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ARTICLE INFO ABSTRACT
Keywords: Carbon black dispersion is critical to achieving a percolated network in lithium-ion battery electrodes. Existing

Dry mixing

Conductive additive

Carbon black deagglomeration
Electronic conduction

Carbon coating

knowledge relies on legacy insights, lacks mechanistic understanding, and direct quantification of dispersion
remains challenging due to nanoscale particle sizes. This study presents the first mechanistic investigation of
carbon black deagglomeration via mechanofusion, using powder resistivity to examine deagglomeration
behaviour, linking dry mixing parameters, CBD structures and coating characteristics. Low powder resistivity can
be achieved with a short mixing time, while optimal mixing speed depends on carbon loading and mixing time.
Inadequate mixing results in inhomogeneous distribution of conductive additives, and excessive mixing breaks
down large carbon black structures necessary for long-range conduction, increasing powder resistivity. While
powder resistivity correlates with deagglomeration, it does not directly predict electrochemical performance.
These findings highlight the importance of a combination of long and short-range contacts in the carbon binder
domain, facilitated by conductive carbon coatings, to enhance electrochemical performance. This work in-
troduces a practical technique to assess carbon black deagglomeration, traditionally evaluated through slurry,
electrode, or cell-level properties. Powder resistivity can be effectively used to correlate carbon black structures
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with dispersion during mixing, providing a valuable tool for data-driven optimisation of mixing processes and

conductive network formation.

1. Introduction

Lithium-ion battery (LIB) electrodes are composites with a complex
structure obtained by a slurry consisting of active material, conductive
additive, and polymeric binder in a solvent, coated onto a current col-
lector. Cathode active materials generally have lower electrical con-
ductivity compared to the anode. For example, NMC has a conductivity
of 107°% - 1072 S em™! [1] depending on composition, and decreases
with increasing lithium content, while graphite, a common anode ma-
terial, has a conductivity of ~10* S em™! [2]. Additionally, the poly-
meric binder is electrically insulating. The addition of conductive
additives is crucial not only for the formation of the carbon binder
domain (CBD) but also for increasing the point-to-point electrical con-
tact of active materials for electrical conduction. The CBD also in-
fluences the pore networks and systems for ionic conduction. Therefore,
the CBD structures can greatly impact the electrochemical performance
of cathodes. Electrode heterogeneity greatly affects rate capability,
where a non-uniform distribution of active material and conductive
additive can lead to uneven electrode porosity and thickness [3-5]. It
was shown that a carbon-rich layer near the current collector improved
rate capability by up to 20 % [3]. Targeted CBD distribution localised
next to active material particles enhances conduction [6]. Additionally,
processing techniques with different mixing mechanisms greatly influ-
ence CBD formation and the resulting electronic and ionic networks [7].
The extent to which conductive additives are broken down governs
long-range conduction, while processing intensity and contact intimacy
dictate the short-range contacts [8].

In conventional wet slurry mixing, the extent of mixing and distri-
bution of the active material, conductive additive, and binder is often
unknown and unmeasured [9]. Challenges arise when attempting to
spatially design the distribution of conductive additives and, specif-
ically, the balance between long and short-range electrical contacts. This
is particularly important for micron-sized NMC and nano-conductive
carbon systems. A comprehensive review of electrode structures and
electronic conductivity was reported by Entwistle et al. [8]. Current
thinking defines these two pathway lengths vaguely based on their
length scale [7-10]. Long-range electronic pathways can be categorised
as the conventional understanding of electronic conduction, where the
interconnected network spans between the active material particles
within the 0.1-10 pm range. These form interconnected pathways that
span across the entire electrode, from active material particles to the
current collector. Short-range electronic contacts involve the nearest
neighbouring interactions between active material particles and adja-
cent CBD or particles, typically within the 1-100 nm length scale.
Baumgartner et al. [9] further discussed the concept of a medium-range
pathway through the active material, differentiating from the
short-range pathway that solely represents the interfacial resistance.

In our previous work [11,12], we proposed two CBD structures
influencing electronic conductivity in LIB cathodes: (1) bridge structures
occupying the spaces between NMC particles and forming the contact
points between two particles; and (2) film structures covering the sur-
face of NMC particles. The bridge structure correlates to the long-range
electronic pathways that form a percolated electrical network within
electrodes. The film structure correlates to the short-range contacts,
acting as interparticle electrical contact points to facilitate electronic
conduction between active material particles and the neighbouring CBD.
Subsequent calendering could further increase contact between these
CBD structures to enhance electrode performance [13,14]. The film
structure is analogous to carbon coatings established through wet or dry
routes, as demonstrated in various publications [15-18]. The primary
concern is uncontrolled film formation arising from the non-uniform

dispersion of carbon black in wet slurry mixing. This can lead to a
decrease in the effective interface between active material particles and
electrolyte. Therefore, it is important to control carbon black dispersion
through a mechanistic approach to tailor the desired film structure.

Carbon black dispersion also affects the electronic conduction
mechanisms within lithium-ion battery cathodes. The percolation the-
ory describes how electronic conductivity of a binary mixture of a
certain material and conductive additives changes as a function of the
conductive additive content (Fig. 1) [19]. Other mechanisms include
quantum mechanical tunnelling, where electrons that are excited and
possess higher kinetic and potential energies can jump over potential
barrier gaps [20]. In carbon black aggregates, electrons move along the
connected aggregate pathways until contact is made with another
aggregate [21,22]. Similarly, for primary particles, conduction also re-
lies on particle, though tunnelling can also occur [21,23]. Although
these mechanisms are widely accepted across different applications [9,
20,24-26], differentiating, and quantifying these different conduction
mechanisms remains extremely challenging, especially within the
complex CBD matrix.

