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ABSTRACT: We studied the eﬀects of shear and its history on
suspensions of carbon black (CB) in lithium ion battery electrolyte via
simultaneous rheometry and electrical impedance spectroscopy. Ketjen
black (KB) suspensions showed shear thinning and rheopexy and
exhibited a yield stress. Shear step experiments revealed a two time scale
response. The immediate eﬀect of decreasing the shear rate is an increase
in both viscosity and electronic conductivity. In a much slower secondary
response, both quantities change in the opposite direction, leading to a
reversal of the initial change in the conductivity. Stepwise increases in
the shear rate lead to similar responses in the opposite direction.
This remarkable behavior is consistent with a picture in which agglomerating KB particles can stick directly on contact, forming open structures, and then slowly interpenetrate and densify. The fact that spherical
CB particles show the opposite slow response suggests that the fractal
structure of the KB primary units plays an important role. A theoretical scheme was used to analyze the shear and timedependent viscosity and conductivity. Describing the agglomerates as eﬀective hard spheres with a fractal architecture and using
an eﬀective medium approximation for the conductivity, we found the changes in the derived suspension structure to be in
agreement with our qualitative mechanistic picture. This behavior of KB in ﬂow has consequences for the properties of the gel
network that is formed immediately after the cessation of shear: both the yield stress and the electronic conductivity increase with
the previously applied shear rate. Our ﬁndings thus have clear implications for the operation and ﬁlling strategies of semisolid
ﬂow batteries.
as Ketjen black (KB) or Timcal SuperP.3,11 These carbon
blacks are submicrometer-sized permanently fused aggregates
of hollow spherical subunits.12,13
The self-assembly of the CNPs, which depends on their
morphology, colloidal interactions, and shear conditions, is of
crucial importance to both the electrical and mechanical performance of SSFBs. For colloidal carbon black (CB) units in SSFB
media,3,5,11,14 the van der Waals attractions should be dominant
because their electrostatic interactions are strongly screened.11,15
As a result, CB particles tend to form large cohesive structures. At
rest (assuming a high enough concentration), they form a spaceﬁlling network that can conduct electrons and suspend EAPs
against gravity through yield stress.3,11 In ﬂow (e.g., pumping and
stirring), this network will be broken down into agglomerates.
This leads to shear thinning and much lower electronic
conductivity.3,11 Henceforth in this article we diﬀerentiate a
permanently fused primary aggregate from a reversibly ﬂocculated
cluster of these particles, which we will call an agglomerate.
Given the novelty of SSFBs, signiﬁcant developments are still
required to optimize their performance. Mechanical protocols

1. INTRODUCTION
In light of climate change, recent years have seen a rapid
adoption of renewable energy production.1 Because of their
inherently variable nature, renewables have placed considerable
strain on the power grid which must match energy production
to demand. A possible solution to this problem is to store
energy in batteries.2 Semisolid ﬂow batteries (SSFBs), a
recently developed conﬁguration,3−10 are considered to be
especially promising for such applications. SSFBs use two ﬂuid
electrodes, an anolyte and a catholyte, in place of traditional
solid electrodes. The use of ﬂuid electrodes decouples the
energy of a SSFB, which depends on the size of storage tanks,
from its power, which depends on the size of the reactor.
Additionally, SSFBs may allow easy lifecycle management
through the modiﬁcation or replacement of their ﬂuid electrodes.
SSFB electrodes are mixtures of conductive nanoparticles
(CNPs) and electrochemically active particles (EAPs) dispersed in an electrolyte solution. In most SSFBs, the EAPs
intercalate and deintercalate lithium whereas the CNPs wire
the EAPs to the current collectors. The continuous phase, a
mixture of linear and cyclic carbonate solvents with a high
concentration of dissolved lithium salt, provides an ionconducting medium and a source of lithium ions. The CNPs
used in SSFBs are typically superconductive carbon blacks such
© 2017 American Chemical Society
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should be a part of this optimization: ﬂuids containing adhesive
particles generally produce nonequilibrium structures that can
depend on mechanical history.16−19 In this article, we focus
on how shear and its history inﬂuence the electrical and
rheological properties of CB suspensions in an SSFB solvent.
Although the case of CB in an SSFB solvent is rather
new,3,11,15 we anticipate that some existing insights into the
behavior of CB suspensions will also be applicable to our
system. Suspensions of reversibly agglomerating colloids,
including those of CB, are known to be strongly shear- and
history-sensitive.11,20−25 The storage modulus and yield stress
of CB gels in oils have even been found to depend predictably
on the preshear used to prepare them.23,24 In ﬂow, the viscosity
of agglomerating colloidal suspensions typically decreases in
time after an increase in shear stress or rate, a well-studied
property known as thixotropy.21,22 The opposite eﬀect, a
temporal increase in viscosity after an increase in shear stress or
rate, known as rheopexy or antithixotropy, is much less
common but has been observed in CB suspensions.23,26−28
On a mechanistic level, rheopexy is thought to be caused by
ﬂow-induced ﬂocculation26 or by the ability of fractal structures
to rearrange (when shear is lowered) into more densiﬁed
agglomerates.23,24
The electrical impedance of CB suspensions in shear ﬂow has
been studied much less often, but also here a dependence on
the shear rate was found.11,14,29 The study of the suspension’s
rheology and impedance in conjunction capitalizes on the tight
connection of both behaviors to the (dynamic) microstructure
of the agglomerates, which can be diﬃcult to measure with
optical or scattering techniques, especially for concentrated
suspensions.
The present study makes use of a home-built rheoimpedance setup to characterize the inﬂuence of the mechanical
history on both rheological and electrical properties. This
approach addresses both the practical aspect of optimizing
SSFB performance via mechanical protocols and the more
fundamental aspect of understanding the underlying processes.
Both stepwise changes in shear rate and prolonged shear are
explored to identify transient responses. The cessation of shear
is included as a special case, where the system is left with
only Brownian forces to possibly reorganize its structure. Our
analysis of the structural changes at the microscale is supported
by a theoretical model in which the viscosity of eﬀective hardsphere agglomerates30 is combined with an eﬀective medium
theory for the conductivity.31

