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ABSTRACT: High-structured carbon fillers are ubiquitous as the
conductive additive comprising suspension-based electrochemical
energy storage technologies. Carbon black networks provide the
necessary electrical conductivity as well as mechanical percolation in
the form of a yield stress. Despite their critical role in determining
system performance, a full mechanistic understanding of the
relationship between the electrical transport characteristics of the
percolated, conductive networks of carbon black, and the rheological
properties is lacking, which hinders the rational design and
optimization of flowable electrodes and the processing of electrolytes
for batteries. Here, we report on the microstructural origin of the
rheological and electrical properties of two commonly used conductive additives in neat propylene carbonate. From quiescent
mechanical and structural studies, we find that the gelation of these carbon black suspensions is best described by the dynamic
arrest of a clustered fluid phase. In contrast, the temperature and frequency dependence of the ac conductivity near this transition
shows that mesoscale charge transport is determined by hopping between localized states that does not require a stress-bearing
network. This unique combination of microstructural characterization with rheological and electrical measurements enables
testing prevailing theories of the connection between electrical and mechanical percolation as well as improving conductive
additives to enhance electrochemical performance.

■ INTRODUCTION

The formation of stress-bearing, interconnected particle
networks is responsible for the liquid−solid transition in a
wide variety of attractive colloidal suspensions. This so-called
jamming transition demarcates the boundary between a
suspension that is liquid-like and solid-like and is often
characterized macroscopically by the divergence of the zero-
shear viscosity and onset of a finite yield stress and elastic
modulus.1 At a critical volume fraction, ϕ, or attraction
strength, U, properties typical of critical behavior are observed.
On microscopic length scales, this transition is characterized by
the dynamic arrest of the particles that comprise the network.
Polymer−colloid mixtures comprise the bulk of the exper-
imental and theoretical work to date exploring the origins of
phase behavior, gelation characteristics, and dynamical arrest.2,3

The physical insights gleaned through these efforts provide a
stepping stone to understanding more complex colloidal
systems that are typically used in important technological
applications, such as carbon black suspensions. A renewed
interest in the fluid−solid transition in carbon black
suspensions is motivated by their use as conductive additives
in flowable electrochemical slurries.4−6 In these suspension
electrodes, the electrical conductivity, yield stress, and viscosity
are key design parameters for achieving performance parity
with other electrochemical technologies.7 Despite their wide-
spread use, there’s a fundamental lack of experimental data, and
hence understanding, of the relationship between the electrical

and rheological characteristics of carbon black suspensions and
their microstructure.
A common hypothesis in the literature is that the network

backbone bearing stress in colloidal gels of carbon black is the
same percolated network that conducts electrical charge across
the sample.8 The implications of this hypothesis are an intrinsic
coupling between the elastic and electrical properties through
the topology and number density of stress-bearing chains and
that a system-spanning network of contacts must be present for
electrical conduction to occur. However, Narayanan et al. have
recently attributed electrical transport in carbon black gels to
hopping, which would not necessarily require a stress-bearing
network for conduction.9 A detailed study on the role of
microstructure to the overall conductivity of these system-
spanning networks has not been experimentally elucidated, and
therefore, their role in determining electrical performance
remains unclear. In this work, we report measurements of the
electrical and rheological properties of two model, conductive
additives formulated from commercially available, high-
structured carbon blacks. We characterize the electrical and
rheological properties of suspensions formed in propylene
carbonate at volume fractions spanning the gel boundary and
find that the stress-bearing structures are not responsible for the
bulk of electrical charge transport. Instead, we conclude that
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hopping transport between carbon clusters dominates the
temperature and frequency dependence of the ac conductivity
even when stress-bearing bonds are present. Finally, we connect
these macroscopic observations to the microscopic picture
using small angle neutron and light scattering measurements.

