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Chapter 1

Introduction

1.1 Motivation

Figure 1.1: Annual world cement production. Re-
produced from [1]. Even the lowest estimates suggest
that by 2050 the annual production of cement will be
40% higher than in 2006. China is currently the world’s
largest importer of cement materials. Together with In-
dia and other countries in Asia, they are set to own
more than 60% of the world’s cement imports, by 2050.

Climate change is a pressing global prob-
lem that will have irreversible consequences on hu-
man activity and life in the following decades.
Among the important actors contributing to cli-
mate change, cement industry plays an important
role [2, 3]. It is estimated that about 6 to 10% of
global carbon dioxide (CO2) emissions come from
Portland cement production, since one ton of ce-
ment produces approximately 0.9 tons of CO2 [4, 5].
In the meantime, the cement production and con-
sumption has been increasing in the last decades
and keeps increasing: the annual production of ce-
ment in 2050 is expected to be double its level in
2006, as seen in Figure 1.1. There are many ways
to positively impact the cement industry in order
to reduce its environmental footprint: complete re-
design of the production process, use of alternative
raw materials, CO2 capturing techniques or con-
crete reinforcement [1]. In our research, we are fo-
cusing on adding new functionalities to cement.

1.2 What is cement?
Cement is the product of the reaction between water and cement powder. The most common

cement is the Portland cement, which is a hydraulic cement, whose main component is clinker, a mix
of different proportions of calcium silicates. This powder is obtained through to the clinkering reac-
tion, by heating limestone and clay in a rotary kiln to 1500◦C (Fig. 1.2). The reaction is complex and
has a lot of products, the most important ones being: calcium oxide (CaO), abbreviated as C, which
is a product of the decalcination process of limestone, and silicon dioxide or silica (SiO2), abbrevi-
ated as S, contained in clay [Fig. 1.3(a)] [6]. The clinkering reaction leads to the formation, among
other components, of different calcium silicates like alite (CaO)3SiO2 (C3S) or belite (CaO)2SiO2
(C2S) that are called clinker. In contact with water (abbreviated as H), clinker dissolves, forming a
colloidal suspension of hydration products when the solution becomes over saturated in free calcium.
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Figure 1.2: Principle of work of
modern dry process kilns. Repro-
duced from [7].

The main products of hydration are calcium hydroxide Ca(OH)2,
called Portlandite, and calcium silica hydrates C-S-H [Fig. 1.3(b)].
The colloids also absorb water, different from the structural water
included in the C-S-H group, effectively forming a gel, the cement
paste. As the hydration goes on, the colloids grow and precipitate
until reaching a percolation threshold. As the reaction advances, ce-
ment hardens, becoming a solid material. Hardened cement paste
is a porous material, and the porosity is controlled by the water to
cement ration (w/c), the ratio between water and cement powder ini-
tially used to make the cement paste [8]. The hydration of the clinker
that creates several products, makes the cement a composite material.
The main phases are Portlandite as discussed previously, and phases
of calcium-silica-hydrates with different densities, depending on their

local packing fraction in the hardened cement paste. Commonly, we make the distinction between
the low density C-S-H phase and the high density C-S-H phase [9].

(a) (b)

Figure 1.3: (a) Clinkering reaction: formation of cement. Alite (C3S) and belite (C2S) are the main phases of
clinker that participate in the hydration reaction. (b) Cement hydration and formation of calcium silicate hydrates.

1.3 Objective
Cement is an indispensable material for our society, yet it only plays an active role during the

process of hydration and casting, being passive and inert throughout the rest of its lifespan. But what
if we could give it a functionality and transform it into a material with a continuously added value ?
Hardened cement paste is a highly porous material. Recent studies have found out that about 95%
of its pores are interconnected [9], which means that they can potentially be used for ion storage.
Using hardened cement paste to store energy in form of ions is a great way to enhance cement’s
functionality, but there is a problem. Doing it by using only cement might prove very challenging
(or impossible), since cement is an insulator material. We decided to use cement and a conductive
material, carbon black, in order to create an electrically conductive composite. In our research, we
use cement as a dispersing matrix and carbon black as a dopant. Carbon black is a highly porous,
conductive substance, whose nodules can assemble into bigger aggregate and agglomerates that can
go up to hundreds of micrometers in diameter [10]. Its conductivity and porosity properties are very
important, as it would allow the flow of electrons through the composite as well as the storage of
ions. Moreover, compared to other carbonaceous substances, like carbon nanotubes or carbon fibers,
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(a) Principle of a supercapacitor (b) Power vs. energy density of energy storage devices

Figure 1.4: (a) Charge and discharge of a supercapacitor. Reproduced from [11]. (b) Performance of supercapacitors
compared to other energy storage devices. A high power density means a fast charge-discharge rate, while a high energy
density means a bigger amount of energy stored. Reproduced from [12].

carbon black is a relatively cheap material.
Driven by an environmental need, this project’s ultimate goal is to construct energy storage

devices using cement carbon composite. The envisioned device is called a supercapacitor. A super-
capacitor is an electronic device, similar to a capacitor, that can store and release huge amounts of
energy in a very short period of time. Where a capacitor uses a dielectric between two conductive
plates, a supercapacitor uses an electrolyte and a separator between its plates, that is permeable to
the ions but not to the electrons [Fig. 1.4(a)]. When a current is applied, the two plates are charged
negatively and positively and the ions from the electrolyte are attracted to the plates: the super-
capacitor is charged [11]. Its design allows supercapacitors to have a high power output compared
to batteries, very high energy density compared to capacitors, as well as short charging rates and
a long lifespan [Fig. 1.4(b)] [12]. This is achieved due to the separation of charge at the interface
between the surface of the conductive electrode and the electrolyte. The separation of charge is of the
order of a few ångströms, much smaller than in a conventional capacitor, which gives supercapacitors
high specific capacitances and fast charge/discharge rates [13]. The first step of our research is to
use the porous structure of cement as a medium to disperse carbon black, thus making the cement
conductive. Once it is conductive, the goal is to use this cement to make electrodes and create a
supercapacitor.

Our study is one of exploration, optimization and proof of concept. The first step of our
approach is to demonstrate that our devices work efficiently on a small scale. To achieve this,
we will explore the use of several carbon types, build carbon-cement electrodes and measure their
resistivities and capacitance values. Once the first phase is complete and the suitable materials are
selected, a scale up process will be initiated. The final goal of the project is to patent the results
and collaborate with the industry in order to build structures or buildings, whose walls are, in fact,
cement supercapacitors capable of storing electric energy.

1.4 Overview
Making conductive cement has been explored in various studies as early as the 1980s. In this

section we will describe some of the works and patents already established for conductive concrete
and their applications.

Conventional concrete, consisting of hydrated Portland cement with silica sand as fine
aggregate and limestone, stone or other coarse aggregate, is a good electrical insulator. The electrical
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resistivity of concrete usually ranges from 6.5 to 11.4 kΩ.m for dried concrete and 2.5 to 4.5 kΩ.m
for moist concrete [14]. There are several uses, for a concrete that is electrically conductive. One
of these uses is electromagnetic shielding [15]. It is often required in the design and construction
of facilities and equipment to protect electrical systems or electronic components from the effects of
unwanted electromagnetic energy. Other applications are radiation shielding in the nuclear industry;
antistatic flooring in the electronic instrumentation industry and hospitals, cathodic protection of
steel reinforcement in concrete structures, hydrophobic protection of roads, as well as Joule heating
and other electronic applications [16, 17, 18].

