developed 

by Zielińska et al. using AC [46]. Barrios reported the applicability of AC to estimate the shelf-

lives of polymeric coatings [47]. For fuel cell applications, Hoffman et al. [19] made first studies 

based on simplified ink formulations using AC. They employed AC to study different I/C ratios, 

but final ink dispersions were prepared sans Pt. We have also begun to address the challenges in 

investigating inks and fill the gaps using AC by proposing a novel technique to evaluate the 

dispersion state using spatio-temporal maps, called transmittograms [48]. However, systematic 
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evaluation of process-structure relations through a time-resolved assesment of ink behavior and 

stability, has not been explored to the best of our knowledge. 

In this work, we demonstrate several possibilities for qualitative and quantitative assessment of 

the catalyst inks, by employing a table-top AC device, namely LUMiSizer®. First, we employ out 

of the box features for data analysis provided by the instrument software. These primarily 

constitute two modes –(i) qualitative assessments using fingerprints, and (ii) quantitative 

assessments using instability index calculations. Owing to the limitations in usability and 

interpretability with these evaluation modes, we propose new methodologies for data mining and 

evaluation. Using a novel approach of transmittogram analysis to study sedimentation dynamics, 

we show how to elicit information on the inherent dispersion characteristics and track the 

assemblages. Along with the state, for simultaneous assessment of stability we introduce a new 

concept called stability trajectory. A stability trajectory is obtained by calculating an “S score” 

(stability score). We choose four different methods to prepare ink dispersions and compare 

procedural benefits using transmittograms and stability trajectories. Most importantly, all the 

investigations are made at technical ink concentrations, without altering their native state. The 

experimental workflow is structured into four parts. First, a catalyst powder is dispersed into a 

solvent mixture by four processing methods. Secondly, through transmission electron microscopy 

(TEM) imaging, structural characteristics of the ink are observed. Thirdly, inks are measured using 

AC. And lastly, rheological characterization of the inks is performed to assess handling properties 

and solution-coating performance. 
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2. Theory and Praxis 

In this section, we show how AC measurement data are recorded. We describe the procedures 

performed by the manufacturer's software for computing instability index [49], which are reported 

in several studies [46,50,51]. We briefly discuss its limitations. There on, we provide the 

theoretical bases of the newly proposed techniques of transmittograms and stability trajectories 

and show how to evaluate and interpret them. 

2.1. Principle of an analytical centrifuge  

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

centrifuge working on the principle of STEP-technology™ [52]. As the rotor moves, the sample 

sedimentation is accelerated because of centrifugal force. The rectangular sample cell is fixed 

horizontally onto a rotor plate. A monochromatic light is pulsed through the sample cell and the 

attenuated optical transmission through the colloidal solution is captured by an array of charge-

coupled device (CCD) detectors (see Figure 1A). 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 center of the rotor. The bottom of the sample 

cell is around 129 mm. The transmitted light is captured at fixed interval of time, where the total 

time of experiment and time interval for measurement are both user defined parameters. 

The amount of transmitted light captured at the detector is corrected for transmission through the 

sample cell and ultrapure water, before every run. Higher levels of attenuation correspond to larger 

local volume fraction of the dispersed phase. Conversely, low levels of attenuation correspond to 

smaller local volume fraction. The resulting transmission profiles or fingerprints as a function of 

space and time hence allow us to track the migration of particles. The measurement data captured 

by the instrument software is in form of a matrix with rows corresponding to values at each space 
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point, and columns corresponding to each time point. These raw data serve as input for both 

transmittogram and stability trajectory analyses. 

2.2. Transmittogram analysis 

In our previous work, as shown in Figure 1C, we demonstrated how the raw data acquired by AC 

can be transformed into intuitive visual formats called transmittograms [48]. Such an image is 

constructed by plotting a heatmap from all captured instantaneous transmission values over space 

across the sample cell and time. The 𝑥-axis of the plot shows the time of the experiment. The 𝑦-

axis shows the radial position of the sample content, which typically spans from radial positions 

~103 to ~130 mm. A heatmap is constructed using grey values between 0 and 255 assigned to the 

transmission. The change in the shades of the color indicates changes in the transmission and / or 

particle concentration. The darkest color signifies the lowest transmission values, indicating the 

highest concentration, and the brightest color relates to the highest transmission value implying 

the lowest concentration. Assignment of color values can be done in various ways, to achieve the 

best visual contrast. Distinguishing features arising from transmission gradients can be facilitated 

using color mapping to defined intervals calculated based on the quantiles of the data. 

