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Abstract

Nano-composites formed by mixing nanoparti-
cles and polymers offer a limitless creative space
for the design of functional advanced materi-
als with a broad range of applications in ma-
terials and biological sciences. Here we focus
on aqueous dispersions of hydrophobic colloidal
soot particles, namely carbon black (CB) dis-
persed with a sodium salt of carboxymethylcel-
lulose (CMC), a food additive known as cellu-
lose gum that bears hydrophobic groups, which
are liable to bind physically to CB particles.
Varying the relative content of CB nanoparti-
cles and cellulose gum allows us to explore a
rich phase diagram that includes a gel phase
observed for large enough CB content. We
investigate this hydrogel using rheometry and
electrochemical impedance spectroscopy. CB-
CMC hydrogels display two radically different
types of mechanical behaviors that are sepa-
rated by a critical CMC-to-CB mass ratio r..
For r < r., i.e., for low CMC concentration,
the gel is electrically conductive and shows a
glassy-like viscoelastic spectrum, pointing to a
microstructure composed of a percolated net-
work of CB nanoparticles decorated by CMC.
In contrast, gels with CMC concentration larger
than r. are non-conductive, indicating that the

CB nanoparticles are dispersed in the cellu-
lose gum matrix as isolated clusters, and act
as physical crosslinkers of the CMC network,
hence providing mechanical rigidity to the com-
posite. Moreover, in the concentration range,
r > r. CB-CMC gels display a power-law vis-
coelastic spectrum that depends strongly on the
CMC concentration. These relaxation spectra
can be rescaled onto a master curve that ex-
hibits a power-law scaling in the high-frequency
limit, with an exponent that follows Zimm the-
ory, showing that CMC plays a key role in the
gel viscoelastic properties for r > r.. Our re-
sults offer an extensive experimental characteri-
zation of CB-CMC dispersions that will be use-
ful for designing soft nano-composites based on
hydrophobic interactions.

Introduction

Carbon black (CB) particles are colloidal soot
particles produced from the incomplete com-
bustion of fossil fuels. These textured nanopar-
ticles of typical size 0.5 pum are made of per-
manently fused “primary” particles of diameter
20-40 nm.r Cheap and industrially produced
at large scale, they are broadly employed for
their mechanical strength, high surface area,
and their electrical conductive properties, even
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at low volume fractions. Applications include
pigments for ink,? reinforcing fillers in tires
and other rubber products,®* electrically con-
ductive admixture in cement,” conductive ma-
terials for supercapacitors,® biosensors,™ and
electrodes for semi-solid flow batteries.” ¥ Be-
ing much cheaper than carbon nanotubes or
graphene, CB nanoparticles appear promising
for applications in energy storage,* including
flow electrodes for which the ultimate goal is
to maximize the conductivity, while minimiz-
ing the shear viscosity of the material. In that
framework, flow batteries based on aqueous dis-
persion of carbon black nanoparticles have re-
cently received an upsurge of interest, 1042718

Due to their hydrophobic properties, carbon
black particles are easily dispersed in aprotic
solvents such as hydrocarbons,*? where parti-
cles interact only via van der Waals forces®
that correspond to a short-range attractive po-
tential, whose depth is typically about 30 kgT
in light mineral oil.“Y As a result, carbon black
dispersions organize into space-spanning net-
works even at low volume fractions, and behave
as soft gels?224 characterized by a yield stress
at rest and a highly time-dependent mechanical
response under external shear, which involves
delayed yielding, heterogeneous flows,*>*® and
shear-induced memory effects.2%1

In contrast, untreated CB particles are dif-
ficult to disperse in water where they tend
to flocculate rapidly, before creaming or sed-
imenting.1%#% Stabilizing aqueous dispersions
of CB nanoparticles requires keeping the par-
ticles apart, either by electrostatic repulsion
or by steric hindrance. In practice, this is
achieved in three different ways: (i) surface
oxidation yielding acidic functional groups,
(17) functionalization of CB particles with poly-
mers, i.e., polymer grafting chemically onto
their surface®*4% or CB encapsulation through
emulsion polymerization,**# and (7ii) physi-
cal adsorption of a polymer dispersant. The
latter method allows reaching CB mass frac-
tions in water as large as 20%, and the disper-
sants investigated include polyelectrolytes,*3
ionic surfactants?* such as sulfonate surfac-
tants,“% sulfonic acids, ™ cetyltrimethylam-

monium bromide (CTAB)#2%%4 and chloride

(CTAC),” non-ionic surfactants*®% such as
silicone surfactants®” or block copolymers sur-
factants,?92%59 a5 well as biopolymers such as
Arabic gum Y or polysaccharides. "% From
a structural point of view, dispersants ad-
sorb as monolayers onto the surface of CB
nanoparticles due to hydrophobic interactions,
whose strength depends on the molecular struc-
ture and weight of the dispersant.4¥%3 Irre-
spective of the nature of the dispersant, such
stabilized CB dispersions behave as shear-
thinning fluids.®#%%¢5 However, depending on
the formulation, carbon black polymer mixtures
may present a solid-like behavior at rest with
weakly time-dependent properties,®#5%63 gyg-
gesting the presence of a percolated network of
the CB nanoparticles.%

The large variety of dispersants used so far in
CB dispersions is in stark contrast with the lim-
ited knowledge regarding the link between the
microstructure and rheological properties of the
resulting materials. Among the open questions,
it remains to disentangle the respective contri-
butions of the CB and the dispersant to the
macroscopic mechanical properties of the mix-
ture, and whether the CB nanoparticles form a
percolated network on their own, or if they are
bridged by the polymeric chains.