■ EXPERIMENTAL SECTION
Vulcan XC-72 (Cabot Corp.) and KetjenBlack EC-600JD (AkzoNo-
bel) were suspended in neat propylene carbonate (Aldrich). The
solvent has a dielectric constant of εm = 64 and viscosity of ηm = 2.5
mPa·s. Suspensions of carbon black are prepared using a Silverson
L4RT high-shear homogenizer to ensure that all the carbon is fully
suspended and wetted by propylene carbonate. Under significant
dilution, the carbon black particles are colloidally stable with Vulcan
and Ketjen possessing a RH = 135 and 167 nm, respectively
(Supporting Information). Rheological testing was performed on a
TA Instruments ARES-G2 rheometer using a 40 mm cone and plate
stainless steel geometry with 1° cone angle. A preshear protocol was
employed to ensure consistency of the rheological measurements.
Suspensions were presheared by 20 consecutive 30 s long flow ramps
from 500 to 0.1 1/s followed by a resting period of 20 min with no
applied shear. This protocol was chosen to reduce any residual effects
the high-shear homogenization preparation protocol may have on the
rheology.10 The measurements were performed at 25 °C in the linear
regime (γ0 = 0.001) as a function of frequency (Supporting
Information Figure S.1). SANS measurements were performed on
the NG7 30 m small angle neutron scattering (SANS) diffractometer
at the NIST Center for Neutron Research in Gaithersburg, MD,
USA.26 The entire Q-range was acquired by collecting SANS profiles
using four configurations, where Q = 4π/λ sin(θ/2). Three
configurations taken at λ = 6 Å with Δλ/λ = 10% covering the Q-
range from 3 × 10−3 Å−1 < Q < 0.4 Å−1. The Q-range from 1 × 10−3

Å−1 < Q < 6 × 10−3 Å−1 was acquired at λ = 8 Å with Δλ/λ = 10%.
Ultra small angle neutron scattering (USANS) measurements were
performed using the BT-5 instrument at the NIST center for Neutron
Research. The accessible Q-range in this instrument is 5 × 10−5 Å−1 <
Q < 1 × 10−3 Å−1, and the incident beam is slit collimated. For the
SANS and USANS experiments, the samples were presheared in the
rheometer using identical protocols as for the rheological experiments
before loading into titanium cells with quartz windows and 1 mm path
length for both the SANS and USANS measurements. The scattering
data were reduced to absolute scale using standard procedures and
IGOR Pro reduction macros.11 Dielectric spectroscopy measurements

were made using a network analyzer (Agilent 4294A-1D5) with a
frequency range spanning 40 Hz to 100 MHz in a sealed cell with
stainless steel electrodes using a 1.5 mm Teflon spacer and 100 mV
voltage amplitude.12 Short-circuit and open measurements were made
and the measured data corrected.13 Dynamic light scattering (DLS)
measurements were made with a Brookhaven Instruments Corp.
ZetaPALS particle sizer after diluting samples to 1.0 × 10−5 weight
fraction in neat propylene carbonate. Transmission electron
microscopy (TEM) measurements were made using a JEM-2010F
transmission electron microscope supported on Electron Microscopy
Sciences Formvar/Carbon 200 mesh copper grids. The size and
number density of primary carbon particles were counted using
ImageJ. Unless otherwise specified, all error bars represent one
standard deviation from the reported average.

■ RESULTS AND DISCUSSION
Dynamic Arrest and the Stress-Bearing Network

Properties. The model suspension electrodes are gels formed
from two commercial, conductive carbon blacks used in battery
and fuel cell applications, KetjenBlack EC-600JD (AkzoNobel)
and Vulcan XC-72 (Cabot). These particles are dispersed into
neat propylene carbonate using a Silverson high-shear mixer.
Linear viscoelastic moduli are measured as a function of
frequency for suspensions over a broad range of particle volume
fraction using a low strain amplitude (γ0 = 0.001). The liquid−
solid transition is identified by the onset of a finite elastic
modulus at a critical volume fraction, ϕc,g .