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. Sample related features such as 

the meniscus and sedimentation fronts can be identified by boundaries seen in the image due to 

sharp transmission gradients. For example, three shades of grey color in the schematic plot in 

Figure 1C indicate the presence of particles of three different sizes settling at different times. With 

the transmittogram, the user can instantly fetch information regarding transient sedimentation state 

of assemblages and the progression of the sedimentation front. The exact time at which complete 
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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 

opens avenues for deriving the colloidal stability characteristics. 

Noticeably, a quantitative appraisal for the dispersion stability cannot be made from 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, we turn to calculation of stability metrics. This facilitates 

objective comparison between samples, based on their colloidal stability. 
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Figure 1: Schematic showing the novel characterization toolbox introduced in this work to study 

fuel cell inks using AC. (A) Working principle of AC. Light transmitted through the sample cell 

over a radial position of 𝑟𝑖 to 𝑟𝑓 from the rotor center is captured by CCD detectors at defined 

time intervals. (B) Structure of a PEMFC ink composed of a carbon-supported Pt catalyst and 

ionomer. (C) Transmittogram illustrating the time and space resolved changes in attenuated 

transmission values. The initial 𝑟𝑖 and the final 𝑟𝑓 radial position of the sample from the rotor 

center and elapsed time are indicated on the 𝑦 and 𝑥- axes, respectively. A grey value is assigned 

to instantaneous transmission values to construct the heatmap. (D) Stability trajectory 

illustrating the S score derived from instantaneous transmission values over elapsed time. 
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2.3. 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 [49] which is a 

dimensionless value ranging between zero and one. 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 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

 (1) 

where, 𝑇𝑖
𝑑𝑖𝑓𝑓

 indicates the difference between the transmission value of 𝑖𝑡ℎprofile 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 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 1), the nature of the curve is monotonically increasing for settling 

samples. In other words, 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 
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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, 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, we developed a new metric 

called S score and use the change in its values over time, so-called stability trajectory, to investigate 

the time-resolved sedimentation dynamics across samples. This will be explained in the following. 

2.4. S score  

The new metric called S score, is a measure of stability as a function of time. Like the instability 

index, here stability of the dispersion is derived from its sedimentation or clarification patterns, 

captured in form of light transmitted across the length of a sample cell at fixed intervals of time. 

The transmission profiles (𝑇𝑖) are first normalized by subtracting the corresponding mean of the 

profile 𝑇𝑖̅ and dividing by the standard deviation of the profile. This is also known as z-

normalization. The resultant normalized transmission profile (𝑍𝑖) is used for further calculations: 

 
𝑍𝑖 =  

𝑇𝑖 − 𝑇𝑖̅

𝜎𝑇𝑖

 (2) 

Z-transformation ensures all data are scaled uniformly. Further, the median of each normalized 

profile is calculated: 

 
𝑍𝑖̃ = 𝑚𝑒𝑑𝑖𝑎𝑛(𝑍𝑖) (3) 
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Following this, the median absolute deviation (MAD) is calculated for each of the transmission 

profiles, resulting in an S score (𝑆𝑖̃) for each time point. S score concept involves calculation of 

MAD estimator over time. Statistically, MAD is a robust measure of variance. S score values are 

always positive, as mathematically they are calculated based on MAD. 

At a particular time, the value of S score shows the degree of heterogeneity in the sample. This 

heterogeneity arises due to several factors ̶ for example, polydispersity, multimodality, formation 

of sedimenting fronts of assemblages. A lower S score means stable state of the sample, whereas 

higher S score means unstable state of the sample. S score values indicating stability do not reflect 

electrostatic interactions or zeta potential. S score of a sample at a particular time is the extent of 

heterogeneity of the dispersed phase, in the solvent. In presence of many migrating assemblages, 

or several moving sedimenting fronts, the S score will be high. Conversely, low S scores 

characterize stable state a particular time. Thus, S score is a quantitative measure of the 

heterogeneity of assemblages in a dispersion ̶ for instance, primary particles of different size, 

shape, and composition, aggregates, agglomerates – allowing easy comparison between numerous 

samples at a glance. 

