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Abstract

The ability to manipulate rheological and electrical properties of colloidal carbon black gels makes them attractive in com-
posites for energy applications such as batteries and fuel cells, where they conduct electricity and prevent sedimentation of
‘granular’ active components. While it is commonly assumed that granular fillers have a simple additive effect on the compos-
ite properties, new phenomena can emerge unexpectedly, with some composites exhibiting a unique rheological bi-stability
between high-yield-stress and low-yield-stress states. Here we report such bi-stability in suspensions of non-Brownian graphite
and colloidal carbon black in o0il, a model system to mimic composite suspensions for energy applications. Steady shear below
a critical stress elicits a transition to a persistent mechanically weak and poorly conducting state, which must be ‘rejuvenated’
using high-stress shear to recover a stronger, high-conductivity state. Our findings highlight the highly tunable nature of
binary granular/gel composite suspensions and present new possibilities for optimising mixing and processing conditions for

Li-ion battery slurries.
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Introduction

As global energy demand increases (IEA 2022; Barrett et al.
2022), sustainable storage and conversion technologies (solar
cells, batteries, fuel cells) are becoming increasingly critical
(IEA 2020). These devices are often fabricated from compo-
nents prepared as slurries combining carbon black and larger
granular particles such as graphite or other active compo-
nents (Entwistle et al. 2022; Wei et al. 2015; Kim et al. 2022).
Understanding the rheology of these mixtures is vital to opti-
mise device performance (Richards et al. 2023). As a result,
recent efforts have revealed an intimate connection between
the size of fractal carbon black agglomerates and shear stress

B3I Thomas Larsen
larsenn.thomas @gmail.com

Department of Materials and Production, Aalborg University,
Fibigerstraede 16, Aalborg East 9220, Denmark

2 Advent Technologies A/S, Lyngvej 8, Aalborg 9000,
Denmark

School of Physics and Astronomy, University of Edinburgh,
James Clerk Maxwell Building, Peter Guthrie Tait Road,
Edinburgh EH9 3FD, UK

which underlies the reversible thixotropic response of carbon
black suspensions under high-shear intensities (Hipp et al.
2021). On the other hand, low-intensity shear drives the den-
sification and anisotropic structuring of agglomerates notably
larger and denser than those formed under high-intensity
shear (Hipp et al. 2019; Wang and Ewoldt 2022; Varga et al.
2019). Upon cessation of flow, a conductive colloidal gel
forms (Helal et al. 2016; Narayanan et al. 2017) which may
prevent sedimentation of large granular fillers (Konda et al.
2023). Although these additives improve conductivity (Sul-
livan and Bose 2022; Don et al. 2022; Phillips et al. 2017,
Antunes et al. 2011), they also non-trivially alter the slurry
rheology and processability (Kim et al. 2022; King et al.
2008; Kwon et al. 2015).

Here we combine rheometry, electron microscopy and
dielectric measurements to examine the mechanical and elec-
trical properties of a model slurry consisting of graphite
and carbon black in mineral oil. We show that the material
is bi-stable, with shear acting as a switch between a high-
conductivity, high-yield-stress state and a low-conductivity,
low-yield-stress state, similar to recently reported bi-stability
in silica-based binary suspensions (Jiang et al. 2022). Our
results show that slurry processing conditions could dra-
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matically impact device performance, and should help guide
efforts to optimise mixing and coating processes.

Materials and methods
Suspension preparation

The synthetic graphite (Timrex KS150) and carbon black
(Ensaco 250G) were used as supplied by Imerys Graphite
& Carbon (Bodio, Switzerland). The fraction of graphite
powder passing through a 63 um aperture in vibrational siev-
ing was collected for the investigations. Optical microscopy
gave a count-based particle size distribution, from which we
estimate dogg ~ 58 um and dsp ~ 24 pum, with dx = y mean-
ing X % of the imaged particles have a diameter < y (Snow
2020). The assumption in our analysis that the particles are
spherical is acceptable given that KS150 graphite has a rela-
tively low aspect ratio. Heavy mineral oil (330760, viscosity
no = 0.16 Pa s at 23 °C) was obtained from Merck.

Carbon black powder was mixed with mineral oil in a
sealed 250 mL bottle by hand shaking followed by sonica-
tion (Bransonic 5510E-MT, frequency 42 kHz, 135 W) for an
hour. To prepare the binary suspensions, the gel was manu-
ally and vortex mixed with the graphite powder to obtain a
visually homogeneous suspension. Samples were stored at
room temperature and shaken and stirred vigorously before
being used for rheometry.