Here we perform such an in-depth study with
a semi-flexible anionic polysaccharide disper-
sant, namely carboxymethylcellulose (CMC).
CMC is a water soluble cellulose ether, which is
commonly used as a water binder and thickener
in pharmacy, cosmetics, food products,®” and as
a dispersing agent in semi-solid flow batteries,®
while showing a great potential for biomedical
applications.®® The solubility and overall prop-
erties of CMC are set primarily by its molec-
ular weight, and to a lesser extent by its de-
gree of substitution (DS).%#™ The latter is de-
fined as the number of hydrogen atoms in hy-
droxyl groups of glucose units replaced by car-
boxymethyl, and varies typically between 0.4
and 3.°7 Over a broad range of concentrations,
CMC aqueous solutions are shear-thinning vis-
coelastic fluids. ™2 However, weakly substi-
tuted CMC, i.e., with DS values lower than
about 1, display hydrophobic interactions that
favor inter-chain association in aqueous solu-



tion, yielding larger viscosities, and eventually
leading to a sol-gel transition for large enough
polymer concentrations.™

In the present work, we take advantage of
such hydrophobic regions on CMC molecules to
use this polymer as a dispersant of CB nanopar-
ticles. Varying the contents of CB and CMC,
we unravel a rich phase diagram, which we
characterize by rheometry and electrochemical
impedance spectroscopy. The outline of the
manuscript is as follows: after presenting the
materials and methods, we introduce the phase
diagram and focus specifically on the hydrogel
phase. We then discuss the impact of the CMC
concentration on the gel elastic properties be-
fore turning to the role of the CB content. Our
results allow us to identify two different types of
hydrogels, whose microstructures are sketched
and extensively discussed before concluding.

Materials and methods

Samples are prepared by first dissolving sodium
carboxymethyl cellulose (Sigma Aldrich, M, =
250 kg.mol~! and DS = 0.9) in deionized water.
Stock solutions up to 5% wt. are prepared and
stirred at room temperature for 48 hours until
homogeneous, before adding the CB nanopar-
ticles (VXC72R, Cabot). Samples are placed
in a sonicator bath for two rounds of 90 min
separated by a period of 24 h under mechanical
stirring. The samples are finally left at rest for
another 24 h before being tested. The CMC so-
lution is considered to be the solvent, while CB
particles is the dispersed phase; hence we de-
fine the CMC weight concentration as coyc =
memc/ (Mmenme+Myater) and the CB weight frac-
tion as zcg = mcp/(McB + Momc + Muater),
where mcg, mome, and Myater are respectively
the mass of CB, CMC, and water in the sample.

Rheological measurements are performed
with a stress-controlled rheometer (MCR 302,
Anton Paar) equipped with a cone-and-plate
geometry (angle 2°, radius 20 mm). For very
soft samples with elastic moduli lower than
10 Pa, we use a larger cone-and-plate geom-
etry (angle 2°, radius 25 mm), whereas for
the stiffest samples with elastic moduli larger

Figure 1: Frequency dependence of the re-
sistance 7’ (o) and reactance Z” (o) of a
CMC-CB dispersion. Inset: Nyquist plot Z”
vs. Z' for the same data. Measurement per-
formed in AC mode by ramping down the fre-
quency from 10° Hz to 1072 Hz. Each point is
averaged over two cycles. The red continuous
curves in both the main graph and the inset
show the best fit of the data for Z’ and Z” si-
multaneously by Eq. (]}, which corresponds to
the electrical circuit sketched in the main graph
with Rion = 90 Q, RCB = 1.0 kQ, n = 08,
and Q = 2.1 x 107° Q~!.s". Data obtained on
a sample composed of coyc = 0.15% wt. and
ICcB = 8% wt.

than 10 kPa, we use a parallel-plate geome-
try (gap 1 mm, radius 20 mm). For all the
geometries used, the stator is smooth and the
rotor is sandblasted. Finally, to ensure a re-
producible initial state following the loading
step into the shear cell of the rheometer, each
sample is shear-rejuvenated at 4 = 500 s~1
(or 4 = 50 s~! for samples with elastic mod-
uli larger than 10 kPa), before being left at
rest for 1200 s, during which we monitor the
linear viscoelastic properties through small am-
plitude oscillatory shear (v = 0.03-0.3%, and
f =1 Hz, see supplemental Fig. .
Electrical measurements are performed in AC
mode in a cylindrical cell made of Teflon (thick-
ness of about 1 mm, and surface of about
0.5 cm?). The inner sides are made of metal
act as electrodes that are connected to a multi-
frequency impedance analyzer (SP-300 Poten-
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Figure 2: (a) Phase diagram of aqueous CMC-CB dispersions as a function of the CB solid
weight fraction zcp and the CMC weight fraction coye. Pictures of (b) demixed phase [blue region
and x symbols in (a)], (c) the viscoelastic liquid phase [grey region and o symbols in (a)], (d) the
viscoelastic solid phase [red region and e symbols in (a)], (e) brittle paste phase [yellow region and