14 Samples prepared
below ϕc,g showed no measurable elasticity within the torque
resolution of the rheometer and were colloidally stable for
weeks on the benchtop, while above ϕc,g the elastic moduli are
nearly independent of frequency (Figure S.1). Following the
convention established for polymer−carbon composites to
eliminate the differences between the level of structure (i.e.,
porosity) in carbon black particles,15 the carbon volume
fraction based on the dry mass, ϕCB, is rescaled for both
carbon blacks by ϕeff = ϕCB/ΦCB,Ragg

, where ΦCB,Ragg
is

determined from the structural parameters of the primary
aggregate described in the Supporting Information and is 0.06
and 0.20 for Ketjen and Vulcan, respectively. This rescaling
allows for direct comparison between the two carbons. The
elastic modulus at 1 Hz is plotted versus ϕeff in Figure 1a and fit

Figure 1. (a, Top) Elastic modulus, G′, as a function of normalized volume fraction, ϕeff, for Ketjen and Vulcan gels. The torque resolution using this
tooling is ∼0.1 Pa. The model fits to the elastic moduli are overlaid on the data points. (a, bottom) Table of fit parameters to percolation equation,
G′ = G0(ϕeff − ϕc,g)

q. (b) Normalized combined desmeared USANS and SANS intensity, I(Q), versus scattering wave vector, Q, for Ketjen (top) and
Vulcan (bottom) above and below mechanical percolation threshold. The solid black lines indicate the power-law slope value at low Q, and the solid
gray lines are the form-factor model fits described in the Supporting Information for the dilute carbon black suspensions. Volume fractions that are
specified correspond to ϕeff.
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to the critical scaling law: G′ = G0(ϕeff − ϕc,g)
q.1 The fit

parameters G0, q and ϕc,g are shown in the table inset in Figure
1a for both model systems.
Microstructure Near the Liquid−Solid Transition.

SANS and USANS measurements provide microstructural
characterization of these suspension electrodes over a range of
length scales from nanometers to micrometers. Shown in
Figure 1b are the combined desmeared USANS and pinhole
smeared SANS profiles for both Ketjen and Vulcan suspensions
at concentrations that span ϕc,g identified in Figure 1a. The
scattering profiles are background subtracted and normalized to
ϕeff. When scaled this way, both Ketjen and Vulcan suspensions
show nearly identical scattering profiles with the largest
difference at high-Q originating from the core−shell nature of
the primary particles that comprise the Ketjen primary
aggregates (Figure S.3). Through ϕc,g there are no significant
structural transitions evident within the Q-range investigated
for either carbon black. The low-Q power-law slopes are shown
in Figure 1b for both samples and are 2.5 and 3.1 for Ketjen
and Vulcan, respectively. These power-law values are consistent
with the presence of compact structures exceeding many
micrometers in diameter.16 To further investigate this low-Q
structure, the desmeared form factor (see Supporting
Information eq S.2) of the carbon black aggregates, overlaid
on the scattering profiles in Figure 1b, was divided from the
measured scattering data to recover the static structure factor,
S(Q), as shown in Figure 2a.17 Close examination of the Vulcan
scattering profiles reveals a volume fraction dependent
depression for 1 < 2QRH < 10. This behavior is characteristic

of the excluded volume interaction that is seen in spherical
colloids where the well depth increases with concentration.18

The magnitude of the low-Q structure factor determined by this
normalization closely resembles measurements reported by Lu
et al. for colloidal clusters in phase-separating colloid−polymer
mixtures.16 Stable colloidal clusters are observed in a variety of
aggregating colloid and protein systems.19−21

To determine whether a stable clustered fluid phase exists, a
series of fluid sample concentrations below ϕc,g (ϕeff ∼ 10−3 to
10−1) were prepared for both carbon blacks. These samples
were then diluted to the same concentration (ϕeff ∼ 10−5) in
neat propylene carbonate without any vigorous mixing or
sonication for measurement of the particle size distribution by
DLS. Figure 2b shows the correlation functions that result from
samples of increasing concentration for both Ketjen and
Vulcan. As the volume fraction is increased, the correlograms
exhibit a continuous transition from a monomodal to
multimodal relaxation spectrum with an additional, longer
time relaxation feature. Distribution fits to the correlation
functions are shown in Figure 2b, where the fitting function is
the sum of two exponential functions. The first relaxation
feature is associated with the hydrodynamic size of the primary
carbon aggregates (Figure S.4), and we attribute the second,
slower relaxation to clusters that are comprised of irreversibly
bonded primary aggregates that are stable upon dilution. As the
concentration is increased for both Ketjen and Vulcan, the
number density of these clusters increases relative to the
primary aggregate population, while the average hydrodynamic
size of both populations remains relatively unchanged (see
Figure S.4). While the resolution of long relaxation times is
limited for DLS measurements, the hydrodynamic size
corresponding to the longer relaxation time is ∼5−6 μm for
both Vulcan and Ketjen. This length scale is consistent with the
structural length scale apparent in the USANS measurements,
although the full Guinier plateau cannot be resolved due to the
instrument resolution. It is also consistent with the length scales
of carbon black agglomerates commonly seen in carbon black
suspensions.22,23