Because the KB aggregates are highly porous and their subunits are
hollow shells, the occupied volume fraction in suspension is much
higher than wf. A crude estimate can be obtained by multiplying wf by
the ratio of the density of graphite (2267 kg/m3) to the tap density of
KB (100 kg/m3), giving a volume fraction of 23%. Particles were ﬁrst
wetted by the pure (binary) solvent in polypropylene containers. After
8 h, LiPF6 salt was added via a concentrated solution to bring its
concentration to 1 M (viscosity 4 mPa·s32). After hand shaking, at least
8 h was allowed to let the particles equilibrate. Samples were then
homogenized by rotor stator mixing (Ultraturrax) at 15 000 rpm for
2 min and subsequently loaded into the rheometer.
In exploratory experiments, we found similar trends as reported in
this article. However, the quantitative behavior of KB suspensions in
SSFB media appeared to be sensitive to preparation protocols. This
could be related to the poor wetting by the solvents, the sensitivity of
the media,15 and the strong dependence of macroscopic properties on
the volume fraction (S.I. Figure S1 and ref 11). Thus, for KB we
performed all reported measurements (except those in Figure 4) on
the same sample.
2.2. Rheoimpedance Measurements. Parallel rheological and
electrical measurements on CB suspensions were performed on a
stress-controlled Haake Rheostress RS600 rheometer with a homebuilt adaptation for electrical impedance spectroscopy (EIS) measurements (Figure 1). A 60-mm-diameter parallel plate geometry was

Figure 1. Schematic of rheo-impedance setup. (Gray) Measuring
geometry with stationary lower and rotating upper plates. (Light gray)
Mercury solvent trap. (Red) Sample. (Blue) Isolating dielectric.
(Brown) Polypropylene body. (White) Cover.
designed with both stainless steel plates also acting as electrodes.
The rheometer rotates and measures torques on the upper geometry.
To allow a frictionless low-noise electrical connection to the rotating
plate, a mercury-based solvent trap was designed. A glass disk was used
to electrically isolate the lower plate from the rheometer body. Because
of its high thermal conductivity, glass also allows accurate temperature
control (at 25 °C for all experiments). Argon was used to drive the
rheometer air bearing.
EIS was performed using a four-terminal conﬁguration. The top
plate was excited by a sinusoidal voltage, and the bottom was
connected to the virtual ground of a transimpedance preampliﬁer
(HF2TA, Zurich Instruments). A buﬀer preampliﬁer (HF2CA, Zurich
Instruments) was used to measure the potential diﬀerence between the
plates. An impedance spectroscope (HF2IS, Zurich Instruments) was
used to extract the complex impedance from the current and voltage
signals. AC frequency sweeps were performed from 10 to 100 MHz
(total time 550 s) with a maximum applied voltage amplitude of
∼100 mV, which was within the linear response range of the samples.
The frequency-dependent impedance of the empty measurement
setup was calibrated out using the open short technique. Custom
LabVIEW programs were used to synchronize rheological and electrical measurements.
Rheo-impedance experiments were performed with a plate−plate
gap of 250 μm. Suspensions of CB have been reported to exhibit
nonideal rheometric behaviors such as wall slip, shear banding,23 and
vorticity alignment of ﬂocs,33 especially during start up and in lowshear-rate regimes. We avoided these eﬀects in shear ﬂow experiments