These needs have been recognized for a number of years and some conductive concrete
compositions and articles have been described in the technical and patent literature. In [16] Banthia
et al., studied the electrical resistivity of carbon fiber and steel micro-fiber reinforced cements. The
content of conductive fiber ranged from 1 to 5% by volume. The resistivity at 28 days of hydration
ranged from 78 to 32 kΩ.cm. Kojima et al., in [19], prepared a highly conductive carbon fiber/cement
composite by laminating sheets of carbon fiber paper impregnated with Portland cement paste. The
product had a resistivity value of 0.7 Ω.cm. The material was highly effective in electromagnetic
shielding, but very expensive and not suitable for load-bearing applications. Chiou et al., in [18],
reported work on carbon fiber reinforced cement for electromagnetic shielding, with results resembling
those of [16]. Akira et al., describes fiber-reinforced conductive concrete, useful for anti-static flooring,
as comprising conductive fibers, reinforcement fibers, cement aggregates and synthetic resins or
rubbers. They obtained a test piece having resistivity 1.8 MΩ.cm. Toshio et al., describe electro-
conductive cement compositions containing acetylene black. Mortar prepared from Portland cement,
sand, partially oxidized acetylene black and water gave concrete having electrical resistance of 25 Ω
one year after curing, and flexural and compressive strengths 43 and 190 kg.cm−2, respectively.

Figure 1.5: Conductivity versus carbon fibre con-
tent for paste systems. Water-cement ratio (w/c):
filled diamond - 0.25, blank diamond - 0.30, filled
triangle - 0.35, blank triangle - 0.40, filled circle -
0.45, blank circle - 0.50. Carbon fibre length = 3
mm. Reproduced from [20].

On a more theoretical approach, Xie et al. de-
scribed in [20] the conductivity of cement-based com-
posites with carbon fiber by a percolation model. They
discovered that a minimum amount of carbon fiber was
required to obtain a conductive composite and this
amount depended on the size of the carbon fiber (Fig-
ure 1.5). They reached values as high as 0.05 S.cm−1 at
volumetric fractions between cement and carbon fiber
of 0.07. Tumijanski et al. points out in [21] that the
mortar electrical behaviour appears to involve a com-
petition between insulating aggregates, which lower
the mortar’s electrical conductivity and the develop-
ment of transition zones between the paste and the
aggregate which increases conductivity.

It should be noted that a compromise be-
tween high mechanical strength and relatively low elec-
trical resistivity has not been achieved by any of the
subject compositions. Many of the prior state of the
art conductive concretes use a significant amount of
carbon fiber which is relatively expensive. Accordingly,
there is still a need for low-cost conductive concrete

compositions combining good mechanical strength and high electrical conductivity.
More recently, Konsta-Gdoutos et al. showed that reinforcing cement with carbon nanotubes

can greatly increase the strength of the materials, reporting a 25% increase in the mortar’s flexural
strength, with a peak of the distribution of the nanoindentation modulus in the area of 20–25 GPa,
which represents the high stiffness C–S–H [22, 23]. Wen et al. report achieved resistivities in between
1 and 20 Ω.m for cement mixed with carbon fiber and carbon black, while maintaining decent mechan-
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ical properties [24]. Sassani et al. studied the electrical conductivity of concrete to determine the op-
timum carbon fiber dosage for building heated pavement systems [25]. They determined that the op-
timum carbon fiber dosage was around 0.75-1% of volume for paste, mortar and concrete (Figure 1.6).

Figure 1.6: Variation of electrical conductivity by fiber
content in cementitious paste and mortar. Reproduced
from [25].

However, the electrical conductivity of their sys-
tem decreased dramatically with age, stabilizing
after 150 days. They reached values of 0.012
S.cm−1 at 460 days. Kim et al. argue in [26] that
the addition of small amounts of silica fume to
the cement matrix contributes to a better disper-
sion of carbon nanotubes. This in turn results
in an increase in compressive strength and the
decrease in electrical resistance of carbon nan-
otube/cement composites.

Our goal is to synthesize samples with
the lowest possible resistivity, but stable enough
for capacitance measurements. This study had
as a backbone the results of Pauline Genoud,
an intern from ESPCI, who studied the me-
chanical properties and conductivity of car-
bon/cement/cellulose samples during a 3-month
summer internship [27].
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Chapter 2

Experimental Section

2.1 Synthesis of carbon-cement composites

The synthesis of the carbon-cement composites is achieved through mixing of cement, carbon
and deionized water (DI). We synthesized and studied samples at three water to cement ratios (w/c):
0.42, 0.6 and 0.8, containing carbon ranging from 0 to 12% of total weight. For example, a typical
sample at 11% carbon would contain 37.50 g of cement, 30 g of water and 8.40 g of carbon, with a
w/c of 0.8. The procedure runs as follows:

1. The appropriate amount of cement and carbon powders are weighted using a high precision
balance, OHAUS AX224, with a precision of 0.1 mg. Due to possible transfers of materials
between containers, we do not go to higher precisions than the first two digits beyond zero (10
mg). The weighted material is placed into a plastic beaker.

2. The two powders are mixed in a Heidolph RZR 2102 electronic stirrer until a homogeneous
dark grey powder is obtained, which usually takes between one and two minutes.

3. Under continuing mixing, the appropriate amount of DI water is gradually poured into the
beaker. The mixing is not stopped until a homogeneous dark/black paste is obtained. This
process can take up to ten minutes.

4. When the paste is ready, the mix is poured into cylindrical molds 7cm in length and 2.2cm
interior diameter. A very viscous paste often requires being pushed or the cylinder being gently
hit on a hard surface in a periodic manner for the composite to settle.

5. The cylinders are sealed on both sides with parafilm and placed in a saturated calcium hydroxide
solution for 7 days.

The calcium hydroxide solution is used for two reasons: thermo-regulation and calcium
source. Thermo-regulation is carried out by water, which homogenizes the temperature inside the
samples, thus preventing the formation of cracks due to the build up of stresses, as well as slowing
down the reaction, which leads to one that is more complete [28]. Although the samples are in molds
and are not supposed to come in direct contact with the solution, the role of Ca(OH)2 is to bring
calcium ions and fill the cracks in the event of a breach. Cement becomes solid in a matter of hours,
but the hydration reaction is not complete for weeks or months, which means that the properties
of cement can still evolve. The age of the samples is recorded for every performed experiment and
when comparing samples, we strive to do it at fixed dates: 14 days, 28 days, etc., in order to avoid
the error due to ageing.
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In order to convey new properties to our composites or improve on the existing ones, we
have studied the influence of additives. When some form of additive is used, the steps 1-3 are replaced
by a different protocol:

1. The appropriate amounts of additive (cellulose, potassium sulfate) and water are put together
in a beaker, sealed, to prevent water evaporation and magnetically stirred for several hours or
until the agent is completely dissolved in water.

2. The appropriate amount of carbon particles is added to the mix, the jar is once again sealed
and left under magnetic stirring until the carbon is fully dispersed in the solution (typically
24h).

3. The carbon ink is mixed with the appropriate amount of cement in a plastic beaker and the
two are mixed with an electric mixer until a homogeneous paste is obtained (typically up to
ten minutes).
The synthesis is continued with steps 4 and 5 of the original protocol.

