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Abstract 

This study investigates the influence of supraparticle sizes on the performance of 

Silicon/Carbon (Si/C) composite anodes for lithium-ion batteries. Supraparticles, 

hierarchically structured agglomerates produced via spray drying, enhance the processability 

of Si/C nanoparticles by improving handling, packing efficiency, and minimizing solid 

electrolyte interphase formation. We systematically explore how supraparticle size 

distributions and associated morphologies affect interparticle spacing, slurry rheology, coating 

density, and electrochemical performance. Medium-sized supraparticles (5.0–6.0 µm) with 

spherical shapes exhibit optimal properties, achieving the highest coating density (0.90 g cm⁻³) 

and providing precise control over layer thickness and porosity, resulting in uniform coatings. 

These supraparticles also deliver superior electrochemical performance, with a first-formation 

Coulombic efficiency of 87.5% and stable cycling, retaining 86.2% of capacity (relative to the 

third cycle) after 100 cycles. In comparison, smaller supraparticles (irregular shapes) exhibit 

increased interparticle spacing, resulting in less dense layers and higher SEI formation. These 

findings highlight the critical role of controlling supraparticle size and morphology to optimize 

electrode processing and performance, enabling scalable, high-performance energy storage 

solutions.  
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1. Introduction 

With global temperatures rising and sea levels increasing, the urgency to tackle climate change 

has never been clearer.1 Among the various technologies that contribute to this effort, high-

energy-density lithium-ion batteries are increasingly recognized for their potential. These 

batteries can enable electronic devices and vehicles to operate for longer periods between 

charges, while also occupying less space and weight.2,3 These batteries play an important role 

in reducing our reliance on fossil fuels, thus contributing to a more sustainable and 

environmentally friendly future.4,5 Silicon (Si), with its high theoretical lithiation capacity, has 

the potential to replace graphite anodes in conventional lithium-ion batteries.3,6,7 However, its 

commercialization is slowed down by significant volume changes during cycling. These 

volume changes result in (coarse) particle cracking, loss of electrical contacts, electrode 

delamination and unstable SEI leading to fast capacity decay.8,9 Nanoparticles have solved the 

particle cracking10 issue but inherently suffer from low first cycle Coulombic efficiency (CE)11 

and difficulty in processing Si-dominant (graphite-free) slurries into homogenous-electrodes.12  

To address the challenge of low first CE, layer delamination and processing challenges 

associated with incorporating nanoparticles into conventional manufacturing processes, we 

have recently proposed a post-synthesis spray drying method to produce hierarchically 

structured secondary particles, termed supraparticles, from gas-phase-synthesized 

nanoparticles.13 The concept of hierarchical structuring by spray drying nanomaterials to µm-

sized supraparticles is rather new in the field of battery research 14 and enables improved 

handling properties, like enhanced flowability, reduced dust formation, and easier dispersion. 

Additionally, it enables the possibility of denser packed electrodes. Additionally, it enables the 

possibility of denser packed electrodes. Simultaneously, during electrochemical utilization, 

hierarchical structuring reduces the direct interface area between the active material and the 

electrolyte. This reduction contributes to a decrease in irreversible reactions during the 
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formation of the SEI.13 Furthermore, this structuring helps alleviate stresses from the 

significant volume expansion of the electrode, stabilizing the layer and enhancing overall 

battery performance.9,13,15,16 

However, the mentioned benefits depend on the size and morphology (shape, surface 

roughness, internal structure and surface area) of the supraparticles, their associated layer 

porosity, and their stability, particularly against mechanical stress that occurs during slurry 

processing and cycling in a battery. Therefore, this study investigates how the sizes, associated 

morphology, and size distributions of supraparticles affect anode manufacturing, from initial 

slurry preparation to electrode coating and electrochemical performance. As nanomaterial, Si/C 

composite particles were chosen because of their good electrochemical performance potential17 

and our preliminary proof of principle.13 We assessed the whole process chain starting from 

analyzing the supraparticle powder properties, their slurry rheology, the adhesion strength of 

the generated anodes after coating and drying to the current collector, and finally the fracture-

failure mode (adhesive vs cohesive failure) of the generated electrodes and their 

electrochemical performance. In this way, we were able to examine and comprehend how the 

supraparticle sizes, associated morphology, size distributions, and their linked porosity impact 

the properties of the negative electrodes in Li-ion batteries. 

2. Experimental and characterizations 

2.1. Supraparticles production 

As feed material for supraparticles, amorphous Si/C nanoparticles with 4 wt.% carbon were 

produced by a gas-phase process as described elsewhere (see additional details in SI, Section 

1.1),10,18 yielding nanoparticles in the form of partly sintered aggregates, with primary particle 

sizes ranging from 100 to 250 nm and average aggregate sizes of approximately 550 nm (Figure 

S1). The carbon distribution within these particles is uniform at the atomic level, with lower 

carbon concentration in the center and higher concentration on the primary particle surface, 
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enhancing their stability during lithiation and improving electrical conductivity. This 

amorphous nature of Si/C allows homogeneous volume expansion and contraction on Li 

insertion and extraction, preventing pulverization of the primary particles up to at least 870 nm 

in size.19 

For supraparticle formation, the supraparticle size distribution was adjusted by controlling the 

gas-to-liquid ratio (GLR) in the spray dryer, which is the ratio of the relative volume flow rates 

of spray-gas (nitrogen) and liquid feed. This was done while keeping other parameters constant: 

dispersion solid content (3 wt.% Si/C), liquid feed flow rate (0.3 l h−1), drying gas flow rate 