2. MATERIALS AND METHODS
2.1. Suspension Preparation. Ethylene carbonate (EC) and
dimethyl carbonate (DMC) were obtained from Sigma-Aldrich
(anhydrous, 99%+ purity). Binary mixtures of EC and DMC were
1:1 by mass. LiPF6 was purchased from Alfa Aesar (98% purity).
Ketjen black EC 600JD powder (KB) was obtained from AkzoNobel
(The Netherlands). Thermax N990 powder was donated by Cancarb.
SEM samples were dispersed in acetone, dried on silica wafers, and
then imaged. All other sample preparations and experiments
were carried out in an MBraun argon-ﬁlled glovebox (O2, H2O
below 5 ppm).
The two types of CB used in this study diﬀer in morphology (see
also Figure 8): for N990, the unit particles are more or less compact
spheres, whereas for KB, they are more fractal-like as a result of fusion
between spherical subunits. In this article, we designate the KB units as
aggregates, whereas clusters formed via reversible ﬂocculation are
called agglomerates. All suspensions of KB (of key interest for this
work) were prepared at a concentration of 1% by weight (wf = 0.01).
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by employing relatively high shear rates, where the samples behave as
low-viscosity liquids. To obtain a reproducible starting state (Figure 2),

of our KB suspension at rest can be analyzed with this approach. The
very high frequencies (Figure 3 insets) are aﬀected by uncompensated
parasitics.36
Under strong shear, it is unlikely to have a continuous percolated
network. (For low shear rates, dynamic percolation may be possible.37)
However, a measurement at two frequencies on the same KB
suspension, but now under high shear (open symbols of Figure 3),
shows that the low-frequency real impedance is ﬁnite whereas the
imaginary impedance is close to zero. This implies that the sheared
suspension has a ﬁnite electronic resistance.35 Our measurements on
other carbon black samples show that the overall impedance response
under shear is similar in shape to that at rest (Figure S2 in S.I.),
justifying our use of a single low frequency to probe the electronic
resistance. Additionally, this is in qualitative agreement with earlier
ﬁndings on carbon black ﬁlled polymers, which are known to conduct
electrons via two mechanisms. (At high volume fractions, when the
network is continuous, conduction is graphitic.38 The resistance is
still determined by constriction and ohmic contributions.39) When
the network is broken, the electrons can tunnel across small gaps
(<10 nm) modulated by thermal voltage ﬂuctuations.11,12,38,39
For larger gaps, however, the intrinsic electronic conductivity of the
medium dominates.39

Figure 2. Schematic of the general experimental protocol for
preshearing and subsequent measurements of the electrical impedance
and yield stress.
the suspensions were presheared at 10 000 s−1 for 200 s, after which the
shear rate was slowly ramped down to 316 s−1 and then held for 200 s.
Step changes in shear rate were followed by a dwell time (τ) that was
diﬀerent per type of experiment.
Measurements of the impedance during shear were made at a
frequency of 0.5 Hz to allow real-time monitoring of the electronic
resistance (Section 2.3). Measurements after the cessation of shear
were made after a 200 s rest period. Impedance spectra were measured
before the yield stress. In the measurement of the latter, the shear
stress was ramped up at 62 s per stress decade while measuring the
strain. The log(strain) versus log(stress) curve was ﬁtted with two
straight lines, and the stress at the intersection was taken to be the
yield stress.34
2.3. Impedance Analysis. Because ﬂow battery electrodes contain
conductive carbon in an electrolyte solution, they are capable of
both ionic and electronic conduction. To monitor the KB network
electrically, it is necessary to separate these contributions. This is done
using AC impedance spectroscopy. The KB suspensions have two
ionic charge carriers (Li+, PF6−) and an electron-conducting carbon
network. During measurements, the sample is in contact with electrodes that are ionically blocking but electronically reversible. Ignoring
geometric capacitance, the response of this system can be simpliﬁed35
to that of an ionic resistor and an ionic double layer capacitor, both in
parallel to the electronic resistance of the carbon black network. Thus,
the high-frequency real impedance gives us a parallel combination of
both resistances whereas the low-frequency real impedance gives the
electronic resistance. The data in Figure 3 illustrate that the behavior