In the case where surfactants are used to affect the viscosity and workability of the mixture,
the appropriate amounts are added during step 3 of the original protocol, or at steps 1-2 of the
dispersant protocol.

2.2 Sample preparation
After 7 days, the hardened samples are taken out of the calcium hydroxide bath and are

left to dry at room temperature for several hours. The samples are taken out of their plastic molds
using a press, yielding cylindrical samples with a length of roughly 6.5-7 cm and a diameter of 2.2
cm. These are in turn cut into smaller samples by using a diamond blade saw. Samples cut radially
into sizes appropriate to the measurements performed on them: 0.6-2.5 cm in thickness for resistivity
measurements and 0.1-0.7 cm in thickness for capacitance measurements.

Once cut, the samples are both rough and uneven, having non-parallel surfaces on the top
and bottom sides. To ensure a good contact with the electrodes, these top and bottom surface of
the samples must be parallel and polished. Both are achieved by polishing using silicium carbyde
grinding papers at different grits: 120 and 220 to make the sample parallel, then gradually 400,
600, 1000, 1200 and 4000 grits (ranging from 110µm to 5µm) until a mirror like effect is achieved.
Obtaining a well polished sample is not easy and is a very tedious task, but if made right, it can
save time by eliminating the necessity of repeating the polishing (as well as the experiments) and
minimizing the errors due to imperfect contact between the measuring electrodes and the sample
surface.

Once polished, the samples made for resistivity measurements are ready, whereas those
used for capacitance measurements require an additional treatment. For capacitance measurements,
we sandwich a circular piece of glassy fiber with two carbon-cement electrodes (cf. §2.3.3). Thus,
two samples are required for one capacitance measurement. After polishing, the samples are put
inside in small jar and immersed in a 1 M potassium chloride solution. To ensure the samples are
completely soaked, they are kept in the solution and under partial vacuum for 2-3 hours prior to the
measurements.
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2.3 Techniques for sample characterization

2.3.1 Scanning Electron Microscopy
A Scanning Electron Microscope, or SEM, is an electron microscope that produces images

of a sample by scanning the surface with a focused beam of electrons. The electrons interact with
atoms in the sample, producing signals that contain information about the surface topography and
composition of the sample [29]. The electron beam is scanned in a raster scan pattern, and the
position of the beam is combined with the intensity of the detected signal to produce an image.
Secondary electrons emitted by atoms excited by the electron beam are captured by a detector. The
number of secondary electrons that can be detected, and thus the signal intensity, depends on the
specimen topography. A SEM can achieve a resolution as low as one nanometer. SEM samples have
to be small enough to fit on the specimen stage, and may need special preparation to increase their
electrical conductivity and to stabilize them, so that they can withstand the high vacuum conditions
and the high energy beam of electrons. Samples are generally mounted rigidly on a specimen holder
or stub using a conductive adhesive [30].

Nonconductive specimens collect charge when scanned by the electron beam, and especially
in secondary electron imaging mode, this causes scanning faults and other image artifacts. For con-
ventional imaging in the SEM, specimens must be electrically conductive, at least at the surface, and
electrically grounded to prevent the accumulation of electrostatic charge. Conductive objects, such
as metals, require little special preparation for SEM except for cleaning and conductively mounting
to a specimen stub [31].

In our study, SEM was used to study the micro-morphology of the carbon blacks, as well
as study the dispersion and morphology of carbon-cement samples (cf. § 2.4.1).

2.3.2 Resistivity Measurement

Figure 2.1: Resistivity measurement setup

The electrical resistance, R, of an object is a mea-
sure of its opposition to the flow of electric current. The
electrical conductance, G = 1/R, and is the ease with
which an electric current passes. The SI unit of electri-
cal resistance is the Ohm (Ω), while electrical conductance
is measured in Siemens (S) [32]. The resistance of an ob-
ject depends in large part on the material it is made of:
objects made of electrical insulators like rubber tend to
have very high resistance and low conductance, while ob-
jects made of metals tend to have very low resistance and
high conductance. However, resistance and conductance

are not bulk properties, but extensive ones, meaning that they also depend on the size and shape
of an object [32]. The resistance of an object is defined as the ratio of voltage across it (U) to
current through it (I): R = U/I. This relationship is called Ohm’s law, and materials which obey
it are called ohmic materials. For a given material, the resistance is inversely proportional to the
cross-sectional area and proportional to the length. The resistance of a conductor of uniform cross
section, therefore, can be computed as R = ρ l

S
, where l is the length of the conductor, measured in

metres (m), S is the cross-sectional area of the conductor measured in square metres (m2) and ρ is
the electrical resistivity of the material, measured in Ohm-metres (Ω.m) [33].

Electrical resistance measurements were performed on a Solartron 1260-1287 device. The
measurements consisted in applying a voltage ramp between the top and bottom sides of a carbon-
cement electrode and registering the current passing through. Using Ohm’s law, we could determine
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the resistance of the sample and, after taking account of the sample geometry, deduce the resistivity.
For each measurement the sample is squeezed between two graphitic papers and clamped to ensure
a good contact. Electrodes linked to the measuring device are attached to each of the 2 graphitic
papers and the measurement is carried out (Fig. 2.1). Two steps are defined: an open circuit phase,
that lasts anywhere between 30 s and 1 min, to get rid of any residual sample polarization and a
potentiodynamic phase, where a voltage from 0 to 10 V, is applied at a speed of 100 mV/s, while
the time and the current are registered. These two consecutive steps are repeated two times for each
sample, at a 30 second interval. This allows us to calculate error bars for the measurements.

(a) PBX sample non-dried (b) PBX sample dried

(c) AB sample non-dried (d) AB sample dried

Figure 2.2: Example of resistance measurements of non-dried [(a) and (c)] and dried [(b) and (d)] states of two
PBX and AB cement samples and their respective fits. PBX sample contains 9.64% carbon and a water to cement
ratio of 0.8, while the AB sample contains 0.88% of carbon and a water to cement ration w/c = 0.42. Tests performed
at an average sample age of 55 days.

As seen in Figure 2.2, we determine the resistance of the sample by fitting each of the two
measurements and calculating the mean. We do this by assuming that our carbon-cement electrode
is an ohmic component and then by fitting the curve with a line that passes through the origin:
Ohm’s Law. Of course, at higher voltages, when we dissipate more power, the temperature of the
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samples can increase, which in turn may affect the resistance of the sample [34]: to avoid this we
select the first part of the curve that manifests a more linear behaviour. Because the PBX sample is
highly concentrated with carbon, the effect of drying is hardly seen, except for a small change in the
value of the resistance. On the other hand, since the AB sample is less concentrated with carbon,
we can see a clear effect: in Figure 2.2(c) the sample is still polarized after the first measurement,
thus the curve of the second measurement is shifted and its resistance is higher. The presence of
water solvates the ions, which enable ionic conductivity. After a first measurement the sample is
polarized and manifests a slightly higher resistance to the current flow. In this case, we calculate
a mean resistance and provide the corresponding error bars of the measurement. When the sample
is dried, most of the water evaporates, thus no ionic conductivity and no polarization are seen in
Figure 2.2(d): the resistance value is basically the same for the first and second measurements.