[0 symbols in (a)].

tiostat, Biologic). A decreasing ramp of fre-
quency allows determining the frequency de-
pendence of the sample impedance Z*(w) =
7' —17", which real and imaginary part, Z’ and
Z" respectively, are shown in Fig. [1] for a sam-
ple containing coyc = 0.15% wt. and xcp = 8%
wt. The resistance Z’ shows a decreasing step
shape, while the reactance Z” displays a bell-
shaped curve. Overall, the complex impedance
measured experimentally can be well fitted by
the following equation:

Rcp

Z*(W) - 1 +RCBQ(ZW)n

Rion + (1)

that corresponds to the simple circuit sketched
in Fig. [I] Equation accounts for the addi-
tive contributions of the ions in solution, and an
electronically-conductive percolated network of
CB particles. More precisely, the circuit com-
prises a resistance Rj,, accounting for the ionic
conductivity of the sample in series with two el-
ements modeling the percolated network of CB
particles, namely a resistance Rcp in parallel
with a constant phase element characterized by
a dimensionless exponent n, and a parameter ().
The latter element, which was first introduced
in the context of particulate suspensions™ re-
lates to fractal interfaces and corresponds to an
imperfect capacitor.8%8!' Although such a mod-

eling fails to describe the dependence of Z”(w)
at very low and very high frequencies, poten-
tially due to some parasitic inductance, it does
accounts very well for Z'(w) over eight orders
of magnitude. The low- and high-frequency
limits of Z’'(w) allow us to determine the re-
sistances R;,, and Rcg. The latter parame-
ter can be converted into the electrical conduc-
tivity ocg = k/Rcp, with k the cell constant
determined by independent measurements on
KCI solutions of different concentrations (here
k = 0.3840.01 cm ™!, see supplemental Fig. .

Results and discussion

Phase diagram

We first discuss qualitatively the outcome of
dispersing carbon black (CB) nanoparticles in
a solution of carboxymethylcellulose (CMC). In
practice, we observe four different phases that
are summarized in the phase diagram reported
in Fig. 2| For low CB and CMC concentra-
tion, the aqueous dispersion is unstable and the
CB nanoparticles sediment within about 20 min
[Fig. [2[(b)]. On the one hand, increasing the
CMC concentration beyond about 1072% al-
lows stabilizing the CB nanoparticles, yielding
a viscoelastic liquid [Fig. 2f(c)]. On the other



Figure 3: Hydrogel region of the phase di-
agram of aqueous CMC-CB dispersions
as a function of the CB solid weight fraction
zcop and the CMC weight fraction coye. Color
levels code for the loss factor tand = G”/G" of
the gel phase determined by small amplitude
oscillatory shear at f = 1 Hz. The green curve
corresponds to r = r., and separates two re-
gions in the gel phase with samples of different
microstructures.

hand, increasing the content in CB nanopar-
ticles confers gel-like properties upon the sam-
ples, i.e., the sample shows a solid-like behavior
at rest and for small deformations, while it flows
for large enough stresses [Fig. [2(d)]. Finally, for
CB content larger than about 10% wt., the sam-
ple behaves as a strongly elastic paste, with a
fragile behavior to the touch [Fig. 2fe)].

In the present work, we focus on the hydrogel
phase, which is observed over the entire range of
CMC concentrations explored, and for CB con-
tent ranging between a few % wt. and about
12% wt. In order to quantify the gel rheologi-
cal properties, we measure its linear viscoelas-
tic properties through small amplitude oscil-
latory shear, as detailed above. The ratio of
the viscous to the elastic modulus measured at
f =1Hz, ie, G"/G" = tand, also known as
the loss factor, is reported in Fig. (3| (see supple-
mental Figs. [S3] and [S4] for a similar representa-
tion of G’ and G”, respectively). Such a phase
diagram built upon the loss factor highlights
two different regions, which correspond to sam-
ples that mainly differ by their CMC concen-
tration. Samples with a lower CMC concentra-

tion display relatively less viscous dissipation
(tand < 0.1) than samples with the highest
CMC concentration (tand 2 0.1). This obser-
vation suggests that CMC-CB hydrogels come
in two different flavors, depending on the poly-
mer content. We quantify these qualitative re-
sults by studying the scaling of the viscoelastic
and electrical properties of the samples, with
respect to the CMC concentration and the CB
content.

Impact of CMC concentration on
the gel elastic properties

In this section, we first discuss the impact of the
CMC concentration at fixed CB content, which
corresponds to a vertical cut in the phase dia-
gram reported in Fig. [2(a). The dependence of
G’ with the CMC concentration is pictured in
Fig. [fl(a), as a function of the mass ratio r =
memvc/mes = comc (1 — zeB) /xen, which rep-
resents the effective number of CMC molecules
per CB nanoparticles. At low CMC concen-
trations, we observe that the elastic modulus
G' is constant G’ = G, independent of 7 over
about two decades of CMC concentration, i.e.,
107% < r < 1072, For r» > 1072, the elastic
modulus drops abruptly by about 3 orders of
magnitude for increasing CMC concentration
within a narrow range of r values, reaching a
minimum value at » = r. ~ 0.037. Finally,
for r > r., increasing the CMC concentration
translates into an increase of G’, which scales
roughly as a power-law function of r. This evo-
lution of G’ over the whole range of r is robust,
as evidenced by the data reported in Fig. (a)
for three different CB content, namely zcp = 6,
8 and 10%, as emphasized in Fig. [S5|in the sup-
plemental material.

