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Abstract12

Particle coating is a widely used strategy for tailoring particle properties to13

specific applications, with the morphology of the coating layer strongly influencing14

the effective properties of the resulting hetero-aggregates. Dry particle coating by15

means of mechano-fusion (MF) has gained increasing attention in applications such16

as battery material manufacturing, where coating layers surrounding host particles17

can significantly enhance performance and lifetime. To improve the understanding18

of process–structure relationships and consequently optimize the coating process,19

detailed characterization of the resulting hetero-aggregates is essential. In this pa-20

per, several geometric descriptors are introduced for the quantitative analysis of21

coating structures, including mean coating thickness, surface area coverage, and22

contact loss. In addition, correlations between these descriptors are investigated23

to provide a more comprehensive understanding of the interactions that govern the24

coating process. The analysis is based on micro-computed tomography (CT) images25

of a model particle system consisting of PTFE-coated alumina particles produced26

by MF. To reduce artifacts arising from the embedding of coated particles in epoxy,27

a hierarchical segmentation pipeline was developed for micro-CT image processing.28

Keywords: Hetero-aggregate; dry particle coating; mechano-fusion; micro-CT; statistical29

image analysis; geometric descriptor30
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1 Introduction31

The dry particle coating process mechano-fusion (MF), originally developed in the 1980’s32

[1, 2], has recently been used more frequently in different applications ranging from phar-33

maceuticals [3, 4], matrix-reinforced composite materials [5, 6], to lithium-ion battery34

(LiB) materials [7, 8]. The various advantages of dry coating are particularly beneficial in35

the manufacturing of functionalized battery materials: (i) the coating occurs at the level36

of individual host particles with smaller individual guest particles, and uniform coatings37

(core-shell type aggregates) with predefined coating thicknesses can be synthesized, (ii)38

MF does not rely on the use of liquid solvents, which reduces processing efforts, costs,39

and environmental impacts [9], and (iii) the process is scalable and can be performed in40

continuous operation [10].41

The type of functionalization of the host particles in the context of battery materials,42

e.g., cathode active materials (CAM), depends on the specific particle system to be pro-43

cessed. Several examples of MF coating for LiB materials have the objective of increasing44

mechanical or chemical stability, and electronic conductivity of lithium-nickel-manganese-45

cobalt oxide (NMC) used as CAM [7, 11–15].46

As a result, superior specific capacity, energy density, and long-term cycling stability47

can be achieved [14]. For the optimization of the newest generation of all-solid-state48

batteries (ASSB), a sufficiently close solid-solid contact must be established between CAM49

and solid electrolyte (SE) to allow the transfer of lithium ions [12, 16, 17], since geometric50

physical contact losses between two materials result in high interface resistances. In51

general, the performance of any battery electrode material is highly dependent on the52

optimization of the underlying microstructure [18–22].53

Thus, MF is applied to coat CAM host particles with SE [12, 15, 16] or an artificial54

cathode electrolyte interface material [23] as guest particles. Compared to merely mixing55

CAM and SE, the coating requires less SE content because interfacial contact and total56

contact area are significantly improved [16]. Currently, different types of materials are em-57

ployed as SE, e.g., polymer-lithium salts, glass, or (glass-)ceramic type SEs [24]. From the58

latter, (crystalline) sulfide SE, e.g., lithium thiophosphate chloride (LPSCl), shows very59

high ionic conductivities (1:9·10�3 S cm�1) [24–26] but low intrinsic electronic conductiv-60

ity (1:6·10�8 S cm�1) [27, 28]. In contrast, NMC is characterized by dominating electronic61

conductivity (10�4 S cm�1 to 10�2 S cm�1) and low ionic conductivity (3:7·10�9 S cm�1 to62

9:1·10�9 S cm�1) [29]. The difference in particle size and stiffness (CAM: larger, rigid, and63

brittle particles; sulfide SEs: smaller, soft, and ductile particles) facilitates the coating.64

The dry coating mechanism using the hybridization of a deformable model material,65

sulfide SE, is described as room temperature pressure sintering [30]. Mechanical energy66

input leads to plastic deformation of the initially discrete individual guest particles of SE,67

so a continuous SE coating is obtained on the surface of the host CAM particles. The68
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deformation of guest particles during MF was investigated recently by atomic force mi-69

croscopy [31]. Structural characterization using different 2D and 3D imaging techniques,70

e.g., scanning electron microscopy (SEM) in combination with focused ion beam (FIB)71

milling and micro- or nano-computed tomography, is essential to understand the resulting72

microstructure of particles after coating, to be used as advanced battery materials.73