2.3.3 Capacitance Measurements
Measurements of capacitance are carried out using a method called cyclic voltammetry

(CV), which is a type of potentiodynamic electrochemical measurement [35]. In a cyclic voltammetry
experiment, the working electrode potential is ramped linearly versus time. After the set potential
is reached, the working electrode’s potential is ramped in the opposite direction to return to the
initial potential. These cycles of ramps in potential may be repeated as many times as needed.
The current (I) at the working electrode is plotted versus the applied voltage (E) to give the cyclic
voltammogram trace [35]. The rate of voltage change over time during each of these phases is known
as the experiment’s scan rate v (V/s). The potential is measured between the working electrode
and the reference electrode, while the current is measured between the working electrode and the
counter electrode. The capacitance is proportional to the area under the curve I(E) and inversely
proportional to the scan rate, following the relation:

C =
∫ E2

E1
I(E)dE

2v∆E

with ∆E = E2−E1 being the potential window of the measurement. By integrating between E1 and
E2, we can determine the capacitance and thus deduce a specific capacitance (in mF/cm2) for the
samples [36].

Figure 2.3: Capacitance measurement setup

Before the measurement, after being soaked in
a potassium chloride solution for two-three hours, the two
carbon-cement electrodes are taken out of the solution and
placed on a paper towel in order to soak the excess of
liquid on the surface. A sheet of glassy fiber filter pa-
per, slightly bigger than the surface of the samples, is
pre-cut and soaked in the 1M KCl solution used for the
samples. The two samples sandwich the filter paper that
electronically isolates the samples. The two samples are
then sandwiched again between two sheets of graphitic pa-
pers, clamped, and after the electrodes are connected to
both graphitic papers, the measurement is performed (Fig.

2.3). We run multiple cycles on the sample at different scan rates. Because the lower the scan rate,
the longer it takes to perform one cycle, the number of cycles measured is different at different scan
rates: larger for higher rates and smaller at lower rates. Typically, we measured 30 cycles at 500
mV/s, 15 at 200 mV/s, 10 at 100 mV/s, 5 at 50 mV/s and 3 at 20 mV/s. This allows a study on the
dependence of the capacitance with the scan rate.
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2.4 Carbon Black Nanoparticles
Carbon black is manufactured elemental carbon with customized particle size and aggregate

morphology. Produced from the partial combustion or thermal decomposition of hydrocarbons,
carbon black is primarily composed of elemental carbon (>98%). This number may vary based on
its production process and final desired application, where carbon black may be doped with other
elements like oxygen, nitrogen, or sulfur to impart solubility, better dispersion or binding properties
to the material. The principal uses of carbon black are as a reinforcing agent in rubber compounds,
especially tires, and as a black pigment in printing inks, surface coatings, paper, and plastics [37].

Carbon additives constitute one of the pillars of this study. Since its inception, multiple
types of carbons have been incorporated into cement: activated carbon like Vortex or carbon blacks
like Vulcan, Ketjen Black, different grades of PBX or Acetylene Black. These carbons come from
different manufacturers and have different properties in terms of density, morphology, conductivity,
surface area, water affinity or porosity. We studied the properties of these carbons in the lab and
we describe them below. Since the core of my study was based around PBX55 (PBX) and Acety-
lene Black (AB), with some measurements done on Vortex and Vulcan, only these carbons will be
described and compared in this section.

2.4.1 Scanning Electron Microscopy Measurements
Three levels of structural hierarchy exist in the carbon black system: they are composed

of permanently fused “primary” particles or nodules, whose diameter is typically about 30 nm [38],
to form aggregates of typical size 200-500 nm [Fig. 2.4(a)]. These aggregates display short range
attractive interactions of typical strength 30 kBT in oil [39] and form larger agglomerates of typical
size (1-100 µm) through diffusion limited cluster aggregation [40]. Figure 2.4(a) displays the different
scales of structural hierarchy and the fractal nature of the network present in carbon black. When
dispersed in a liquid hydrocarbon, carbon black agglomerates form a space-spanning percolated
network, even at small volume fractions (typically 1 to 5%) [41, 42, 43]. This fractal nature of the
aggregates sets carbon black apart from other types of conductive additives such as carbon nanotubes,
carbon fibers, graphene sheets, or graphite powder [44].

X-ray diffraction (XRD) is the experimental technique determining the atomic and molec-
ular structure of a crystal, in which the crystalline structure causes a beam of incident X-rays to
diffract into many specific directions. By measuring the angles and intensities of these diffracted
beams, a three-dimensional picture of the density of electrons within the crystal is produced. From
this electron density, the mean positions of the atoms in the crystal can be determined, as well as
their chemical bonds or their crystallographic disorder [45]. In Figure 2.4(b), we examine the XRD
pattern of several carbon powders found in literature [46]. The pattern of the graphite powder is
characterized by a peak at 2θ = 26.4◦, which is due to the ordered structure of graphite. For Vulcan
and Ketjen Black powders, the XRD analysis shows an amorphous structure, whereas, for Acetylene
Black powder, the XRD pattern indicates a more ordered structure compared to the other carbon
blacks. Disordered structures for carbon blacks, in particular for Vulcan and Ketjen Black, are ob-
served in Figure 2.4(c). A disordered lattice characterized by the absence of large-range order for the
graphitical basal planes is typical of the amorphous carbons. Furthermore, all carbon blacks show a
porous structure with a large presence of micro pores mainly in high surface area amorphous carbons
[46].

To examine the morphology of our own carbons, we performed SEM imaging on some
carbon samples. In order to observe the smallest possible units of our carbon agglomerates and
avoid impurities, we dispersed a small amount (0.001 g) of each carbon sample in 20 mL flacons
filled with acetone. Each flacon was manually agitated prior to the experiments and the suspensions
were extracted with a pipette and placed on the sample holders. As our samples are electrically
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(a)

(b)

(c)

Figure 2.4: (a) Different scales present in the structural hierarchy of carbon black. Extracted from [40]. (b) XRD
patterns from literature for graphite and several carbon blacks. Reproduced from [46]. (c) TEM images of different
carbon blacks: a - Graphite, b - Acetylene Black, c - Vulcan XC-72R, d - Ketjen Black. Reproduced from [46].

conductive, the metal coating phase was skipped. The images were taken using a Zeiss Sigma 300
VP Field Emission Scanning Electron Microscope at varying accelerating voltages, as indicated in
Figure 2.5.

We notice is that all four carbon types have different morphologies. Acetylene Black, at
its smallest unit [Fig. 2.5(b)], seems to be made of sheet-like aggregates that combine in larger
agglomerates [Fig. 2.5(a)] with sizes ranging from ten to a few hundred of micrometers. It seems to
be very porous, which is consistent with our macroscopic observation, AB having the lowest density
among the four studied carbons. PBX seems to be composed of flaky aggregates, but on our images
[Fig. 2.5(d)] it looks more dense compared to AB. They combine into spheroids ranging in size from
10 to 50 µm. On Figure 2.5(c) it seems quite monodisperse, but these units may be able to combine in
bigger agglomerates. In terms of morphology, Vulcan has very flaky base units, with nodules having
around 10 nm in diameter [Fig. 2.5(f)], much smaller than PBX. They agglomerate into spheroids
ranging from 5 to 15 µm. Vortex is the most unique among the four: it is made of sheets that range
from 10 to 60 µm [Fig. 2.5(g)]. Although at its base unit Vortex is much bigger than the other 3
carbons, it does not seem to assemble into bigger agglomerates, which may be the reason that makes
Vortex the easiest carbon to disperse in a solution. Since its smallest units are just sheets of carbon,
Vortex is also the most highly dense among the other three carbons.