Rheometry

Rheological measurements were conducted on a stress-
controlled AR-G2 rheometer (TA Instruments) with a crossh-
atched parallel plate geometry (diameter 40 mm, gap height
800 um) and temperature kept at 23 °C using a Peltier plate.
To erase loading memory, the carbon black gel and binary
suspensions were subjected to a shear rate of = 1000 s~
for 1200s and 300s, respectively. We visually checked for,
but never found, sample fracture.

Cryogenic scanning electron microscopy (Cryo-SEM)

The scanning electron microscope (SEM) was a Zeiss Cross-
beam 550 FIB-SEM with a Quorum Technologies Ltd
PP3010T cryogenic attachment. After rheological measure-
ments, the upper geometry was lifted and a small amount
of sample was carefully transferred and spaced between
two rivets. The rivets were placed in a sample holder and
plunge-frozen into slush nitrogen before being loaded into
a Quorum chamber and freeze-fractured at —140°C. After-
wards, a 5 min sublimation at —90 °C removed any surface ice
introduced during the freeze-fracture process. The uncoated
samples were imaged with at 1kV acceleration voltage.
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Simultaneous imaging using a Zeiss ’'InLens’ secondary
electron detector and a secondary electron secondary ion
(SESI) detector allowed differentiation between topography
and composition.

Monte Carlo simulations were performed with the soft-
ware CASINO (v3.3.0.4) to estimate secondary electron
yields from sample constituents under our experimental
conditions (acceleration voltage 1kV and beam diameter
1.5nm). A density of 2.22 g cm—3 was used for the graphite
(from the manufacturer), and paraffins consisting of 14, 29
and 43 carbon atoms were used to model the mineral oil with
density 0.87 g cm 3.

Dielectric spectroscopy

Dielectric spectroscopy measurements were performed in
an HR-20 rheometer (TA Instruments) equipped with a
smooth parallel plate geometry (diameter 25 mm, gap height
800um). TRIOS software (TA Instruments) provided con-
trol of a Keysight E4980A LCR impedance analyser. Short-
and open-circuit measurements were conducted to correct
the raw data, collected in logarithmically spaced frequency
sweeps from 20 Hz to 2 MHz at an amplitude of 100mV.

In the main text, we consider only the real part of the com-
plex conductivity, Re (6*) = o' = we] €, with w = 2n f
the frequency of the applied field, €/ the imaginary part
of the complex permittivity, and € the permittivity of free
space. Dataforo’ (f) and €] ( f) are given in the supplemen-
tary information (SI) (Fig. S1). To obtain the low-frequency
(dc) conductivity, oqc, we fit the conductivity spectra by
€/ = 04c/ (wep) in the frequency range 20-1000 Hz and 20—
250 Hz for the composite and gel, respectively, since € (w)
exhibited a slope of -1 in this frequency range (Schonhals
and Kremer 2003). At least two spectra were collected for
each sample.

Results and discussion

Individually, carbon black (CB) particles (diameter ~ 300 nm
fused aggregates) in mineral oil form colloidal gels with finite
yield stress for weight fractions above a few percent (Trappe
and Weitz 2000; Trappe et al. 2007; Gibaud et al. 2010), while
the larger graphite (G) particles (size &~ 30 um) in oil is an
adhesive, non-Brownian suspension, also with a finite yield
stress (Richards et al. 2021; Larsen et al. 2023). So, we might
expect the graphite to act simply as an ‘active filler’ enhanc-
ing the gel yield stress (Chen and Dickinson 1999). Instead,
comparing the flow curves of a binary suspension (6 wt.%
CB, 24 wt.% G) to a 6 wt.% CB gel, we find a remarkable
dependence on deformation protocol in the binary system
that is absent in the CB-only gel, Fig. la. When the shear
stress, T(y), is progressively ramped down, the binary sus-
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Fig.1 a Shear stress, 7, as a function of shear rate, y, for 6 wt % carbon
black in oil (CB6) and 6 wt % carbon black + 24 wt % graphite in oil
(CB6/G24). For transient data see Fig. S2. During step-down, the sam-
ple is rejuvenated at yej = 1000 s~! for 300s between each y, and 7 is
recorded for 300s. Ramp-down is performed by progressively lowering
y with 3005 at each step. Vertical bars indicate the range of  measured
after reaching the maximum stress (squares) at each y when a steady
state was not reached. Only bars larger than the marker size are shown.
The horizontal dashed red line indicates the yield stress, ryH = 103 Pa,
of stepped-down CB6/G24. In b and ¢, the composite after ramping
down and quenching, respectively, is seen on the rheometer tool (diam-
eter 50mm), prior to collecting material for cryo-SEM imaging. d dc
electrical conductivity, oqc, measured 1000 s after the deformation pro-
tocol. The values of ogc (107> — 107" mS - cm ™) are comparable to
conductivities measured by Helal et al. (2016) in gels of CB with similar
specific surface area to ours (65 m?/g according to the manufacturer).
Error bars denote =+ one standard deviation based on measurements of
at least two different samples