Electrical Percolation and a Mechanistic Understand-
ing of Electrical Transport. The electrical properties of these
suspensions were measured using impedance spectroscopy for
volume fractions approaching ϕc,g (Figure S.5 and Figure S.6)
over a wide frequency range (40 Hz to 40 MHz). The
frequency dependence of the complex conductivity shows
characteristics of both ionic and electrical transport that depend
on the volume fraction of carbon black. The effect of changing
carbon volume fraction on the electrical component of the
spectra can be examined by plotting the ac conductivity, σac,
and relative permittivity, ε′, and the relaxation time, τ, versus
ϕeff for suspensions of both Ketjen and Vulcan in Figure 3. Due
to the double-layer charging at the electrode−electrolyte and
carbon−electrolyte interfaces, electrode polarization dominates
the impedance spectra at low frequencies. The total
conductivity, σac, is therefore taken at 20 kHz to probe the
macroscopic response of the free ions and electrons within the
sample. This conductivity contains both the ionic, σi,ac, and
electronic contributions, σe,ac, to mobile charge carriers σac =
σe,ac + σi,ac.

24 At low carbon black concentrations, σac is a weak
function of carbon black concentration and dominated by the
intrinsic ionic conductivity of the neat propylene carbonate and
the ions dissociated from the carbon black surface.25 Above ϕeff
= 0.005 and 0.01, respectively, both Ketjen and Vulcan show
electrical percolation behavior characterized by a strong

Figure 2. (a) Static structure factor, S(Q), versus scattering wave
vector, renormalized for the hydrodynamic diameter of the primary
carbon black aggregates, 2QRH, for Ketjen and Vulcan fluids near the
critical gel concentration. (b) Correlation functions, g2(τ), for Vulcan
and Ketjen samples equilibrated at the specified volume fractions and
then diluted to 1.0 × 10−5 weight fraction to perform the
measurement. The correlation functions represent the irreversible
aggregation that takes place as a function of concentration.
Distribution fits are overlaid as the solid black lines, and parameters
from fits are specified in Supporting Information Figure S.4.
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increase of the ac conductivity above a critical volume fraction,
ϕc,e. The samples above ϕc,e exhibit charge transport character-
istics consistent with those measured from carbon−polymer
composites where the highest conductivities achieved are far
below that of the intrinsic conductivity of the carbon black
powder.26 The permittivities, ε′, show a strong scaling with
volume fraction above ϕc,e at both low and high frequencies
with a strong frequency dependence (Figure S.6). Their
magnitude far exceeds that of a dipolar response, is far above
that of propylene carbonate, and, therefore, must arise due to
electron delocalization over mesoscopic length scales. This
phenomenon is known as a conduction current relaxation. Its
presence is consistent with current flowing along pathways
unaligned with the electric field that gives rise to a partial
interfacial polarization.27 Fits to the high-frequency ac response
of the material (Supporting Information Figure S.6) using eq
S.6 describe the frequency dependence of this response for all
volume fractions above ϕc,e and also allow for an estimation of a
relaxation time, τ, whose physical origin is connected to the
topology of the percolated path through the Barton−
Nakajima−Namikawa condition.27

The conduction mechanism in disordered conductors can be
deduced from the temperature dependence of the conductivity.
Under the condition that the carbon black concentration is far
above the electrical percolation threshold, σe,ac ≫ σi,ac, and
therefore a plot of σac versus temperature should provide some
insight into the nature of charge transport in these systems. The
temperature dependence of σe,ac for two concentrations of the
Ketjen suspensions and one concentration of the Vulcan
suspension far above ϕc,e is shown in Figure 4a. The ac
conductivity at concentrations above ϕc,e shows an exponential
increase of the conductivity with temperature. This behavior is
characteristic of a nonmetallic response in semiconductors
suggesting the transport process is activated. The generalized
Mott equation describes the temperature dependence of the
conductivity of a wide variety of disordered semiconductors,
σe,ac = σ0/T