Although we did not perform more zoomed-in images, all four carbon types seem to have a
disordered lattice, they seem to be lacking a long range order and all of them and Vortex seems to be
having a highly porous microstructure. All four carbon types have different mesoscopic morphologies
and they can affect the performance of our devices very differently. Since we are aiming at higher
conductivities and higher porosities, performing electrical measurements gives us more insight into
these properties.
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(a) Acetylene Black (b) Acetylene Black, Zoomed (c) PBX

(d) PBX, Zoomed (e) Vulcan (f) Vulcan, Zoomed

(g) Vortex (h) Vortex, Zoomed

Figure 2.5: SEM images of different types of carbon black performed at an accelerating voltage of 2kV. (a)-(b):
Acetylene Black; (c)-(d): PBX; (e)-(f): Vulcan; (g)-(h): Vortex. Scale bar indicated in the image.

2.4.2 Resistivity
To test the resistivity of carbons we first had to turn them into pellets for an easy measure-

ment. We have machined an instrument, consisting of three parts: two filled aluminium cylinders
and one hollow. The desired amount of carbon was placed in between the filled cylinders and the
whole would come together to squeeze the carbon to create a solid pellet, as represented in Figure
2.6(a). To apply the necessary pressure, we used a hydraulic press, which applied pressures in the
range of 50 kN.

We measure the resistance of the carbon pellets according to the previously discussed pro-
tocol (cf. §2.3.2). Because the pellets were still very fragile, we kept them squeezed in between the
two filled aluminium cylinders (whose resistance was measured separately: R=0.3 ± 0.02 Ω) and we
applied the electrodes at their edges to measure the total resistance of the system. By considering
our measuring setup, consisting of the carbon pellet and the two cylinders, as two resistors linked in
series and by knowing the resistance of the cylinders, we deduce the resistance values of the carbon
pellets: RP ellet = RT otal − RCylinder, and consequently, their resistivities. It is worth noting that
these measurements have been performed on a single sample for each type of carbon, thus the errors
obtained do not include the errors of reproducibility. Pressing carbon into pellets can form small
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denser regions in the sample, but also cavities, which can create variations into how the current is
conducted. Measuring the resistances for a statistically significant number of samples for each type
of carbon will give a more precise value for the resistivities of bulk carbon.

(a) Pressing of carbon into solid pellets.

A

(b)

Figure 2.6: Setup for resistivity measurements of carbon pellets. (a) The manufacture of pellets using machined
parts and a hydraulic press. (b) Logarithmic comparison of the resistivity for the 4 studied carbon types.

We can observe in Figure 2.6(b) that Vortex’s resistivity is about one order of magnitude
higher than the resistivities of other carbons. This is not unexpected: Vortex is an activated carbon,
which is known to contain lesser amounts of highly ordered graphitic carbon that conveys conductive
properties. Nonetheless, its resistivity is low enough for it to be considered conductive and only
further measurements on carbon-cement samples will prove if it can be a suitable candidate for
supercapacitor devices. Vulcan and PBX are carbon blacks and are expected to contain a higher
amount of graphitic carbon, hence their resistivities are both significantly lower than that of Vortex.
Even though PBX is positioned lower than Vulcan, their resistivities are comparable. Their levels of
dispersion and integration with cement will be the deciding factor in assessing their suitability for our
device. Acetylene Black is produced through the combustion of acetylene gas and its manufacturing
process conveys it a very high purity, as well as a high degree of graphitic carbon. We can observe
this in Figure 2.6(b): AB is more than 2 times more conductive than PBX. In terms of conductivity,
AB is an important candidate for capacity storage, but exploring how it integrates with cement will
give us more insight into its potential usefulness. Overall, these results show us the limits of our
systems and indicate to us the lowest resistivity values that can be expected for our samples.

2.5 Errors and homogeneity
Cement is a highly heterogeneous material, having multiple compounds participating at the

chemical reaction, as well as different phases (alite, belite, celite, etc.) and impurities (titanium
dioxide, magnesium oxide, carbon dioxide, potassium oxide, etc.). Two casts of cement are never
chemically the same [47, 48]. Variances can be caused by material weighting, use of different batches,
material transferring, poor dispersions and segregation of carbon during casting. All this factors can
weight in and induce errors when comparing two samples. On top of that, there are other sample
preparation and measurement errors that could have a noticeable effect: since the contact with the
electrode is depended on the parallelism of the sample surfaces, errors can occur during the cutting
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(a) (b)

Figure 2.8: (a) Resistivity values for samples corresponding to 3 positions in the same PBX 11% cylinder. R =
0.143 ± 0.023 Ω.m, a dispersion of 16%. (b) Capacitance values and average at different scan rates for top, middle
and bottom samples coming from one cylinder of PBX at 11%. Tests performed at a sample age of 100 days.

process; the polishing process is crucial since it determines the surface roughness (important for good
contact), as well as the thickness of the samples. It is imperative to have a good grasp of these factors
in order to correctly assess the precision of our measurements and the limits of our system.

2.5.1 Within the same sample

Figure 2.7: Top, middle
and bottom: three positions
studied inside one carbon-
cement batch (cylinder).

One of the first questions that can arise is: how homogeneous are
the carbon-cement cylinders that we make and is there any carbon seg-
regation during casting? We have studied the homogeneity of a cylinder
containing 11% wt of PBX. We measured the resistivity and capacitance
of samples taken at 3 locations within the same cylinder: top, middle and
bottom (Figure 2.7).

In Figure 2.8(a) we observe the resistivity corresponding to the
3 positions within the cylinder, having an average of 0.143 ± 0.023 Ω.m,
which corresponds to a dispersion of 16%. We see a decreasing trend that
goes from top to bottom. This is a peculiar result: in the case where the
position of the sample mattered, we expected a segregation effect where
the heavy cement and water would move to the bottom and the lightweight
carbon would move to the top. Thus, the concentration of carbon at the
top would increase and create a region of increased conductivity. We
observe the opposite trend: the resistivity seems to decrease from top to
bottom. We can expect another mechanism to be involved or the result
does not represent an actual trend. We will compare with capacitance

values in order in order to shed some light on it.
In Figure 2.8(b), we can see capacitance measurements results at different scan rates cor-
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(a) (b)

Figure 2.9: (a) Resistivity for top samples extracted from 3 different batches of PBX (11% wt). Error bars represent
the error associated with each measurement. (b) Capacitance values and average at different scan rates for samples
extracted from 3 different batches of PBX (11% wt). Tests performed at a sample age of 100 days.

responding to the 3 positions within the same sample. We observe that throughout most of the
scan rates, the middle sample has similar values to the bottom one. However, it has much higher
values than both the top and bottom ones at lower scan rates. This discontinuity in the capacitance
performance tells us that there is not an increasing, nor decreasing trend from top to bottom, as
suggested by the previous resistivity result. We can suspect that the capacitance is not sensitive to
small changes in resistivity. Moreover, it seems that capacitance values seem to be more sensible
to change at lower scan rates, where at lower speeds processes like particle diffusion become more
impactful. Although the value of the error is proportional to the value of the capacitance at different
scan rates, it remains consistently at 12-15%.