(35000 l h−1), drying temperature (150 °C), and nozzle diameter (0.7 mm). Four N2 spray gas 

flow rates (355, 439, 667, and 1052 l h−1) were used to achieve GLRs of 1.1k, 1.5k, 2.2k, and 

3.3k (number in engineering notations, k represents 103) to adjust the supraparticle diameter, 

as it directly influences atomization of the dispersion into small, fast-drying droplets. Details 

of the mechanism of the spray drying process for a dispersion can be found elsewhere.13 

2.2. Electrodes preparation 

Electrodes for electrochemical testing were prepared using a slurry composed of Si/C 

supraparticles, conductive carbon, and polyacrylic acid (PAA) as the binder. MiliporeQ water 

(resistivity of 18.2 MΩ·cm at 25 °C) was selected as the solvent for its environmental benefits, 

such as being non-toxic and eco-friendly, as well as its lower boiling point which facilitates 

faster drying.20 Additionally, it was chosen for its excellent compatibility with PAA, ensuring 

effective solubilization and stable slurry formation.21 These were coated onto copper foil, dried 

(24 h), and punched into 12 mm sized disks for testing (see details in SI, Section 1.2). All 

electrodes had a mass loading of approximately 0.9 mg cm-2. Half-cells were assembled (see 

details in SI, Section 1.3) using Si/C working electrodes and a lithium metal counter electrode 

with 1 M LiPF6 in EC/DMC (1:1) electrolyte and 5 wt.% fluoroethylene carbonate as 
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electrolyte additive. Electrochemical performance was assessed at 0.5 C between 0.01-1.2 V 

vs. Li/Li+ after formation cycles at 0.05 C and 0.1 C.  

2.3. Characterizations 

Supraparticles were characterized using scanning electron microscopy (SEM, Philips XL20, 

Thermo Fisher) for their morphology, analytical centrifugation (LUMiSizer 6514-44, LUM 

GmbH) for assessing the supraparticle size distribution of dispersed particles in milli-Q water, 

N₂ adsorption analysis (Autosorb iQ, Quantachrome Instruments), and mercury intrusion 

porosimetry (MIP, PoreMaster 60GT, Anton Paar) for determining the specific surface area 

and pore size distribution, respectively. The stability of Si/C dispersions in water against 

sedimentation was evaluated by plotting transmittograms using data obtained from an 

analytical centrifuge (LUMisizer 6514–44, LUM GmbH). To assess the slurry properties, 

rheological measurements were performed using an MCR 102 (Anton Paar). Anton Paar 

Germany GmbH, Germany) was studied. Atomic force microscopy (AFM, TOSCA 400, Anton 

Paar, Germany) was used to characterize the surface topography of the coating, offering 

detailed insights into the stability of supraparticles and the roughness of the coatings. For 

measurement of coating thickness, a mechanical screw gauge was used. Adhesion strength and 

failure mode of coated electrodes (cohesive vs. adhesive break) were analyzed by centrifugal 

adhesion testing (LUMiFrac 200, LUM GmbH). All methods are described in detail in SI, 

Section 2. 
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2.4. Samples overview 

Table 1. Overview of the supraparticle powder samples analyzed in this study. The first column 

lists the naming conventions used for supraparticles of various sizes, as detailed in the second 

column. The third column indicates the corresponding section numbers where these 

supraparticles are discussed in the text.  

Supraparticles Median particle size Discussion section 

Large, medium and small 7.5, 5.0, 3.3, 2.0 µm Manuscript: Section 3.1-3.6 

and supporting information 

 

Largest, medium and small 8.5, 6.0, 2.5, 2.2 µm Figure 1, Section 3.6 and 

Figure S12 

 

3. Results and discussion 

3.1. Supraparticle size distribution control  

Spray gas and feed flow rates primarily control the droplet size in the Büchi B-290 spray 

dryer.22 For this study, we varied the spray gas flow rate to produce different size distributions 

of Si/C supraparticles, keeping other parameters (feed concentration, drying gas temperature, 

and feed flow rate) constant.  

As shown in Figure 1a, the cumulative particle size distributions of supraparticle powders 

produced at different GLRs (1.1k, 1.5k, 2.2k and 3.3k) were measured using analytical 

centrifugation. The size distributions represent eight supraparticle powders with varying 

median sizes (colored fields indicate the margin of deviation after repeated spray drying 

experiments). Among these, the powders with median sizes of 7.5, 5.0, 3.3, and 2.0 µm are 

discussed extensively throughout this manuscript, focusing on their morphology (e.g., shape, 

pore structure, and surface area), slurry rheology, electrode density, and electrochemical 

performance. Additional powders with median sizes of 8.5, 6.0, 2.5, and 2.2 µm, whose curves 

are also shown in Figure 1a, are compared to the primary powders to emphasize the importance 
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of powder quality control. As we found the electrochemical performance being sensitive 

against changes in the powder (Section 3.6), we want to explicitly stress this here. 

At a GLR of 1.1k, the supraparticles exhibit a broad size distribution (~0.5 to 15 µm) with an 

x90,3 value of 13.0 µm. As GLR increases, the size distribution shifts to smaller diameters, with 

x90,3 values of 9.0 µm, 4.5 µm, and 3.7 µm for GLRs of 1.5k, 2.2k, and 3.3k, respectively. 