The instability index provided by the SepView® software package and S scores developed in this 

work are fundamentally different in four ways. First, the value of instability index at any time, is 

the characteristic stability 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 instantaneous state of the 

sample, which is indicative of the extent of inconsistencies within the sample dispersion at a 

 
𝑆𝑖̃ =  𝑚𝑒𝑑𝑖𝑎𝑛(|𝑍𝑖 − 𝑍𝑖̃|) (4) 
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particular time point, independent of the initial state of the system. Secondly, instability index 

depends on selection of ROI. S score calculation does not rely on ROI selection, albeit a ROI can 

be used. Thirdly, instability index is normalized against maximum clarification achieved by the 

dispersion. This depends on the attenuated transmission levels of the last profile. By default, a 

value of 90 % transmission is used as mean transmission for the last profile. S score evaluation 

does not rely on normalization against maximum clarification rate. Fourthly, for optimum 

comparison of sample stabilities using instability index, all samples must be run at the same time. 

Even if the samples cannot be run together, care must be taken to ensure same operating procedure 

during the measurement process. S scores can be used to compare any samples. This is possible 

because of data normalization step. Furthermore, S scores can be even compared in cases where 

one sample is run for a shorter experimental time than another sample. Thus, in conclusion and as 

will be discussed in the following, S score can provide valuable and deep insights on the dispersion 

state of a sample that is otherwise not accessible. 

2.5. Stability trajectory 

When S scores are plotted with time, the resulting trace is referred to as a stability trajectory (see 

Figure 1D). 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. It marks the 

trace of the sample heterogeneity with time. An ascending trajectory indicates decreasing stability. 

This is alluded to substantial extent of particle migration, aggregation, or agglomeration 

phenomena. The rate of increase of S score with time is an important parameter which 

characterizes the stability trajectory. Likewise, the rate of decrease of S score shows how soon the 

continuous phase is clarified. A relatively noisy trajectory means that there are many diffused 

boundaries either of the dispersed phase or continuous phase only. 
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In order to understand that the behavior of the trajectory after settling is completed and only 

continuous phase is left, one can look at the stability trajectory for a solvent (see supporting Figure 

S1). Typically, it exhibits low values of S score. 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 which is highly stable and in the given experimental time, does not 

experience any sedimentation, the S score will also maintain a largely horizontal plateau over time, 

however at clearly higher plateau values than the solvent-only samples. 

As the stability trajectory is not a monotonically increasing trace, typically, for a sedimenting 

sample, the trajectory will rise, attain a maximum value, and then descend. The global maximum 

peak of the stability trajectory means that it has the largest S score. The corresponding time point 

indicates what we will refer to in the following as bulk sedimentation. Physically, this means that 

the sample transmission values beyond this time have increased significantly. Hence, in brief, bulk 

sedimentation means that the majority of particles (in number) has settled. This bulk sedimentation 

time (BST) can be compared for different samples. Evaluating BSTs becomes important when 

complete sedimentation has not been achieved. 

Another important characteristic of the stability trajectory is that local minima indicate complete 

settling of a specific type of assemblage. There can be several local minima which indicate several 

assemblages. Together, time points corresponding to local minima and the global maximum (BST) 

can be derived from peak processing, fed into databases, and / or connected to machine learning 

algorithms. 

Altogether, this results in an array of parameters derived from the stability trajectory, which 

provide useful metrics for reliable comparison. It must be noted that the parameters derived from 
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peak processing of the trajectory can be compared for different samples when the relative 

centrifugal force (RCF) setting is used for all the samples. Additionally, comparing peak 

parameters for samples with different capture times can have higher uncertainty associated due to 

different “sampling” rates. Nevertheless, these peak parameters from stability trajectory can be 

calculated automatically, without user subjectivity. 

3. Materials and Methods 

3.1. 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 form Ion Power.  2-propanol 

(≥ 99.0 % purity, VWR international) and Millipore water (18.2 MΩ cm) were used to prepare 

dispersions. 

3.2. 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 I/C ratio of 0.9 and total H2O/IPA volume ratio of 1.43. 20 ml 

of mixture were exposed to four dispersion procedures. 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 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) (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) (UB+S70). The used sonotrode tip was 5 cm 
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long, and had a diameter of 13 mm. For all samples exposed to probe sonication, an ice bath was 

used to avoid the overheating of the probe. 

3.3. 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 casted 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. 