2.5.2 Different batches
To what extent can we consider our sample preparation repeatable, or what is the error

linked to the synthesis of the samples? We compare three batches made with the same chemical
composition (cement, water and carbon). We performed resistivity and capacitance measurements
on these three samples containing 8.4 g of PBX carbon, the percentage of carbon used being 11%
wt. For each of the three batches we compared samples from the upper part of the cylinders, which
were cut and polished to the appropriate size and roughness.

On Figure 2.9(a) we can observe the resistivity measurement results of the samples from
the three batches. We see that our samples perform very similarly: we obtain an average of 0.175 ±
0.017 Ω.m, or a dispersion of about 9% that we can expect at each synthesis. We performed cyclic
voltammetry experiments on samples taken from the top part of the same three batches (same region
as the samples taken for resistivity measurements). On Figure 2.9(b) we can observe the capacitance
values for each sample at various scan rates, as well as the average. The dispersion we have to
expect from our measurements is between 9.8% and 3.8% depending on the scan rates. Overall
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these 2 results give us an important understanding of how slight variations in mixing, dispersion or
casting can influence the electrical properties of our composite material. They allow us to claim that
our samples are very similar, highly reproducible and that the dispersion of the results due to the
synthesis is about 10%.

2.6 Ensuring a good sample/electrode contact
Ensuring a proper contact between our carbon-cement electrodes and the measuring elec-

trodes is a crucial element in obtaining repeatable results. It required a more rigorous polishing of
the electrodes. We also attempted to make our electrode surfaces as plane and smooth as possible,
in order to obtain a the better inter electrode contact. On top of that, we used flexible graphitic
paper as links between our electrodes and the measuring electrodes to secure a better contact.

2.6.1 Discussion on measuring setups

Figure 2.10: Applying pressure on the
samples with a C-clamp.

The first setup used in our capacitance measurements
included an industrial C-clamp to ensure a good contact. The 2
polished carbon-cement samples would sandwich a KCl soaked
glassy fiber paper and the clamp would be used to keep it all
together (Fig. 2.10). Involving a C-clamp created several prob-
lems: achieving a proper force distribution was complicated and
the balance between a loose sample and breaking the sample was
very difficult. We realized that by applying different pressures
on our samples we were creating different experimental condi-
tions for them by varying the contact. Controlling the pressure
applied to the became a priority.

We attempted using a new setup [Figure 2.11(b)],
where we ensure a better distribution of the force over the entire
sample. The sandwiched electrode would be placed in between
two metal cells and the whole would be clamped using an indus-
trial C-clamp. By first transmitting all the force to the cell, we
achieved a better force distribution, which translated in fewer
broken samples. However, we still could not properly control
the forces that we were applying, because the setup was rigid
and our samples varied in thickness. On the other hand, a clamp

is a very powerful tool, being able to apply several kN of force per revolution, depending on its size.
Thus a clamp is not the ideal instrument for an accurate measurement.

Finally, we designed homemade measuring setup. We used a spring to control the force
applied. An important property of a spring is its constant, which describes a linear relationship
between the force applied on the spring and the deformation it exhibits. Thus, by knowing a spring’s
constant and by measuring its deformation, we can easily determine the force it is sustaining. In the
setup [Figure 2.11(c)] we kept the principle of the cell, but in our case the upper part is a moving
cylinder connected to a spring. When the sample is in place and the necessary screws are tightened,
we use a wrench to slowly lower the nuts and deform the spring by the desired amount, thus applying
a precise amount of force at each experiment. The spring we chose for our experiments has a constant
k = 40.15 N/mm and allows us to apply on our samples a force in the range of 0 and 2600 N.

We used the pressure cell to measure the evolution of the resistivity and the capacitance
for different applied pressures. We chose again a carbon-cement sample containing 11% wt PBX,
whose results are reported in Figure 2.12. We notice in Figure 2.12(a) how crucial the application
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(a) (b) (c)

Figure 2.11: Measuring setups: (a) C-clamp. (b) Clamp and cell. (c) Pressure cell used for experiments reported
in this document.

(a) (b)

Figure 2.12: (a) Resistivity as a function of the applied force. The first point corresponds to no force applied on
the sample, excluding the weight of the spring. The second point corresponds to a force of 400 N and it continues
with increments of 400 N. (b) Capacitance measurements for different scan rates as a function of the applied force.
tests performed at an average sample age of 100 days.

of pressure on our samples is: there is more than a 4 fold decrease in resistivity between 0 N and
2000 N. For increasing pressure, we notice a steady decrease in the resistivity: we go from 0.28 Ω.m
to 0.15 Ω.m, i.e. a decrease of more than 45%. We can notice that the decrease in resistivity (or the
increase in conductivity) is logarithmic. A conclusive explanation of this phenomenon has not been
found in literature. The forces we apply are too weak to cause a change in the packing factor or any
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other structural changes in the cement, that require pressures in the order of tens of MPa [49]. Thus
we can conclude that the effect can only be due to the improvement in the contact of the electrode.
It seems intuitive that the resistivity can only drop to a certain value, since there is a limit to how
"close" the surfaces of the electrodes can get. However, it is likely that this limit has not yet been
achieved and that measuring it at higher applied forces would compile a more accurate fit. Increasing
the pressure, on the other hand, can lead to a deterioration or destruction of the sample, which can
also set an independent limit on the obtainable resistivity. It is possible that at the beginning, before
the pressure is applied, there are many local points on the surface of the electrode that can benefit
from an improved contact, but as more pressure is applied and the space for change decreases, so
does the effect brought by the increasing pressure.

In Figure 2.12(b), for each scan rate we can observe an increase in capacitance for increasing
applied force. Overall, it seems to be linear for all scan rates, however, compared to the resistivity
measurement, we do not have a measurement at 0 N force applied for the capacitance as a reference.
Thus, it is also possible that what we are visualizing is the reaching of the plateau part of an
exponential, which means that we can apply the same speculation points we used for resistivity here
as well. This difference between the sample at 400 N and 2000 N can vary from 25% at low scan
rates to 50% at high scan rates. It seems like the samples at lower scan rates are less affected by the
change of external conditions, a phenomenon that we observe through many of our samples. We will
speculate on the reasons that may cause this in §3.

Overall, what we need to deduce from these two results is that the pressure applied on the
samples is a very important parameter that has to be controlled in all experiments. The values we
obtained here exceed by far the errors associated with the position of the sample in the cylinder
or the chemical synthesis, thus the result is significant and machining the pressure cell was totally
justified. In the rest of the report we chose a fixed force that we applied to all our samples in our
experiments. Since deforming the spring to 2000 N is time consuming and requires more physical
effort, we chose the value 1200 N to be our reference.
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Chapter 3

Results and Discussion

Our study was one of exploration and optimization, with the goal of finding the best candi-
date for a supercapacitor energy storage device. To achieve this goal, we studied more than a hundred
samples, synthesized with 4 different carbon types and varying parameters (such as water to cement
ratio, different carbon concentrations, etc.) and performed tests of resistivity and capacitance. We
defined several essential parameters that can have a direct impact on the electrical measurements:

1. Carbon type

2. Carbon concentration

3. Water to cement ratio

4. Additives

Each of these parameters will be detailed and explained in the sections bellow.