These observations unambiguously confirm
the trends determined thanks to the loss fac-
tor and show that the linear elastic properties
of CMC-CB hydrogels have two distinct origins
depending on the relative content in CB and
CMC. For r < r,, the gel elastic properties are
set by the amount of CB nanoparticles [see in-
set in Fig. [ffa)] and independent of the CMC
concentration, whereas for r > r., the elastic
modulus is an increasing function of the CMC
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Figure 4: Evidence for a transition be-
tween two rheological and electrical
regimes. (a) Normalized elastic modulus
G'/G;, measured at f = 1 Hz vs. mass ratio
r = mcmc/mep. Each data point has been
measured 1200 s after a shear rejuvenation step
(see section “materials and methods”). Color
encodes the CB content xcg: 6% (o), 8% (e),
and 10% (). The plateau elastic modulus G, is
defined as the average value of G’ over the range
107* < r < 1072. The continuous red curve is
the best power-law fit of G'/G), vs. |r —r | with
r. = 0.037, yielding an exponent 3.8 + 0.5. In-
set: G;, vs. xcp. The red dashed line is the
best power-law fit of the data, yielding an ex-
ponent 8.2 £ 0.6. Inset: G}, vs z¢cp. (b) Elec-
trical conductivity ocg of the CMC-CB dis-
persions vs. mass ratio r = mgomc/mep, with
rzog = 8% wt. The continuous red curve is
the best power-law fit of ocp vs. |r — r.| with
r. = 0.037, yielding an exponent 4.6 4 0.5.

concentration, irrespective of the CB content.
Moreover, these results suggest that the gel mi-
crostructure is drastically different on each side
of r.. To get more insights on the hydrogel mi-

Figure 5: Sketch of CMC-CB hydrogels
microstructure in (a) the colloid-dominated
regime r < 7., and (b) the polymer-dominated
regime r > r.. The black solid circles repre-
sent the primary CB nodules, which form the
unbreakable fractal CB particles that are indi-
vidually identified by dashed circles, while the
blue coils represent CMC macromolecules.

crostructure, we build upon the fact that the
CB nanoparticles are electrically conductive.

We have performed AC electrical measure-
ments on a series of gels with a fixed CB con-
tent (xcp = 8% wt.) and over a broad range
of CMC concentrations. For each gel, we deter-
mine its electrical conductivity ocg, associated
with the possible percolated network of CB par-
ticles (see section Material and methods for de-
tails about electrical measurements). The data
are reported in Fig. [{(b). We observe that the
electrical conductivity shows a similar depen-
dence upon the CMC concentration to that of
the elastic modulus. For r < r., the electric
conductivity is high, i.e., oo ~ 10 mS.cm™!, in-
dependent of the CMC concentration, whereas
for r > r., the electric conductivity drops by 3
orders of magnitude down to a negligible value
following a power-law of r. — r, with an expo-
nent 4.6 [see inset in Fig. [|(b)].

These results demonstrate that CB nanopar-
ticles form a space-spanning network for r < r,
turning the sample into an electrically con-
ductive material. In contrast, the negligible
electrical conductivity observed for r > r,.
points towards a microstructure in which the
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Figure 6: Viscoelastic spectrum in the polymer-dominated regime. Frequency dependence
of the elastic and viscous moduli, G’ and G” resp., of CMC-CB dispersions with three different CB
contents zcp = (a) 6%, (b) 8%, and (¢) 10% with come = 2%. The red curves are the best fits of the
data to a fractional Kelvin-Voigt (FKV) model [see Eq. (2))], which is sketched in (a). (d) Master
curve for the frequency dependence of the viscoelastic moduli of CMC-CB dispersions, obtained by
normalizing both the moduli and the frequency: G' = G'/Gy, G” = G" /Gy, and & = w/w, with
wo = (Go/ V)Y for different CB contents ranging from 6% to 15% with cone = 2%. The red curves
correspond to the normalized FKV model G* = 1 + (i©)® with o = 2/3. Inset: Gy vs. wp; the red
continuous line is the best linear fit of the data.

CB nanoparticles are isolated as individual par- ~ Polymer-dominated regime (r >
ticles or clusters. We can further conclude that Tc)

these isolated particles or clusters serve as phys-

ical cross-linker, which provide sold-like proper- We first report on the properties of gels ob-
ties to the CMC matrix, for CMC dispersions tained for r > r., whose microstructure is a
alone behave as viscoelastic liquids regardless viscoelastic matrix of CMC, physically cross-

of the CMC concentration. ™22 These two dif- linked by CB nanoparticles dispersed individu-
ferent microstructures are sketched in Fig. ally or as clusters [see Fig. (b)]