Figure 1b shows how the overall median particle size (x50,3) of the supraparticle powders (as 

presented in Figure 1a) depends on the GLRs. The median supraparticle size (x50,3) decreased 

exponentially from 8.0 µm at a GLR of 1.1k to 2.2 µm at 3.3k (Figure 1b), supporting the 

established trend in the literature of size reduction with increasing GLR.23,24 SEM image 

analysis using ImageJ (see SI, Section 2 for method) validated the reliability of the achieved 

size control, consistent with results from analytical centrifugation (Figure S2). 

 

Figure 1. (a) Size distributions of supraparticles synthesized at varying GLRs (1.1k, 1.5k, 2.2k, and 3.5k) 

determined by analytical centrifugation. The distributions represent eight supraparticle powders with different 

median sizes (colored fields indicate the margin of deviation after repeated spray drying experiments). (b) Median 

supraparticle sizes (average of medians from two size distributions shown in Figure 1a) as a function of the GLR, 

with a dash-dotted line included as a visual guide. 



 

9 

 

In summary, we successfully produced supraparticles with both wide and narrow size 

distributions that enable us in the next step to systematically explore their effects on electrode 

processing and performance. We expect wide distributions to enhance packing and offer better 

connectivity at the electrode level. Narrow distributions enable control of the smoothness of 

the electrode surface and result in higher electrode porosities for improved electrolyte 

penetration. Specifically, these findings set the stage for further investigating the impact of the 

supraparticle size distribution on powder properties, slurry behavior, coating density, and 

electrochemical performance. As a note for the reader: the following discussion will use 

median sizes of 7.5, 5.0, 3.3, and 2.0 µm to represent the four supraparticle samples. 

3.2. Morphology of supraparticle powders 

The morphology of the supraparticle powders, with median sizes of 7.5, 5.0, 3.3, and 2.0 µm, 

was analyzed by SEM, as shown in Figure 2. Across all samples, supraparticles consist of 

agglomerated Si/C nanoparticles, forming micron-sized secondary particles. 
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Figure 2. SEM images showing the morphology of the supraparticle powder samples of different median sizes 

used in this study: (a-d) supraparticle samples of median size 7.5, 5.0, 3.3, and 2.0 µm at 1000x magnification. 

SEM images and 3D-rendered schematics of individual supraparticles (schematics shown below each SEM 

image): (e, f) spherical with varying nanoparticle coverage; (g) ellipsoidal; (h) wavy surface morphology; (i) 

sub-rounded; (j) colloidal cluster-like.  

The produced powders include a range of supraparticles, from smooth textured, spherical forms 

(referred to as multi-nanoparticle spherical supraparticles25) to wavy ones (nearly spherical 

supraparticles), ellipsoidal, subrounded, and colloidal cluster-like 26 supraparticles. In addition 
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to the SEM images, 3D-rendered schematics are provided in Figure 2e-j to conceptually 

illustrate the general structural features and shapes of the different types of supraparticles. 

These 3D schematics of supraparticles were simulated using a Python-based approach with the 

numpy, mayavi, and scipy libraries (for details, see characterization methods in SI, Section 2). 

While precise proportions of these forms are unavailable, visual observations offer valuable 

insights into their distribution.  

In Figure 2a and 2b, supraparticles with median sizes of 7.5 µm and 5.0 µm predominantly 

exhibit smooth, spherical morphologies (see exemplary images in Figure 2e-f), with some 

larger particles in the 7.5 µm sample displaying hollow structures (Figure S3). These hollow 

forms arise from low particle concentration within a large droplet during spray drying, where 

larger droplets solidify into a thicker outer shell with a less dense interior. Such voids can 

promote non-uniform electrolyte penetration, leading to localized SEI growth. They further 

may reduce mechanical stability during battery cycling, potentially causing particle collapse or 

cracking. 

For the smaller supraparticle powders, with median sizes of 3.3 µm and 2.0 µm, the particles 

tend to exhibit more irregular, wavy surface morphologies (Figure 2c and 2d, exemplary 

schematic image in Figure 2g-h) along with few spherical supraparticles. These irregularities 

are particularly pronounced in the 2.0 µm sample, where particles show sub-rounded or 

ellipsoidal shapes, contributing to higher surface roughness compared to the smoother, larger 

supraparticles. These irregular shapes may reduce packing efficiency and mechanical stability, 

resulting in less dense electrode layers.  

The observed morphological variations across the different supraparticle sizes are critical 

because they influence the physical packing properties and electrochemical performance of the 

electrodes. In subsequent sections, we will explore how these morphological differences affect 

textural properties, coating quality and electrode performance metrics during cycling. 
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3.3. Effect of supraparticle size distribution on powder properties 

3.3.1. Effect on textural properties 

Textural properties of supraparticle powders were assessed using MIP and nitrogen adsorption, 

showing distinct porosity variations with particle size. Nanoparticle powders served as a 

reference. The mercury intrusion mechanism in supraparticle powders is shown in Schematic 

S1. Figure 3a shows differential pore diameter distributions for supraparticles with median 

sizes of 5.0, 3.3, and 2.0 µm. Macropore sizes in the 7.5 µm sample were estimated from cross-

sectional images (Figure 3b), with an uncut supraparticle image in Figure S4. 