3.1 Carbon Type
Each carbon type has intrinsic properties, thus each sample made with a different type of

carbon displays different properties from the others. To study the influence of the type of carbon,
we synthesized one cylinder for each of the four types of carbon at the maximum (experimentally
accessible) concentration and performed resistivity and capacitance measurements on them.

As seen in Figure 3.1(a), Acetylene Black and PBX samples have the lowest resistivities
out of the four types of carbon, approaching to their respective bulk values. This result is important
for two reasons: it suggests that the chemical structure of both these carbons is not altered/does
not interact with the cement compounds, since the electrical properties do not seem to be affected;
we speculate that the morphology of the particles allows them to be easily dispersed in order to
form a highly percolated carbon network in the cement matrix. AB and PBX are the long-term
candidates for our energy storage device. Compared to them, the sample prepared with Vulcan has
a much higher resistivity, one order of magnitude higher than Vulcan alone. Vulcan particles might
be affected by the rich chemistry unfolding in cement during the casting period, or it is not properly
dispersed. It is also possible that there could still be an important improvement for Vulcan samples
if we could disperse more carbon in them. The most surprising result comes from Vortex: while
being a fairly good conductor as bulk carbon, at 1.3 Ω.m, the carbon-cement mix is a insulator at
more than 6000 Ω.m. As we know little about the exact chemical composition of Vortex, it is hard
to come to any conclusive explanation. The most likely explanation is that Vortex interacts with
compounds in cement and its conductive properties are reduced. A more detailed study into Vortex
is required to point out an exact cause of this phenomena. In Figure 3.1(b) we see the results of
capacitance measurements performed on the same samples at a scan rate of 100 mV/s. As expected
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(a) (b)

Figure 3.1: Comparison of resistivity (a) and capacitance (b) for cement samples with the 4 types of carbon at
maximum concentration out of total weight and w/c of 0.8. AB - 8.2% wt, PBX - 11.1% wt, Vulcan - 9.8% wt and
Vortex - 24.5% wt. Resistivity measured for dried samples. Capacitance values presented at a scan rate of 100 mV/s.
Inset capacitance vs. resistivity presented in a log-log scale. Tests performed at an average sample age of 40 days.

from resistivity results, Acetylene Black and PBX have the highest capacitance value at this scan
rate, at 32 and 29 mF/cm2, while Vulcan’s and Vortex’s capacitances are very low, close to zero. This
suggests a link between capacitance and resistivity. In a supercapacitor, the charge is accumulated
inside the capacitor via ionic transport and intercalation of ions into the active material structure,
therefore higher electronic conductivity of the material structure is needed for higher capacitance.
The situation is slightly more ambiguous for Vulcan: while not as conductive as AB or PBX, its
capacitance is closer to that of Vortex at 1.97 mF/cm2. There must be other mechanisms involved
besides the resistivity that would explain such an important difference.

In Figure 3.2 we can see the cyclic voltammetry (CV) curves of cement samples with the
four studied carbons performed at a scan rate of 100 mV/s. Vortex and Vulcan samples’ CV curves
can be viewed as lines: the current output is directly proportional to the applied potential, which
suggests very little or no energy storage. The cement sample containing AB has a more curved shape
and spans over a region of more than 60 mA, which gives it a high potential for energy storage.
The cement sample prepared with PBX, on the other hand, spans over a smaller region of about 35
mA, but has a different shape that strives towards a rectangle. An ideal supercapacitor is a device
that stores high amounts of energy and is capable of releasing or absorbing it very quickly, thus it
is characterized by regions of fast charge and discharge [50]. Because a rectangle is the shape of the
CV curve of an ideal supercapacitor, the PBX sample is the one that approaches the most to our
idealized model. We can see that PBX has a very fast charge between 0 and 0.25 V, then a fast
discharge between 1 and 0.75 V, both followed by regions of steady charge/discharge, that are almost
constant. Even though both AB and PBX have high capacitance values, PBX has more promise in
terms of efficient energy storage.
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(a) Acetylene Black (b) PBX

(c) Vulcan (d) Vortex

Figure 3.2: Voltammetry curves, performed at 100 mV/s, 50 cycles, corresponding to cement samples with the four
types of carbon nanoparticles at maximum concentration out of total weight: AB - 8.2%, PBX - 11.1%, Vulcan - 9.8%
and Vortex - 24.5%. Tests performed at an average sample age of 40 days.

3.2 Carbon Concentration
To study the influence of carbon concentration upon the performance of carbon-cement

composites we synthesized two batches of PBX and AB samples at different carbon concentrations
and compared how these samples’ resistivity and capacitance output scaled with the carbon content.
Both batches were made at the same water to cement ratio w/c = 0.6: for AB we synthesized
samples at 0%, 1.11%, 2.20%, 3.26%, 4.31%, 5.33% and 6.32%, percentage of total weight; for PBX
we synthesized samples at 0%, 1.48%, 2.91%, 4.31%, 5.66%, 6.98% and 8.26%.

In Figure 3.3 we report the resistivity for the two series of samples prepared with AB
and PBX. Resistivity values are highly impacted by the dryness of the samples. On condition that a
percolated carbon network is established, in dried samples the dominant conductivity is the electronic
conductivity due to the network of carbon particles, while in non-dried samples there are present
two (mostly) independent conductivities: electronic and ionic, due to the ions present in cement
[51]. We introduce the percolation threshold: it is the lowest concentration of filler at which an
insulating material is converted to a conductive material. This means that percolation threshold
is the lowest concentration of filler at which an electrical pathway is formed throughout a sample
[52]. A good reference point for us is the comparison of the dried and non-dried conductivities.
By comparing these two states we can point out the percolation points for each series. Thus, the
percolation threshold is reached when the values of the non-dried and dried samples coincide at the
same carbon concentration. We notice that for cement samples prepared with AB, it occurs around
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(a) (b)

Figure 3.3: Resistivity values vs. carbon content for two series of samples prepared with Acetylene Black (a) and
PBX (b) synthesized at w/c = 0.6. Samples measured in dried and non-dried states. Dashed bottom lines correspond
to the resistivities of the respective pure carbon. Tests performed at an average sample age of 55 days.

1.7%, while for cement samples made with PBX it is around 3.6%. Cement samples with AB are
more conductive, as well as less dense than those made with PBX, so this percolation shift towards
lower concentrations, compared to those made with PBX, is not surprising for the ones prepared with
AB. The second thing we can take out of these graphs (Figure 3.3) is that the resistivity scales with
the carbon content: by adding more carbon we continue to decrease the resistivity. This resistivity
would continue to decrease until it reaches a constant value, very close or equal to the value of the
bulk carbon [53]. When taking into account the error bars of our measurements due to the synthesis,
we see that we are very close to reaching the pure carbon value for AB, whereas there is still room
for improvement for PBX.

In Figure 3.4 we see the capacitance values at different scan rates for the same two series of
cement composites prepared with PBX and AB. The capacitance values also scale with the carbon
concentration for each scan rate. This is in agreement with the increasing conductivity observed in
Figure 3.3, but can also be due to the increased quantity of carbon, which in turn adds more porosity
for ionic storage [54]. An interesting thing to point out is that the the points where the capacitance
starts increasing drastically coincide with the "resistivity percolation points": capacitance values
take off only after reaching the electronic percolation concentration in both series. This once more
strengthens the link between conductivity and capacitance in supercapacitors. We can see it as well
in Figure 3.5: there is an obvious decrease in capacitance when the resistivity is increasing. This
decrease seems to be more linear on a log-log scale for AB, which suggests a power law decrease.
However, this "line" is more difficult to visualize for PBX and it may be due to a different mechanism
of dependency for different carbon types. Overall, this figure shows that capacitance does scale with
the resistivity and that there is a range of values for resistivity that has to be reached in order to
achieve high capacitance (at least for PBX and AB).
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(a) (b)

Figure 3.4: Capacitance vs. scan rates for two series of samples prepared with Acetylene Black (a) and PBX (b)
synthesized at a w/c = 0.6. Tests performed at an average sample age of 60 days.