Recent publications investigating the quantification of carbon black
deagglomeration were carried out through particle size analysis
[27-30], slurry rheological properties [6,28], or electrode and CBD
structures [27,29,31] correlated with electrochemical performance. The
process is time-consuming and requires significant experimental effort
for slurry preparation or electrochemical testing before any indications
of dispersion can be determined. Additionally, some techniques, such as
those involving slurry properties, are not suited for dry electrode pro-
cessing, where the distribution of the conductive additives and binder

A

Resistivity (Q cm)

Conductive additive content (%)

Active material e Conductive additive

Fig. 1. Percolation curve depicting the change in resistivity with increasing
conductive additive content. Adapted from Ref. [8]. CC by 4.0.



G.J. Lian et al.

remains an important aspect. Various powder characterisation methods
employed include: (1) volume resistivity measurements, where deag-
glomeration can be correlated to bulk resistivity in binary powder
mixtures [32]; (2) bulk and tapped density measurements where deag-
glomeration results in a better packing [33]; (3) particle size distribution
where deagglomeration causes shift in distribution peaks [27,30].

This study demonstrates volume resistivity as a promising proxy for
further investigation of carbon black deagglomeration behaviour during
mechanofusion mixing. While widely used to evaluate conductive ad-
ditive suitability [32,34,35], measurements can be affected by contact
resistances and experimental variation [36]. Improved setups, such as a
guard-electrode method [37] and silver-coated probes [38] have been
developed to improve accuracy. In a binary powder mixture of cathode
active material and conductive additives, resistivity depends on the
conductive additive content. Deagglomeration of carbon black ag-
glomerates into smaller constituents disrupts the interconnected
“chain-like” structures that enable continuous electronic pathways, thus
affecting bulk resistivity.

Here, mechanofusion approaches were systematically extended to
control carbon black deagglomeration during the dry mixing of NMC622
and carbon black. We demonstrated the application of a conventional
resistivity measurement technique to probe carbon black deagglomer-
ation. Particle surface morphology and process parameters were ana-
lysed to understand the impact of carbon black structures on active
material electronic conductivity. Electrochemical performance of the
electrodes demonstrated that the structure of the conductive network is
altered by carbon coatings, which strongly influences rate capability and
cycling stability. The insights obtained from this study provide valuable
guidance for the pre-processing of active material for wet slurry mixing
and aid in advancements of dry electrode processing.

2. Materials and methods
2.1. Materials

Commerecially utilised NMC622 (LiNig gMng 2Cog 202) from BASF SE
(dsg = 11.1 pm, density = 4.74 g cm >, theoretical capacity = 175 mAh
g~ at 4.2 V cut-off voltage) was used as the cathode active material. The
conductive additive used was carbon black C-NERGY™ Super C65 from
Imerys (dso = 32 nm, density = 1.60 g cm™~3). The polymeric binder was
poly(vinylidene) fluoride (Solvay Solef® 5130) from Sigma Aldrich. The
solvent for slurry preparation was N-methyl-2-pyrrolidone (NMP) from
Sigma Aldrich (99.5 % purity). All materials were used as received.

2.2. Experimental method

Binary powder mixtures of NMC622 and C65 were prepared in a
Nobilta™ Mini (Hosokawa Micron Corp.) mixer with varying NMC622:
C65 wt% formulations. All mixtures were weighed accordingly, making
up a total of 20 (£0.1) g for each sample. The mixer was then rotated to a
horizontal orientation. The powder mixture was first pre-mixed at 500
rpm for 2 min to disperse and homogenise the binary powder mixture
and then mixed for up to 60 min at 1000/2300/5000 rpm (tip speed =
4.61/10.6/23.04 m s~! respectively). The clearance between the rotor
blade and the inner wall of the mixing chamber was 1 mm. The tem-
perature of the mixer (average range of 19-22 °C) was regulated using a
cooling water source and air flow was maintained at approximately 2.8 L
min’l.

The binary powder mixtures were used to prepare the slurry for
NMC622 electrodes based on the formulation of 96:2:2 wt% NMC:C65:
PVDF using a Thinky mixer (Intertronics). The prepared slurry was
coated onto an aluminium foil (thickness = 15 pm) using a draw down
table (MSK-AFA-L800-H110, MTI Corp.) with a doctor blade gap of 150
pm. The coated film was dried at 80 °C for 1 h under ambient atmo-
sphere. The dried electrodes (~50 % porosity) were calendered to ~40
% porosity using a hot roller machine (MSK-HRP-01, MTI Corp.) at
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80 °C. Slurry formulations and electrode properties are provided in
Tables S1 and S2 respectively.

2032 stainless steel (316SS) coin half-cells were assembled using a
0.5 mm 316SS spacer, @ 14.8 mm calendered NMC electrode as the
cathode, a @ 15 mm lithium metal chip (thickness = 250 pm, areal ca-
pacity = ~50 mAh cm™?) as the counter electrode, a @ 16 mm glass
microfibre GF/F filter (GE Whatman, thickness = ~420 pm) as the
separator, a 1 mm 3168SS spacer, and a 316SS wave spring. 90 pL of 1 M
LiPFg in an ethylene carbonate (EC) and ethyl methyl carbonate (EMC)
(30:70 wt% EC:EMC) solvent with 2 wt% vinylene carbonate was used
as the electrolyte (Sigma-Aldrich).

2.3. Characterisation

A field emission gun scanning electron microscope (FEG-SEM)
(Inspect F50, FEI Company) was used to examine the surface
morphology of carbon-coated NMC622 particles. Samples were pre-
pared by attaching loose powders to conductive carbon tape attached to
an aluminium stub. Compressed air was blown from the edge of the
carbon tape to remove excess powder for better imaging. Samples were
coated with gold using a sputter coater prior to imaging.