Finally, note that the transition from a gel net- We first characterize the gel linear viscoelastic
work in which the elasticity is set by the CB properties by determining its viscoelastic spec-
nanoparticle alone to a gel network in which trum over three decades of frequencies w. Fig-
the elasticity results from the polymer network  Ure [6[(a)-(c) show the viscoelastic spectrum for
physically cross-linked by CB nanoparticles oc- zep = 6,8 and 10% wt. at fixed CMC con-
curs over a narrow range of r values. The centration coyc = 2%. These three viscoelas-
value r. =~ 0.037 corresponds to the critical tic spectra all display a finite plateau modu-
amount of polymer required to decorate all the lus in the zero frequency limit, confirming that
CB nanoparticles, such that further addition of these mixtures behave as soft solids at rest.
CMC only viscosifies the solvent. Moreover, for these three spectra G”(w) dis-

Having identified two different microstruc- plays a power-law dependence, at least over two
tures on each side of 7., we now determine in decades in frequency. Both behaviors are well
detail their respective linear viscoelastic prop- captured by a fractional Kelvin-Voigt model,
erties, namely their linear viscoelastic spectrum which consists in a spring of stiffness G in par-
and the impact of the CB content. allel with a spring-pot element®283 character-



ized by a quasi-property V (dimension Pa.s)
and an exponent 0 < a < 1 [see inset in
Fig. [f]a) for a sketch of the mechanical model].
Such a fractional element, first introduced by
Scott-Blair® to describe the power-law spec-
trum of bitumen, yields the following expression
for the complex modulus:

G* = Gy + V(iw)®, 2)

which real and imaginary parts correspond to
the red fits in Fig. [f[a)—(c) determined simulta-
neously. This fit function relies only on two di-
mensional parameters, namely the elastic mod-
ulus G and the characteristic frequency defined
as wy = (Go/V)/. Remarkably, all spectra ob-
tained by varying the carbon content between
6 and 15% wt. at fixed copc = 2% can be
described by varying Gy and V, while fixing
a=2/3.

Such a robust description allows us to pro-
pose a universal master curve for the viscoelas-
tic spectrum obtained at various CB contents,
by using the following set of normalized co-
ordinates: @' = G'/Gy, G" = G"/Gy, and
@ = w/wy [Fig. [6(d)]. This master curve is,
in turn, well described over 8 orders of mag-
nitude of reduced frequency by the fractional
Kelvin-Voigt model pictured as red lines in
Fig. [(d). The power-law dependence of both
G’ and G” with an exponent 2/3 in the high-
frequency limit is in remarkable agreement with
the value computed by Zimm for dense polymer
suspensions and polymer solids taking into ac-
count Brownian motion and hydrodynamic in-
teractions.®*¢ This observation strongly sug-
gests that CB nanoparticles contribute mainly
to the low-frequency part (0 < 1) of the vis-
coelastic spectrum, whereas the CMC entan-
gled network dominates the high-frequency re-
sponse (w > 1). This result, together with
the fact that CB-CMC hydrogels are not elec-
trically conductive for r > r., provide robust
evidence that in the regime r > r., the gel mi-
crostructure consists of a CMC viscoelastic ma-
trix in which CB nanoparticles are dispersed
without forming a percolated network, while
serving as crosslinkers. Finally, note that the
master curve is robust and holds for different

T IIIII|T| T IIIIIIII T IIIIIIII T IIIII|T| T TTTTITH

G() [Pa]

ccMC [ % }

10° 10' 10% 10° 10* 10°
CéMC (e — xc)C

Figure 7: Scaling of the elastic modulus
in the polymer-dominated regime. G| vs
c&yvc(zep — x.)¢ for r > r., where y = 2.44+0.4
and ¢ = 3.040.5. The inset shows the threshold
of CB content x, as a function of ccyc inferred
from the sol-gel transition in the phase diagram
reported in Fig. [2] The red line shows the best
linear fit of the data.

CMC concentrations, as illustrated in supple-
mental Fig. [S6|

We now discuss the dependence of the plateau
modulus Gy that characterizes the gel elastic-
ity as a function of both the CB content and
the CMC concentration. As reported in Fig. [,
all our experimental results collapse on a mas-
ter curve when Gy is plotted as a function of
c&vc(zes — 2.)¢. On the one hand, the gel
elasticity increases as a power-law of the par-
ticle content relative to the mechanical perco-
lation threshold x., which depends on the CMC
concentration (see inset in Fig. [7)) and was de-
termined from the phase diagram in Fig. 2] In
practice, the onset of rigidity decreases weakly
for increasing polymer concentration, from x, =
5% at CcMC — 1% to Te = 4% at CcMC — 5%
On the other hand, the gel elasticity increases
as a power law of the CMC concentration, with
an exponent y = 2.4. This scaling is strongly
reminiscent of the concentration dependence
predicted for the plateau modulus of entan-
gled polymer solutions, for which an exponent
7/3 ~ 2.33 was derived by Colby, Rubinstein
and Viovy.®? In the present case, for r > r,
CMC are indeed in an entangled regime, which
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The red curves are the best fits of the data to a modified SGR model [see Egs. and ()] with
7=1200s, z = 0.50, c = 1.4 Pa.s'/? in (a), and 7 = 1200 s, x = 0.53, ¢ = 41 Pa.s'/? in (b). (c) Fit
parameter x, which is constant x = 0.540.1, irrespective of the CB content as shown by the dashed

line. (d) Fit parameter Gy, which increases as a power law of zcp with an exponent 4.7 + 0.7,

is reported® for coye 2 0.16% wt. This re-
sult further supports the idea that, for r > r,
the elasticity of the CMC-CB hydrogel has two
independent physical origins: a first contribu-
tion from the entangled CMC, and a second
one from the CB particles, which serve as cross-
linkers and inhibit the long-time relaxation of
the CMC matrix, leading to solid-like behavior
at rest.