3. RESULTS AND DISCUSSION
3.1. Intrinsic Flow Curves. We ﬁrst consider the
mechanical properties of our material in ﬂow. To characterize
KB, we measured a series of so-called “intrinsic” ﬂow curves23
where each of the curves corresponds to a unique preshear rate
(PSR) that was maintained for 1000 s in order to reach a steady
state. Data points within each curve were then obtained by
stepping from the PSR to the shear rate of interest and
recording the viscosity quickly. (As shown later, the viscosity
almost immediately reached an extremum; it was this extremum that was recorded.) All intrinsic ﬂow curves (Figure 4) are
strongly shear-thinning, as expected for agglomerating suspensions.27,30,40−43
Their dependence on the PSR reveals interesting information
that is speciﬁc to our KB system. First, the three curves with the
highest PSR coincide, indicating that a PSR of 1000 s−1 or
more brings the material to a similar microstructural state. This
suggests that the agglomerates are largely broken down under
these conditions: generally for agglomerating systems a stronger
shear ﬂow causes more breakup. After prolonged (2000 s)
shearing at the highest accessible shear rate of 10 000 s−1
(from an arbitrary starting state), the sample showed a similar
viscosity to the corresponding points of the intrinsic ﬂow curves

Figure 3. Nyquist with equivalent circuit (left) and Bode (right) plots of the impedance response of the KB suspension. The insets show a zoom
around high-frequency data (>10 kHz). Filled symbols: KB at rest. Open symbols: KB under 1000 s−1 shear (only two frequencies measured).
The 50 Hz points have been removed.
1631

DOI: 10.1021/acs.langmuir.6b04322
Langmuir 2017, 33, 1629−1638

Article

Langmuir

Figure 4. Intrinsic ﬂow curve of agglomerates formed at diﬀerent
indicated shear rates (lines to guide the eye). The data point indicated
by (x) represents the viscosity at 10 000 s−1 after prolonged shearing.

Figure 5. Evolution of viscosity and low-frequency real impedance of
the KB suspension after a shear rate step from 316 to 100 (black),
177 (red), 562 (green), and 1000 s−1 (blue). The inset is a close-up
view of the response of the electronic resistance around the step.

for PSR ≥ 1000 s−1: this again suggests that the agglomerates
are largely broken down (i.e., into primary aggregates) by
prolonged shear above 1000 s−1. Second, it becomes clear that
in order to reach a steady state even the highest preshears need
to be maintained for a signiﬁcant duration, i.e., much longer
than the data acquisition time (of O(1 s)) of the intrinsic ﬂow
curve. This is shown by the curves with PSR ≤ 316 s−1, for
which the viscosities are diﬀerent from the curves at higher
PSRs, even for measurement shear rates ≥1000 s−1. Third, the
fact that the intrinsic ﬂow curves with smaller PSRs have lower
viscosities is remarkable. In earlier suggested mechanistic
pictures,30 where shear leads to both breakdown and the
densiﬁcation of agglomerates into smaller units, a lower PSRs
should have resulted in higher viscosities, which is the opposite
of what we observe. This points to a mechanism that can enhance
the viscosity via agglomerate breakup in KB suspensions. The
remarkable fact that the lowest possible viscosity (21 mPa·s)
for our system was measured after the smallest preshear rate
(100 s−1) also points in this direction.
3.2. Transient Behavior. To examine this intriguing
behavior, we performed experiments in which the material’s
response to shear rate steps was followed over time.21 Both the
viscosity and the electronic resistance (Section 2.3) were
measured in parallel. All steps in the shear rate were taken from
the same reference condition, for which we chose 316 s−1,
based on Figure 4. Some typical results of these measurements
are found in Figure 5, where both steps up (to 562 and 1000 s−1)
and down (to 177 and 100 s−1) are illustrated.
Both the viscosity and the electronic resistance show a twostaged response. The initial response, a large increase in
viscosity and a small decrease in electronic resistance for a step
down in rate (transition from region I to region II) is fast, with
a time scale of O(1 s). It is not resolvable, considering the short
time that the rheometer needs to step the shear rate and the
low frequency of the impedance measurement. For the steps
to higher shear rates, the opposite trends were observed.
The secondary response (region II) is signiﬁcantly slower
O (100−1000 s). The slow changes in the viscosity and resistance appear to have similar time scales, suggesting that they
both probe changes in the microstructure of the KB.
Remarkably, for both signals, the secondary response
opposes the direction of the initial response. For the viscosity,
this amounts to a relatively small correction (rheopexy, shear
thinning), but for the electronic resistance, the secondary eﬀect