 

Figure 3. (a) Differential pore size distributions derived by MIP from powders of Si/C nanoparticles and their 

supraparticles (median sizes: 5.0, 3.3, and 2.0 µm). (b) Showcase FIB-SEM cross-sectional image illustrating 

pore sizes within the supraparticle structure of the 7.5 µm median-sized sample. The inset shows the intact 

supraparticle before the FIB-cut (image scale is same as FIB-cut image). 

The nanoparticle powder exhibited a single sharp peak at a pore diameter of 0.41 µm, extending 

up to 2 µm. These pores originate from spacing between the non-porous nanoparticles due to 

imperfect packing. For the supraparticles, two types of porosity are considered: intraparticle 

porosity and interparticle porosity. Intraparticle porosity refers to the pores between primary 

nanoparticles within a single supraparticle, resulting from the hierarchical assembly during 
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spray drying. In contrast, interparticle porosity refers to the spacing between separate 

supraparticles, primarily influenced by the packing density in the powder. 

Smaller supraparticles (2.0 µm and 3.3 µm) exhibited a bimodal pore size distribution, 

characterized by intraparticle macropores ranging from 0.1 to 0.85 µm and 0.1 to 0.62 µm, 

respectively. Their interparticle spacing extended from 0.85 to 2.4 µm and 0.62 to 2.1 µm. In 

contrast, medium-sized supraparticles (5.0 µm) showed fewer, but larger, interparticle spacing 

ranging from 1.2 to 3.0 µm, with intraparticle macropores peaking around 0.43 µm. Large 

supraparticles (median size 7.5 µm, Figure 1b) showed intraparticle macropores in the 

diameters range from 0.12-0.89 µm as can be seen from the SEM image cross section. The 

entire supraparticle is shown in the inset with same scale-bar as FIB-cut image. 

Interestingly, the medium-sized supraparticle powder (5.0 µm) demonstrated the densest pore 

structure, with well-packed particles achieving a balance between intraparticle macropores and 

interparticle spacing. Their wide supraparticle size distribution allowed smaller particles to fill 

spacing between larger ones, leading to a cumulative mercury intrusion specific volume (Figure 

S5) of 1.75 cm3 g-1, which is lower than that of the 3.3 µm (1.85 cm3 g-1) and 2.0 µm (2.0 cm3 

g-1) samples, but still higher than the intruded volume of the nanoparticle-sized powder (1.38 

cm3 g-1). These findings suggest that optimizing not only the supraparticle median diameter but 

the supraparticle size distribution is critical for improving electrode layer porosity and 

mechanical stability. Moreover, mercury intrusion results indicate that powders with smaller, 

non-spherical supraparticles (2.0 µm) exhibited larger intrusion volumes and higher overall 

porosity, which could negatively impact the structural integrity of the anode layer. The larger 

content of pore surfaces may facilitate excessive SEI formation, leading to performance 

degradation over time.  
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These results highlight the delicate interplay between supraparticle size and textural properties, 

which may affect electrode performance, setting the stage for further analysis of slurry behavior 

and coating quality in the following sections. 

3.3.2. BET and SEI specific area 

Brunauer–Emmett–Teller (BET) surface area analysis provided insights into the specific 

surface area of the supraparticle powders. Respective analyses (Figure S6) showed that all 

supraparticle powders exhibited a similar specific surface area (SSA) with an average value of 

5.36 ± 0.09 m²g-1, as expected from adsorption-based measurements. Notably, the SSA of the 

supraparticles is ~ 28.5 % lower than that of the Si/C composite nanoparticles, which have a 

significantly higher surface area due to their lower degree of agglomeration and thus a higher 

degree of surface exposure. 

Despite the consistent SSA across supraparticle sizes, their lower surface area compared to 

Si/C nanoparticles helps limit the SEI formation. Higher surface areas, like those of the Si/C 

nanoparticles, tend to promote more extensive SEI growth, leading to greater initial lithium 

consumption. Preliminary results (BET) already suggest that the lower SSA of supraparticles 

is expected to reduce SEI growth, potentially improving cycling stability and offering better 

long-term performance. 

We hypothesize that the supraparticles, as secondary structures, can confine significant SEI 

formation to their outer surfaces (exposed to neighboring supraparticles) compared to inner 

ones, a phenomenon observed in similar secondary structures by other researchers.27,28 A 

peripheral-limited SEI formation is expected to result in even lower specific volume of SEI 

depending on the surface-to-volume ratio of the particles. 
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3.4. Effect of supraparticle size distribution on processability and coating characteristics 

3.4.1. Effect on slurry rheology 

The rheological behavior of slurries plays a key role in determining the uniformity and 

performance of electrode coatings.29,30 Figure 4a and 4b depicts shear-dependent and time-

dependent (three interval thixotropy test, 3iTT test 31) rheological characteristics of the slurries 

made from supraparticles of varying sizes (7.5, 5.0, 3.3, and 2.0 µm), alongside a reference 

slurry made from pristine Si/C composite nanoparticles. The findings reveal distinct 

differences in viscosity and shear recovery, suggesting that supraparticles offer significant 

advantages in enhancing slurry handling and coating stability. 

 

Figure 4. (a) Steady state dynamic viscosity-shear rate curves. (b) Time-dependent rheological characteristics 

(three interval thixotropy test, 3iTT) of slurry samples made from Si/C composite nanoparticles and supraparticles 

with median sizes of 7.5, 5.0, 3.3, 2.0 µm. Data points were taken in unsteady state mode. Cone-plate geometry 

of cone angle 1° was used. The measurement temperature was set at 20 °C. 

