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Introduction

Tailoring electrochemically exfoliated graphene
electroactive pathways in cementitious
composites for structural health monitoring of
constructions

Matgorzata Safuta, () *2 Cataldo Valentini, ©® Artur Ciesielski (2 *< and

Paolo Samori () *<

Manipulating and exerting a nanoscale control over the structure of multicomponent materials represents
a powerful strategy for tailoring multifunctional composites for structural health monitoring applications.
The use of self-sensing, electroactive cementitious composites in large-scale applications is severely hin-
dered by the absence of clear directives and a thorough understanding of the electrical conduction
mechanisms taking place within the cement matrix. Here we report on a nanoscale approach towards this
goal which is accomplished via the development of a novel, multifunctional cementitious composite
incorporating electrochemically exfoliated graphene (EEG). The use of commercially available poly(car-
boxylate ether)-based superplasticizer allowed us to embed in the cement mortar up to 0.8 wt% of EEG
which is fully dispersed in the matrix. The multiscale investigation made it possible to assess the effect of
such high dosages of EEG on the mechanical performance and hydration degree of cementitious com-
posites. We used electrochemical impedance spectroscopy to monitor the formation of electroactive
EEG-based percolation paths for charge transfer within cement mortar, the latter displaying resistivities of
2.67 kQ cm as well as EEG-cement-EEG capacitive paths with capacitance of 2.20 x 107*° F cm™ for
composites incorporating 0.6 wt% of EEG. Noteworthy, we have proposed here for the first time an elec-
trical equivalent circuit for the impedance spectroscopy analysis of cementitious composites with high
loadings of graphene, exceeding the percolation threshold. These findings underscore the potential of
nanoscale structures for civil engineering applications and more specifically may open new avenues for
the technological application of graphene-based cementitious composites in self-sensing structures.

need of extensive connections and equipment.”™ Self-sensing
cementitious composites are manufactured by incorporating

The durability, sustainability and safety of modern building
structures increasingly rely on Structural Health Monitoring
(SHM) which takes place through the continuous, real-time
measurements of the structural response to external loads
and/or weather conditions, enabling the immediate noticing
of damage occurrence.”” Over the past decades, self-sensing
cementitious composites have attracted considerable attention
in the field of SHM as materials overcoming the commonly
existing limitations in external sensors, such as low durability
and compatibility with concrete structure, high cost or the
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conductive functional nanofillers that may transform an elec-
trically insulating cementitious composite into a multifunc-
tional sensor acting simultaneously as a high-performance
structural material. With the introduction of functional (nano)
fillers forming electroactive paths within cement matrix, the
novel material becomes capable of detecting stress, strain or
cracks due to the changes of electrical parameters such as res-
istivity, capacitance, impedance, dielectric constant etc.>> The
most studied functional fillers in self-sensing concrete are
based on steel and carbon fibres, carbon black, graphite and
carbon nanotubes.>**'® Unfortunately their implementation
in real-scale structures is still precluded due to the broadest
diversity of reported results. This is due to the fact that the
properties of self-sensing concrete are strongly affected by the
type and morphology adopted by the functional fillers as well
as by their alignment and dispersion within the cement
matrix.'>'?> Therefore, the search for the novel materials

This journal is © The Royal Society of Chemistry 2024
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offering a high-control over the electrical properties of cemen-
titious composites represents a key step for the development
of self-sensing concrete. Noteworthy, graphene’s outstanding
properties”*™™® make it one of the most promising nano-
materials for application in composites, including civil engin-
eering applications, with the ultimate goal of designing high-
performance, self-monitoring structures. Among various syn-
thesis protocols, electrochemical exfoliation of graphite offers
the possibility to obtain graphene flakes of different sizes,
thicknesses and quality, together with enabling the production
of high quantities of graphene at industrial scale with high
efficiency, at low cost, and in an environmentally friendly
manner.'®"”  Moreover, as reported in our previous
studies,'®'® the addition of low dosages of electrochemically
exfoliated graphene (EEG) proved to be greatly beneficial for
the cement hydration, the development of the microstructure
of cement-based composites as well as for their mechanical
and durability-related properties. Therefore, considering also
its excellent electrical properties,"®*° EEG is emerging as an
attractive functional filler for self-sensing applications in con-
crete structures.