is strong and causes a reversal of the overall eﬀect. The shape of
the decays of the viscosity and electronic resistance is well
described by stretched exponentials; such behavior has been
found for the viscosity of thixotropic systems.21 The opposing
change in the second stage is found irrespective of whether the
shear rate is increased or decreased. Yet the direction in which
the shear rate is changed still determines the sign of all changes.
This is consistent with a picture in which all structural transitions
can be reversed via the shear rate.
3.3. Mechanistic Picture. We interpret our ﬁndings in
Figures 4 and 5 with a picture in which KB reversibly
agglomerates via two distinct mechanisms (each with its own
time scale and inﬂuence on the microstructure). Both the
viscosity and electronic resistance depend on the concentration
and morphology of the agglomerates, but in diﬀerent ways.
Flow curves of weakly agglomerating suspensions have been
successfully described by modeling the agglomerates along with
their immobilized solvent as eﬀective hard spheres.40,44 Shear
thinning is then explained via a lowering of the eﬀective hard
sphere volume fraction. As the shear rate is increased, higher
shear stress causes the agglomerates to break down into smaller
structures. Because of the fractal build up, the latter then
occupy less total volume (Figure 6). Although (strictly speaking)
perfectly fractal scaling is rarely observed, it is has often
been found that the structure of agglomerates can be fairly
well described with this concept.30,40,43,44
To understand the (changes in) electronic conductivity of
the suspension under ﬂow, we need to take into account the
formation of (transient) pathways with missing links (Figure 6,
left). As such gaps dominate the resistance (Section 2.3), the
macroscopic electronic resistance of the sheared suspension
should be determined by the concentration of agglomerates and
their typical distance of closest approach.
We now proceed to a qualitative interpretation of Figure 5,
focusing ﬁrst on the instant process. The jumps in viscosity and
electronic resistance may be explained by agglomeration due
to lower shear forces when the rate is stepped down. The
immediate sticking between colliding fractal entities leads to
more open agglomerates that enclose (and hence immobilize)
more solvent, causing the hydrodynamic volume fraction and
thus the suspension viscosity to increase. (Note: if the shear
step were small, then a binary collision would lead to an unstable
agglomerate, which would be quickly eroded.) The same
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Figure 6. Cartoon of fractal agglomeration and imperfect percolation (left) in shear ﬂow.

interpenetration should lead to an overall densiﬁcation of
agglomerates, leading to a lower hydrodynamic volume fraction
and hence a reduced viscosity. It also follows from mass
conservation that the average gap between agglomerates will
increase in this scenario. Additionally, the number of conduction pathways will decrease. Both eﬀects should lead to the
observed increase in the electronic resistance (after a stepdown
in shear rate).
The dependence of the interpenetrating agglomeration on
shear rate can be understood as follows: the stability of
interpenetrating KB units will depend on how deeply they are
lodged within the agglomerate because only the peripheral zone
will be exposed to local shear ﬂow. This explains why a complete reversal of the process can only be achieved at high shear
rates: here, the shear stresses are high and the agglomerates are
small, thus exposing all KB units to shear. (This is also why we
deﬁned our samples by preshearing them at 10000 s−1.)
In our proposed mechanism of interpenetrating agglomeration, the shape of the KB units plays an important role. To test
this hypothesis, we performed an experiment comparable to
that in Figure 5 but now with spherical unit particles (N990).
This system was also strongly shear-thinning, indicating
reversible agglomeration. A weight fraction of 30% was chosen
to achieve a high shear viscosity similar to that of KB. Assuming
that the hydrodynamic volume fractions of both suspensions
are comparable when they are broken down to the unit
particles, the only relevant diﬀerence should be the shape of the
unit particle (Figure 8).
The electrical resistance of the N990 suspensions turned
out to be too high to be accessible at experimental frequencies
(<10 mHz). As shown in Figure 9, similar to KB the N990
suspension also exhibits an immediate jump in viscosity when
the shear rate is stepped down, consistent with instant open

agglomerate restructuring also changes the ensemble of
interrupted conductive pathways. The formation of fewer but
larger agglomerates after a step down in shear rate diminishes
both the average gap between agglomerates and the number of
gaps an electron needs to traverse along a conductive path.
Both of these eﬀects should lower the electronic resistance.
However, they are counteracted by a decrease in the number of
electronic pathways. This could explain why the overall decrease
in resistance is small.
As shear is continued after the step down in rate, the
population of agglomerates is rejuvenated continually: bonds
between KB units are incessantly broken and formed by shear.
This provides a means for the agglomerates to overcome kinetic
barriers and discover more stable states. As the unit particles
(and their agglomerates) are (roughly) fractal in nature, the
randomness of collisions will occasionally cause two particles to
interpenetrate (Figure 7). Because of the enhanced contact area