3.4. Measurements with the analytical centrifuge 

AC was performed using a LUMiSizer®, a multisample analytical centrifuge (LUM GmbH, 

Berlin, Germany). For 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 (3200 × g at a 

mean rotational radius of 130 mm) was applied. Every measurement consisted of 333 spectra 

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. Raw data (in form of attenuated 

transmission values) from SepView®, were saved into a spreadsheet file format. The default 

setting of nine-point averaged transmission values was used. 

3.5. 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 with Numpy [53] and Pandas [54], and plotting was 

done using Matplotlib [55]. Custom functions were written for reading and processing the raw 
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data, automatic quantile-based color mapping, and generation of transmittograms. Additional 

functions were written based on Equations 1 to 4, for calculation of instability indices, and S 

scores. The stability trajectory was plotted from using the time-series array of S scores. The entire 

sample height was used in calculation of S scores. In the current form, the code will be provided 

on request. 

3.6. Rheological characterization 

Rheological measurements were performed with an air-bearing Modular Compact Rheometer 

(MCR 302) from Anton Paar (Anton Paar GmbH, Graz, Austria) equipped with a water-cooled 

Peltier Temperature Device (P-PTD 200) and a cone-plate (CP) measuring geometry (CP60-0.5). 

The latter was selected according to the expected sample viscosities in the lower mPa.s range 

(based on pure solvent viscosity), the dispersed solid fraction <1 wt. % and dispersed particle size 

<1 µm. 

Dispersions were dispensed at room temperature onto the sample loading lower plate using a 

micropipette. A pipette with a large 2 mm nozzle diameter was used to inhibit modification of 

dispersed particles during loading. Ideal gap filling (0.6 ml) was determined by testing different 

sample volumes in order to avoid the necessity of trimming and thus improving reproducibility. 

Thermal equilibration was performed for 1 min. Such short durations were sufficient due to the 

CP measuring geometry and the small differences between sample storage temperature and 

measuring temperature. 

After sample loading and thermal equilibration, viscosity curves were measured at 25 °C from 

shear rate 0.1 s-1 to 1000 s-1 with measuring point duration decreasing logarithmically from 50 s to 

2 s, with a resulting total test time of 285 s. A solvent trap with reservoirs of deionized water and 
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IPA, resembling the sample solvent composition, were used to minimize sample evaporation. The 

repeatability and reproducibility were checked by both repeating measurements in duplicates and 

testing three separately prepared ink samples for each dispersing method, i.e. 12 samples and 24 

measurements in total. 

4. Results and Discussion 

4.1. TEM imaging of inks  

TEM micrographs of ink dispersions after dilution of 1:1000 are shown in Figure 2. In the panel, 

the magnification increases from 60 Kx (left panels), over 100 Kx (middle 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 nanoparticles which is a crucial element 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 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 a desired 

outcome for any ink processing method. 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 significant 

breakup of carbon support or dislodging of Pt nanoparticles. Surplus sonication often leads to 

detachment of catalyst from carbon skeleton and ionomer network [16]. Although many reports 



   
 

22 
 

describe assemblage characteristics using imaging and major progress is also observed in the area 

of TEM image analysis [56], only a limited distinction of voids, agglomerates, primary aggregates, 

among others, can be made from the images. Reasons are excessive dilution and potential drying 

artefacts resulting directly from the requirements for the TEM. Hence, images in Figure 2 display 

the aggregated state of inks, but only to some extent. Consequently, the imaging evaluation is far 

from the actual state of inks as prepared at technical concentrations in dispersion. 

 

Figure 2: 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. 
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4.2. Dispersion characteristics 

4.2.1. Sedimentation fingerprints 

To address the main objective of this work, i.e. to fully characterize both the state and stability of 

catalyst ink, AC analysis was used. Transmission signals captured at a particular time, across the 

length of the sample cell, are referred 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 3. 

 

Figure 3: Transmission fingerprints for catalyst ink samples MS, UB, UB+S20, and UB+S70, 

respectively. The first profile is colored as violet and last profile as yellow. The meniscus for 

ink sample MS is shown by black arrow at a radial position of 110 mm. Inks were centrifuged 

at 4000 rpm at g-force of 3200 g for about 16 hours. 