The electrical volume resistivity of the powder samples was
measured using the 2-probe method through a 4-wire in-house designed
compression jig, as shown in Fig. 2. The set-up consists of an insulating
mould (material: Nylon 66) with a @ 12 mm die. The moulds were
supported by two copper contact stamps from both ends, each attached
to two insulated cables, connected to a digital multimeter (DMM7510,
Keithley Instruments). The mould with contact stamps was fitted into a
load frame (LF10CONF0001-P) equipped with a 10 kN load cell
(TX00723) from GDS Instruments where precise compression load was
applied. Contact stamps on both ends were each connected to the INPUT
(current) terminals and SENSE (voltage) terminals on the multimeter.
The 4W-Q configuration was used with the “offset compensation”
setting enabled. Contact stamps were cleaned and polished as required
to minimise the interfacial contact resistance between the copper stamps
and the sample.

To carry out resistivity measurements, several grams of sample were
weighed and filled into the die. As samples consist of different carbon
loading, free carbon content and varying carbon black structures,
powder packing can vary significantly. Since the die has a fixed volume,
the remaining unfilled sample was then weighed and used to determine
the total sample mass filled into the die. A separate contact stamp was
used to apply pre-compaction by hand to ensure as much sample was
fitted into the die as possible. Next, an initial compaction force of 50 N
was applied under the load frame, and the initial height of the powder
sample was measured using a standard digital height gauge. All mea-
surements were carried out at room temperature (approximately 20 °C),
starting by applying a load of 100 N, with further increments of 100 N,
up to 2000 N. Resistance values at corresponding compression forces
were recorded after a 1 min stabilisation period after the force was
applied. The corresponding height of the powder sample was measured
using a 10 mm linear displacement transducer kit with an accuracy of
0.07 % FRO (GDS Instruments).

The electrical volume resistivity (¢) at the corresponding powder
density (p) were calculated using Equations (1) and (2) based on the
methodology reported by Spahr et al., as shown below [32]. The volume
resistivity is denoted by the symbol ¢ by Spahr et al., but here, it is
denoted by the symbol ¢ to avoid confusion with the conventional
symbol of ¢ for electronic conductivity.

v=RYo &)
P=ar @

where R is the measured electrical resistance, A is the cross-sectional
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Fig. 2. Setup of the in-house designed compression jig used for resistivity by compression measurements (left) and schematic showing the compression support
mould (right).

area of the die, h is the sample height and m is the sample mass. 3. Results and discussion

The galvanostatic charging and discharging cycling of coin cells was
performed at different C-rates between the voltages of 3.0-4.2 V using a 3.1. Surface morphology of coated particles
Maccor 4000 Automated Test System under a temperature of 25 °C.

The surface morphology of polycrystalline NMC622 particles re-
sembles a framboidal (blackberry-like) texture formed by the aggregates
of the crystallites (Fig. 3a). The grains of these crystallite aggregates
form “pores” or “grooves” on the surface of the NMC secondary particle.
The structure of these grooves is important as they increase the area of

Fig. 3. SEM micrographs of (a) a pristine NMC622 particle, (b) carbon black C65 agglomerates and NMC622 particle surface coated with carbon black with C65 wt%
and mixing time of (¢) 2 wt% 2 min, (d) 2 wt% 60 min, (e) 10 wt% 2 min and (f) 10 wt% 60 min.
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contact of the NMC particles with the CBD. The CBD is the cluster of
conductive additive and polymeric binder formed during slurry mixing
and is crucial to forming a percolated electronic pathway. From a
manufacturing point of view, the carbon black-polymer clusters impart
gel-like characteristics to form a rheologically stable slurry [39]. The
pores on the NMC622 surface can also increase particle surface area in
contact with the electrolyte to enhance ionic conduction [40].

Carbon black, shown in Fig. 3b, is generally small colloidal particles
with a primary particle size of 10-100 nm and low bulk density [41]
compared to cathode active materials. Due to the small primary particle
size, carbon black particles experience interparticle interactions through
van der Waals forces, giving rise to the formation of larger aggregates or
agglomerates. These aggregates or agglomerates are in the size ranges of
~100 nm to a few microns and can affect dispersibility and electronic
conductivity [42]. This is in contrast with the active material particles
where the average size is 11.1 pm. Previous studies have shown that
nano-sized carbon black can occupy the voids between micron-sized
NMC particles, forming conductive networks to enhance electron
transfer within the electrode microstructure [8,9,12,32]. When two
carbon black particles come together, both attractive and repulsive
forces increase with different respective magnitudes. The resultant force
response curve indicates that a maximum attraction is reached at the
minimum of the potential well. Carbon black particles that are trapped
in this potential well form agglomerates. To separate them, by moving
out of this potential well, energy input is required. Therefore, it is critical
to consider the breakdown of these agglomerates into smaller constit-
uents to promote dispersion within NMC particles to improve electronic
contacts.

Carbon black deagglomeration can be separated into two steps:
rupture and erosion [30,35]. Rupture is the abrupt breakage of ag-
glomerates into aggregates once a critical shear stress is achieved. This is
related to the energy required to overcome the van der Waals forces
between primary particles that hold them together to form the ag-
glomerates. Erosion refers to the further deagglomeration of aggregates,
resulting in a decreased aggregate size or reduction into primary parti-
cles. This process occurs at a lower shear stress over a longer period of
time, so larger aggregates are gradually reduced to smaller aggregates or
primary particles. This dispersion behaviour is observed when NMC is
mixed with C65 through mechanofusion, and presumably, rupture oc-
curs immediately when mixing starts, provided the critical shear stress
has been reached based on the process conditions. Simultaneously,
during mechanofusion, carbon black is attached to the NMC surface due
to continued compression, progressively forming a coating around the
NMC particle. Further mixing results in a coating consisting of very
small aggregates or primary particles, where the erosion process con-
tinues, followed by compaction of the coating and spheronisation of the
surface, resulting in a smooth carbon-coated NMC particle. Dispersion of
carbon black is well-studied in industrial rubber applications, and dis-
persibility remains the same point of focus in battery manufacturing
[43]. Weber et al. suggested that the erosion process is influenced by
carbon black properties, specifically slower erosion with increasing
specific surface area [30]. As deagglomeration is a result of energy
input, dictated by process parameters, it is possible to control the extent
of deagglomeration and coating to tailor the desired film structures for
active materials.