Figure 7. Cartoon of interpenetrating agglomeration.

and generally lower aspect ratio, these agglomerates will be
more stable (compared to those formed by peripheral contacts).
However, if the shear stress gets high enough, they can be torn
apart again, making the process reversible. Clearly, a consolidated

Figure 8. Morphology of KB (left) and N990 (right). Particles are agglomerated by drying.
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solution (fractal dimension, collision radius). Several other
structure parameters can then be derived. Application of the
scheme to the measurements of Figure 5 leads to the data
shown in Figure 10. We observe that the trends used in our
qualitative interpretation are reproduced by the model.
For steps down in shear rate, the fast restructuring response
leads to larger and less dense agglomerates while reducing
both their concentration and spacing. During the slow
interpenetrating agglomeration process, densiﬁcation leads to
a strong increase in the interagglomerate distance (and hence
electronic resistance). For steps up in shear rate, the opposite
trends occur, in line with expectations.
3.5. Cessation of Shear. We revisit the experiment shown
in Figure 5, now focusing on the last stage (region III) in which
the ﬂow is terminated after 1000 s of maintained shear at a
constant rate. The (still monitored) electronic resistance shows
an immediate sharp drop, indicating the formation of a spaceﬁlling network. After 200 s, the resistance reaches a steady
state, justifying measurements of the full impedance spectra
(Figure S3 in the S.I.) and the yield stress. Remarkably, both
the low-frequency real impedance and the yield stress show a
systematic dependence on the previously applied shear rate,
with higher preshear leading to a higher yield stress and a
lower electronic resistance (Figure 11). This eﬀect is of strong

Figure 9. Evolution of the viscosity of an N990 suspension after a
shear rate step from 316 s−1. The colors correspond to shear rate steps
described in Figure 5. Viscosity axis breaks and their scales are not
uniform. One tick corresponds to 1 mPa·s.

agglomeration. However, when shear is continued, the viscosity
slightly increases (thixotropy, shear thinning), in contrast to KB
where it decreases. This supports our explanation that the
fractal morphology of KB is responsible for the occurrence of
interpenetrating agglomeration.
3.4. Modeling. To further examine the mechanistic
explanations proposed so far (as sketched in Figures 6 and 7),
we combined previously developed concepts for describing the
viscosity of agglomerating systems30 and the conductivity of ﬁlled
polymers39 into a simplistic theoretical scheme. A complete
description of this scheme is given in the Appendix. The scheme
uses the measured viscosity and electronic resistance as inputs,
and the collision radius and fractal dimension of the agglomerates (along with other derived geometrical properties) are
output. The Krieger−Dougherty equation45 is used to calculate
the hydrodynamic volume fraction from the relative viscosity,
while part of the Potanin model30,46 is used to set a relation
between the agglomerate radius and the fractal dimension.
An eﬀective medium approach for the electronic resistance is
used to construct an additional relation between the agglomerate
radius and the fractal dimension. In this approach, agglomerates
are assumed to occupy centers in a lattice. The resistivity of the
suspension then depends on the resistance between adjacent
occupied lattice sites and depends asymptotically on the fraction
of occupied sites. Because the agglomerates have a fractal
architecture, the resistance of a conductive contact depends not
only on proximity but also on the local (sub)unit particle density
in the outer shells of the agglomerate.
The above relations are solved numerically for each measured viscosity and electronic resistance combination to yield a

Figure 11. Rest impedance and yield stress of KB suspensions after
preshearing for 1000 s at indicated rates. (Lines are drawn to guide the
eye.) Figure 5 was used as the preshear protocol.