 

Fingerprints provided by the software accompanying the instrument (SepView®) show each line 

as a separate transmission profile. With help of line color coding, the reader can get a general idea 

of time progression of the experiment. Here the first profile is colored as violet and last profile as 
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yellow. Since all 333 profiles are plotted, except for 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 experiment), 

and of green and yellow (end phase of 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 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 [57,58]. 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 form of steps is observed in the fingerprints (see Figure 3B-D). Few reports 

argue that formation of such steps can be alluded convective instabilities leading to the formation 

of layers during sedimentation. For instance, Butenko et al. [59] noticed formation of successive 

plateaus, when they measured Cu-Ag nanoparticles. It is reported that such convective instabilities 
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arise primarily due to (i) temperature gradients across the cuvette, and (ii) rectangular shaped 

sample cell. Uttinger et al. [60] recently reported presence of temperature gradients of 0.1-50 mK 

across the sample cell, at higher instrument operation temperatures, which might lead to convective 

rolls for nanoparticle suspensions over long experimental times. In order to reduce the effect of 

lateral temperature gradients, all measurements were performed at low temperature (~10 °C). In 

case of ink dispersions, our experience with their characteristics strongly shows that these motifs 

are not random occurrences. We consistently and reproducibly observe such plateauing profiles 

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 [25,26]. 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) 

preexisting 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 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 presence of agglomerates. These data thus allow us to recognize expected dispersion 

characteristics, permitting us to advance to recently developed transmittograms analyses in the 
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next section. This enables to go beyond deducing from line patterns and motifs of fingerprints, and 

directly “see” how the dispersion is. 

4.2.2. Transmittograms 

Figure 4A 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 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 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 as indicated by the lighter shade 

of grey, 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 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. 
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Figure 4: (A) Transmittogram for catalyst ink sample MS. The air-liquid interface and 

sedimentation front are marked by 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. 

 

Similarly, representative transmittograms are plotted for inks prepared by ultrasonic bath and 

probe sonication as shown in Figure 4B-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. Large degree of heterogeneity is manifested through the presence of 

several assemblages in the ink samples. Compared to sample MS, there is clear breaking of large 
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assemblages in the presence of probe sonication, which are stably 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 motion of sedimentation fronts is tracked from the start of experiment to 

300 min. The bottommost and the topmost assemblages were considered, and the corresponding 

radial positions RB (radial bottom, dashed arrow) and RT (radial top, dotted arrow) as annotated 

in Figure 4B-D. 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 

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 for the bottommost assemblage in the transmittograms for different samples, ink 

sample UB has the highest rate of 6.82 cm/day, followed by ink sample S70 with the rate of 6 

cm/day. Ink sample UB+S20 settles at the slowest rate of 5.28 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 which is constituted by smaller sized 

agglomerates. For UB, UB+S20, UB+S70, the settling rates are 1.82, 1.58, and 1.92 cm/day, 

respectively. Comparing the settling rates for assemblages which settle the fastest vs. which settle 
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the slowest indicate several observable trends. Firstly, sample UB+S20 has the slowest relative 

settling rate for both topmost and bottommost assemblage. Secondly, while UB has fastest settling 

bottommost assemblage, UB+S70 has fastest settling topmost assemblage. From this, in line with 

findings of Retamal Marín et al. [61] on silica particles re-agglomeration at high intensity 

sonication, we can carefully speculate that the energy input during preparation of sample UB+S70 

potentially leads to re-agglomeration of broken assemblages, which settled quickly. 

The results of this section establish transmittograms 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 completely very fast. 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 presence of multiple assemblages which 

are stabilized in the solvent and settle slowly. Tracking sedimentation fronts for these samples 

hints at some assemblages settling faster compared to others. As quantitative evaluation of the 

dynamics of 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, 

transmittogram enables us to distil information on colloidal migration of particles. Additionally, it 

also provides clues on when and how many assemblages are formed. Secondly, the transmittogram 

directly shows when sedimentation has been achieved. Thirdly, settling rates can be evaluated by 

tracking the sedimentation fronts. This can be done manually (as shown here) or using a machine 

interface to algorithmically process images to find edges and boundaries. Thus, transmittogram 

analysis can be a powerful tool for characterizing complex dispersions, in their native state, 
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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 

to the 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 to select the best ink preparation method. The 

next section therefore moves on to discuss how to quantify dispersion stability using measured 

optical transmission. 

4.3. Dispersion stability 

4.3.1. Stability trajectory 

The transmission profiles captured with AC were used to calculate S scores (see Equation 2, 3 and 

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 5A and 5C 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 dynamics of the time duration indicating actual particle migration, only the first ~8 hours data 

are shown. The trace describes the evolving stability characteristics of the samples. Corresponding 

transmittograms (see Figure 5B and 5D) are plotted below with shared time axes. 

