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ABSTRACT

Hypothesis: The macroscopic properties of carbon black suspensions are primarily determined by the
agglomerate microstructure built of primary aggregates. Conferring colloidal stability in aqueous carbon
black suspensions should thus have a drastic impact on their viscosity and conductivity.
Experiments: Carbon black was treated with strong acids following a wet oxidation procedure. An anal-
ysis of the resulting particle surface chemistry and electrophoretic mobility was performed in evaluating
colloidal stability. Changes in suspension microstructure due to oxidation were observed using small-
angle X-ray scattering. Utilizing rheo-electric measurements, the evolution of the viscosity and conduc-
tivity of the carbon black suspensions as a function of shear rate and carbon content was thoroughly stud-
ied.
Findings: The carboxyl groups installed on the carbon black surface through oxidation increased the sur-
face charge density and enhanced repulsive interactions. Electrostatic stability inhibited the formation of
the large-scale agglomerates in favor of the stable primary aggregates in suspension. While shear thin-
ning, suspension conductivities were found to be weakly dependent on the shear intensity regardless
of the carbon content. Most importantly, aqueous carbon black suspensions formulated from electrostat-
ically repulsive primary aggregates displayed a smaller rise in conductivity with carbon content com-
pared to those formulated from attractive agglomerates.
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Abbreviations: CB, carbon black; C-OH, hydroxyl group; C=0, carbonyl group; COOH, carboxyl group; DI, deionized; DLS, dynamic light scattering; FCDI, flow-electrode
capacitive deionization; HCl, hydrochloric acid; HNO3, nitric acid; H2S04, sulfuric acid; NaCl, sodium chloride; NaOH, sodium hydroxide; TEM, transmission electron
microscopy; USAXS, ultra-small-angle X-ray scattering; XPS, X-ray photoelectron spectroscopy.

* Corresponding author.

E-mail addresses: paoloramos2024@u.northwestern.edu (P.Z. Ramos), cccall@stanford.edu (C.C. Call), lvsimitz@stanford.edu (L.V. Simitz), jeffrey.richards@northwestern.

edu (J.J. Richards).

T Present address: Department of Chemical Engineering, Stanford University, Stanford, California, 94305, USA.
2 Department of Aeronautics and Astronautics, Stanford University, Stanford, California, 94305, USA

https://doi.org/10.1016/j.jcis.2022.12.017

0021-9797/© 2022 Elsevier Inc. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcis.2022.12.017&domain=pdf
https://doi.org/10.1016/j.jcis.2022.12.017
mailto:paoloramos2024@u.northwestern.edu
mailto:cccall@stanford.edu
mailto:lvsimitz@stanford.edu
mailto:jeffrey.richards@northwestern.edu
mailto:jeffrey.richards@northwestern.edu
https://doi.org/10.1016/j.jcis.2022.12.017
http://www.sciencedirect.com/science/journal/00219797
http://www.elsevier.com/locate/jcis

P.Z. Ramos, C.C. Call, L.V. Simitz et al.
1. Introduction

Seawater and brackish water are promising sources for obtain-
ing potable water beyond what the hydrological cycle provides. An
emerging water desalination technology that promises to deliver
high salt removal efficiency with scalable, continuous operation
is flow-electrode capacitive deionization (FCDI) [1]. FCDI replaces
the static, porous electrodes in conventional capacitive deioniza-
tion systems with conductive suspensions know as flow electrodes.
Flow electrodes used for FCDI consist of activated carbon with a
conductive additive dispersed in an aqueous solution [2,3]. The
activated carbon provides a large, pseudo-capacitance, originating
from its high specific surface area that traps ions in its electrical
double layer under an applied electric field [4,5]. In contrast, the
conductive additive, usually a nanoscale carbonaceous species,
facilitates electrical transport through the suspension by enhanc-
ing charge transport from the current collectors to the activated
carbon particles as they are convected down the flow channel
[3]. Unfortunately, the addition of the conductive additive causes
detrimental effects to the viscosity of the flow electrode. At particle
loadings necessary to achieve high electrical conductivities, it is
often observed that the viscosity of flow electrodes can exceed
10 Pa-s [6]. This leads to unacceptable pumping costs that affect
system level performance [7,8]. A balance between high conductiv-
ity and low viscosity must be achieved for any suspension elec-
trode to ensure mitigation of ohmic losses during
electrochemical cycling.