β exp(−(T0/T)
α).28 The parameters α and β are

related to the nature of electron transport. Due to the colloidal
nature of these samples, it is anticipated that the variable range
hopping (VRH) model will be the correct description where α
= 0.25 and β = 0.5 and the hopping takes place from localized
states or traps within the conduction band. Fits to the VRH
model are overlaid on the experimental data and, for the limited
temperature range measured, show good agreement with the
model. The Ketjen sample above the gel concentration shows
temperature scaling identical to that for both the Ketjen and
Vulcan samples below the jamming transition. Consistency with
the VRH model requires that the relaxation strength Δε =
ε20kHz − ε10MHz decreases with increasing temperature, which is
indeed observed for all samples as is shown in Figure 4b.29

Comparison of the temperature dependence of the conductivity
with competing models shown in Supporting Information
Figure S.7 confirms that VRH represents the best agreement to
these data, but more definitive assignment would require an
expanded temperature range.

Structural Connection between Electrical and Me-
chanical Properties. The Hamaker constant expected for two
graphite spheres dispersed in polar solvents can be as high as
∼25 kBT.

30 Ketjen and Vulcan particles do possess a weak
surface charge, the ζ potential measured for Vulcan and Ketjen
(−20 and −16 mV in neat propylene carbonate, respectively),
which is sufficient to resist aggregation at very dilute
concentrations. As noted in the DLS measurements, we
observe a stable fluid phase composed of only primary
aggregates under very dilute conditions, ϕeff < 0.001 for both
carbon blacks. The colloidal stability of strongly attractive dilute
suspensions of colloids has been addressed using mode-
coupling theory by Bergenholtz et al. for square-well fluids.31

With the limits of low volume fraction, ϕ → 0, and large well
depth, U → ∞, a nonergodicity transition is expected to occur
at volume fractions insufficient to form stress-bearing networks.
Strong attraction between carbon aggregates is often invoked to
explain the gelation behavior of carbon black suspensions.
However, our data suggest that gelation does not occur due to
the strong attraction between primary aggregates, but instead
first a clustered fluid phase forms which then forms the system-
spanning network when further concentrated. Recent work has
shown that a long-range, weak repulsion can be sufficient to
stabilize a reentrant ergodic fluid phase composed of fractal
clusters.2,32 This phase arises due to the renormalization of the
pair potential between clusters as they grow. The particles
contained within such clusters are trapped and the local

Figure 3. (Top) ac conductivity, σac (S/m), measured at f = 20 kHz,
versus effective volume fraction, ϕeff, for Vulcan and Ketjen. (Bottom)
Relative permittivity, ε′, measured at f = 20 kHz and f = 10 MHz,
respectively, and τ versus effective volume fraction, ϕeff. Solid lines
through τ are to guide the eye and the arrows to indicate axis. For
reference, the mechanical percolation threshold, ϕc,g, is indicated by
the short-dashed vertical line and the electrical percolation threshold,
ϕc,e, indicated by the long-dashed vertical line for both Ketjen and
Vulcan.

Figure 4. Temperature dependence of (a) the total conductivity, σe,ac,
and (b) the relaxation strength, Δε = ε20kHz − ε10MHz, for Vulcan and
Ketjen samples at concentrations above and below the jamming
transitions. Overlaid in panel a are model fits to the Mott equation,
σe,ac = σ0/T

0.5 exp(−(T0/T)
0.25). Overlaid in panel b are linear fits to

Δε versus T.