Importantly, the findings reported in the literature
highlight the greatest challenge in the field of self-sensing
cementitious composites being the development of the repro-
ducible, precise and easy applicable methods for elucidating
the electrical properties of cementitious composites. In most
cases, the results acquired in different laboratories*° cannot
be directly compared due to significant differences in the geo-
metry and size of the samples, the water-saturation level of the
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composites, the employed electrodes’ material, shape and
layout as well as the measurement method and the applied
voltage and, if applicable, frequency. The overwhelming
majority of studies involve the use of 2-probe or 4-probe direct
current-based (DC) resistivity measurements.>'° Nevertheless,
DC measurements suffer from the electrical polarization due
to the movement and aggregation of the ions and, in case of
2-probe measurements, also from the lack of a clear distinc-
tion between the resistivity of a material and the contact resis-
tance of electrode-specimen interface. To address the polariz-
ation issue, a DC field should be applied to the sample before
the actual measurement to attain its full polarization.
Noteworthy, the time required for the full polarization
increases significantly together with the size of the element,
thus limiting the industrial scale applications of this
method.>' Importantly, the use of alternating current (AC)
methods makes it possible to overcome the polarization effect
and to obtain much more stable results.” Moreover, while DC
measurements can only record the resistivity of the entire com-
posite simplified to a homogeneous material (usually pre-
sented as a function of functional filler content - Fig. 1a), the
use of AC enables to track the formation of different solid and
liquid paths within the complex microstructure of cementi-
tious composites as well as to fully understand the variety of
conduction and dielectric mechanisms occurring within
cement matrix.””?® In particular, Electrochemical Impedance
Spectroscopy (EIS) has established itself as a powerful tool for
the characterization of cementitious composites’ microstruc-
ture and their corrosion as well as for the investigation of the

A B C
insulation percolation conduction
zone zone zone

contact conduction

paths

@nvoo
° %
\"o °,

z

o°

z R:)c

Electrode effect Functional filler effect

Fig. 1 Electrical properties of cementitious composites with functional fillers, e.g., carbon fibres, steel fibres or CNTs: (a) the relation between the
filler content and the electrical resistivity of a cementitious composite; (b) and (c) typical Nyquist plots for (b) plain cementitious composites and (c)
cementitious composites with functional filler (Rpc represents the resistivity of the composite measured with direct current).
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electrical behaviour of composites incorporating functional
fillers.>”~2° EIS enables to monitor the formation of conductive
paths of functional fillers reflecting their effect within inter-
mediate frequency range on Nyquist plot (Fig. 1b and c).*
Moreover, through impedance spectroscopy measurements
one can determine the cusp point that corresponds to the DC
resistance (Rpc) of a composite.>® Importantly, this value is
strongly influenced by the properties of cement matrix and
cannot fully characterize the effect of the functional filler.
Nevertheless, the high complexity of multiphase concrete
microstructure as well as the high level of divergence in the
experimental protocols hinder the clear understanding of the
physical meaning of the impedance results gathered on
cementitious composites, ultimately rendering extremely
difficult the prediction of the materials’ electrical response to
stress and strain. Therefore, the development of novel
measurement protocols to precisely monitor the formation of
functional filler percolation paths within cementitious compo-
sites is a mandatory step for the application of self-sensing
cementitious composites in real structures.

Here we present a novel, multifunctional cementitious com-
posite containing electrochemically exfoliated graphene (EEG).
We first manufactured cement mortars incorporating different
loadings of EEG, up to 0.8 wt%, by using commercially avail-
able poly(carboxylate ether)-based superplasticizer as a surfac-
tant to disperse graphene-based material in distilled water. We
then investigated the effect of high dosages of EEG on the
mechanical properties and microstructural characteristics of
representative cementitious composites by investigating refer-
ence mortar and mortars incorporating 0.4 wt% and 0.6 wt%
of EEG which were chosen based on the potential electrical
performance, cost-effectiveness and proper workability.
Finally, we performed for the first time the comprehensive
electrochemical impedance spectroscopy study of oven-dried
hardened EEG-based cement mortars. Based on previously
reported models®'** as well as our previous study,** we devel-
oped an unprecedented, modified equivalent electrical circuit
for modelling cementitious composites incorporating high
loading of EEG, above the percolation threshold. The increas-
ing loading of EEG determined a significant change of the
shape of Nyquist plots when compared with plain composites.
Moreover, we found that at EEG loading of 0.8 wt% all solid
cement capacitive paths were replaced by EEG-based conduc-
tive paths and/or EEG-cement-EEG capacitive paths. Our find-
ings represent an important step forward towards the wide
application of EEG-based composites in self-sensing concrete
structures.