To this end, high-structured carbon black particles are com-
monly used as conductive additives in electrochemical energy stor-
age devices and electrically conducting nanocomposites as they
allow for a higher electrical conductivity with fewer mass of added
carbon [9-12]. The rheological properties of carbon black arise
from its complex microstructure hierarchy. At the nanoscale level
are porous primary particles that are chemically fused to create
fractal primary aggregates that are typically 100 nm in diameter
[13,14]. The primary aggregates make up the colloidal building
blocks in these suspensions, interacting to produce reversible frac-
tal agglomerates. Agglomeration in aqueous suspensions is often
explained using the Derjaguin, Landau, Verwey, and Overbeek the-
ory, stating that forces acting between two particles in suspension
are a balance of electrostatic repulsion and Van Der Waal’s attrac-
tion [15,16]. In order to control this balance, several research
groups have functionalized the surface of activated carbon
[17,18] and carbon nanotubes [19,20], another conductive additive,
in an effort to minimize agglomeration by enhancing electrostatic
stability. While successful, open questions remain regarding how
surface functionalization affects the colloidal interactions that dic-
tate both the rheology and conductivity of these suspensions. The
lack of understanding leaves no clear direction towards engineer-
ing flow electrodes with improved performance.

In our work, we provide a quantitative comparison of the rheo-
electric behavior of carbon black particles suspended in water. We
compare dense suspensions formulated from oxidized Vulcan
XC72R carbon black (CB) to that of the pristine material. We show
that oxidation results in an enhanced surface charge density and
electrostatic stability due to the installation of carboxyl groups.
Using ultra-small-angle X-ray scattering, we quantify the micro-
scopic effects of oxidation and show that the electrostatic stabiliza-
tion is maintained with increasing carbon loadings. As a result,
oxidation leads to a shift in the onset of the fluid-solid transition
to higher weight fractions. Finally, we evaluate the rheo-electric
behavior of dense suspensions of both pristine and oxidized CB
in flow and compare the evolution of the viscosity to the electrical
conductivity as a function of shear rate and particle loading. While
oxidation of the CB particles leads to reduced suspension viscosi-
ties, we find a trade off in the electrical performance. Oxidized
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CB displays higher conductivities when the suspensions are a fluid,
but pristine CB exhibits a greater rise in conductivity with increas-
ing particle loadings past solidification.

2. Materials and methods
2.1. Materials

Vulcan XC72R carbon black (CB) was purchased from Cabot Cor-
poration (Boston, MA, USA). 98 wt% sulfuric acid (H,S04), 70 wt%
nitric acid (HNOs), and 38 wt% hydrochloric acid (HCl) were
obtained from Thermo Fisher Scientific (Waltham, MA, USA).
Sodium bicarbonate, sodium hydroxide (NaOH), and sodium chlo-
ride (NaCl) were bought from MiliporeSigma (St. Louis, MO, USA).
10 kDa dialysis tubing was obtained from Spectrum Chemical
(New Brunswick, NJ, USA). 0.15 pS/cm deionized (DI) water was
used for all experiments.

2.2. Oxidation procedure

Acid oxidation of the CB surface follows a similar procedure
previously performed on carbon nanotubes [21]. CB was refluxed
in a concentrated acid mixture of 3:1 vol/vol H,SO, and HNOs at
80 °C for 4 hr, and then washed with DI water by centrifugation
(4000 rpm) for 10 min repeatedly until the supernatant exhibited
a pH above 4. The collective precipitate was resuspended in DI
water and neutralized to a pH of 7 with sodium bicarbonate. Excess
salts were extracted via dialysis until the conductivity of the DI
water dialysate buffer was maintained below 5 pS/cm overnight.
The oxidized sample was freeze dried at —55 °C under vacuum
for a minimum of 3 days.