Langmuir Article

DOI: 10.1021/acs.langmuir.7b02538
Langmuir 2017, 33, 12260−12266

12263

http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02538/suppl_file/la7b02538_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02538/suppl_file/la7b02538_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02538/suppl_file/la7b02538_si_001.pdf
http://dx.doi.org/10.1021/acs.langmuir.7b02538


dynamics appear arrested, but the clusters themselves are
ergodic and free to diffuse. A reentrant clustered fluid phase is
consistent with both the USANS and dynamic light scattering
measurements. Above a critical concentration, the aggregation
rate becomes finite and cluster formation is favored. As the
samples are concentrated further, the cluster number density
grows until they form a physically bonded network with a finite
modulus. In contrast to gel networks where the attractive bonds
between primary colloidal particles form the stress-bearing
network, the building blocks of gels formed from reentrant
clustered phases are likely weakly attractive or even repulsive.
The structural hierarchy provided by this mechanism suggests
that gels of carbon black in neat propylene carbonate are
comprised of dynamically arrested clusters with many strong
bonds within the clusters (intracluster bonds) and a small
number of weak bonds between clusters (intercluster bonds).
Therefore, the elastic moduli, which indicates the number
density and topology of the stress-bearing bonds, are
determined primarily by the intercluster bonds. For such a
scenario, the topological fractal dimension can be related to the
critical rheological exponent via the relation, Df = 3 − 1/q .
Using this relationship, Df = 2.6 and 2.7 for Ketjen and Vulcan
suspensions, respectively.33

This physical picture explains both the microstructural and
rheological measurements, but it does not explain the observed
electrical properties of these suspensions. Rather, electrical
percolation occurs for very low volume fractions as compared
with the jamming transition, i.e., ϕc,e = 0.005 and 0.01 for
Ketjen and Vulcan, respectively. If, as has been hypothesized,
the stress-bearing bonds (i.e., the intercluster bonds) are also
responsible for conveying electrical charges throughout the
sample, then electrical percolation should occur at or near ϕc,g
as the number density of these bonds becomes finite. For
colloidal suspensions, a finite modulus at zero frequency
requires an average bond number of 2.4. The condition,
however, for a system-spanning network requires only an
average bond number greater than 2.34 Such string-like particle
networks, while sufficient to conduct electrical charge, would
not contribute to an elastic stress. While this argument can in
principle predict a difference between the electrical and
mechanical percolation volume fractions, it fails to explain the
evolution of electrical conductivity under shear flow in carbon
black suspensions observed in the literature.35,36 The
application of steady shear to such a system should break
these tenuous bonds, particularly at high shear rates where the
shear stress overcomes the attractive interactions holding the
particles together. While the electrical conductivity is generally
seen to decrease under such conditions, this decrease is modest
and electrical percolation is maintained. This observation has
been noted by others who have looked at the evolution of
conductivity under shear flow.9 Therefore, while the elastic
bonds that comprise the network may contribute marginal
conductivity to the system, they do not dominate the electrical
behavior. A similar mechanism has been invoked to explain the
thermal conductivity of nanofluids composed of graphite flakes
in ethylene glycol where isolated graphite flakes first cluster and
then percolate to form a stress-bearing structure. In these
systems, it is the localization of solvent into the clustered phase
that is responsible for a rapid increase in thermal conductivity
over a narrow volume fraction37 Electrical percolation must,
therefore, be independent of the network elasticity. This is
allowed because hopping transport does not require intimate
mechanical contact between conducting phases for charge

transport to occur. Consequently, microstructural reorganiza-
tion provided by diffusion can bring two conducting phases
within the distance necessary for hopping to take place. This is
behavior similar to that observed for the percolation of water-
in-oil microemulsions, where the conductivity can be described
near the percolation threshold by considering a characteristic
structural rearrangement time relative to the diffusivity of free
charges within a conducting site.38

Further insight into the dynamics of the charge transfer
process comes from the power-law scaling of the ac
conductivity, σe,ac(ω) ∼ ωu where ω = 2πf is used in eq S.5
to fit the high-frequency impedance spectroscopy. This
behavior is often seen in a wide range of disordered conductors.
This scaling, sometimes called a Jonscher power law, generally
occurs when charge carriers (be they electrons, ions, polarons,
or holes) transport via discrete transitions in localized states.39