Colloid-dominated regime (r < r.)

Let us now consider the case r < r., where the
CMC-CB hydrogel microstructure is formed by
a space-spanning network of CB nanoparticles
decorated with CMC polymers [see Fig. [5|(a)].
The viscoelastic spectrum of two representative
gels containing coyc = 1072% and xcp = 6 and
8% wt., respectively are illustrated in Fig. (a)
and (b). For both gels, G’ is merely frequency
independent, whereas G” decreases with in-
creasing frequency, and shows a flattening or
even a slight upturn in the high-frequency limit
[see Fig. [§f(a)], which is the signature of the
solvent viscosity.®? Such a frequency spectrum,
along with the logarithmic aging dynamics re-
ported in supplemental Fig. [S1ja)-(c), shows
that CMC-CB hydrogels display a glassy-like
behavior for r < r., similar to that reported
for jammed assemblies of soft particles,” or

fractal colloidal gels.”™¥2 Therefore, we fit the
viscoelastic spectrum reported in Fig. [§(a) and
Bl(b) using a modified version of the Soft Glassy
Rheology (SGR) model, which is well known to
capture such a behavior and reads; ¢

G'=Go(1— (wr)"") + cw'? (3)
G"=Go(wr) "+ aw P +ew  (4)

where x corresponds to a mean-field noise tem-
perature, 7 denotes the effective sample age,
and the terms cw'/? and 7,.w account respec-
tively for Brownian motion, and for the solvent
viscous contribution.”” The data are fitted us-
ing Eqgs. and with Gy, x, and ¢ as free
parameters. The parameter 7 = 1200 s is the
time elapsed since the end of the rejuvenation
step and 7., = 2.107 Pa.s is the viscosity of
the CMC solution at ccye = 1072%, measured
independently with an Ubbelholde viscosime-
ter. Fitting our experimental data for sam-
ples prepared with a CB content ranging be-
tween 2% and 12%, yields a constant effective
temperature, z ~ 0.5 < 1 [Fig. [§c)], that is
characteristic of a yield stress fluid,”® and a
reference modulus G, that grows as a power-
law of the CB weight fraction, with an expo-
nent 4.7 [Fig. [§(d)]. First, the latter value is
much larger than 1.8, which allows us to rule
out a microstructure involving polymer-bridged
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Figure 9: Scaling of the elastic modulus
in the colloid-dominated regime. Elastic
modulus Gy vs (r, — T)fa:gB for r < r., where
re = 0.037, £ = 3.8 £0.5, and f = 8.2+ 0.6
(consistent with Fig. [f]). Color levels code for
the CB content ranging between 2 and 10%.
The red line shows the best linearfit of the data.

nanoparticles. 8 Second, the exponent 4.7 is
consistent with that reported for CB gels in
aprotic solvents, e.g., mineral oils, in which the
elasticity also originates from a percolated net-
work of CB nanoparticles,?#2" as well as in de-
pletion gels.™"? Similarly, the Brownian param-
eter ¢ follows a power-law of the CB content as
shown in Supplemental Fig. [S7

Varying the polymer concentration as well as
the CB content, we observe that the gel refer-
ence modulus falls onto a master curve when
plotted as a function of (r, — r)ézlg, as illus-
trated in Fig. [0 with £ = 3.8 and 8 = 8.2. This
expression accounts for the scalings displayed
in Fig. 4] (a) and for the fact that, as r — r,
the elastic properties vanish, for the CB parti-
cles and clusters become isolated in the CMC
matrix. Note as detailed in supplemental ma-
terial, these exponents are fully consistent with
the power-law dependence of Gy found in Fig. 8]

Finally, CMC-CB hydrogels in the colloid-
dominated regime (i.e., r < r.) are electrically
conductive [Fig. [4[b)]. In Figure [10} we com-
pare their mechanical and electrical properties,
and observe that the electrical conductivity ocp
conferred upon the sample by the percolated
network of CB particles increases as a power
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Figure 10: Electrical conductivity of the
CB network ocp vs the elastic modulus
Gy. The colors indicate the values of z¢g using
the same scale as Fig.[0] The red line is the best
power-law fit with an exponent 0.5+ 0.2. Inset:
OCB VS TcB — T, With x. = 2% the percolation
threshold determined in Fig. 2] The red line is
the best power-law fit with an exponent 1.8 +
0.4.
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law of the reference modulus Gy, with an expo-
nent of about 0.5. Note that a compatible expo-
nent of 0.6 was robustly observed with the same
type of CB nanoparticles dispersed in mineral
oil at various weight fractions in the absence
of any dispersant, and for various shear histo-
ries.®!' This comparison strongly suggests that,
for r < r., CMC only serves to stabilize the CB
network in water, without affecting the link be-
tween the mechanical and electrical properties,
at least for r < r.. Yet, one should emphasize
that CMC-CB hydrogels display much lower
conductivity values ranging between 10~* and
1072 mS/cm, compared to that measured for
CB in mineral oil (between 1072 and 2 mS/cm),
at similar weight fractions. This discrepancy
most likely results from the coating of the CB
nanoparticles by the CMC, which lowers the
conductivity.