Experimental
Materials

Cement, sand, distilled water, superplasticizer and graphene
were used within this study to fabricate standard cement
mortar according to PN-EN 196-1:2016.>* Portland cement
CEM I 42.5R was supplied by Gorazdze Cement S.A. Standard
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sand was purchased from Kwarcmix, while poly(carboxylate
ether)-based superplasticizer (PCE) 6681F was supplied by
BASF. Graphene was obtained by electrochemical exfoliation of
graphite foil (Alfa Aesar, 0.5 mm thick) using a platinum wire
(GoodFellow, diameter of 0.5 mm) and aqueous solution of
ammonium sulfate (NH,),SO, (Alfa Aesar). Mesh electrodes
were soldered using copper wire or stainless-steel wire sup-
plied by GoodFellow, both with diameter of 1 mm.

EEG synthesis and characterization

EEG was obtained by electrochemical exfoliation of graphite
foil.’®'® Graphite foil cut into pieces of ca. 2 cm x 2 cm served
as an anode and platinum wire as a cathode in an electrolytic
cell filled with aqueous solution of (NH,),SO, with a concen-
tration of 0.1 M. The voltage of 15 V was applied to start the
exfoliation generating a current of ca. 0.4 A. The exfoliation
was conducted for ca. 6 h. The resulting material was then
sonicated and rinsed several times with water. Finally, col-
lected graphene was immersed in liquid nitrogen for a few
minutes and then freeze-dried for at least 48 h. The compo-
sitional characterization was performed with a Thermo
Scientific K-Alpha X-ray photoelectron spectrometer equipped
with an aluminum X-ray source (energy 1.4866 keV) at a
vacuum level of 107-107° mbar in the main chamber was
used. The spot size of the X-ray beam was fixed at 400 um.

EEG dispersion and cement mortar preparation

The aqueous dispersion of EEG with the concentration of
20 mg ml™" was prepared using poly(carboxylate ether)-based
superplasticizer as a surfactant. Noteworthy, PCE superplastici-
zers are the most commonly adopted surfactants used for dis-
persing graphene-based materials within cement matrix. On
the one hand, PCE provides the steric repulsion and the steric
hindrance effect separating graphene nanosheets from each
other and from charged ions.*>*® On the other hand, PCE pro-
ducts are water-reducing and workability-improving admix-
tures compatible with concrete. An EEG-to-surfactant ratio
equivalent to 2 was employed. Superplasticizer was first dis-
solved in water by sonication. After adding graphene, the dis-
persion was then sonicated for 30 min. The cement mortar
was prepared within this study following the protocol of
PN-EN 196-1:2016.>* The water-to-cement ratio and the sand-
to-cement ratio were kept at 0.5 and 3.0, respectively, for all
mixes. We fabricated six different cement mortars labelled as
follows: R as reference mortar, and EEG_0.1, EEG_0.2,
EEG_0.4, EEG_0.6, EEG_0.8 which contain 0.1 wt%, 0.2 wt%,
0.4 wt%, 0.6 wt% and 0.8 wt% (dosage by weight of cement) of
EEG, respectively. The EEG dispersion was added to cement
together with remaining water. After mixing, the fresh mortar
was placed into steel moulds with the dimensions of 40 mm X
40 mm x 160 mm as well as into plastic cubic moulds with the
dimension of 40 mm in two layers. Each layer was then
vibrated on a vibration table for 30 s to remove the air from
the mix. The specimens for electrical measurements were fab-
ricated with embedded copper and steel electrodes. The exact
geometry and layout of the electrodes is presented in following

This journal is © The Royal Society of Chemistry 2024
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paragraphs. The samples were then covered with polyethylene
foil for 24 h. Thereafter, the specimens were demoulded and
placed in water for additional 27 days. After the hardening
period, the samples were tested or dried in the air and/or in
the oven as described in following paragraphs.