2.3. Suspension preparation

CB was dispersed in neat DI water using two methods depend-
ing on the CB content (w) defined as

__Dry Carbon Black Weight H _
= Toral Suspension Weignt < 100%. Any conversions to volume frac

tion were performed using an assumed dry CB density of 1.8 g/
mL. Dilute CB suspensions (w < 1 wt%) were bath sonicated for
30 min to break down the agglomerates to its primary aggregate
building block. Concentrated CB suspensions (w > 1 wt%) were
prepared using a five-step method, consisting first of vortex mixing
at 3000 rpm for 2 min that then alternates with bath sonication for
at least 10 min. The latter preparation method was necessary to
thoroughly disperse CB in water and break down the attractive
agglomerates, leading to a reversible, thixotropic suspension [22].
These preparation procedures were repeated prior to any measure-
ments of the CB suspensions to prevent the effects of sedimenta-
tion or colloidal phase separation.

2.4. Characterization

High-resolution images of the particles were taken with a JEOL
2100F transmission electron microscope (TEM) with a Schottky
field emission gun operated at 200 kV. X-ray photoelectron spec-
troscopy (XPS) was performed using a Thermo Scientific ESCALAB
250Xi with a 500 pm monochromatic Al Ko X-ray source. Emitted
binding energies were charge-shifted to reference adventitious
carbon at 284.8 eV. Peak fitting analysis was performed using the
Thermo Fisher Scientific Avantage Datasystem software. The zeta
potential as a function of pH was measured using a Malvern Instru-
ments Zetasizer Nano ZS with DTS1070 capillary cells. A 5 mM
NacCl stock solution was prepared and shifted to a pH of 4 and 10
with the addition of HCl and NaOH, respectively. With the same
zeta instrument and holder, the hydrodynamic size of the primary
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aggregates was calculated through dynamic light scattering (DLS)
with a 173° detection angle (backscattering). Measurements were
taken every 30 sec for approximately 30 min with dispersants of
increasing NaCl concentration. The CB microstructure was evalu-
ated with ultra-small-angle X-ray scattering (USAXS) on the
Advanced Photon Source 9ID beamline at Argonne National Labs
[23,24]. Scattering intensities were collected in a wavevector range
of 1 x 10°to 1 x 10~* A~1. The data was corrected for slit smearing
and the scattering contribution of the solvent using IGOR Pro
reduction macros [25].

2.5. Rheo-electric measurements

Rheological measurements were completed using a TA Instru-
ments ARES-G2 strain-controlled rheometer with a custom-built
Couette geometry (titanium, inner diameter = 26 mm, outer
diameter = 27 mm) that simultaneously allows for dielectric spec-
troscopy measurements using a Keysight E4990A Impedance Ana-
lyzer (FigS1) [26]. The planar gap at the base of the geometry was
set to 0.5 mm. All measurements were maintained at 25 °C using a
forced convection oven. Mechanical percolation of the CB
microstructure was characterized through small amplitude oscilla-
tory shearing. A 0.5% strain amplitude was applied to the samples
ranging from 10 to 0.1 rad/s. Flow curves were constructed using a
previously established protocol that eliminates the effects of aging
and sedimentation in CB suspensions [13,27]. A constant shear rate
was applied to the suspensions starting from 2500 s~! to 10 s~ for
5 min at each shear rate of interest, separated by a preshear step at
2500 s~! for 5 min to erase structural history. A necessary correc-
tion of the measured shear stresses was administered for the con-
tribution of the geometry solvent trap (FigS2). The complex
impedance of the CB suspensions was taken in the direction of
the shear gradient, perpendicular to the cup and bob walls, over
a frequency (f) range of 20 Hz to 5 MHz. The measured response
was corrected for the residual impedance of the wires and stray
admittance of the open circuit using standard corrections [26].
The sample conductivity (k) was calculated from the corrected
complex impedance (Z*) using the equation k¥ = Re(C/Z") where C
is the cell constant calibrated using salt solutions of known con-
ductivity and Re signifies the real component of the complex
number.