Discussion and Conclusion

By performing a fundamental and extensive
study of aqueous dispersions of cellulose gum
and carbon black soot particles, we have identi-



fied the range of polymer and nanoparticle con-
tents for which the mixture forms hydrogels.
These soft solids show two strikingly different
microstructures and mechanical responses de-
pending on the ratio r that quantifies the rela-
tive content of polymers and nanoparticles.

For r < r,, i.e., relatively low CMC concen-
trations, the gel elasticity is governed by the
CB nanoparticles, which form a space-spanning
network. Such a particulate network, which is
responsible for the conductive properties of the
hydrogel, is decorated and thus stabilized by
the CMC. In this regime, the viscoelastic prop-
erties of the CMC-CB hydrogel, which are well-
described by the SGR model, display weakly ag-
ing properties, which might be due to the slow
reorganization of the particulate network.

In contrast, for r > r. ie., relatively
high CMC concentrations, the gel elasticity
originates from two independent contributions,
namely the entangled CMC matrix on the one
hand, and the CB nanoparticles on the other
hand. In this regime, CB particles are dis-
persed inside the CMC matrix, where they
act as crosslinkers through hydrophobic inter-
actions. In consequence, the sample is not elec-
tronically conductive. Moreover, the viscoelas-
tic spectrum of these CMC-CB hydrogels are
frequency dependent and can be rescaled onto a
master curve, which is very-well described by a
fractional Kelvin-Voigt model with an exponent
a = 2/3 that characterizes the high-frequency
viscoelastic response.

Interestingly, a similar master curve was re-
ported for CMC-polydispersed silica hydro-
gels. 1% Although the impact of the CMC con-
centration was not determined, the scaling fac-
tor Gy was reported to increase as a power
law of the silica content with an exponent 3.15
compatible with the value ( = 3.0 &= 0.5 re-
ported in Fig. [/} This comparison suggests
that the nature and specific properties of the
suspended nanoparticles, e.g., shape and size,
have little or no influence on this exponent,
which is mainly controlled by CMC. Moreover,
the viscoelastic spectrum of CMC-silica hydro-
gels show a power-law in the high-frequency
limit, with an exponent 0.56 that is compati-
ble with the Zimm scaling « = 2/3 reported

11

in the present work. Note that this exponent
is not universal, and depends on the polymer-
solvent interaction. For instance, the viscoelas-
tic spectrum of polyacrylamide-silica hydrogels
obtained for various contents in silica parti-
cles™ can also be rescaled onto a master curve
that shows a high-frequency response that is a
power law with an exponent 0.74.

Our results pave the way for the rational
design of CMC-based slurries in which CMC
is used as a binder, e.g., for lithium-ion bat-
teries, #0304 and more generally for CMC-
based hydrogels involving various types of fillers
such as graphene oxyde, metallic nanoparti-
cles, etc. 107 Future work shall include rheo-
electric studies of the yielding transition and
flow properties of CMC-CB hydrogels, so as
to unveil the microscopic scenario underpinning
their non-linear properties.
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SUPPLEMENTARY INFORMATION

Dual origin of viscoelasticity in polymer-carbon black hydrogels:
a rheometry and electrical spectroscopy study

Dynamics of recovery of CMC-CB hydrogels

Following a preshear at 4 = 500 s~! during 180 s, CMC-CB hydrogels display two different types of
recoveries depending on the relative content of CMC and CB, as illustrated in Fig. [ST} For r < r,,
the sample elastic modulus verifies G’ > G” in less than a few seconds, and grows logarithmically
as a function of time [Fig. [SI(a)-(c)]. Such dynamics are robust and merely depend on the CB
content. In contrast, for r > r., the recovery is faster than logarithmic, and strongly depends on
the CB content, i.e., the crossover time of G' and G” drops for increasing CB content [Fig. [SI|(d)-(f)].
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Figure S1: Recovery of CMC-CB hydrogels following a preshear at ¥ = 500 s™! during 180: time
evolution of the elastic and viscous moduli G’ and G” resp., measured at f = 1 Hz for two different
CMC concentrations: come = 1072% with (a) zcg = 4%, (b) zcg = 6%, (c) zcp = 8%, and
CcMC — 2% with (d) ICB — 6%, (e) TCB — 8%, (f) ICB — 10%.



Calibration of the conductivity cell

The actual dimensions of the cell are unknown and the cell requires to be calibrated using KCl
solutions of known concentration and conductivity (Certified conductivity OIML Standard Solution
from Radiometer Analytical). Measurements were performed at room temperature at 7' = 22+1°C.
The electrical impedance of these solutions is reported in Fig. [S2| and fitted by the following

equation:
1

Q) W
which is equivalent to Eq. in the main document with Reg = 0o (no CB network). The cell con-
stant k is then computed to match the expected ionic conductivity i, at the given temperature and
concentration in KCl so that & = Rjon0ion. The results yield a cell constant k = 0.36 &= 0.01 cm ™,
as shown in the inset of Fig.
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Figure S2: Real part (resistance) of the electrical impedance vs frequency of KCI solutions as
measured with the conductivity cell for three different KCl concentrations: cxc = 1072 M (A),
107" M (e) and 1 M (M). The black lines are the best fits of the data with Eq. (). Inset: cell

constant k vs. KCI concentration, yielding & = 0.36 4= 0.01 cm™!.