Electrochemical impedance spectroscopy

The impedance spectroscopy analysis was performed using
GWINSTEK LCR Meter 6300 with a frequency range swept
from 20 Hz to 300 kHz. The measurements were conducted in
two-probe layout. To establish the most reliable and efficient
protocol for EIS measurements, we first investigated the effect
of electrodes’ material, geometry and distance as well as the
effect of the applied voltage on the obtained Nyquist plots of
reference mortar at the age of 28 days after 3 days of air-
drying. For the electrodes’ evaluation we have chosen two
different electrodes’ materials, i.e., copper and stainless steel,
five different shapes of the copper electrodes’: wire, three
meshes and plate (as presented in Fig. 2) as well as five various
distances between the electrodes: 1 cm, 2 cm, 3 cm, 4 cm and
6 cm. The results revealed that (1) the use of stainless steel
wire let to the higher dispersion of the recorded points, if com-
pared to copper electrodes, and caused the formation of
additional semi-circle being an effect of sample-electrode
interactions (Fig. 3a); (2) the use of mesh electrodes, in par-
ticular “Mesh 2” and “Mesh 3”, gave reliable results, simul-
taneously ensuring the proper compaction of cement mortar
and efficient bond between the electrode and the composite
(Fig. 3b); (3) the values of impedance measured for the electro-
des’ distance exceeding 2 cm are comparable (Fig. 3c).
Moreover, the applied voltage (10 mV, 100 mV and 500 mV,
Fig. 3d) proved to have a negligible effect on the obtained
results. Therefore, the further impedance measurements of
EEG-based cementitious composites were performed using
copper electrodes “Mesh 3” with the distance of 3 cm and the
voltage of 100 mV. All the samples, after the curing period of
28 days, were dried for 1 month in the air, followed by 24 h of
oven-drying at 60 °C. The fitting of impedance spectra was per-
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Mechanical properties tests and microstructural
characterization

Mechanical properties tests according to PN-EN 196-1:2016*
using CONTROLS PILOT Automatic
Compression-Flexural Cement Tester on rectangular samples
with the dimensions of 40 mm x 40 mm x 160 mm at the age
of 28 days. The flexural strength was determined on three
samples at a loading rate of 50 N s™', while the compressive

strength tests were performed on six remaining halves of the
-1

were conducted

samples at a loading rate of 2.4 kN s

After the mechanical strength tests, the samples were
crushed into small pieces of 3-5 mm and then dried in the
oven at 60 °C for 72 h to stop further hydration.

The microstructure of the hardened composites was evalu-
ated by Scanning Electron Microscopy (SEM) imaging using
FEI Dual Beam 235 with the accelerating voltage of 5 keV inci-
dent beam energy. The dried pieces of cement mortar were
first glued to a support with conductive silver paste and the
fracture surface was sputter-coated with a thin layer of gold.

Thermogravimetric Analysis (TGA) was performed using
Mettler Toledo TGA/DSC 2 instrument. The pieces of mortar
were grounded into fine powder and then filtered through a
80 pum sieve to remove coarse grains of sand. Three samples
(ca. 15 mg) of each mortar were placed into alumina crucibles.
The samples were first kept isothermally at 30 °C for 30 min
and then heated from 30 °C to 1000 °C at a heating rate of
10 °C min~". The measurements were carried out under nitro-
gen atmosphere. Based on the TGA results, we determined the
hydration degree and calcium hydroxide content in all
samples. The hydration degree was calculated as:*’

a= (Wg/Wge) X 100% (1)

where Wg,, = 0.1667 corresponds to the maximum chemically
bound water required for the full hydration of cement particles
and Wp represents the chemically bound water in the mortar
determined as follows:

formed using RelaxIS 3 software. Wg = Lan + Lax + 0.41 X (Lac — Ldca) (2)
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Fig. 2 The geometry of the wire, mesh and plate electrodes embedded into cement mortar samples for electrical measurements (all sizes are in mm).
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Fig. 3 Prototypical impedance spectroscopy measurements — Nyquist plots of (a) different electrodes’ material, (b) different copper electrodes’
shape, (c) different distance between copper electrodes, and (d) different voltage.

where Lan, Lax, and Lg. are the relative mass losses in dehydra-
tion (105-400 °C), dehydroxylation (400-530 °C) and decarbo-
nation (530-1000 °C) regions, respectively, while Lq., is the
subtraction of the anhydrous carbonation material in region
600-750 °C.