SEM micrographs in Fig. 3c—f show that the varying carbon black
structures (indicated by red arrows) on NMC particles after mixing are
closely linked to the rupture and erosion process. Carbon blacks are
clustered, aggregated structures made up of small, spherical particles
and appear as a slightly brighter contrast. The background, consisting of
granular-shaped particles, corresponds to the crystallite aggregates of
NMC and appears as a slightly darker contrast.

For a short mixing time of 2 min, carbon black attached to NMC were
mainly agglomerates or large aggregates regardless of carbon loading
(Fig. 3c and e). The main difference between the two samples is the size
of the carbon black structures. At higher carbon loading, carbon black

Journal of Power Sources 659 (2025) 238311

structures appeared larger and less evenly distributed (Fig. 3e), indi-
cating that the deagglomeration process was less efficient within the
same mixing period. This can be attributed to the constant overall en-
ergy input being distributed across a greater number of agglomerates,
thereby reducing the specific shear stress acting on individual agglom-
erates. Consequently, the applied shear stress likely did not exceed the
critical threshold needed to overcome the van der Waals forces holding
the primary particles together. As such, the rupture process would not
occur, leading to carbon black largely retaining its agglomerated form.
After 60 min of mixing, a large portion of the initially large carbon black
agglomerates were broken down into small aggregates and primary
particles (Fig. 3d and f). At high carbon loading, this also resulted in a
higher surface coverage of NMC by C65 compared to lower loading
(Fig. 3f).

Although it is apparent from SEM micrographs that dry mixing leads
to carbon black deagglomeration to different extents, it is challenging to
quantify the degree of deagglomeration. The difficulty lies in the im-
aging of particles of two different length scales i.e., micron-sized NMC
particles and nano-sized carbon black particles. TEM is often deployed to
image and study the structure of carbon black. However, as only a small
observation region down to the nm-scale is possible, it is less practical in
terms of an overall representative evaluation of the whole sample.
Therefore, the selection of a proxy metric to evaluate and indirectly
quantify carbon black deagglomeration could have great utility.

3.2. NMC622 bulk resistivity

The intrinsic resistivity of NMC is temperature-dependent and
gradually increases with increasing temperature [1]. The bulk resistivity
also differs from the intrinsic resistivity (i.e., individual particle re-
sistivity) as the contact interfaces between particles contribute addi-
tional resistances to charge transport. For NMC622, the bulk electronic
conductivity was reported to be between 1072 - 1072 S ecm ™}, corre-
sponding to a resistivity of 100-1000 Q cm, based on dense sintered
pellets [1]. In this study, we found the resistivity of NMC622 powder
compressed to a density of 4.0 g cm™° to be around 528 Q cm. Although
this value is in rough agreement with the values reported in the litera-
ture, it does not represent the actual intrinsic electronic conductivity, as
complete contact between particles can never be achieved, even with
high compression force.

Furthermore, the electronic conductivity of NMC is also state of
lithiation dependent [44]. In general, resistivity decreases with
increasing state of lithiation of NMC. This is attributed to the increase in
Ni** ions, leading to holes in the (Ni**/Ni") band, and the decreased
distance of Ni**-0% from higher covalency, making Ni®T-0Z-Ni**
hopping easier [45]. For NMC532 (relative sample density 96-98 %)
with a reported electronic conductivity (o) of 1.3 x 1073s cm’l, this
corresponds to a state of lithiation of approximately 30-50 % (log ¢ =
—2.89) [44]. Ni is considered an active conduction site that may help
with electron hopping so NMC622 should possess a slightly higher
conductivity than NMC532 at the same state of lithiation. Note that for
NMC532, 622 and 811, their variation in electronic conductivity is
minimal.

In this study, NMC622 has a log ¢ value of —2.72 based on the
calculated resistivity at a sample density of 4.0 g cm™>. The relative
density is approximately 85 % based on the true density of NMC622, and
this resistivity showed minimal deviation with increasing compression,
which was assumed to be representative of the bulk of the sample. This
indicates that, here, the state of lithiation of NMC was estimated to also
be between 30 and 50 %, potentially slightly lower than that of NMC532
in the referenced study [44]. However, the distribution of electronic
conductivity is inhomogeneous within a single particle and, therefore,
represents a variation in the state of lithiation on different parts of a
single particle [46]. Despite this limitation, the estimated value still
provides a useful rough indication of the average state of lithiation for
the NMC particles used in this study.
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Fig. 4. Resistivity of pristine NMC and powder mixtures of NMC with 2 wt%
and 10 wt% C65 both mixed for 2 and 60 min.

3.3. Effect of carbon loading

Fig. 4 shows the resistivity of pristine NMC622 along with binary
mixtures of NMC622 containing 2 wt% and 10 wt% C65 (herein referred
to as low and high carbon loading respectively). Samples were subjected
to 2 and 60 min of mixing (herein referred to as short and long mixing
respectively) at 2300 rpm. The two mixing times were selected as they
represent the extremes within the broad mixing time studied and were
shown to have significant differences in resistivity, which will be dis-
cussed in Section 3.5. In general, the addition of carbon black resulted in
a significant decrease in the powder resistivity. Pristine NMC showed the
highest resistivity, and resistivity decreased significantly by several or-
ders of magnitude as the carbon loading increased from 2 wt% to 10 wt
% C65. Carbon black has a lower resistivity compared to NMC particles
and, therefore, forms a more efficient electronic pathway. Electrons
experience less resistance and can travel more efficiently, leading to a
decrease in the bulk powder resistivity. The density of the bulk powder
increases with compression force due to improved packing of NMC622
and C65, which is attributed to particle rearrangement and partial
fragmentation of agglomerates. At the same time, this results in an in-
crease in the electrical interparticle contact, maximising the contact area
between particles and potentially reducing the length of the pathways
required for electron transfer or even establishing new electronic
pathways.