pension displays a weak yield stress (< 5Pa) inthe y — 0
limit, below that of the un-filled CB-only gel (= 10Pa). If
we instead rejuvenate the sample by sustained rapid shear-

ing (y = 1000 s~! for 300s) between each applied shear
rate, the yield stress of the binary suspension increases by
over an order of magnitude to r;{ = 103 Pa. This strong his-
tory dependence is evident when we inspect samples in the
rheometer after measurement: a rejuvenated sample displays
sharp peaks (Fig. 1c) while a ramped-down sample appears
liquid-like (Fig. 1b).

This protocol dependence in mechanical properties is mir-
rored in electrical properties. Measuring the conductivity at
rest following shear cessation, we find a close to order of mag-
nitude larger conductivity in the high-yield-stress composite
relative to the ramped-down composite, Fig. 1d. Additionally,
the more than an order of magnitude conductivity increase in
the high-yield-stress composite compared to the high-yield-
stress gel demonstrates CB-G synergism in determining the
electrical properties. These observations hold for a range of
graphite contents in the composite (Fig. S3).

In contrast to the composites, the ramped-down CB-only
gel, although mechanically weaker, exhibits a marginally
higher conductivity than the quenched sample. A similar
shear-induced rise in conductivity in CB gels (Helal et al.
2016) has been attributed to the formation of ‘log-rolling’
vorticity-aligned flocs (Osuji and Weitz 2008; Grenard et al.
2011) driven by plate confinement (Varga et al. 2019). Rheo-
confocal images show similar structures in our CB-only
gels, Fig. S5, and we find a strain-dependent conductivity
in these gels that correlates with the formation and breakup
of these flocs, Fig. S4. So, vorticity-aligned floc forma-
tion is probably also responsible for the observed slightly
shear-dependent conductivity in our ramped-down CB-only
gel.

These combined rheological and electrical results show
that our CB/G composite switches between stable high-
conductivity, high-yield-stress and low-conductivity, low-
yield-stress states depending on the shear history. Similar
memory and bistability was recently observed in compos-
ites of colloidal gels and granular suspensions of silica
particles (Jiang et al. 2022), where the transition between
solid-like and liquid-like states originated from the collapse
of the gel network into compact, disjoint blobs at mod-
erate applied stress. We use cryogenic scanning electron
microscopy (cryo-SEM) to visualise the microstructure of
our model composite slurry to explore if a similar mech-
anism exists in our system. In secondary electron images,
the conductive filler particles (both large graphite flakes and
small carbon black aggregates) appear bright against the insu-
lating oil. This is expected for our low acceleration voltage
and consistent with Monte Carlo simulations comparing the
secondary electron yield (§) from graphite (§ ~ 0.9) ver-
sus various paraffins (to simulate mineral oil, § ~ 0.3).
Note that some bright, narrow lines in our micrographs (FL)
are fracture lines created during sample preparation. These
are clearly seen in secondary electron secondary ion (SESI)
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images (Fig. S6) that highlight topography, and should not
be confused with edges of graphite flakes.

In the high-yield-stress state produced by quenching from
high shear, Fig. 2a and b, irregular CB aggregates are evident
throughout the sample, well dispersed between the flake-like
graphite particles. In contrast, in the low-yield-stress state
following shear ramp down, Fig.2c and d, we find large,
isolated blobs (> 10 um) of CB aggregates, with the sur-
rounding fluid largely devoid of CB particles. These CB blobs
are notably denser than the well-dispersed CB particles in
the high-yield-stress state, compare Figs.2b with d. Large
area images, Fig.3 (and Figs. S7 and S8 in the SI), confirm
the generality of these features. While the composite shows
distinct microstructures in the two states, the differences are
less obvious in the pure gel after exposing it to identical shear
histories (Fig. S9). Importantly, in the absence of the large
graphite fillers, carbon black does not phase separate into
isolated blobs.