Results and discussion
EEG synthesis

EEG has been prepared by the electrochemical exfoliation of
graphite using ammonium sulphate solution as an electrolyte,
platinum wire as a cathode and graphite foil as an anode in an
electrolytic cell.'®'® Noteworthy, the electrochemical exfolia-
tion process of graphene production holds a great technologi-
cal potential, since it can be easily upscaled. The electrolysis
process lasting 6 h allowed us to produce ca. 300 mg of dry
EEG.

The lateral size of EEG sheets varies between 2 pm and
5 pm with bilayer graphene being the main product.'® The
chemical composition of the produced EEG was assessed by
X-ray photoelectron spectroscopy (XPS) analyses. From the
survey spectra, a C/O ratio of 6.7 is estimated for the exfoliated
EEG (Fig. 4) which is typical for electrical conductive gra-
phene-based materials.*® To further investigate the chemical
structure of EEG, we fitted the high-resolution C 1s XPS spec-
trum with 5 Gaussian-Lorentzian curves for the 5 functional
groups: 284.4 eV C-C (C sp>-C sp?), 285.15 eV C-O (including
C sp>-0-C sp?, C sp®>-OH and C sp>-OH), 286.48 eV C-O-C (C

15828 | Nanoscale, 2024, 16, 15824-15833

sp>-0-C sp?), 287.38 eV C=0, and 288.50 eV COOR (COOH
and ester) (Fig. 4). The C-C (C sp>-C sp”) moiety is prevailing
with 62.7% of relative abundance confirming the electrically
conductive structure of EEG.

Mechanical and microstructural characterization

The high loadings of nanomaterials required to obtain the per-
colation threshold and stable electric response of the material
may lead to the formation of aggregates inhibiting the cement
hydration and deteriorating the microstructure of hardened
composites. Therefore, we further investigated the effect of
selected EEG dosages, i.e., 0.4 wt% and 0.6 wt%, on the
mechanical properties, hydration degree and microstructure
formation of cementitious composites at the age of 28 days.
Fig. 5a plots the results of the compressive and flexural
strength tests, while Fig. 5b shows the Ca(OH), content and
hydration degree calculated on the basis of TGA measure-
ments. On the one hand, we observed a gradual decrease in
the strength of cementitious composites with the addition of
high loading of EEG as quantified by 7.57 MPa and 54.61 MPa
of flexural and compressive strength, respectively, for the refer-
ence mortar, up to 6.16 MPa and 43.49 MPa for
EEG_0.6 mortar (attesting a decrease of 19% and 20%, respect-
ively). On the other hand, the calcium hydroxide content
increased by 11% and the hydration degree remained relatively
unaltered with the addition of 0.6 wt% of EEG, if compared to
the reference mortar. Even though the hydration degree of the
composites remained the same for all samples, most probably

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Mechanical properties tests and structural characterization of R, EEG_0.4 and EEG_0.6 cement mortars at the age of 28 days: (a) compres-
sive and flexural strength, (b) calcium hydroxide content and hydration degree, (c—e) SEM images for R, EEG_0.4 and EEG_6 mortars, respectively.

the high loading of EEG and PCE resulted in the higher poro-
sity of hardened composites and higher formation of weaker
hydration products, ie., ettringite and calcium hydroxide crys-
tals (Fig. 5¢c-e).

Impedance analysis of EEG-based cementitious composites

In order to determine the effect of EEG nanosheets on the electri-
cal performance of cementitious composites as well as to gain
deep understanding of the formation of electroactive graphene-
based paths within cement matrix, we performed the electro-
chemical impedance spectroscopy studies on hardened EEG-
based cement mortars incorporating up to 0.8 wt% of EEG.
Noteworthy, the Nyquist plots of water-saturated cementi-
tious composites are dominated mainly by the effect of the