In this paper, a model material system of alumina host particles and polytetrafluo-74

roethylene (PTFE) guest particles is dry coated with MF to produce hetero-aggregates75

mimicking SE coated CAM particles. 3D image data of the resulting aggregates is ac-76

quired by micro-computed tomography (CT) measurements. After image processing to77

segment the host particle and guest phase, various geometric descriptors are computed to78

quantitatively characterize the morphology of the hetero-aggregates. In particular, geo-79

metric descriptors that characterize the coating, such as the mean coating thickness, the80

surface area coverage of host particles, and the degree of contact loss between the host81

and guest phase are considered. The statistical relationships between these descriptors82

are investigated with the aim of studying various factors influencing the quality of the83

coating structure, i.e., the outcome of the coating by MF. Although the materials consid-84

ered in this study serve merely as a model system and are not directly applicable to LiB85

manufacturing, the developed synthesis and analytical analysis methods are applicable to86

general hetero-aggregate particle systems produced by MF or related coating techniques.87

These methods enable quantitative characterization of particle morphology, improve the88

understanding of process-property relationships, and thereby facilitate the identification89

of critical factors affecting coating quality.90

2 Materials and Methods91

2.1 Particle system92

The need for a controlled processing atmosphere with a very low residual air moisture93

content and the associated safety concerns [32] favor the use of model materials rather94

than sulfide SE materials. As described previously, a soft, deformable model material95

needs to represent the sulfide SE, accompanied by larger sized, brittle, relatively spherical96

host particles representing CAM. It is important to note that the chosen particle system97

is scaled up by a factor of approximately 5 to 9 (median particle size of commercially98

available NMC particles is 5µm to 10 µm [33]). The up-scaling ensures the capability of99

micro-CT to fully resolve the guest particle structure. In addition, the particle system fo-100

cuses on the electrode components CAM and SE only. At this point, conductive additives101

or binder are not considered.102

PTFE particles (FP30-PD-000110, Goodfellow GmbH, Hamburg, Germany) with a103

density �guest = 2:2 g cm�3 and a median particle size of 9:5 µm were acquired and served as104
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guest particles. SEM images of the pristine PTFE particles are shown in Figure 1(a). Due105

to their synthesis process, the PTFE particles show irregular shapes and form aggregates106

consisting of a large number of primary particles.107

The host particles were chosen to be spherical alumina (DAW-45, Denka Chemicals108

GmbH, Düsseldorf, Germany) with a density �host = 3:95 g cm�3 and a median (volume-109

weighted) particle size of 45:3µm. The median (volume-weighted) particle sizes are de-110

rived from the particle distribution of pristine PTFE guest particles and alumina host111

particles. Both are measured via laser diffraction using the dry dispersing unit Aero S at112

3 bar (Mastersizer 3000, Malvern Panalytical GmbH, Kassel, Germany), see Figure 2(a).113

The particle size distribution of alumina is rather narrow and only a small number of par-114

ticles deviate from ideal sphericity, with some showing open cracks, pores, larger cavities,115

distinct surface roughness, smaller satellite particles, and rarely completely irregularly116

shaped particles. Thus, these particle geometries strongly resemble those of NMC parti-117

cles. The (surface) features mentioned above are observable in the SEM images presented118

in Figure 1(b), where image acquisition relies on the XL 30 ESEM (FEI Europe B.V.,119

Eindhoven, The Netherlands) at low acceleration voltages of 1...3 kV.120

Figure 1: SEM images of different magnifications for pristine PTFE (a), pristine alu-
mina (b) and the coated particles after MF (c).