3. Results and discussion
3.1. Surface chemistry and charge

Acid oxidation of the CB surface was accomplished by refluxing
dry particles in a concentrated acid mixture of 3:1 vol/vol H,SO4
and HNOs at 80 °C for 4 hr. After washing and neutralization, oxi-
dation was confirmed using an XPS survey scan of the dry pristine
and oxidized CB powder (Fig. 1a). The scan was truncated to high-
light the carbon (C 1s) and oxygen (O 1s) peaks. Oxidized CB exhi-
bits an increase in the O 1s peak relative to the C 1s peak from 0.02
to 0.08, indicating the installation of oxygen-containing functional
groups. A small trace of sulfur was detected comprising less
than ~0.4 and ~0.2 atomic % for pristine and oxidized CB, respec-
tively. This sulfur impurity is normally found on the surface of
commercial XC72R [28,29] and can be selectively removed follow-
ing acid treatment [29]. The notable absence of nitrogen and resid-
ual sulfur content confirms effective removal of excess acids during
the washing procedure. The high-resolution C 1s spectra were ana-
lyzed to track the detailed change in the surface chemistry due to
oxidation (Fig. 1b). The C 1s spectra were fit to 6 peaks: 1 graphite
peak (C—C, 284.40 eV); 3 oxygen functional group peaks of hydrox-
yls (C—OH, 285.90 eV), carbonyls (C=0, 287.4 eV), and carboxyls
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(COOH, 289.00 eV); and 2 satellite peaks (m — m*, 290.90 and
293.40 eV) [28]. The center positions were restricted to fall within
0.2 eV of referenced literature values. The full width at half maxi-
mum was allowed to float but matches for each peak between the
two samples. The resulting areas of the assigned peaks are summa-
rized in Table 1. The C—C graphite peak dominates the C 1s spectra
for both samples. After oxidation, the oxygen-containing functional
group peak intensities increase relative to the graphite peak, con-
sistent with the increase in oxygen content observed in XPS survey
scan. Interestingly, oxidized CB also exhibits a larger m1 — m* peak
intensity. These m — m* satellite peaks are normally associated
with the polycyclic aromaticity of the carbon sample and thus its
capability for intraparticle electron transport [30]. The oxidized
CB remains conductive and its intrinsic electrical transport proper-
ties far exceed that of the suspensions tested here.

The installation of additional oxygen functional groups on the
CB surface inherently modifies its surface charge. The zeta poten-
tial of 0.01 wt% CB suspensions at a pH of 3, 7, and 10 was mea-
sured to quantify changes in surface charge due to the modified
surface chemistry (Fig. 1c). Pristine CB exhibits a zeta potential of
26.1 + 1.6 mV at a neutral pH, too weak to overcome Van der
Waal’s forces. As the pH increases from acidic conditions, the mag-
nitude of the zeta potential decreases until charge inversion
occurs. Overcharging of particles suspended in a polar protic sol-
vent, such as water, can be attributed to ion correlation effects
[31,32]. While the exact origin of this phenomenon remains uncer-
tain, in part from the batch reliant chemical nature of Vulcan
XC72R, its zeta potential is strongly pH dependent. In contrast, oxi-
dized CB exhibits a larger zeta potential of —56.6 + 3.1 mV at a neu-
tral pH that remains negative across the range of pH measured. The
larger, negative surface charge combined with the enhanced oxy-
gen functionality of the XPS measurements are consistent with
the presence of installed carboxyl groups (COOH) on the CB surface
that dissociate to carboxylate anions (COO~) in water at pH > 3
[16,33]. The degree of dissociation lessens in acidic conditions as
evident from the decrease in magnitude of the zeta potential, con-
sistent with what is observed in other oxidized carbonaceous spe-
cies such as carbon nanotubes [19,33]. The pH dependence of the
zeta potential for pristine CB reveals the origin of its poor colloidal
stability in water. Installation of carboxyl groups upon oxidation
and the resulting increase in surface charge is therefore key in for-
mulating stable suspensions in DI water.

3.2. Colloidal interactions

The enhanced stability of oxidized CB suspensions was quanti-
tatively examined using the stability ratio, defined as the ratio of
the rapid and slow agglomeration rates of the primary aggregates.
The hydrodynamic size of the CB colloids was measured using DLS
over a 30 min time scale after rigorous bath sonication. The mea-
sured characteristic time scale of agglomeration (7qgg) is directly
related to the stability ratio (W) following T = 71,,a*W/¢pksT
[34]. Here, is the viscosity of water, a is the hydrodynamic radius,
¢ is the CB volume fraction, is Boltzmann’s constant, and T is the
absolute temperature. Stability ratios were plotted as a function of
NacCl concentration for pristine and oxidized suspensions (Fig. 2a).
At 5 mM, the lowest NaCl concentration measured, pristine CB
already holds a low stability ratio of ~1 indicating poor stability
[34]. This results in the formation of large agglomerates that sedi-
ment to the bottom of the container (Fig. 2b). At the equivalent
NaCl concentration, oxidized CB shows enhanced stability with a
stability ratio over 10 and increased dispersibility in water. TEM
images along with additional DLS measurements confirmed that
the oxidation procedure had no effect on altering the size of the
primary particle or breaking down the primary aggregates (FigS3
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Fig. 1. (a) XPS survey scan of the CB particles. Oxygen to carbon ratios (O/C) are calculated from the atomic percentage of each element (b) High-resolution XPS analysis of the
carbon spectra. Arrows denote peak position of carbon-oxygen functional groups. (c) Zeta potential measurements as a function of pH calculated from the electrophoretic
mobility of the CB particles. Error bars are 1 standard deviation from the average of 3 measurements.