For both low and high carbon loading samples, the resistivity for
samples mixed for 2 min is lower than that of 60 min. The volume re-
sistivity axis in Fig. 4 is presented in a logarithmic scale, which reflects
that the difference for 2 wt% C65 is much larger than that for 10 wt%
C65. This indicates that a short mixing time, corresponding to a low
degree of deagglomeration, is favourable to achieving low resistivity.
Fig. 4 also shows that there is a minimum resistivity, typically obtained
beyond a density of 4.0 g cm ™3, where the resistivity remains almost
constant with increasing powder density. It is likely that at this density, a
very high particle packing has been achieved, and therefore, the re-
sistivity is representative of the entire sample volume. For low particle
packing at low sample densities, there is a possibility of selective rep-
resentation of resistivity. This observation is attributed to the resistivity
of the NMC622, and therefore, the resistivity of the binary powder
mixture will not approach the conductivity of pure C65. When
approaching very high carbon black loadings, the bulk resistivity is
likely to be dominated by the resistivity of carbon black. However,
electrons are still likely to come into contact and travel through
NMC622 particles, which will increase the resistance experienced by
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electrons. This value represents the lowest resistivity that can be ach-
ieved for a specific carbon loading, mixing technique and process con-
ditions. With increasing carbon black loading, the electronic pathways
for electron transfer will increasingly be made up of long “chain-like”
structures of carbon black agglomerates and are less likely to travel
through NMC622 particles. Nevertheless, the minimum resistivity is
almost constant, which can also be observed in a typical percolation
curve as shown in Fig. 1. Upon reaching the percolation threshold, the
change in resistivity becomes less apparent and eventually remains
constant when approaching very high conductive additive content.

3.4. Effect of sample loading

Carbon black deagglomeration ultimately depends on the overall
energy input of the mixing process. To study the effect of sample loading
on deagglomeration, the conductive additive content (2 wt% C65) and
mixing speed (2300 rpm) were kept constant while the total sample
mass loading was varied. Fig. 5 shows a similar trend as described
previously in Section 3.3, where 2 min mixing yielded a lower re-
sistivity, and 60 min yielded a higher resistivity. The results also suggest
that an increase in powder sample loading led to a slight increase in
resistivity. For example, for 60 min mixing, a sample loading of 20 g
showed the lowest resistivity, followed by an increase for 50 g and 100 g.
This difference is less distinct for samples mixed for 2 min, as the degree
of deagglomeration of carbon black between the different sample
loadings is not as significant within a short time.

Increasing the sample loading with the same formulation corre-
sponds to an increase in the overall number of carbon black agglomer-
ates. The total energy input into the system is constant with identical
process conditions, resulting in a lower specific energy supplied to the
agglomerates as the amount of carbon black increases. Increasing the
total loading leads to a lack of free space available for particles to move
and interact. As a result, the change in the mixing profile can lead to less
shear forces generated and less uniform mixing. These can lead to a less
efficient deagglomeration process, affecting the subsequent dispersion
and coating onto NMC622.

Conversely, underloading can impact the shear rate, especially in a
system where large NMC particles and small C65 particles are present. A
higher specific energy input may be experienced by the particles,
resulting in more intense interactions that may cause particle breakage.
It is also possible that the energy input is wasted due to insufficient
interactions between particles. It is a balance between maximising
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Fig. 5. Resistivity of powder mixtures with varying sample loading and mixing
times of 2 and 60 min.



G.J. Lian et al.

process output and achieving consistent, optimal shear rates to enhance
mixing performance. Therefore, it is important to develop a mechanistic
understanding of how mechanofusion process parameters, combined
with sample formulation and loading, affect mixing efficiency.

3.5. Effect of mechanofusion process parameters

Mixing process parameters play a significant role in determining the
number and probability of interactions that occur between particles. The
total energy input into the binary powder mixture is controlled by the
mixing time and mixing speed. Prolonged mixing time maximises the
amount of energy input while increased mixing speed leads to higher
shear rates for more intense mixing.

Fig. 6a shows a binary mixture of NMC622 with 2 wt% C65, without
the aid of mechanofusion mixing (0 min), with the highest resistivity of
171.1 Q cm at a density of 4.0 g cm™>. For samples subjected to
mechanofusion mixing at 2300 rpm, an increase in resistivity with
mixing time was observed. In the cases studied, samples mixed for the
shortest time of 2 min showed the lowest resistivity of 75.7 Q cm, while
samples subjected to long mixing times of 30 and 60 min showed the
highest, and similar resistivities of 156.4 and 153.4 Q cm respectively. A
similar result was obtained for samples mixed at high carbon loading,
where 2 min mixing showed the lowest resistivity across all mixing
times, as shown in Fig. 6b. From these findings, it is concluded that a
short mixing time is favourable to achieving low resistivity for micron-
sized NMC622 with nano-sized carbon black.

An implication of these findings is that uniform dispersion is not
necessary, as supported by Huang et al. for the case of conductive
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applications [25]. Dannenberg [47] proposed that there is an optimum
dispersion time before agglomerates are broken down and the distance
between particles is increased. Cembrola [48] stated that the dispersion
process must be carefully controlled to avoid under or over-dispersion of
carbon black which may affect conductivity. Uniform dispersion is
usually achieved by a prolonged time of mixing, which may include
higher energy input to achieve a high degree of deagglomeration,
resulting in a homogenous mixture and narrow particle size distribution.
Short mixing yielding low resistivity implies that only minimal
agglomeration is required, and most of the carbon black within the
mixture should remain in larger structures. This also implies that there is
an optimum combination of small and large carbon black structures that
constitutes the optimal combination of electronic pathways.