Figure 10. Analysis of the experiments of Figure 5 with our theoretical model. Shear rate steps are made from 316 to 100 (black), 177 (red),
562 (green), and 1000 s−1 (blue).
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signiﬁcance to SSFBs where a high yield stress and low
electronic resistance are both required for eﬃcient operation.
To explain these trends, we propose that the agglomerate
structures as deﬁned by the shear history are the building
blocks of the solid network that forms after shear cessation.
In other words, the agglomerates remain intact up to the
point where they connect with other agglomerates to form a
space-ﬁlling network. This freezing-in eﬀect is plausible, as
agglomerates can still undergo Brownian motion47 while thermal
forces are too weak to break bonds between the KB units.
The qualitative dependences of the electronic resistance and
yield stress on the preshear rate can be rationalized using
the same shear (history) induced changes in the agglomerate
structure as discussed earlier. High preshears result in small
agglomerates, which assemble into a highly branched network
when shear is stopped. Conversely, preshearing at low rates
leads to networks with fewer and thicker branches because
the agglomerates were larger in size and fewer in number.
The contact areas between the agglomerates that form the low
preshear gel should be similar (peripheral contacts) and
thus no more eﬀective at transferring charge and mechanical
force than those of the high preshear gel. However, in the
latter material, the number density of branches will be
higher, leading to a higher yield stress and a lower electronic
resistance.
To further examine the role of the secondary response (region II
in Figure 5) in light of the results of Figure 11, we explored the
eﬀect of shear cessation at diﬀerent times (Figure 12 left).

As before, a 200 s rest time was given between the cessation of
shear and the measurement of the impedance spectrum
(complete spectrum in S.I. Figure S4). The yield stress was
subsequently measured. As shown in Figure 12 right, both the
ﬁnal electronic resistance and yield stress were found to evolve
in an S shape from their starting value. (In the case of the step
to 100 s−1, steady state is not completely reached even after
1000 s.) Remarkably, their values for just 1 s of shear after the
step are fairly similar to those without the step. This indicates
that the structures of the gelled networks must also be very
similar, despite the instant agglomeration (viscosity and
resistance jumps) that occurred during the 1 s step. This
suggests that the instant agglomeration process and gel
formation on shear cessation have similar mechanisms. Additionally, it shows that the process responsible for the secondary
response (interpenetration) is almost exclusively responsible
for the change in rest network properties.

4. CONCLUSIONS
The inﬂuence of shear and its history on the rheology and
electrical impedance of Ketjen black suspensions in SSFB
solvent was studied with two objectives: to understand the
microscopic origin of the shear-history-dependent behaviors
and to identify the implications for the performance of SSFBs.
Both aspects revolve around the microstructure of the agglomerated suspension and how it adapts to mechanical conditions.
Given the diﬃculty of measuring relevant structural properties
directly via microscopy or scattering, our simultaneous study of

Figure 12. (Left) Evolution of viscosity and low-frequency real impedance after a shear rate step from 316 to 1000 (up) or 100 s−1 (down) with
shear cessation at diﬀerent (indicated) times. (Right) Rest network resistance and yield stress measured after shear cessation at the indicated time.
(Lines are drawn to guide the eye.)
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This equation contains two unknowns (Rc, df), and thus we use
the impedance data to impose an additional constraint.
The electronic resistance of the CB suspension is governed
by the macroscopic paths that electrons can take (percolation)
and the conductivity of the paths themselves, i.e., the
suspension behaves as a network of resistors. The eﬀective
medium approximation can be used to obtain an analytical
expression for the conductivity of the entire system.31 It
consists of replacing the random conductances by a single value
Gm such that the overall electrical properties are unchanged.
Sheared concentrated CB suspensions present a rather special
case, as the concentration is high enough that conductive chains
can form; however, the shear keeps these chains from being
continuous; despite percolation, the electrons still need to cross
insulating gaps between agglomerates. We assume that CB
agglomerates behave as conductive spheres whose centers are
randomly distributed in a lattice. As the electronic conductivity
of carbon is much higher than that of the solvent, we assume a
binomial probability distribution of conductivities between
lattice sites. If both neighboring sites are occupied, then the
conductance Gl will be ﬁnite; otherwise, it will be zero. From
the eﬀective medium approximation, it then follows that

the rheology and electrical impedance provided a good alternative method.
The fast and slow transient responses to a change in shear
rate clearly indicate that KB agglomerates exhibit two buildup
(breakup) mechanisms after decreasing (increasing) the shear
rate. The fast response was attributed to open agglomeration,
and the slower response was ascribed to an interpenetration
of the fractal-like KB units. The combination of these processes
leads to a shear- and time-dependent agglomerate structure that
gets frozen in on cessation of ﬂow, with a higher preshear
leading to a stronger gel with a lower electronic resistance, both
critical to SSFB performance.
An implication of our ﬁndings is that for SSFBs operated in
the absence of ﬂow, a high preshear (through fast pumping or
stirring) would be the best for minimizing the electronic
resistance and maximizing the yield stress. For SSFBs operated
in continuous ﬂow, a high ﬂow rate would minimize the
electronic resistance. We expect that our ﬁndings will be of
relevance not just to SSFBs but also to other systems that use
fractal carbon blacks such as ﬂow supercapacitors. Additionally,
we foresee electrochemical cycling to play an important role in
the rheo-impedance of ﬂuid electrodes (and vice versa) and are
currently investigating the same.