Table 1
Relative peak areas (%) of the fitted C 1s peaks from the carbon XPS spectra.

Sample c—C C-OH

=0

COOH T — 1 (I) m — 7 (II)

Pristine XC72R
Oxidized XC72R

73.15
66.99

10.93
12.46

4.66
6.41

4.70
5.52

1.64
2.29

4.92
6.33

and S4). The stark difference in the stability of the two CB samples
thus signifies reduced agglomeration of the primary aggregates by
enhanced electrostatic stability of the oxidized CB. The electro-
static nature of the stability is confirmed by the trend of the stabil-
ity ratio for oxidized CB with NaCl concentration. At high ionic
strengths above 20 mM, a dramatic decline in stability is observed.
This indicates that the suspension is at its critical coagulation con-
centration, with higher salt concentration leading to enhanced
agglomeration [34]. This behavior is similar to that observed by
Gloukhovski et al. who reported enhanced agglomeration of
multi-walled carbon nanotubes in suspension with the addition
of potassium bromide [35]. Above 100 mM, the improved stability
compared with the pristine suspension is lost, as the surface charge
conferred from the deposited carboxylate anions are fully shielded
by the salts in the solution [31].

The change in the nanoscale interactions from net attraction to
repulsion is also reflected in the CB microstructure, confirmed
using USAXS. The background subtracted scattering intensity (I)
vs. wavevector (Q) for pristine and oxidized CB at 2.7 wt% is shown
in Fig. 3a. At high-Q (Q > 2 x 1072 A1), the scattering intensity is
dominated by the form factor of the primary particles. The similar-
ity in the scattering features between the pristine and oxidized
samples in this region confirms that the oxidation procedure did
not significantly alter the internal structure of the primary parti-
cles. At low-Q (Q < 4 x 102 A1), however, the effects of oxidation
on the microstructure become apparent. The pristine sample
shows a strong increase in scattering intensity with decreasing Q,
exhibiting a power-law slope (I ~ Q") of n = —3.9 that is consistent
with the formation of CB agglomerates exceeding many microme-
ters in diameter [27]. In contrast, the low-Q scattering from the
oxidized sample nears a plateau, confirming the enhanced electro-
static stability conferred by oxidation.

To investigate the influence of particle loading on the
microstructure and confirm the trend at low Q-values, the CB con-
tent was diluted from 2.8 to 0.2 wt%. The background subtracted
scattering intensity at each CB content was normalized to the
intensity in the form-factor region, Q-values between 1 x 102
and 1 x 107! A~!, and the resulting profiles are shown in Fig. 3b.
and 3c. for pristine and oxidized CB respectively. For pristine CB,
there is no apparent concentration dependence of normalized scat-
tering intensity at the probed length scales as the CB content
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increases. This is consistent with prior studies of CB suspensions
in propylene carbonate, which was attributed to the formation of
micron-sized CB clusters of definite size prior to mechanical perco-
lation [23]. On the other hand, the scattering intensity decreases
with increasing CB content for oxidized CB. This is a direct manifes-
tation of the enhanced electrostatic stability that is made possible
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Fig. 3. (a) USAXS of pristine and oxidized CB suspensions at 2.7 wt%. The blue,
dashed line denotes the average radius of the primary particles. The green, dashed
line denotes the average radius of the primary aggregates. The shaded region
signifies the length scale of the agglomerates. (b) Normalized scattering intensity
(Inorm) of pristine CB suspensions at given wt%. (c) Normalized scattering intensity
of oxidized CB at equivalent wt%.