The resistivities for both carbon loading samples, at various mixing
times, at a sample density of 4.0 g cm >, were extracted and are pre-
sented in Fig. 6¢ and d. For low carbon loading, the resistivity is more
sensitive to mixing time compared to high carbon loading. This is
evident in Fig. 6¢ with a large increase in resistivity of 75.7 Q cm to
153.4 Q cm, when mixing time is increased from 2 min to 60 min
respectively. The increase in resistivity with mixing time can be firstly
explained by a higher degree of deagglomeration of carbon black. Car-
bon black exists as long, “chain-like” structures within the interparticle
voids of NMC particles. These structures act as an interconnected elec-
tronic network that facilitates electron movement. When deagglomer-
ation of these structures occurs, this interconnected network is said to be
disrupted, thus resulting in a disconnected electronic pathway. Pro-
longed mixing can also increase the spheronisation effect of mechano-
fusion, resulting in a smoother active particle surface. Initially, carbon
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black rupture takes place, and large agglomerates are broken down into
smaller constituents. They also start to attach to the surface of NMC due
to high compression forces as the particles are forced through the
converging space. Prolonged mixing then results in erosion, gradually
reducing these aggregates into smaller particles and continued
compression leads to compaction of the carbon black coating. The
carbon-coated NMC surface is consistently sheared and polished during
the mixing process, which results in a reduction in surface area. In
comparison with loosely bound carbon black “chain-like” structures on
the particle surface, the smooth carbon-coated surface limits contact
area with other surrounding particles. In addition to the smaller carbon
structures resulting from mechanofusion mixing, the effect of increased
resistivity is more apparent.

For high carbon loading, the resistivity increases from 2.2 Q cm to
4.6 Q cm at 2 min and 60 min respectively, as shown in Fig. 6d. The bulk
resistivity is dominated by carbon black at high carbon loading. An in-
crease in carbon black agglomerates with the same energy input results
in slower deagglomeration of these agglomerates. Thus, a higher pro-
portion of large carbon black structures are retained, forming the
interconnected electron pathway. Since carbon black has a relatively
higher electronic conductivity compared to NMC particles, the resis-
tance to electron movement is lower. The higher the probability of
electrons travelling through NMC particles, the higher the resistance
experienced compared to a pathway constituted mainly of conductive
additive.

The relationship between mixing speed and resistivity is dependent
on the carbon black loading. GrieRl et al. [28] demonstrated the inter-
dependency between carbon black loading and the blade circumferen-
tial speed. For 2 wt% C65, mixing time is a key consideration when
selecting the optimal mixing speed as shown in Fig. 7a. For comparison
purposes, mixing speeds of 1000, 2300 and 5000 rpm are categorised as
low, medium, and high speeds respectively.

For short mixing times, medium to high speeds are desired, while
lower speeds are desired for long mixing times. The selection of mixing
speeds and times can be related to achieving a similar energy input
required for adequate mixing to achieve low resistivity. If low mixing
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speeds are required for long mixing times, this implies that similar en-
ergy input is needed for high mixing speeds to achieve a similar degree
of deagglomeration and the corresponding resistivity. Therefore, it can
be deduced that high mixing speeds, where the shear rate and energy
input are much higher, should require a short mixing time to achieve a
similar mixing intensity.

A different observation applies to high carbon loading samples. The
lowest resistivity was obtained at low mixing speeds, regardless of the
mixing time, as shown in Fig. 7b. The resistivity remains constant with
increasing speeds at short mixing times but increases sharply at long
mixing times. The percolated electronic pathways are formed mainly by
carbon black, and low mixing speeds result in very little deagglomera-
tion compared to low carbon loading. As a result, there is a higher
probability of large carbon black structures remaining after mixing and
retaining the interconnected electronic pathways (Fig. 7c). At a mixing
speed of 1000 rpm, a large portion of carbon black agglomerates is still
present after 2 min mixing, which may be attributed to insufficient shear
stress for rupture (Fig. S1). After 60 min mixing, aggregates were
observed, indicating that prolonged mixing led to sufficient energy for
deagglomeration (Fig. S1). This is evident from Fig. 7b where similar
resistivities were obtained for both 2 and 60 min samples mixed at 1000
rpm. However, as powders are subjected to resistivity by compression
measurements, these long-chain structures can still be re-established to
form the interconnected network.

Increasing the mixing speed corresponds to an increase in shear rates
[49]. Prolonged mixing results in a relatively higher degree of deag-
glomeration, resulting in agglomerates giving large aggregates. This
represents a disruption to these interconnected pathways, where the
long-chain structures are no longer present. In this case, even though the
percolated pathways still exist, electrons have an increased probability
of travelling through NMC particles, leading to increased resistivity
(Fig. 7d). SEM micrographs show that a large amount of carbon black
was deagglomerated and coated onto NMC, which is evident from large
particles with smooth surfaces due to C65 filling the surface pores of
NMC, followed by the spheronisation effect of mechanofusion mixing at
60 min and 5000 rpm (Fig. S2). Although the resistivity of these particles

120
(a) sample density: 4.0 g cm™ (b)
formulation: 2 wt% C65
E %
G L
G 1004 60min 9
> \ ) e
s -
®
k3
L 50 O}
3 T TR >
= . 2 min
L]
60 r T T T T
1000 2000 3000 4000 5000
Speed (rpm)
12
(C) sample density: 4.0 g cm™ (d)
formulation: 10 wt% C65 g
104 -
£ 60 min_~
C 8+ y
2
2 6
k7]
‘B %
[CRE T
3 2 min )
N 2 B -o— ———————0
0

: T T T .
1000 2000 3000 4000 5000
Speed (rpm)

Fig. 7. Change in resistivity with mixing speed for powder mixtures of (a) 2 wt% and (b) 10 wt% C65. Schematics depict the change in interconnected pathways

formed by carbon black after mixing for (c) low and (d) high carbon loading.