At low shear rates (0.1 s⁻¹), the nanoparticle-based slurry exhibits a significantly higher 

viscosity (182.5 Pa·s) compared to the supraparticle-based slurries (7.5, 5.0, 3.3, and 2.0 µm) 

with viscosity values of 80, 47, 124 and 130 Pa∙s, respectively. This indicates that nanoparticle 

slurries form stronger structures due to stronger intermolecular interactions between smaller 

particles in the slurry. According to Woodcock’s equation,32 smaller particles reduce inter-
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particle distances, facilitating aggregation. This increases the effective solid volume fraction, 

leading to a highly viscous slurry. As the shear rate increases, the viscosity of all slurries 

decreases which is a typical characteristic of shear thinning fluids.33 Interestingly, at higher 

shear rates (beyond 100 s⁻¹), the viscosities of all slurries converge and exhibit similar flow 

properties during processing at application shear of 1000 s⁻¹ (calculated as the ratio of the line 

speed – the speed at which the doctor blade moves across the static substrate – and the blade 

gap – the vertical distance between the doctor blade and the substrate34). 

Although the viscosities are similar at high shear rates, the differences in behavior become 

apparent once the shear is removed (thixotropic structure recovery), as shown in Figure 4b. 

Table S1 lists the reference viscosity and the recovered viscosity values for each sample, 

measured 20 seconds after the shear rate was removed. Supraparticles with medium and larger 

sizes (5.0 µm and 7.5 µm) show full structural recovery within 20 seconds, whereas smaller 

supraparticles and nanoparticles only partially recover (70-80 %). This faster recovery in larger 

supraparticles hints at their potential for stabilizing the slurry structure during coating, an 

important factor for ensuring uniform layer formation. 

These porosity-driven viscosity differences, combined with particle morphology (size, shape, 

internal structure, surface texture), strongly influence the viscoelastic properties of the slurries, 

such as their ability to recover structure after the shear rate was removed (as demonstrated by 

3iTT tests in Figure 4b). For example, slurries with 5.0 µm supraparticles recover ~100 % of 

their initial viscosity within 20 seconds, compared to ~70-80 % recovery for small 

supraparticles (2.0 µm and 3.3 µm). The slow recovery of smaller supraparticle slurries induces 

shear-history effects, which can compromise process consistency. Altogether, these findings 

highlight the importance of optimizing interparticle porosity by precisely controlling spray 

drying parameters—such as solids concentration in the feed dispersion, droplet size, and drying 

temperature—to achieve favorable viscoelastic properties (e.g., balanced elasticity and 
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viscosity for consistent recovery), smooth slurry flow, reduced shear-history effects, and 

homogenous electrode coatings. The next section will explore how these rheological properties 

impact coating density and electrochemical performance, comparing the behavior of larger, 

medium and smaller supraparticles during testing and cycling. 

3.4.2. Effect on stability against stress during processing and interface with current 

collector 

High shear stresses during slurry mixing and coating can impact supraparticle integrity, 

potentially leading to breakage. To evaluate the structural integrity and the influence of 

supraparticle size on surface topography, AFM was used to visually examine the coated layers 

and calculate root mean square (RMS) roughness. RMS roughness, which reflects the standard 

deviation of surface heights, provides insights into surface texture and stability under stress.35 

Further, this roughness is important as it affects the interface between the coated layer and the 

current collector. 

Figure 5 presents surface topography images (a-d, left panel), RMS roughness values (e, right 

panel), and roughness profiles (f, bottom) for electrodes made from various supraparticle size 

distributions. For comparison, the RMS value and roughness profile of the nanoparticle-based 

coatings are also shown in grey (right panel in a bar graph and left-bottom as line profile).  
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Figure 5. Contact mode AFM topography of coatings. From (a-d) Si/C composite supraparticles with different 

median sizes of 7.5, 5.0, 3.3, and 2.0 µm, respectively. (e) Average values of RMS roughness (µm) for the 

corresponding coated layers. (f) Bottom: corresponding horizontal topography profiles of the 100 x 100 µm² area 

of the coated samples. The topography profile of Si/C nanoparticles is shown as reference in grey color. 

The 2D AFM surface topography images (Figure 5, panels a-d) demonstrate the presence of 

supraparticles within the coatings, indicating their mechanical stability during the slurry 

preparation and coating process. The average RMS roughness values (Figure 5e) increase with 

(supra)particle size, from 0.54 µm ± 0.03 µm for nanoparticle-based layers to significantly 

rougher surfaces for the large supraparticles (up to 1.63 µm ± 0.08 µm).  

All supraparticles, regardless of size, form a pseudo-point contact interface with the copper 

current collector. While the contact points are not perfectly sharp due to the copper's surface 

roughness (RMS roughness: 0.34 µm ± 0.05, Figure S7a-b), the wavy texture promotes 

effective interlocking at these points. These pseudo-point contacts create voids that can be 

filled with adhesive and conductive material, potentially enhancing adhesion and maintaining 

electrical pathways despite the roughness. Exemplary FIB-cut SEM images (Figure S8a-b) 

e 
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show the interlocking between the supraparticle-based coated layers (with median particle sizes 

of 5.0 and 3.3 µm) and the current collector, highlighting the presence of voids. These voids, 

filled with softer materials, are similarly observed across the electrode surfaces of all four 

supraparticle-based coatings (Figure S9a-j). 