by the net repulsive interaction between the immutable primary
aggregates [36]. Indeed, the recovered structure factors of the oxi-
dized suspensions, also reveal a CB content dependence (FigS5).
The structure factor represents the contribution to the scattering
intensity originating from the interparticle interactions acting
between the primary aggregates. With increasing CB content, the
structure factor falls below 1 in the limit of decreasing Q, indicating
the interactions are dominated by repulsive, electrostatic forces at
these higher particle loadings. In contrast, the structure factors of
pristine CB are all well above 1, signifying strong attraction
between the primary aggregates.

3.3. Mechanical percolation

Small amplitude oscillatory shearing experiments were per-
formed as a function of CB content for both samples to identify
their respective fluid-solid transition, distinguishable by the onset
of a finite elastic modulus at a critical CB content (w,.) in which
mechanical percolation takes place [14]. Both the oxidized and
pristine samples show this transition, with suspensions in the solid
phase exhibiting a frequency independent elasticity that increases
with CB content (FigS6). To identify the fluid-solid transition, the
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elastic moduli at each given CB content was averaged over the
measured frequency range and fit to a critical scaling law [37,38]
defined as G = (*3%)7 where q is the power law exponent. The fits
are visualized in Fig. 4 with the fit parameters summarized in
Table 2. The fluid-solid transition shifts from 2.8 to 7.5 wt%, possi-
bly due to the conferred repulsive interaction that deems to max-
imize colloidal packing [34]. Furthermore, oxidized CB shows a
much more dramatic increase in elasticity with distance from per-
colation. This observation can be attributed to the difference in
packing behavior of the two samples. The attractive agglomerates
of pristine CB have an open structure and can densify to accommo-
date additional CB content. On the other hand, the repulsive pri-
mary aggregates of oxidized CB resist overlapping with one
another, leading to a more prominent crowding effect with
increasing CB content. It is relevant to note that the power law
exponents for CB in DI water are below what is reported by Trappe
et al. as 4.1 in mineral oil [37] and Richards et al. as 3.2 in propy-
lene carbonate [14], suggesting that a difference in solvent proper-
ties affects the buildup of the microstructure and the strength of
the mechanical network. It is relevant to note that while oxidized
CB are repulsive, a transition to a more ordered structure where
packing is fully maximized is not observed due to the polydisper-
sity of the primary aggregates.

3.4. Macroscopic behavior under flow

Having identified the CB content in which solidification occurs,
rheo-electric measurements were conducted on oxidized and pris-
tine CB suspensions that spanned the fluid-solid transition. A typ-
ical example of the results obtained from these rheo-electric tests
are shown in Fig. 5 for a 7 wt% pristine CB suspension (the remain-
ing measurements are presented in FigS7). For each shear rate of
interest, a transient response in the viscosity in the form of a decay
can be discerned at early times due to microstructural rearrange-
ments (Fig. 5a). This decay in the viscosity becomes more prevalent
at lower shear rates. The behavior of the transient response
between high and low shear intensities is consistent with what
was observed for CB dispersed in mineral oil [27] as reported by
Hipp et al. This rheological behavior seen in both CB samples sus-
pended in water suggests the presence of a nontrivial, shear-
dependent microstructure like those described in literature. A
quasi-steady state is ultimately reached over time, and the steady
state viscosity of the suspensions (#ss) was thus taken as the aver-
age over the last 2 min of each shear step.

The corresponding conductivity (i) obtained at each shear con-
dition is the sum of the ionic contribution from the solvent (kionic)
and electronic contribution from the primary aggregates (Keiectronic)
given as K = Kipnic + Kelectronic |26]. The ionic contribution of each
sample was experimentally measured, taken as the conductivity
of the DI water, and subtracted from the bulk conductivity to
obtain the frequency-dependent electronic conductivity of the sus-
pension (Fig. 5b). At low frequencies, an increase in the conductiv-
ity with frequency arises due to double-layer polarization of the
carbon and the electrode walls [14]. At higher frequencies, a pla-
teau in the conductivity is observed, attributed to the migration
of charges (ions and electrons) within the suspension [14]. The
electronic conductivity of all suspensions was therefore taken at
40 kHz (r40kn,) Where the influence of electrode polarization is
minimized.