2.2 Mechano-fusion coating121

Dry particle coating of alumina with PTFE (guest phase) is performed via MF using122

the Angmill Mechano-Fusion (AMS) setup of the Picobond module in combination with123

the small-scale, multi-processing machinery platform Picoline (Hosokawa Alpine GmbH,124
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Augsburg, Germany). The AMS is a rotor-stator type high energy mixer where the125

particles to be processed are forced into a small gap between rotor and stator. A scraper126

removes any adhering material from the rotor. For a scheme of the process, we refer to a127

previous publication [34]. The guest-particle weight ratio is determined by targeting 100 %128

surface area coverage (SAC) of host particles with a monolayer of spherical guest particles.129

Assuming that all host and guest particles are each of the same sizes dhost = 43:3 µm and130

dguest = 7:5 µm (based on manufacturer's speci�cations) with densities �host and � guest131

(see above) respectively, the corresponding weight percentage of guest particles wt%(G)132

is estimated by133

wt%(G) =
Nd3

guest� guest

(d3
host � host) + (Nd 3

guest� guest)
; (1)

where134

N =
4(dhost + d guest)2

d2
guest

; (2)

see [35]. This results in a guest-particle weight ratio of 34:7 %, which is close to those135

reported for SE in the literature, e.g., 10 % to >30 % [9, 16, 30, 36]. This weight ratio136

of 34:7 % corresponds to a volume-weighted host particle fraction of 51:2 %. After a137

short ramp-up phase, the coating is performed at 5000 min�1 for 10 min. The clearance138

between the rotor and stator remains �xed at 2 mm, and the process chamber volume139

is �lled up to 30 % with material. The coated particles after MF are imaged by SEM,140

see Figure 1(c). The experimental setup successfully produces coated particles at the141

given processing parameters. The surfaces of alumina host particles are coated with142

strongly deformed PTFE guest particles, predominantly forming a primary continuous143

layer with some protruding, weakly attached guest particles on the outer surface. The144

preparation of samples for micro-CT imaging is expected to remove any weakly attached145

PTFE guest particles due to the shear forces acting on the coating during the mixing with146

a highly viscous epoxy resin. However, from those SEM images alone, it is not possible147

to deduce whether the primary coating layer is completely continuous, i.e., �lm-like, or148

partly discrete.149

2.3 Image acquisition150

2.3.1 Sample embedding and micro-CT imaging151

A work
ow for the non-destructive 3D characterization of micron-sized particles using152

micro-CT that focuses on statistical signi�cance has been established in [37] and serves153

as the general approach for sample preparation and micro-CT imaging in this study.154

Firstly, a representative sample of MF coated particles is produced by splitting using a155

micro ri�er (QuantaChrome Instruments, Boynton Beach, USA). Then, the sample is156

mixed at a ratio of 3:2 by volume with a nano-sized spacer material (Lamp black 101,157
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1:77 g cm�3 , Orion Engineered Carbons GmbH, Cologne, Germany), where the mixture158

is carefully blended by hand stirring into a two-component epoxy at a 1:1 weight ratio.159

Thereby, any PTFE guest particles that are only loosely attached are removed from the160

surface of the coated host particles. Upon achieving a homogeneous paste-like state, the161

sample is suctioned into a polymer tube and left to cure for 24 h. After curing, a cuboid162

of approximately 1 mmÖ1 mmÖ2 mm is cut and attached to a metal pin with glue. 3D163

micro-CT imaging is performed with an Xradia 510 Versa (Carl Zeiss Microscopy GmbH,164

Oberkochen, Germany), which, in addition to the setup of a conventional micro-CT,165

features an optical magni�cation unit. The scanning parameters are optimized for the use166

of the highest optical magni�cation (40 times) near the resolution limit of the device with167

a voxel size of 0:4 µm. The acceleration voltage is set to 80 kV at 7 W power, and the Zeiss168

standard low energy �lter 2 is inserted. 1601 projections are acquired with an exposure169

time of 18 s each. To increase the number of observed particles, two disjoint regions,170

one in the lower part and the other in the upper part of the cuboid sample, are imaged.171

The data are reconstructed using the Zeiss Reconstructor (Carl Zeiss AG, Oberkochen,172

Germany) �ltered back projection algorithm and standard settings. Byte scaling during173

reconstruction ensures the same range of gray values in the histograms of the upper and174

lower samples. No image post-processing is performed before segmentation. Figure 2(b)175

shows a representative cross-section of the reconstructed micro-CT image data, which176

reveals that the guest particle coating is mostly continuous but in some positions shows177

delamination of the coating. This contact loss between host and guest particles can be178

suspected, but is di�cult to fully resolve at the host-guest particle interface.179
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Figure 2: (a) (Volume-weighted) empirical cumulative distribution function (ecdf) of par-
ticle sizes of pristine alumina and pristine PTFE, measured with laser di�raction and dry
dispersion at 3 bar, along with a 2D cross section of the reconstructed micro-CT image (b).
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