Interestingly, 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 5A and 
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5B, where the largest assemblage settled completely. In addition, one can also map several local 

minima (valleys) and assign them to assemblage settling times. For simple particle systems, the 

location of valleys is very characteristic to complete settling times. This can be illustrated using 

model particle systems (bimodal and 4-modal silica in water) in supporting Figures S2A and S2B, 

respectively. 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. 

Since a higher value of S score indicates greater instability, trajectory of sample MS quickly 

ascends into greater instability, compared to UB+S20. In the first 50 min, 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 localized disorder due to particle migration. 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 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). BST corresponds to the highest MAD value 

of the z-normalized profiles. The transmittogram shows a distribution of transmission values which 

are larger to the left of this time point. Conversely, lower transmission values are prevalent to the 
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right of this time point. Beyond the BST, the trajectory plummets to a value of 0.2 for MS, and 

0.75 for UB+S20. The value of S score is persistently low beyond this time point as transmittogram 

confirms that only continuous phase is present and dispersed phase has settled. 

 

Figure 5: (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 lower S score line. (C) Stability 

trajectory and (D) transmittograms of ink sample UB+S20. The BST of 805 min is indicated by 

a blue vertical dotted line.  
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Together, the plots in Figure 5 serve a two-way function. First, they allow to draw conclusions 

from the transmittogram on the dispersion characteristics and rationalize it with observations from 

the stability trajectory. Second, they demonstrate the link between the deductions from stability 

trajectories and observations from transmittograms. 

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, the 

trajectory for ink sample run for a duration of ~16 hours only (see supporting Figure S3) do not 

change when only a part of the total time is considered for evaluation, i.e. ~5 hours. Here we should 

not lose sight of the fact that a global maximum in a given (shorter) time period will correspond 

to the BST for that time period only. A longer period experiment may reveal a rising trajectory 

that peaks at an ensuing time point. As a result, the BST might change for longer experimental 

runtimes. However, as time can be plotted on the x-axis, the operator, in principle, has full control 

and can decide if additional experiments are necessary. This is one of the main advantages of the 

S score. At the global maximum, it can provide hints if a larger BST may be subsequently 

encountered. If the S score value is around 1, then it is very unlikely that the global maximum will 

change when an AC experiment is run for a longer duration. Conversely, if the S score at the BST 

is much lower than 1, one can expect that the true global maximum can occur at a later time of the 

AC experiment. 

The full strength of S score, however, becomes clear when samples are directly compared with 

each other. Figure 6 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 dispersion state. These are the same samples for which transmittograms are seen in 
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Figure 4. For trajectories of three different samples for each processing method, we refer to 

supporting Figure S4. 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. 

The global maxima for the four trajectories are shown with a blue inverted triangle. The dotted 

blue vertical line joins the global maxima to the time axis to indicate the BST. 

It immediately becomes clear that S score values at the end is 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 rotor motion. Together, these 

observations corroborate with what we can see in the transmittograms (see Figure 4), 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. 
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Figure 6. Stability trajectory for catalyst ink samples (A) MS (dark blue 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. 

 

In Figure 6 the discriminating feature of MS trajectory (panel A) is that it rises, reaches a peak, 

descends, and then remains constant until the end. This differs completely to 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 gradually and goes into a plateau phase. Thus, the 
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shape of the stability trajectories is very peculiar to the dispersion sample it represents. Several 

features can be extracted from the trajectory, to identify and explain the shape of the trace, rate of 

increase or decrease, size and position of peaks or valleys etc. Depending on the sample and 

measurement objective, some features may be more informative than others. 

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 completely sediment after 16 hours of experimental run time. Hence 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. 

4.3.2. Comparison of bulk sedimentation times 

In the following, the BSTs for the four processing methods are compared. In brief, higher BST 

means that the majority of the dispersed phase (in number) settles at longer period of time. This 

can be directly translated to higher sample stability. In contrast, lower BST means very quick 

settling of the majority of the dispersed phase. 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 were measured in triplicate to check the 

repeatability of the measurement using the photocentrifuge. Thus, nine data points were obtained 

for each dispersion procedure. Figure 7 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 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 
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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 mean BST for ink sample 

UB+S70 is lower. 