Nanoparticles also demonstrate good interlocking with the copper foil as their roughness 

closely matches that of the copper surface. However, this results in fewer void spaces at the 

interface with the current collector to be filled with binder or conductive material (here: C65). 

Adhesion testing results (Figure S11) confirm that both nanoparticles and supraparticles of all 

sizes provide overall strong adhesion to the copper substrate, but the layers break cohesively 

during testing. This indicates that the failure occurs majorly within the coating itself rather than 

at the copper interface (details in SI, Section 3.11). However, during electrochemical testing, 

where electrodes are immersed in electrolyte and experience multidirectional stresses due to 

volume expansion and contraction, some degree of layer delamination from the copper surface 

may be observed after long term cycling. 

These observations, along with the adhesion results (Figure S10), highlight that both 

nanoparticle-based and supraparticle-based coatings exhibit good adhesion to the substrate. 

However, differences in coating surface roughness, supraparticle sizes distribution, shape, 

slurry rheology and porosity, as observed in the mercury intrusion results, can influence the 

overall mechanical stability (see detailed reasoning of different failure modes in SI, Section 

3.11) and performance of the electrode layers during cycling. Additionally, the spacing at the 

interface between supraparticle-based layers and the copper surface may help mitigate the 

effects of silicon's volume expansion and contraction during cycling, as these stresses are 

distributed in both directions. Larger voids associated with larger supraparticles are expected 

to scale similarly to the surface roughness, potentially contributing to better stress 

accommodation and improved long-term stability. 
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3.4.3. Effect of supraparticle size distribution on the density of coated layers 

Achieving high packing density in electrode layers is important, especially for applications 

where space and weight are constrained, such as electric vehicles and portable electronics. 

Supraparticle structuring offers a strategic advantage by enabling more efficient packing13 and 

better thickness control compared to the direct usage of nanoparticles in coatings, which often 

suffer from uneven thickness and uncontrolled porosity.36 

Figure 6 presents the mass densities of coatings produced from Si/C composite supraparticles 

with median supraparticle sizes of 7.5, 5.0, 3.3, and 2.0 µm. The average coating mass densities 

(calculated from a total of 32 circular-shaped electrodes) for these sizes are 0.83, 0.90, 0.80, 

and 0.77 g cm-³, respectively. The highest average coating mass density, 0.90 g cm⁻³, was 

achieved using supraparticles with a median diameter of 5.0 µm, while the lowest coating 

density (0.77 g cm⁻³) was observed for the 2.0 µm-sized supraparticles. This shows that 

medium-sized supraparticles tend to result in a more densely packed coating compared to 

smaller or larger particles as also expected from MIP results.  

Compared to reference coatings made from Si/C nanoparticles (0.73 g cm⁻³), supraparticles 

show a 6.5–23% increase in density. This improvement is attributed to two key factors: their 

low yield stress, which ensures thinner layers, and their fast thixotropic recovery, which 

promotes layer homogeneity. The rapid structural recovery of supraparticles allows them to 

stabilize their packing structure quickly during drying. Additionally, the pre-aggregated 

clusters of nanoparticles in supraparticles act as large units that resist local particle aggregation, 

settling into compact and stable positions immediately after the shear stress is removed. Their 

low yield stress (0.1–3.0 Pa) facilitates sufficient shrinkage during drying, minimizing void 

formation and resulting in uniform, thinner layers. 

In contrast, the increased thickness and inconsistency observed in nanoparticle-based coatings 

are attributed to their reduced shrinkage ability during drying and local aggregation, further 
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amplified by their slower structural recovery. The high yield stress (~ 15.5 Pa) of nanoparticle 

slurry limits significant shrinkage as the solvent evaporates, leading to thicker layers. 

Additionally, the high surface energy of nanoparticles promotes local aggregation, which 

contributes to inconsistent porosity within the coating. This then finally appears as inconsistent 

thickness throughout the coating.  

The decrease in coating density for smaller supraparticles (2.0 µm and 3.3 µm) is attributed to 

their narrower size distributions and varied shapes (rounded, sub-rounded, and colloidal 

cluster-like), which make efficient packing more difficult. On the other hand, while the 7.5 µm 

supraparticles show a slightly lower density than the 5.0 µm ones, this can be explained by the 

presence of some hollow supraparticles (Figure S3) and fewer small particles (Figure 1a) to fill 

the gaps between larger ones, leading to a less compact structure. 

While the mass densities of supraparticle-based coatings (0.77–0.90 g cm-³) are promising, they 

fall short of the theoretical density (2.02 g cm-³) for the Si/C, C65, and PAA mixture due to 

voids and porosity. Smaller supraparticles (2.0 µm) create more interparticle spacing, while 5.0 

µm supraparticles achieve better packing efficiency. Optimizing size distribution, slurry 

formulation, or calendering could help close this gap while maintaining a crucial balance 

between porosity and tortuosity, ultimately enhancing both packing density and performance. 
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Figure 6. Mass densities of coatings produced from Si/C composite supraparticles with median sizes of 7.5 µm 

(green), 5.0 µm (blue), 3.3 µm (magenta), and 2.0 µm (red), with Si/C composite nanoparticle-based coatings 

(black) included as a reference. All slurries had a total solid mass fraction of 0.4. Each dot represents the average 

coating density from 32 electrodes, with error bars indicating the standard deviation. 