G.J. Lian et al.

is very low, it likely has a detrimental effect on ionic conductivity due to
the inaccessibility of NMC, limiting the surface area in contact with
electrolyte when fabricated into electrodes.

The shear rate and energy input are dictated by the mixing speed.
High shear mixing speeds are often linked to the power input and tip
speed of the rotor [50]. The dimensionless Froude-tool number has been
used as a method of quantifying mixing intensity between different
techniques. It is defined as the ratio of inertia forces to gravitational

forces, and for mechanofusion can be defined as [51,52]:
»?r,

8

Fr = 3

where w; is the rotor speed, r; is the rotor radius and g is the gravitational
constant.

In this study, the rotor radius (r;) was kept constant, and therefore,
the higher the Fr, indicates the higher the mixing intensity is. Westphal
et al. [18] found that dry mixing graphite with carbon black has minimal
effect on electrode resistivity up to Fr; due to only homogenisation of
powders but resistivity increases at higher Fry. Haselrieder et al. [51]
found that structural changes of carbon black agglomerates and coating
onto NMC surfaces can be observed in cathodes consisting of particles
processed with a low Fr; of 50 for 2 and 8 min mechanofusion mixing.
The findings also complement the observations reported by Bockholt
et al. with a Fr; of 400 [53]. Powder packing density was increased, but
the conductance of powders remained low.

While the use of Fr; has been studied on electrode resistivity and the
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interactions between graphite-carbon black and NMC-carbon black are
vastly different, a similar approach can be taken to establish the rela-
tionship between Fr, and powder resistivity of a binary powder mixture
of active material and conductive additive. In this study, a Fr; of around
50 (speed: 1000 rpm) represents the region where the lowest resistivity
can be achieved for all cases, except at low carbon loading with short
mixing times. For this specific case, an Fr; of 260 (speed: 2300 rpm) up
to around 1230 (speed: 5000 rpm) is more favourable for achieving low
resistivity. The Fr; is less important as mixing does not greatly affect the
resistivity and, thus, the carbon black structures for this condition.

For Fr; > 6-7, corresponding to a mixing speed of approximately 350
rpm, powders are already centrifugated and form an annulus on the
mixer wall. The Fr; ranges of 260-1230 show that the centrifugal force is
several magnitudes higher than the gravity force during mechanofusion
mixing. At these ranges, the high shear mixing is very intense, which
results in deagglomeration. In general, a high Fr; is preferred for short
mixing, and a low Fr; is preferred for long mixing, regardless of carbon
loading. The results complement the literature discussed, beyond a
certain Fry, the resulting resistivity is similar. Therefore, it can be
inferred that the structure of carbon black is also similar and thus in-
dicates a similar degree of carbon black deagglomeration.

3.6. Electrochemical performance
The effect of mechanofusion process conditions on the electro-

chemical performance of electrodes containing carbon-coated NMC
particles was evaluated. Electrodes were fabricated with a formulation
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of 96:2:2 wt% NMC:C65:PVDF using carbon-coated NMC through wet
slurry mixing. This corresponds to a theoretical formulation of
94.1:3.9:2 wt% NMC:C65:PVDF. Standard baseline electrodes with the
identical theoretical formulation were also prepared for comparison.

Fig. 8a shows the rate capabilities of the electrodes with formulations
of different carbon-coated NMC particles. In general, except for the
extreme dry mixing condition of 5000 rpm/60 min, all electrodes
exhibited a similar capacity at lower C-rates (below 2 C) and were higher
than the baseline electrode. This trend suggests that the carbon coating
on the NMC surface improves electrochemical performance through
better electronic conduction.

At a higher C-rate of 5 C, electrodes with NMC processed at 1000
rpm/2 min and 2300 rpm/60 min exhibited significantly better perfor-
mance than all other formulations, including the baseline electrode.
Specifically, the electrode containing formulation of 1000 rpm/2 min,
despite having a higher powder resistivity, showed the best rate capa-
bility at 5 C. This is likely due to the rough, incomplete coverage of
carbon coating, which enhances electronic conductivity, but also pro-
vides sufficient NMC surface area for contact with electrolyte for good
ionic conduction. Similarly, the electrode with 2300 rpm/60 min
formulation, which had higher powder resistivity, also demonstrated
improved rate capability at 5 C due to the increased amount of carbon
coating, which potentially enhanced short-range conduction at high C-
rates. These observations highlight the importance of the presence of
short-range electronic pathways, which enhance electrochemical per-
formance. This also demonstrates the influence of the extent of carbon
coating and the free carbon structures present, on the electrochemical
performance of the electrodes.

The long-term cycling performance of the electrodes was evaluated
over 200 cycles at 0.5 C as shown in Fig. 8b. The electrodes with for-
mulations of 1000 rpm/2 min and 2300 rpm/60 min showed superior
capacity retention of 78.6 and 77.9 % respectively after 190 cycles.
These electrodes also exhibited stable capacity retention after an initial
decrease, suggesting that the carbon coating improves long-term cycling
stability of the electrodes. This is in contrast with the baseline electrode,
where an initial high retention up to 100 cycles was observed, but starts
to degrade rapidly beyond that.

All electrodes with other formulations degraded rapidly after 50
cycles, which is inferior compared to the baseline electrode in terms of
capacity retention. Particularly, the electrode with the most intense
mixing formulation (5000 rpm/60 min), exhibited a different degrada-
tion profile with continuous degradation and no stable retention
throughout the cycle life. This could be attributed to the partial breakage
of NMC particles in the dry mixing process and the resulting smooth
NMC surface from spheronisation (Fig. S2), limiting ionic conductivity
and leading to high overpotentials and thus active material degradation
at high C-rates. Nevertheless, all electrodes with carbon-coated NMC
still exhibited better capacity retention compared to the baseline elec-
trode after 200 cycles.