This journal is © The Royal Society of Chemistry 2024

electrode-specimen interface, therefore, to fully explore the
changes of the impedance occurring together with the increas-
ing loading of EEG, we analysed the Nyquist plots for all
cement mortars after 1 month of air-drying followed by 24 h of
oven-drying. In general, the addition of EEG results in a sub-
stantial change of the impedance spectrum shape. While a
typical semi-circle is highly visible for reference composite
(Fig. 6a), the addition of EEG leads to the significant flattening
of the curve by modifying the ratio between the imaginary and
real part of the impedance (Fig. 6b-e). Finally, the Nyquist plot
of EEG_0.8 mortar (Fig. 6f) reveals the presence of two semi-
circles: similarly to composites with carbon fibres and
CNTs,*%%% the additional semi-circle, being a fingerprint of
the EEG nanosheets presence, appeared in intermediate fre-
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Fig. 6 Nyquist plots for mortar samples dried in the oven for 24 h: (a) reference mortar R, (b)—(f) mortars incorporating from 0.1 wt% to 0.8 wt% of
EEG. Note: green, blue and red colours represent the fitting with the equivalent electrical circuits |, Il and lll, respectively, according to Fig. 3.

quency region. Moreover, the results indicate the notable fre-
quency dependence of the measured resistivity. On the one
hand, the resistivity measured for the frequency of 300 kHz
considerably decreased with the addition of graphene: the
average values of 8.76 kQ cm and 15.47 kQ cm were achieved
for EEG_0.8 and R mortars, respectively (the decrease of
43.4%). On the other hand, even though it is highly visible
that EEG strongly affects the electrical response of the cementi-
tious composites to AC, the resistivity considered as the resis-
tivity of the bulk cement matrix (previously labelled as Rpc)
that can be measured within the frequency range of 30-300 Hz
remained relatively unaltered in all samples.

Electrical equivalent circuit for EEG-based cementitious
composites

We further processed the EIS data with the fitting procedure
using the equivalent circuits reported in our previous study on
rGO-based cementitious composites.>® Within this work we
established two equivalent electrical circuits: a “modified con-
ductive paths” circuit (based on Song’s circuit’! and its modifi-
cation,”’ circuit I in Fig. 7) for reference composite and a
circuit with additional graphene-based paths for composites
with rGO loading from 0.075 wt% to 0.2 wt% (circuit II in

15830 | Nanoscale, 2024, 16, 15824-15833

Fig. 7). The former involves the simulation of three conductive
paths within cement matrix: the continuous conductive paths
formed by uninterruptedly connected pores (modelled as a
resistor R;), the insulator paths representing the solid layers of
cement hydrates (modelled as a capacitor C;) and the discon-
tinuous conductive paths of solid layers disrupted locally by
pores (modelled as a constant phase element CPE,). The latter
introduces an additional circuit consisting of continuous con-
ductive graphene-based paths (modelled as a resistor R,) and
capacitive paths formed by solid cement matrix layers between
graphene nanosheets (modelled as a capacitor C,). For each of
them the electrode-specimen interface was represented by an
additional constant phase element CPE,. All the fitted spectra
are presented together with the experimental curves in Fig. 5.
Importantly, the proposed circuits mimicked efficiently the
experimental results for reference mortar (circuit I) and
mortars with EGG loading up to 0.6 wt% (circuit II).
Nevertheless, the use of circuit II for fitting the EEG_0.8 led to
high fitting errors, in particular within the insulator paths of
cement matrix indicating that the value of C; is close to zero.
This is most probably due to the increasing loading of EEG
leading to the disappearance of the insulator paths of cement
matrix, ie., all the paths of solid layers of cement hydrates

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Equivalent electrical circuits applied for the fitting of electrochemical impedance spectroscopy results of EEG-based cement mortars: circuit | —
reference mortar, circuit Il — mortars with EEG loading from 0.1 wt% to 0.6 wt%, circuit Ill — mortar with 0.8 wt% loading of EEG (description in the text).

transform into capacitive EEG-cement-EEG paths. Therefore,
we have proposed a new equivalent circuit for cementitious
composites incorporating high loadings of EEG (circuit III in
Fig. 7) by removing C; capacitor.