Hopping, trapping, and tunneling process all can give rise to
such a dielectric response, and therefore it is seen in a wide
range of materials.40 The dispersive nature of the response
indicates a self-similarity (either structural or temporal) that
dominates charge transport in these systems. The response can
sometimes be associated with a conduction current relaxation
that arises due to mobile charge carriers that take part in these
transport processes via conduction bands.41 Both the
anomalous and the Debye-like response are present in all
concentrations above ϕc,e tested, and the fits of the impedance
spectra to eq S.6 support that both types of transport are
necessary to describe adequately the frequency dependence.
At high frequency (>106 Hz) the parameter u depends on the

dynamic nature of charge transfer events. If this high-frequency
ac process is connected to the mobile charge dynamics that
determine the conduction current relaxation, then, in general,
the two responses will follow the same volume fraction
dependence. The two responses can be compared using the
relationship, u = t/(s + t) where t and s are the critical
exponents that define the scaling relations, σe,ac ∼ (ϕeff − ϕc,e)

t

and Δε ∼ (ϕeff − ϕc,e)
s. In Figure 5, we compare u calculated

directly from the high-frequency limit of the conductivity and
that determined from u = t/(s + t) where t and s are determined
as a function of volume fraction using a derivative method (see
the Supporting Information).42,43 Near the ϕc,e, the value of u is
very close to that expected at percolation0.72shown as the
horizontal black dashed line in Figure 5. Beyond the electrical
percolation threshold, the critical exponents derived from the
two methods show excellent agreement. Using both analyses,
the value for u approaches 0.5 as the samples near the ϕc,g.

40,44

This analysis shows that the electrical response described by eq
S.6 relates to electron motion along the same critical path.
Further it shows that this path is not directly linked to the
nature of the stress-bearing network but is instead linked to the
dynamics of the primary aggregate and cluster motions. As the
VRH characteristics are maintained through the ϕc,g, this shows
that the presence of stress-bearing bonds is not necessary to
convey electrons throughout the sample. Further, we postulate
that the diffusional motion of the mobile primary aggregates/
clusters which determine the distribution of trapping and
waiting times determines the magnitude of u. The change of u
from 0.72 to 0.5 suggests a continuous transition in electrical
properties as these dynamics slow on approach to the gel point.
At the gel point, electron transport becomes dominated by the
random walk of carriers through the three-dimensional network
that comprises the gel, but importantly it is the distribution of
cluster/aggregates within the sample that determines the
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topology of the percolated path and not the physical
connectivity.

■ CONCLUSIONS
In this work, we combine SANS, oscillatory rheology, and
impedance spectroscopy to investigate the relationship between
the structural, mechanical, and electrical properties of quiescent
carbon black suspensions. The electrical and mechanical
percolation thresholds are measured, which shows that the
onset of electrical percolation throughout these suspensions
occurs well before the gel transitions. Further, hopping is
shown to be the dominant charge transport mechanism below
and above the gel transitions. Therefore, the stress-bearing
chains that provide for a finite elastic modulus are not the
dominant contributor to the electrical behavior, and instead,
dynamic interactions dominate the variable range hopping
mechanism. This is determined both from the temperature
dependence of the ac conductivity as well as the volume
fraction dependence of the permittivity. Further, the micro-
structural characterization in this work identifies a double
ergodicity breaking mechanism as a function of volume fraction,
where first colloidal carbon black aggregates become unstable
against aggregation and form a reentrant clustered fluid phase.
Upon further concentration, the clustered fluid jams resulting
in relatively weak, heterogeneous gel.
These findings help explain several observations for carbon

black suspensions present in the literature, including the power-
law scaling between the electrical conductivity and elastic
moduli. This phenomenon arises because of the heterogeneity
of the network determined by the relative distribution of
aggregates and clusters, which in turn is a function of the
sample’s shear history. Further, we assign a different

mechanistic understanding to the origin of the electrical and
mechanical responses with respect to the prior literature that is
supported by a detailed microstructural study. These findings
also agree with reports of the shear rate dependent conductivity
data for carbon black suspensions; i.e., because direct carbon
particle contact is unnecessary to maintain conductive pathways
throughout the sample, the application of steady shear does not
significantly affect the dominant charge transport mechanism.
Rather, shearing affects the cluster size distribution. We
speculate that these new insights provide a potential path
forward to design lower viscosity conductive additives for
electrochemical flow applications as the interactions between
carbon black aggregates can be designed to optimize for a
cluster size distribution that provides for the maximum
conductivity without a corresponding increase in viscosity.
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