A quantitative comparison between the steady state viscosity
and electronic conductivity of pristine and oxidized CB suspen-
sions for all shear rates and CB content measured is presented in
Fig. 6. In general, the viscosity of both samples increases as a func-
tion of the CB content due to the increase in contacts between pri-
mary aggregates. Pristine CB suspensions in particular exhibit a
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Table 2
Fit parameters to the critical scaling law for pristine and oxidized CB.

Sample q (wt%)
Pristine XC72R 0.89 2.8
Oxidized XC72R 2.10 7.5

decrease in the viscosity as the shear rate increases across all
weight fractions (Fig. 6a). This shear thinning effect, the extent of
which increases for samples above w,, is associated with the
break-up of agglomerates that reduces the effective CB volume
fraction in the suspension [13]. Oxidized CB suspensions also exhi-
bit a strong shear thinning behavior above w, due to the presence
of a suspension yield stress (Fig. 6b) [39]. An apparent shear thick-
ening regime is observed at high shear rates. We attribute this to
subtle particle migration that unavoidably occurs in Couette flow
[27,40]. To quantify the effects of particle migration, we compared
the steady state viscosity to the viscosity of the rejuvenation step
(2500 s~! preshear step). FigS8 shows that the effects of particle
migration are only prevalent at the highest shear rates in the 8-
10 wt% oxidized CB suspensions while remaining negligible for
all other samples. Suspensions below w, containing oxidized CB
were almost Newtonian, with a weak shear thinning behavior also
discernable for 5-7 wt%. Previous studies have shown that short-
range repulsive interactions enhance the zero-shear viscosity of

@
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electrostatically stable suspensions by inducing an effective vol-
ume fraction [41,42]. As high-shear viscosities depend primarily
on long-range hydrodynamic interactions, it becomes insensitive
to interparticle repulsion [43]. This leads to the shear thinning
behavior observed in the oxidized CB fluid suspensions.

At all conditions, a finite electronic conductivity is observed
that increases with CB content (Fig. 6¢c and 6d), consistent with
prior studies for CB suspended in light mineral oil [44], ethylene
carbonate [45], and propylene carbonate [46]. Electrical percola-
tion is achieved even in the fluid phases where electron hopping
between CB particles facilitates charge transport [47,48]. This
framework is reliant on tunneling paths that connect when a crit-
ical separation distance is achieved between particles, which has
been proven to describe the macroscopic conductivity of carbona-
ceous conductive additives in a filled-polymer matrix [49]. What is
surprising to observe is that the electrical properties of both sam-
ples are relatively independent of the shear rate regardless of the
suspension phase. These results suggest that the electrical trans-
port of CB in neat DI water is insensitive to the primary aggregate
microstructure that forms and restructures with shear flow. While
CB suspensions in mineral oil were reported to show a strong
dependence of the conductivity with shear rate [44-46], aqueous
suspensions of CB were previously shown to have no flow rate
dependence in a pressure driven flow cell [50], further implying
that the suspending medium pays a non-trivial role in the elec-
tronic conductivity.

3.5. Performance as a conductive additive

To compare the effect of oxidation on the rheo-electric behavior
of oxidized and pristine CB suspensions, the conductivity and vis-
cosity values at each shear rate and CB content was parametrically
plotted in Fig. 7a. Representing the data in this way defines the
accessible property space for both carbon samples and allows for
direct comparison. As discussed in the previous section, an
increase in CB content leads to a rise in both the viscosity and con-
ductivity of the suspensions. This results in an unfavorable trajec-
tory in the plot to the top left region whereas the desired
performance exists in the lower right region. For fluid suspensions
containing oxidized CB, we observed a reduced viscosity and
enhanced conductivity as compared to the equivalent pristine
sample. This finding suggests that electrostatic stability enhances
charge transport while preventing agglomeration and reducing vis-
cosity. However, once mechanical percolation is achieved for both
samples, this trend is not maintained. The divergence of the viscos-
ity is steeper for oxidized CB indicating a more rapid transition to
maximum packing. We believe that this is a result of the repulsive
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Fig. 6. Viscosities (1) [(a) pristine, (b) oxidized] along with the associated electronic conductivities (x4okn.) [(c) pristine, (d) oxidized] of CB suspensions at given CB content
as a function of shear intensity. For all plots, open and closed symbols denote a suspension in the fluid or solid phase respectively.