Fig. 8 displays the key performance indicators of equivalent
electrical circuits for oven-dried reference and EEG-based com-

a) b

posites. It is worth pointing out that the first addition of EEG,
i.e, 0.1 wt%, results in the notable drop of the R, resistivity,
from 25.01 kQ cm to 16.17 kQ cm, if compared to reference
mortar. This observation can be explained by the addition of
PCE superplasticizer to EEG dispersion. Within our previous

study on rGO based composites,*® we reported the reduction
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Fig. 8 Values of the equivalent circuit components for all mortars, oven-dried for 24 h: (a) Ry and R, (b) C; and C,, (c) Q-factor and a-exponent of
CPE;. Note: the values of the components of the equivalent circuits are normalized on the basis of the samples’ geometry and the distance between

the electrodes.
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of R, for composites with the addition of PCE due to the
higher porosity of the mortars. Nevertheless, the further
increase of EEG dosage from 0.1 wt% to 0.6 wt% is
accompanied by an increase of R, resistivity and a reduction of
R, resistivity (Fig. 8a). The increase of the resistivity of the con-
tinuous conductive paths of cement matrix can be attributed
to the higher hydration degree of EEG-based mortars that was
further confirmed in microstructural characterization. The
reduction of R, resistivity confirms the formation of higher
number of graphene-based conductive paths within the com-
posite. Initially, the changes of capacitance are inversely pro-
portional to the changes of the resistivity (Fig. 8b). The higher
porosity determines a significant increase of C; capacitance
from 3.35 x 107> F cm ™" to 4.08 x 10" F cm™" with the EEG
addition of 0.1 wt%. Interestingly, further increase of EEG
loading up to 0.4 wt% results in the negligible difference in
both C; and C, values. This can be attributed to the fact that
the increasing hydration degree combined with higher loading
of EEG should decrease the capacitance C; of cement matrix
and increase the capacitance C, of EEG-cement-EEG paths.
Nevertheless, since the EEG loading up to 0.4 wt% is too low
to reach the percolation threshold, the minor changes in the
formation of C; and C, paths cannot be detected. Noteworthy,
the addition of 0.6 wt% of EEG leads to a decrease of the C;
capacitance to 1.02 x 10~ F ecm™", simultaneously increasing
C, capacitance, achieving value as high as 2.20 x 107" Fem™
(the increase from 1.34 x 107" F cm™ observed for
EEG_0.4 mortar), being an effect of the reduced distance
between EEG nanosheets. Finally, as described before, the
dosage of 0.8 wt% of EEG favours the replacement of all
cement insulator paths with EEG-cement-EEG capacitor paths.
Moreover, the value of C, capacitance starts to decrease with
0.8 wt% loading of EEG content indicating the initiation of
contact conduction precluding the further storage of electric
charge. The values of the Q-factor and the a-exponent of CPE,
(Fig. 8c) follow a similar trend to the resistivity and capacitance
plots further confirming the changes in porosity of the compo-
sites as well as the increasing number of randomly embedded
EEG nanosheets along the discontinuous conductive paths of
cement mortar. The results above taken together suggest that
the loading of 0.8 wt% can be considered as a percolation
threshold for EEG cementitious composites.

Conclusions

In summary, we have developed a novel EEG-based cementi-
tious composites featuring on-demand electrical character-
istics. We first manufactured 6 types of cement mortars upon
gradually adding up to 0.8 wt% of EEG. The use of such EEG
load without the occurrence of aggregation of segregation
between the components was possible thanks to the incorpor-
ation of a PCE superplasticizer as a surfactant ensuring
optimal EEG aqueous dispersion. We applied electrochemical
impedance spectroscopy to investigate the electrical properties
and conduction mechanisms of EEG-based cement mortars.

15832 | Nanoscale, 2024, 16, 15824-15833
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The comprehensive EIS study was conducted within the fre-
quency range from 20 Hz to 300 kHz on oven-dried samples.
The results obtained allow to gain a full picture of the electro-
active network of EEG assemblies generated within cement
matrix. We found the formation of EEG-based percolation
paths even in samples with relatively low EEG dosages.
Moreover, the addition of 0.8 wt% of EEG significantly modi-
fied the electrical response of the material to the AC field, if
compared with plain cement mortar, making it possible to
propose for the first time a new, modified electrical equivalent
circuit for modelling cementitious composites with EEG load-
ings exceeding percolation threshold. Our findings mark a sig-
nificant advancement in the field of Structural Health
Monitoring through the development of unprecedented,
efficient, and reliable protocol for the measurement of electri-
cal properties of self-sensing composites, paving the way
towards a wide range of applications of EEG-based composites
in self-sensing structures. Overall, this study offers a novel
powerful nanoscale strategy for the monitoring of the electrical
properties of cementitious composites, opening up new
avenues towards meeting the increasing demand of SHM
applications.
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