The observed improvements in both rate capability and capacity
retention are likely due to the reduction in overpotentials facilitated by
the carbon coating from mechanofusion. The conductive coating en-
hances electron transport across the NMC surface, promoting short-
range electrical contacts with the surrounding CBD and improving
connections between NMC particles throughout the electrode. This
reduction in electronic resistance leads to lower ohmic losses, particu-
larly under the high current studied (5 C). The conductive carbon
coating could also potentially enhance charge transfer reactions which
lead to a reduction in the charge transfer overpotentials. Additionally,
the carbon coating also potentially reduces any side reactions with the
electrolyte, thus stabilising the particle interfaces and mitigating any
overpotential buildup. In short, the carbon coating can help reduce the
local overpotentials on the relatively large NMC particles which are
prone to polarisation and uneven current distribution where an uneven
distribution of conductive networks is present. These can all help to
preserve the structural and electrochemical integrity of the NMC over
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long-term cycling, thus enhancing both high-rate performance and
cycling stability of the electrode.

While most electrodes with carbon-coated NMC benefit from the
conductive coating in terms of electronic conductivity and performance,
the two formulations processed at 1000 rpm/2 min and 2300 rpm/60
min were the most effective based on the electrochemical performance.
Fig. 8c shows the SEM-EDX elemental mapping of the electrodes, indi-
cating that the strongest carbon signal originates from large, fluffy CBD
bridge structures between NMC particles, while particle surfaces exhibit
weak C signals. This may indicate thin or non-uniform coatings below
the mapping detection sensitivity. For 1000 rpm/2 min, SEM-EDX and
powder resistivity trends suggest a low amount of coating combined
with a large amount of free carbon, which forms extensive bridge
structures for long-range conduction while maintaining electrolyte ac-
cess to NMC surface. For 2300 rpm/60 min, a higher degree of coating,
along with smaller free carbon structures that form smaller bridge
structures within the NMC voids to enhance long-range conduction.
Supplementary SEM micrographs of carbon-coated NMC particles pro-
cessed at different conditions can be found in Fig. S3.

In other formulations, carbon coatings and bridge structures are still
present, but their proportions and spatial distribution are likely subop-
timal for achieving a favourable balance of electronic pathways. For
instance, when large bridge structures dominate and particle coating is
minimal, short-range electronic conduction at the particle interface may
be limited, leading to high interfacial resistance. In contrast, excessive
coating with insufficient bridge structures may favour short-range con-
duction but hinder ionic transport. This suboptimal balance between
short and long-range pathways likely accounts for the inferior rate
capability and cycling stability. The results suggest that the two optimal
formulations achieve a more effective balance, consistent with the
proposed CBD architecture in Section 1, where both film-like coatings
for short-range conduction and bridge-like structures for long-range
conduction are essential for optimal performance.

It is worth noting, however, that the coating can also influence ionic
transport to some extent, particularly if it is highly dense, potentially
impeding ionic conduction and contributing to poor cell performance.
Thus, an ideal film structure coating should either be a thin, uniformly
distributed coating or a non-uniform coating with incomplete coverage.
This is supported by the electrode with 2300 rpm/60 min formulation,
where a smooth and uniform coating is complemented by small free
carbon structures that form extensive bridge structures within smaller
voids between NMC. Similarly, the electrode with 1000 rpm/2 min
formulation showed excellent performance, likely due to a rough,
moderately distributed coating that is sufficient to enhance short-range
electronic conduction while still facilitating effective ionic transport.
The resulting free carbon structures are larger and can therefore
contribute to more bridge structures for long-range conduction. Further
investigation is required to systematically examine how coating prop-
erties, such as thickness, porosity and uniformity, affect ionic conduc-
tivity of the carbon-coated NMC electrodes.

4. Conclusions

Deagglomeration of carbon black involves a complex interplay of
process parameters and material properties, such as carbon black
loading, mixing time and speed, with appropriate characterisation
methods. To the best of our knowledge, this is the first mechanistic study
on the use of mechanofusion for carbon black deagglomeration as a
means of tailoring film structures for short-range electrical contacts.
From the findings of this study, the following conclusions are drawn:

1. The deagglomeration behaviour for nano-sized carbon black C65
with micron-sized NMC622 is strongly dependent on the overall
energy input, largely dictated by mixing time and speed. The degree
of carbon black dispersion plays a crucial role in determining the
formation of conductive networks within the electrode structure.
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2. The optimal mixing speed and time to minimise powder resistivity
depend strongly on carbon loading: high speeds with short mixing
times are most effective for low carbon loading, whereas low speeds
with long mixing times are more suitable for high carbon loading.

3. For high-power and energy density electrodes, minimal carbon black
(<2 wt%) is desirable to maximise active material content. While
powder resistivity correlates with deagglomeration, it does not
directly predict electrochemical performance, particularly for wet
electrodes, which is instead governed by the balance of short and
long-range electronic pathways.

4. Electrodes with a well-balanced distribution of short and long-range
conductive pathways, i.e., formulations of 1000 rpm/2 min and
2300 rpm/60 min, demonstrated improved rate capability and ca-
pacity retention despite higher powder resistivity, likely due to
reduced local overpotentials.

5. The findings apply only to micron-sized active material and nano-
sized conductive additives. The interactions between both nano-
sized active material and conductive additives remain an inter-
esting avenue to be explored.

This study presents a different approach to characterising carbon
black deagglomeration, departing from conventional metrics like slurry
properties. A more comprehensive understanding of the technical as-
pects associated with carbon black dispersion, as concluded above,
serves as guidance to improve the efficiency of the battery
manufacturing process. While powder resistivity correlates with carbon
black deagglomeration, it does not directly predict electrochemical
performance. Optimal electrochemical results depend on balancing
short and long-range conductive pathways. This work offers insights
into the link between carbon black dispersion, powder properties, and
cell performance for future research on active material and conductive
additive interactions, conductive network design, and dry electrode
manufacturing for next-generation lithium-ion batteries.
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