The collapse of the CB gel phase into compact, disjoint
blobs in the composite explains the decrease in conductiv-
ity and yield stress following the shear ramp down. The
microstructure in our low-yield-stress state differs some-
what from that in the fluid-like states in previously described
silica-based composites (Jiang et al. 2022). We find dense
aggregations of CB particles generally forming around the
larger graphite particles, while the small-particle blobs in
the silica-based composites were generally disjoint from the

Fig.2 Cryo-SEM images of our
carbon black/graphite composite
suspension after quenching to
70Pa (< 1y) for 2005 following
high-shear rejuvenation at

y = 1000s~! (a, b). In a,
graphite (G) is seen as large
(here ~ 10 pm), bright flakes,
while the bright continuous,
narrow lines are fracture lines
(FL), not to be confused with
graphite. Image b,
corresponding to the highlighted
region in (a), shows individual
carbon black (CB) aggregates,
appearing as small bright
particles, dispersed throughout
the matrix. Images ¢ and d show
the CB/G suspension following
the shear ramp-down protocol
described in Fig. 1a. Image (d) is
a closer view at the region
highlighted in (c), clearly
showing the dense structure of
CB blobs
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larger particles. This suggests significant attraction between
the large and small particles in our composites. This is per-
haps unsurprising. The interactions in the previously studied
model binary silica suspensions were designed to be non-
attractive between the small colloids and large grains. In our
case, we have clear evidence of attractive interactions in pure
CB and G suspensions. Since both CB and G are forms of
carbon, we may then also expect attraction between CB and
G particles. The resulting close proximity of CB blobs and G
flakes allows the latter to act as bridges between the former,
Figs.2c and 3b, which, together with the formation of densely
packed blobs with a low intrinsic resistance (Narayanan et al.
2017), may explain why the contrast in conductivity between
the two states in our system is less dramatic than the contrast
in the yield stress.

Our results so far show that our CB/G slurry exhibits
a shear-induced high-yield-stress/low-yield-stress transition
similar to the solid/liquid transition previously observed
in a mixture of attractive colloids and repulsive granular
particles (Jiang et al. 2022). In the previous system, the
solid/liquid transition was controlled by two stress scales:
the yield stress of the homogeneous solid-like state, ryH, and
a characteristic stress for breakup of the large blobs in the
liquid-like state, tp.

To see if this is also the case in our system, we use creep
tests to characterise the yield stress of our composites, vary-
ing the preshear stress 5. In these tests, we measure the

pre*
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Fig. 3 Large area cryo-SEM images of our CB/G composites a after
quenching to 70 Pa (< ry) for 200 s following high-shear rejuvenation
at p = 1000s~!, and b after the ramp-down protocol. Examples of
carbon black (CB) blobs, graphite (G) particles and fracture lines (FL)
are indicated by arrows

time-dependent shear rate y () for a sequence of increasing
fixed stresses 7, identifying the 7, from the onset of steady
flow, y () ~ const., in the long-time limit (see Fig. S10).
Prior to each test, the composite is prepared in either a het-
erogenous or homogenous state, followed by extended shear
at the given preshear stress 7.

At high preshear stresses, Fig. 4, we obtain the yield stress
of the homogeneous state, ry ~ 100 Pa ~ H, irrespective
of the initial state prior to applying rsrse. For preshear stresses
Tore ~ 200Pa, the 7y steadily decreases with decreasing
Tpres Toughly halving for 737 slightly above the homoge-
neous yield stress. For 7, > ryH, the yield stress remains
independent of the initial state prior to the preshear step.
However, preshearing below 'L'}I,-I reveals a bistable regime.
Initially homogeneous samples retain their yield stress so that
1y ~ ! ~ constant for Tore < r;l, while the yield stress
in the initially heterogeneous sample continues to decrease
with decreasing 7.

Thus, our graphite/carbon black composite exhibits sim-
ilar bi-stable rheology to that observed in the silica com-
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Fig. 4 Yield stresses (open stars) from creep tests (error bars indicate
the finite stress step size) on CB6/G24 after steady shear preshearing
at the indicated preshear stresses, TSrse' The sample was either initially
in a homogeneous state (hom.), obtained by pre-preshearing at y =
1000 s~ ! for 300s, or a heterogeneous state (het.) by pre-preshearing at
y = 105~ for 1000s. During subsequent preshearing, the accumulated
strain at each tS‘r*e was Yol = 20, 000, except at TSrse < 90 Pa for
CB6/G24 Hom. as the sample did not flow below its yield stress, 1:}1,'I =
103 Pa estimated from the flow curve in Fig. la, and indicated by the
vertical dashed red line, so a 200 s preshear was applied instead. For the
composite initially in the homogeneous state, the storage modulus G’
(solid circles), measured in the linear viscoelastic region (LVR), strain
amplitude y*¢ = 0.001 and frequency 10rad s~1, was obtained by
appending a 200 shear step at 90 Pa after shearing at the indicated tﬁﬁe.

