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Supplementary Materials 
Rheological Investigation 

To better evaluate the effects produced by the DND particles on the rheological fea-
tures of the dispersions, the flow curves were analyzed and fitted by means of the Cross 
model, according with Equation ( S1):  

Where η0 is the zero-rate viscosity, η∞ the high shear viscosity, 𝛼 is a time constant 
associated with the rupture of linkages and m is a dimensionless parameter measuring 
the degree of dependence of viscosity on shear rate in the shear-thinning region. To cor-
roborate the results achieved by the extensive Cross model, the mid-shear section of the 
overall flow curve was analyzed by means of the Power law (Equation ( S2)):  

Where the constant ‘k’ represents the consistency of the fluid, and ‘n’ is a measure of 
how much the fluid deviates from a Newtonian fluid [1–4]. In particular, the values of the 
n parameter of 1, <1, or >1 are associated to Newtonian, shear-thinning, or shear-thicken-
ing behaviors, respectively. In Figure S1 the trends of the fitting parameters for hybrid 
HPC-DND 0.5, HPC-DND 1 and reference HPC dispersions are reported. An amplified 
deviation from the Newtonian behaviour (more evident shear thinning behavior) can be 
observed in HPC-DND samples, proved by a decrease of n values at increasing DND. 
Newtonian plateau is only present when the relaxation time of the deformed molecules is 
shorter than the time of the flow, guaranteeing the overall structure of the solution in an 
isotropic state. At higher shear rates, this is no longer possible because macromolecules 
do not have enough time to fully relax, consequently they orient along the flow direction, 
causing a decrease in viscosity. The increase of k values with the DND seems to indicate 
that the HPC chains relaxation mechanism is retarded by particles. 
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𝜂 − 𝜂𝜂 − 𝜂 = 11 𝛼𝛾  (1)

𝜂 = 𝑘 ⋅ 𝛾  (2)
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Figure S1. Trends of the rheological parameters derived by Power law approach for the HPC-DND 
0.5, HPC-DND 1 and reference HPC dispersions. 

Oscillatory rheology tests were performed to better understand the viscoelastic prop-
erties of the composites. Preliminarly, the Linear Viscoelastic Region (LVR), which is de-
fined by a linear relationship between the oscillatory stress (σ) and strain (γ), has been 
investigated to identify the range of strain in which the material behaves independently 
of the strain. While small strain measurements test the sample without changing its mi-
crostructure, this could be permanently modified over a certain strain value, which is rep-
resented by the critical strain γc. This value can be identified by a 5% decrease of the stor-
age modulus (G’) from the average values. After the fluid’s linear viscoelastic region has 
been defined by a strain sweep test, its structure can be further characterized using a fre-
quency sweep at a strain below the critical strain γc. This measure provides more infor-
mation about the interactions among particles. For a viscoelastic material the shear force 
and shear strain are not in phase, but instead the deformation is delayed with respect to 
the force by a time quantified as the phase shift. The shift between the input stress and the 
output strain is the phase angle δ, which ranges from 0° to 90° for viscoelastic materials 
[1]. Knowledge of the shear stress σ, strain γ and the phase shift δ allows one to completely 
describe the viscoelastic properties of the material using G’ and G’’ parameters. G’ is the 
elastic (storage) modulus, that measures the elasticity of the material and its ability to store 
energy, in the form of elastic deformations. At strain values lower than γc, the elastic mod-
ulus G’ is almost independent of frequency. A higher dependency of the G’ from the fre-
quency indicates a more fluid-like behavior of the material. On the other hand, an in-
creased material rigidity, due to for example to increased cross-linking, causes a decrease 
in the slope of G’ as a function of the frequency. G’’, which is the viscous (loss) modulus, 
measures the ability of the materials to dissipate energy, lost as heat or as permanent de-
formations. G*, measures the material overall resistance to deformation and is calculated 
as the ratio between the oscillatory stress (σ) and strain (γ).  

G’ and G’’ can be calculated from stress (σ) strain (γ) and δ  according to Equation ( 
S3)and Equation ( S4), respectively. 

 
Tanδ measures the material damping, such as vibration or sound, and is defined as: 

 

𝐺 = 𝜗𝛾 cos 𝛿 (3)

𝐺 = 𝜗𝛾 sin 𝛿 (4)

tan 𝛿 =    (5)
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For ideal solids characterized only by an elastic behavior, Tanδ = 0. In the case of real 
materials its value is above 1 when it is defined mainly by the viscous behavior, below 1 
when the elastic response is prevailing. 

The viscosity measured in an oscillatory experiment is a complex viscosity, η*, and 
contains an elastic component and a term similar to the steady state viscosity (Equation ( 
S6)).  

At low frequencies, η' approaches the viscosity measured in steady shear as the shear 
rate approaches zero and is usually given the name 'dynamic viscosity'.  

In the case of a polymer solution, elastic stresses relax sufficiently rapidly, and vis-
cous stresses dominate, thus leading to G’’ > G’. Both parameters decrease with decreasing 
frequency, but the variation in G' is more abrupt. Contrarily, in the case of a gel, the stress 
cannot relax, showing a non-dependency of G' from the frequency. Moreover, being the 
gel is highly elastic, G’ > G’’ [5–8]. 

The Linear Viscoelastic Region was determined through strain sweep tests. In Figure 
S2 results from strain sweep tests are reported for both HPC 5% and HPC 5% DND 1%. 
In particular, the variation of G’, G’’, and G* vs Strain are reported in Figure S2 a) for HPC 
5% and b) for the composite. Figure S2 shows for both the samples higher values of the 
loss modulus (G’’) than the storage modulus (G’), therefore they are classifiable as visco-
elastic liquids, as confirmed by frequency sweep tests reported in the main text.  

 
Figure S2. Strain sweep results, as G’, G’’ and G* vs Strain for (a) HPC; (b) for HPC - DND 1. Error 
bars are not shown for sake of clarity (errors do not affect the hierarchy of the displayed parameters). 

  

𝜂∗ = 𝜂 − 𝑖𝜂   (6)
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CV and EIS results  

 
Figure S3. CV curves acquired at 20, 40, 80 mV/s for (a) H2O and (b) DND aqueous dispersion; EIS 
experimental data (symbols) and respective fit curves (solid line) for (c) Bode (d) Nyquist and (e) 
negative phase angle plots along with the equivalent circuit in the inset; (f) trend of the EIS param-
eters derived from the fitting procedure for  H2O and DND aqueous dispersion. 
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Figure S4. CV curves acquired at 80 mV/s for HPC-DND 1 dispersion. 110 scans were collected to 
confirm the reversibility of the electrode-dispersion interaction. 
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