forces between the primary aggregates that produces a compact,
glassy state that increases the barrier to structural rearrangement
under flow. In fact, the maximum achievable conductivity of the
pristine CB exceeds that of the oxidized samples at the same CB
loading when sheared at 2500 s~! (Fig. 7b). What is more striking
is that the increase in the conductivity as a function of the CB con-
tent is drastically lower even when mechanical percolation is
achieved. At this high-level shear intensity, the agglomerates
within suspension should be significantly reduced in size. The
number density of unbound primary aggregates between the two
samples should therefore be similar, and the disparity in the con-
ductivity can be explained by the difference in the interaction
potentials. Under these two assumptions, we believe that the dif-
ference in conductivity results from the frequency of the primary
aggregates to come into distance with one another to allow for
electron hopping to occur. This hopping distance, often referred
to as the characteristic tunneling distance, is in the order of 1 nm
for CB [49]. Due to electrostatic forces, repulsive primary aggre-
gates are less often able to come within hopping distance resulting
in a reduced probability of transport between each other as the
interaction potential is substantially large at this length scale.
We believe that disassociation of the fractal agglomerates discon-
nects established tunneling paths in the suspension. Electrical
migration from one primary aggregate to another thus occurs less
frequently for oxidized CB, leading to the decrease in the rise of the
electronic conductivity with particle loading.

4. Conclusions

In summary, we oxidized Vulcan XC72R carbon black resulting
in the deposition of oxygen functional groups, most notably car-
boxyl groups, on the surface. The resulting increase in the surface
charge density led to electrostatic stability and a repulsive interac-
tion between the primary aggregate building blocks. Ultra-small-
angle X-ray scattering of the carbon black microstructure quanti-
tively confirmed inhibition of the development of the micron-
scale agglomerates often hypothesized in previous work of func-
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Fig. 7. (a) Viscosity (7ss) and conductivity (k4ku,) pairings for pristine and oxidized
CB suspensions sheared between 100 and 2500 s~'. Open and closed symbols
denote a suspension in the fluid or solid phase respectively. Increasing symbol
contrast indicates a rising CB content. The dashed lines represent the boundaries of
our measurements and are meant to guide the eyes. (b) Electronic conductivities of
CB suspensions sheared at 2500 s~! as a function of CB content (w).

tionalized nanocarbon materials [17,19,20]. Electrostatic stability
also led to a shift in the onset of solidification for carbon black sus-
pensions from 2.8 to 7.5 wt%, granting access to higher carbon
black content previously unattainable for aqueous suspensions
[50,51]. We further probed the rheo-electric behavior of pristine
and oxidized Vulcan XC72R suspended in deionized water that
span their respective mechanical percolation regime. We analyzed
the parametrically paired electronic conductivities and steady
state viscosities at each shear rate and formulated low-viscosity,
high-conductivity fluid suspensions. Unfortunately, at higher car-
bon black content relative to flow-electrode capacitive deioniza-
tion applications, the rise in the viscosity for oxidized carbon
black is higher relative to pristine carbon black due to the
improved maximum packing of the primary aggregates.

The observed rheo-electric behavior of oxidized carbon black
suspended in water implies that while electrical percolation is
maintained with the stable primary aggregates, conduction
through the attractive agglomerates is more favorable. In accor-
dance with the critical path method [49], we believe that the fre-
quency of electron tunneling, the mechanism for charge
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transport, is lessened due to the increase in the average separation
distance between primary aggregates. This agrees with the notion
that agglomerate breakdown results in a decrease in conductivity
[44,51]; here in our oxidized system presents the case of a fully
broken-down agglomerate structure. However, the independence
of the conductivity on the shear intensity and conflicting unre-
solved trends in literature [45,46] leads us to believe that the
microstructure is only one of the underlying causes that influences
charge transport. Further study into how the material properties of
the carbon black conductive additive and the suspending medium
is necessary in predicting the rheo-electric performance of flow
electrodes. Nevertheless, our findings link the so far under studied
interaction between the primary aggregates to the suspension
macroscopic properties and give insight towards design rules for
low-viscosity, high-conductivity flow electrodes.
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