Then, G’ was noted after 100s in the LVR

posites (Jiang et al. 2022). For preshear stresses above the
homogeneous yield stress, t;rse > ry, the sample response
is history-independent but depends on 7., with 7y ~ ry =
constant for high preshear stresses but then weakening over a
range of moderate preshear stresses, indicating the transition
from the homogeneous to the heterogeneous state. However,
the yield stress of our composite remains finite in the hetero-
geneous state, which might be expected given the large-small
attraction in our composites. With the large-small attraction
absent, or at least dramatically reduced in the composites
previously studied (Jiang et al. 2022), the percolated small-
particle network that underpins the solid-like response is
suddenly lost in the heterogenous blob-like state. However, in
our graphite/carbon black composite both graphite-graphite
and graphite-blob contacts enable the retention of a con-
nected, albeit weaker, structure in the heterogenous state. In
this weaker heterogenous state, the composite’s yield stress
should depend on the shape and structure of the blobs, so that
7y varies with the preshear stress in this regime. Thus, while
the bi-stable regime below rf is clear in both systems, the
transition between heterogeneous and homogeneous states
at higher stresses is less clear in our CB/G composites when

characterised by the yield stress.
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A clearer mapping onto previously found behaviour (Jiang
et al. 2022) results when we measure the small-amplitude
storage modulus (G’) of an initially homogeneous com-
posite after appending a low-stress creep step (shearing at
90Pa < ‘L’;,{) between our pre-shear step at ;. and our
oscillatory measurement, Fig.4 (filled symbols). Now, we
find a sharp jump in elastic modulus with G’ > 10*Pa
above 7. A~ 200 Pa and below =il = 103 Pa. This is con-
sistent with the initial drop in 7y at intermediate pre-shear
stresses, suggesting an estimate for the blob breakup stress
Tp ~ 200 Pa. While we do not fully understand why the tran-
sition appears sharper when measuring the elastic modulus
compared to the yield stress, we might expect adhesive large
particle contacts to be broken under small amplitude oscil-
lations (Richards et al. 2020), so that G’ provides a more
direct probe of the small particle network. We thus recover the
essential rheological features of the granular/gel composites
described previously (Jiang et al. 2022), with the homoge-
neous/heterogeneous (’solid”’/’liquid”) transition controlled
by two stress scales: the yield stress of the homogeneous
composite ry and a characteristic blob breakup stress .

Conclusions

We have shown that binary suspensions of graphite and car-
bon black particles display a similar mechanical bistability
as mixtures of granular and colloidal silica particles (Jiang
et al. 2022). Prolonged shear of the mixture at high enough
applied stress followed by abrupt cessation of shear produces
a high-yield-stress solid state — a gel of the smaller particles
in which the larger particles are dispersed homogeneously.
However, a gradual ramping down of the shear rate produces
either a liquid state (silica mixtures) or a low-yield-stress
solid (the present system) in which the smaller particles are
aggregated into discrete blobs. Such structure-rheology cor-
relations in cathode slurries have been reported before (Park
et al. 2022; Komoda et al. 2022), with some evidence for
history dependence (Park et al. 2022), so that bistability may
be generic to binary suspensions of large grains dispersed in
colloidal gels.

In our case, we find that the mechanically stronger
composite also has higher electrical conductivity. This find-
ing in our model system can be directly compared with
a similar correlation between higher conductivities and
discharge capacities in more elastic anode slurries for Li-
ion batteries (Sullivan and Bose 2022). Our cryo-SEM
images provide a direct, particle-level explanation of the
link between mechanical strength and electrical conductivity:
the higher-performance samples are produced using a shear-
ing protocol that completely homogenises the system, while
lower-performance samples are associated with a highly het-
erogeneous distribution of CB particles. A recent study using
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SEM and energy-dispersive X-ray spectroscopy (Saraka et al.
2020) points to a similar conclusion for the relation between
microstructure and performance in dried slurry coatings used
as electrodes in Li-ion batteries. This study does not, how-
ever, discuss the relative importance of slurry processing and
the subsequent processes of coating and drying in deter-
mining the microstructure. Our results suggest that slurry
processing certainly plays a key role. Future work may there-
fore fruitfully examine how the bistability of the slurry may
also influence the outcome of the coating and drying process.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00397-024-01439-
X.
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