■

Gm =

APPENDIX
In this section, we describe a scheme for calculating the
structure in an agglomerated suspension, using measured data
for the viscosity and conductivity as input.
To describe the viscosity, we model the fractal agglomerates
as eﬀective hard spheres with a hydrodynamic radius Rh that
depends on the shear rate and history. The Krieger−Dougherty
equation45 is used to calculate the hydrodynamic volume
fraction ϕhyd from the viscosity η
⎛ ϕ ⎞−2.5ϕm
hyd
⎟
η = η0⎜⎜
⎟
ϕ
⎝ mhyd ⎠

l
ρ=
Gl

κ=

Rh
Rc

z
−1
2
ϕ z
−1
ϕm 2

(5)

In our case, l is equal to the total of the agglomerate diameter
2Rc and the (typical) gap between agglomerates d. The latter is
given by48

(1)

⎞
⎛⎛ ϕ ⎞1/3
d = 2R c⎜⎜⎜ m ⎟ − 1⎟⎟
⎠
⎝⎝ ϕ ⎠

(6)

The conductivity σl of the gapped connection depends on the
geometry and the prevailing conduction mechanism. Agglomerates separated by very small gaps (a few nanometers) conduct
through ﬂuctuation-induced quantum tunneling.12 For larger
gaps, the (low) intrinsic electronic conductivity of the solvent
dominates. As interagglomerate distances of tens of nanometers
are expected (shown later), Gl is given by
a
G l = σs ct
(7)
d

(2)

Note that we do not distinguish between subunits originating
from diﬀerent primary aggregates. Setting N0 equal to unity for
simplicity and invoking mass conservation, Rh can be related to
df.30
1/(3 − d f )
⎛
ϕhyd ⎞
−d f
⎜
⎟
R h = κa ⎜κ
ϕparticles ⎟⎠
⎝

(4)

where z is the coordination number of the lattice, ϕ is the
lattice occupation fraction, and ϕm is its maximum value
(taken equal to that of their hydrodynamic counterparts for
simplicity). For a lattice edge length of l, the suspension
resistivity ρ then becomes

where η0 is the solvent viscosity and ϕmhyd is the maximum
hydrodynamic volume fraction. From scaling laws for fractal
agglomerates made of spherical subunits (of radius a), the
number N of subunits enclosed by a shell of radius R is given
by30

⎛ R ⎞d f
N = N0⎜ c ⎟
⎝a⎠

z ϕ
−1
2 ϕm
Gl
z
−1
2

where σs is the intrinsic electronic conductivity of the solvent
and act is the charge-transfer area. To determine act, we assume
that conduction is eﬀective up to a depth h into the agglomerate as shown in Figure 13.
From the geometry of the system, it is evident that

(3a)

(3b)

ϕparticles is the volume fraction of the particles, in our case, the
volume fraction of the solvent-ﬁlled KB subunits. Rc is
the radius of the smallest sphere that completely encloses
the agglomerate, the collision radius. κ is the ratio of
the hydrodynamic to collision radius and is β/ 1 + 2/df .30

act = Fπ 2hR ch ≪ R c

(8)

where F accounts for the fact that the perimeter of the
agglomerate is not completely occupied. To evaluate F, we
consider a shell of thickness dRc around a fractal of radius Rc.
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Equations 3 and 11 can be numerically solved to obtain df
and Rc. To make a numercial analysis of the data in Figure 5,
some numerical constants need to be speciﬁed; these
can be found in Table 1. To obtain the magnitude of ϕparticles
Table 1. Parameter Estimates Used in the Model
parameter

value

η0
a
ϕmhyd
β
z
df primary aggregate
Rh primary aggregate

4 mPa·s
5 nm
0.71
0.72
12
1.8
90 nm

ref 32
ref 12
high-shear limit for hard spheres
ref 49
ref 13
DLS (S.I. Figure S5)

in eq 3, we use the assumption that for a suﬃciently prolonged
shearing at 1000 s−1 the agglomerates are completely broken
down.
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