3.5. Effect of supraparticle size distribution on electrochemical performance  

Finally, the electrochemical performance of the supraparticles with different size distributions 

was analyzed. The capacity calculations for the lithium half-cell are based on the overall weight 

of the Si/C active material. CE and capacity retention values represent the average of two 

electrodes in both the main and supplementary data, unless otherwise specified. 

3.5.1. Coulombic efficiencies 

The CE progression for supraparticles of different sizes reveals interesting trends across cycles. 

As shown in Figure 7a, the first-cycle CEs for electrodes made from supraparticles with median 

sizes of 7.5, 5.0, 3.3 and 2.0 µm, follow a clear decreasing trend from large to small sizes, with 

CEs of 87.9, 87.5, 86.5 and 84.9 %, respectively. Electrodes made from nanoparticles, by 
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comparison, exhibit much lower first-cycle CE (65 %) as reported before13 due to more 

extensive SEI formation and uncontrolled porosity. 

The larger and medium-sized supraparticles (7.5 µm and 5.0 µm) demonstrate higher first-

cycle CEs, most probably due to reduced SEI formation, aligning with the hypothesis presented 

earlier (Section 3.2.2) that a lower SSA reduces SEI growth, thus improving CE.  

Despite the similar BET SSA across all supraparticle sizes, we attribute the slight difference in 

first-cycle CEs between the largest and smallest supraparticles of around 3 % to the impact of 

porosity. Since the SEI forms not only on the outer surfaces of the supraparticles but also within 

pore spaces, the majority of SEI is confined to the outer surfaces, with much less SEI forming 

internally within the supraparticles. This variation is closely tied to the differences in 

interparticle and intraparticle pores. Mercury intrusion data for supraparticles of different sizes 

(5.0, 3.3, and 2.0 µm) revealed total mercury intrusion specific volumes of 1.75, 1.85, and 2.0 

cm³ g-1, respectively—volumes that inversely correlate with the observed CEs.  
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Figure 7. CEs of electrodes made from supraparticle powders with different median sizes of 

7.5 µm (green), 5.0 µm (blue), 3.3 µm (magenta) and 2.0 µm (red): a) bar graphs showing the 

1st and 3rd cycle CEs, and (b) progression of the CE (dots) over 100 cycles for these 

supraparticle sizes and nanoparticles-based reference coatings. CEs > 100 %, though being 

nonphysical were kept as they indicate degradation, for example by fracture in the anode due 

to volume expansion that brings trapped Li+ from previous cycles back into system. CEs of 

electrodes from Si/C nanoparticles13 are shown as reference. 

The implications are clear: smaller supraparticles with higher pore spacing facilitate more SEI 

formation, leading to lower first-cycle CE. In contrast, larger supraparticles, particularly those 

with wider supraparticle size distributions, exhibit reduced pore spacings, which reduces the 

SEI growth and boosts the overall formation cycles CEs. These findings highlight the intricate 

relationship between surface area, porosity, and CE performance which is controlled by not 

only the particle size distribution but also slurry rheological properties. 

From the 3rd cycle onward (at 0.5 C), medium-sized supraparticles (5.0 µm) consistently 

outperform both smaller and larger supraparticles in maintaining the highest and stable CE 

(Figure 7b), suggesting an optimal balance between surface area, porosity, and structural 

integrity. This stability, extending up to 100 cycles, further hints at the importance of 
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supraparticle size distribution for long-term performance, particularly as smaller supraparticles 

(2.0 and 3.3 µm) show significant fluctuations in CE starting from the 25th cycle. These 

fluctuations signal potential structural degradation or SEI reformation, pointing to the need for 

further optimization of supraparticle size and size distribution for enhanced cycling stability. 

3.5.3. Cycling stability 

Figure 8 shows the cycling performance of supraparticles with different median sizes and size 

distributions. The Si/C composite nanoparticles curve, as reported previously by us, is used as 

a reference for discussion.13  

It becomes clear that the cycling performance of electrodes made from supraparticles, and 

nanoparticles shows significant differences, depending on their median size and size 

distribution. For supraparticles with median sizes of 2.0, 3.3, 5.0, and 7.5 µm, capacity 

retention (reference to 3rd cycle) after 50 cycles was 81, 88.9, 90.6, and 86.7 %, respectively. 

After 100 cycles, retention dropped to 69.7, 81.9, 86.2, and 81.5 %, respectively. 

The better cycling stability of medium-sized supraparticles (5.0 µm) suggests an optimal 

balance between structural integrity and efficient Li-ion transport. These supraparticles 

exhibited fewer capacity fluctuations and better resistance to stress-induced degradation 

compared to smaller and larger particles. The performance gains with medium-sized 

supraparticles are attributed to their structural stability, reduced SSA (compared to 

nanoparticles), and optimized pore space, which together mitigate the effects of volume 

expansion and enhance long-term stability. 
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Figure 8. Specific delithiation capacity (represented by lines) for supraparticles with varying 

size distributions, denoted by red, magenta, blue and green lines corresponding to median 

particle sizes of 2.0, 3.3, 5.0, and 7.5 µm, respectively. The cycling curve of the Si/C composite 

nanoparticles (dark) was previously published by us.13 It is reprinted and used as a reference 

for discussion under the terms of the CAA 4.0 License (CC BY, 

http://creativecommons.org/licenses/by/4.0/). 