As already mentioned, in literature, studies report that high energy input resulting from larger 

oscillation amplitudes often leads to re-agglomeration of previously broken assemblages and 

induce various physicochemical alterations on the surface of the constituents of dispersion [62–

64]. The deagglomeration of nanoparticle suspensions takes place up to certain vibrational 

amplitude as explained by Nguyen et al. [65]. Hence, operating beyond the optimum amplitude or 

energy input result in insignificant size reduction and sometimes even the 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 re-agglomeration of particles as a result of an increased amount 

of collisions at 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 

literature [66]. 



   
 

38 
 

 

Figure 7. BSTs for catalyst ink samples MS (dark blue), 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 standard error of the means. 

 

At this point it needs to be mentioned that quantitative appraisal of stability (or the lack of it) is 

also possible by calculation of instability index, provided by SepView®. Instability index allows 

assessment of the stability of samples, by comparing the values at any user defined time point. In 

Figure S5, mean instability indices for three different inks are plotted with time for the four 

processing methods. 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 

monotonically increasing curve. Whereas the outcome of studying the stability trajectory emerges 

to provide descriptive and deductive stability parameters, at least for study of catalyst inks. 
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In summary, a unified approach to examine the duality of state and stability in context of 

dispersions at technically relevant application concentration is 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 

[67], we now move to examine the effect of different catalyst ink processing method on its 

rheology (handling property and solution-coating performance). 

4.4. 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 [68]. The effects of the four processing methods on the ink rheology were 

investigated. Figure 8 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 slightly lower mean viscosity compared to mean viscosity of sample MS, this 

difference ranges from 0.57 % (1000 s-1) to 2 % (10 s-1). Remarkably, UB inks show 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 
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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 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 very large variation (similar to UB) over three independently prepared ink samples. It must 

be noted that the time tests show a linear viscosity increase of maximum 5 % 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 overestimation of up to 0.5 % for the 

last data point recorded. 

From the perspective of the production process of a CCM, very high viscosity (as in the case of 

ink MS) might lead to clogging of a nozzle while spraying or inkjet printing. In contrast, very low 

viscosity might lead to satellite droplets. 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 the 

least stable ink. Another notable observation is that UB+S70 shows the lowest mean viscosity. 

Generally, decrease in viscosity may be attributed to higher extent of stabilization due to 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 7 clearly depicted 

a lower BST of ink sample UB+S70 in comparison to samples UB and UB+S20. This decrease in 

BST indicates faster settling of majority of the particles and hence indicating lower stability. Lower 

viscosity for UB+S70 can be postulated due to (i) rupturing of ionomer chains and (ii) propensity 
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of particles to re-agglomerate. Thus, the most likely explanation for reduced viscosity of UB+S70 

is degradation of polymers (in this case the Nafion®), by the application of higher ultrasonic 

energy [63,69]. Similar observations have been discussed in a few reports. For example, Adamski 

et al. [70] systematically studied the effects of power ultrasound on Nafion® dispersion properties. 

The results showed a significant reduction in the viscosity of Nafion® on ultrasonication. This was 

alluded to 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. [66] also reported 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. 

The final section of this study thus brings to light 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 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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Figure 8. Viscosity-shear rate curves for catalyst ink sample MS (dark blue 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. 

5. Conclusion 

Characterization tools and techniques (methods), and 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, we investigate ‘both 

the sides of the coin’ to elucidate process-structure and structure-property relationships. On the 

methods side of the coin, we demonstrate the utility of a photocentrifuge as a characterization tool 

for complex fuel cell catalyst ink dispersions. As a step forward, we show how 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, we introduce new 
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concept of stability trajectory. 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, we put to use the developed techniques and present 

an approach to systematically study the effect of ink dispersion preparation methods. We try to 

extract process-structure-property relations, by preparing ink dispersions using four methods, 

which are of industrial importance. 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 effects of 

rheology and stability and find optimum balance between them. Considering dispersion stability, 

transmittogram analysis and stability trajectory show UB+S20 has more optimum dispersion 

stability. Also, rheology results show lowest viscosity of UB+S70, i.e. the sample prepared with 

the highest energy input, rather likely because of degradation of ionomer. Future outcomes of this 

approach may include printing or spraying the well-dispersed ink to form the CL, around which a 

CCM and a MEA can be constructed. Hence the fuel cell performance can be measured and 

correlated to the processing method, stability, and rheology of the catalyst ink. 
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