Phase diagram of CMC-CB hydrogels viscoelastic properties

Viscoelastic properties measured 1200 s after the end of the rejuvenation step, and reported as 2D
maps of the elastic modulus and viscous modulus in the plane (z¢p, comce) in Fig. [S3and Fig. [S4]
respectively. The corresponding loss factor tand = G”/G’ is shown in Fig. 3 in the main text.
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Figure S3: Phase diagram of CMC-CB hydrogels elastic modulus G measured at f = 1 Hz and
reported as a function of the CB solid weight fraction zcg and the CMC weight fraction ccye. The
green curve marks the limit » = r. that separates two different types of mechanical responses and
microstructures.
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Figure S4: Phase diagram of CMC-CB hydrogels viscous modulus G” measured at f = 1 Hz and
reported as a function of the CB solid weight fraction zcg and the CMC weight fraction ccye. The
green curve marks the limit r = r. that separates two different types of mechanical responses and
microstructures.



Justification for the scaling of G’ with cqy¢ for r < r.

The elastic modulus of CMC-CB hydrogels for r < r. is a decreasing function of the CMC concen-
tration, as shown in Fig. (a). To highlight the power-law scaling between the elastic modulus and
the CMC concentration, the horizontal axis is rescaled using a critical CMC concentration c.. To be
consistent with the scaling as a function of r and the unicity of r., irrespective of the CB content, c,
must depend on zcp following ¢, = r.xcp/(1 — xcp). With r. = 0.037 as in Fig. (b), the power-
law exponent between Gy and c. — conie for each CB content are the same and equal to £ = 3.84+0.5
as expected according to Fig. 4 where Gy ~ (1. — 7)¢(zcp — 2)? = (ce — come)é(1/zep — 1)¢zly.
One should note that 1/zcgp — 1 ~ 1/zcp for zcp < 1, such that the elastic modulus scales as
Go ~ (c. — cCMc)fxg_BE. As shown in Fig. (d), the best power-law fit of Gy as a function of zcp at
fixed CMC concentration ccyc yvields an exponent 4.7, which is compatible with § — & = 4.4.

The fact that the more CB in the solution, the higher c., emphasizes that the relevant parameter
is . Indeed, if the transition between the two regimes were only due to the polymer concentration,
increasing the CB weight fraction would increase the effective concentration of polymer everywhere
else, leading to a lower c., which is not what is observed here.
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Figure S5: (a) Elastic modulus G at f = 1 Hz as a function of coyme for different CB contents
zep = 6% (¢), 8% (o), and 10% (e). (b) Same data plotted as a function of ¢, — comc where the
critical CMC concentration ¢, was computed using r, = 0.037 leading to ¢, = 0.24, 0.32, 0.41% for
resp. xcg = 6, 8, 10%. The red dotted line indicates a slope of 3.8, which is expected according
to the scaling in Fig. [i]



Master curve for viscoelastic spectra for different CMC and
CB contents

The master curve reported in Fig. [6] corresponds to a rescaling of the viscoelastic spectrum ob-
tained for different CB contents at fixed CMC concentration. Here we show that such a rescaling
holds when varying the CMC concentration. Viscoelastic spectra of CB-CMC hydrogels with coyc
varying between 2 % and 5 % and zcp varying between 5 % and 15 % can be superimposed on
the same master curve as that reported in Fig. [6] using the modulus (Gy) and frequency (wp)
parameters extracted from the fit of each spectra by a fractional Kelvin-Voigt model (FKV). The
general master curve is shown in Fig. (a). The modulus G grows linearly with the frequency wy,
with Gy = Awy as shown in Fig. [S6(b). The shift factor A increases as a power-law of the CMC
concentration with an exponent of about 4.5 [see inset in Fig. [S6|(b)].
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Figure S6: (a) Master curve for the frequency dependence of the viscoelastic moduli of CB-CMC
hydrogels for different CMC concentrations [ccyc =2 % (o), 3 % (M), 4 % (A), and 5 % (V)] and
different CB contents ranging between 5 % and 15 %. The red curves correspond to the normalized
FKV model G* = 1 + (i@)* with a = 2/3. (b) Scaling between the two normalization factors Gy
and wg. The solid lines show the best linear fits of the data Gy = Awg. Inset: A vs. comc best
described by a power-law fit with an exponent 4.5 + 0.8 shown as a red line.



Dependence of the parameter ¢ with the CB content (r < r,)

The modified SGR model® accounts for Brownian motion of the gel microstructure with an ad-
ditional term cw'/? in both the elastic and loss moduli as described by Egs. and . For the
CB-CMC hydrogels with r < r., we report in Fig. [S7] a power-law dependence of the parameter ¢
with respect to the CB content.
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Figure S7: Parameter c¢ as a function of the CB content for CB-CMC hydrogels at fixed CMC
concentration conic = 1072%. The red line shows the best power-law fit of the data, which yields
an exponent of 4.3 + 0.6.