Interestingly, both large (7.5 µm) and small (3.3 µm) supraparticles exhibited similar capacity 

retention up to the 180th cycle. However, from the 180th cycle onwards, larger supraparticles 

demonstrated better retention (69 % vs. 64.4 % for the 3.3 µm particles) with a discharge 

capacity of 1409 mAh g⁻¹ at the 202nd cycle (Figure S11). This suggests that larger 

supraparticles offer enhanced stability in prolonged cycling compared to their smaller 

counterparts. In contrast, Si/C nanoparticles show capacity retentions like small supraparticles 

(3.3 µm) up to 100 cycles but on average nanoparticles-based electrodes clearly degrade faster 

(Figure S11). This difference is attributed to the higher SSA of nanoparticles, which increases 
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their available surface for SEI formation, combined with larger pore spacing that further 

exacerbates volume expansion effects. Collectively, these induce greater stress and accelerate 

structural degradation, ultimately resulting in contact loss with carbon agents or the current 

collector during cycling.  

Finally, our findings align closely with the mechanical-electrochemical simulation results from 

Wu and Lu, who analyzed agglomerates in Li-ion batteries.37 Their simulations evaluated stress 

distribution within secondary particles (supraparticles) of different sizes during cycling. The 

results revealed that larger supraparticles are more effective at mitigating stress compared to 

smaller ones, underscoring the critical role that the secondary particle size plays in managing 

mechanical stress within lithium-ion battery electrodes. This highlights the importance of 

optimizing supraparticle size to enhance both cycling stability and overall electrode 

performance. 

3.6. Importance of size control and sensitivity 

Figure S15 shows the cycling performance of supraparticles with sizes between and exceeding 

those in Figure 8, which have not been discussed previously. Analyzing Figures 8 and S12 

reveals that electrodes made of supraparticles (≥ 5.0 µm) exhibit consistent and reproducible 

performance. For comparison, data from smaller supraparticles (e.g., 2.5 µm size in Figure 

S12), which have not been discussed previously, show a significant capacity drop in the first 

few cycles due to electrical isolation caused by volume expansion. Accordingly, adhesion 

analysis (Figure S10) points towards a cohesive failure in smaller supraparticles. It is important 

to note that as the median size of the supraparticles increases to 8.5 µm (Figure S12), the rise 

of CEs in later cycles slows down. This is likely due to increased internal porosity, as also 

observed for 7.5 µm supraparticles, which acts as an additional degradation mechanism for 

electrodes made from very large supraparticles influenced by process conditions, such as 

particle mass loading in the spray-dying-dispersion and the chosen spray drying parameters.  
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Conclusion 

This study investigates the impact of sizes (associated morphologies) and size distributions of 

supraparticles on slurry behavior, coating quality, and electrochemical performance in Li-ion 

batteries. Structuring nanoparticles into supraparticles presents a significant advantage, 

offering improved handling, reduced SEI formation, and enhanced electrochemical 

performance. Our findings are summarized as follows: 

Supraparticle Morphology and Connectivity: Larger (7.5 µm) and medium-sized (5.0 µm) 

supraparticles exhibit better packing efficiency, providing well-defined ion transport pathways 

and improved electrical connectivity. Anodes made of smaller supraparticles (2.0 µm and 3.3 

µm) exhibit higher porosity, leading to less uniform packing and lower performance. 

Rheology and Coating Density: Larger and medium sized supraparticles exhibit better 

thixotropic recovery, leading to more uniform coatings with higher density compared to 

nanoparticle-based coatings and coatings made of smaller supraparticles. This contributes to 

enhanced electrode stability and performance. 

SEI Formation: Supraparticles confine SEI formation mostly to their outer surfaces (surfaces 

exposed to interparticle pores/spacing around supraparticles), minimizing internal SEI due to 

their compact structure, which retains internal macropore space for silicon expansion. Larger 

supraparticles with wide size distributions and smaller surface-to-volume ratios reduce the pore 

volume in the layers and provide smooth surfaces, thereby promoting stable SEI formation, 

improving CE, and enhancing cycle stability. 

Cycling Performance: Medium-sized supraparticles (5.0 µm) provide an optimal balance of 

initial capacity, CE, and cycle retention, outperforming both smaller and larger particles in 

long-term stability. However, it's important to note that the increased internal porosity and 

hollow structures within large supraparticles introduce an additional degradation mechanism 

for their electrodes, influenced by process factors such as particle mass loading and spray-
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drying parameters. Therefore, developing larger yet denser supraparticles is anticipated to 

enhance performance. Optimizing supraparticle size distribution and density is crucial for 

controlling porosity and stability, improving cycling performance. In this context, intraparticle 

macropores are as crucial as interparticle spacing, as altering the size of the initial building 

blocks significantly affects their balance. 

Recommendation: From insights gained from the overall results in this study we recommend 

medium sized supraparticles of sizes range 5-6.5 µm with average around 6.0 µm as the 

optimum sizes of supraparticles for high-energy applications.  

Future Applications: The control over porosity and particle distribution demonstrated in this 

study suggests that further optimization could significantly enhance not only battery 

performance but also other applications requiring high porosity control, such as fuel cells and 

electrolyzers. Therefore, the insights gained from this study extend beyond improving layer 

uniformity, demonstrating that controlling layer porosity using supraparticles is both feasible 

and effective, as evidenced by mercury intrusion results. Both interparticle pores/spacing, 

dictated by supraparticle size and shape, and intraparticle pores, influenced by nanoparticle 

size, play critical roles in optimizing performance. 
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