Figure 3.5: Evolution of capacitance with resistivity for cement samples prepared with PBX and AB carbons
at a w/c = 0.6. Decreasing concentration of carbon from top to bottom and from left to right. Capacitance values
measured at 100 mV/s. Resistivity values determined on dried samples.

3.3 Water to Cement ratio (w/c)
To study the influence that the water to cement ratio has upon the performance of our

samples, we synthesized multiple batches of PBX and AB samples at different carbon concentrations
and w/c and compared how these samples’ resistivity and capacitance values varied under different
parameters. In Figure 3.6 we compare resistivity values for series of AB and PBX synthesized at 3
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different w/c values: 0.42, 0.6 and 0.8. Just as in Figure 3.3, we see that the scaling with carbon
concentration is consistent at different w/c both for PBX and AB. The first thing to notice is that
the minimum achieved resistivity is lower at increasing w/c, which is consistent with the addition of
more carbon. We can notice is that the electronic percolation points are shifting at different w/c,
as seen in Figure 3.7. For both samples containing PBX and AB, when the water to cement ratio is
increasing, the electronic percolation points are shifting towards higher concentrations. This change
seems to be linear and could allow us to predict the percolation points in this range of w/c. For
PBX we have: Pt = 8.67Rwc − 1.14 and for AB: Pt = 0.92Rwc + 1.26, where Pt is the percolation
threshold and Rwc is the water to cement ration. Cement porosity is highly controlled by the amount
of water introduced in the mix [55]. When casting, the water that is not consumed by the hydration
reaction may leave the concrete as it hardens, resulting in microscopic pores [56]. Thus increasing
the w/c means increasing the porosity of the matrix. This effect might be responsible for the shift
in percolation points: a higher porosity means more carbon is required to fill the pores, thus more
carbon is needed to create a percolated network.

(a) Acetylene Black

(b) PBX

Figure 3.6: Resistivity values for for three Acetylene Black and three PBX series at three different water to cement
ratios: w/c = 0.42, 0.6 and 0.8. Each sample has been measured two times in a dried and non-dried state: for each
graph, each two measurements in a dried and non-dried state correspond to the same sample. Dashed bottom lines
correspond to the resistivities of the respective pure carbon. Tests performed at an average sample age of 55 days.

In Figure 3.8 we compare capacitance values for two PBX carbon-cement composites at
w/c = 0.42 and 0.6. As with the resistivity values, the capacitance values are consistent with the
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Figure 3.7: Evolution of the carbon percolation threshold with the w/c for PBX and AB.

(a) (b)

Figure 3.8: Capacitance values at different scan rates for two series of PBX at w/c of 0.42 (a) and 0.6 (b). Tests
performed at an average sample age of 60 days.

observations made in Figure 3.4. For both w/c values the capacitance is increasing with increas-
ing carbon concentration. Moreover, we can define the "capacitance percolation point": the carbon
concentration threshold that triggers an increase of capacitance values with increasing carbon con-
centration. Its value for PBX 0.42 also corresponds to the electronic percolation point in Figure
3.6(b). We notice that capacitance values also shift with w/c: for increasing w/c, we have higher
capacitance values at same scan rates. However, it is worth noting that at w/c = 0.42, for lower scan
rates of 50 and 20 mV/s, we have a very dramatic increase in capacitance values versus the values
at 500 mV/s. This effect is not as pronounced at w/c = 0.6 and this can make us speculate about
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the causes of this difference. It might be that the cement matrix of cement/PBX samples at w/c =
0.42 is more dense than that of samples of cement/PBX w/c = 0.6, thus it is more difficult for ions
to move through a dense electrode than a more porous one. This could explain why cement samples
containing PBX w/c = 0.6 has much higher capacitance values at higher scan rates, but also why
the values close in at lower scan rates: with a more gradual change of potential the ions have more
time to move through the electrode.

3.4 Additives
Cement industry has a long history of adding different additives to cement in order to in-

fluence its properties. Supplementary cementing materials are materials that can be used alongside
ordinary Portland cement. When properly used, they can improve cohesiveness, enhance workabil-
ity, reduce temperature development, achieve improved strength, reduce permeability, and increase
durability [57]. We have studied the possibility of adding additives to our mix in order to change its
properties. In this section we will study the way cellulose, a potassium sulfate salt and a superplas-
ticizer influenced our results.

Carboxymethyl Cellulose (CMC) is a hydrophilic organic polymer. When dissolved in water,
cellulose forms a highly connected network, due to hydrogen bonds and Van der Waals interactions
[58]. A water solution containing cellulose becomes more viscous with an increasing amount of
cellulose dissolved. There are already numerous studies linking cellulose additives to an increase
in concrete strength [59, 60, 61]. Cement is also a hydrophilic material, while carbon black is a
hydrophobic, thus it does not mix with the cement paste easily. In order to improve our carbon
dispersion, we considered cellulose to be a good matrix for carbon black dispersing. We synthesized
cement samples containing cyclomethyl cellulose (CMC) and compared them with samples without
cellulose. We used three types of cellulose: CMC 90K, CMC 250K and CMC 700K, where 90K, 250K
and 700K represent the average molecular weight of the crystallized polymer (K for Kilo), which is
an indicator of polymer chain length. To synthesize these samples we used 1.4% of cellulose out of
total water weight and followed the protocol described in the Synthesis section (cf. §2.1).

In Figure 3.9(a) we see a comparison of resistivity values between cement/PBX composites
without CMC or with CMC 250K. Samples containing cellulose have resistivities ranging from one
to two orders of magnitude higher than samples without cellulose at the same carbon content. When
comparing capacitance values of samples without CMC and samples with the three studied CMC
molar weights in Figure 3.9(b), we can state that at this concentration, cellulose has a negative
impact on our samples’ electrical performance, with five or more times lower capacitances for cellulose
samples. While cellulose seems to be doing a good job at dispersing carbon black, we suspect that
it prevents it from establishing an adequate percolated network. This confinement of carbon black
might not only play a role in the resistivity, but also in capacitance, as it would prevent the ions
from successfully reaching the carbon pores, greatly diminishing the electrode’s output. CMC does
not seem to be a good additive for our purposes.

We started looking for ways to delay the hardening of the cement paste, which would make
our paste more workable in the initial phase, thus possibly allowing the incorporation of more carbon
into the mix. There have been reports since the 90’s that studied mechanisms using sulfate ions in
order to delay the hydration reaction and the formation of ettringite in cement [62]. Ettringite is the
mineral name for calcium sulfoaluminate, which is commonly found in portland cement concretes
and the formation of ettringite in fresh, plastic concrete is the mechanism that controls stiffening
[63]. Thus, we attempted the use of sulfate ions and study how it affects our system. To synthesize
the new samples we used the same protocol as described in Synthesis section for PBX 11%, but
used a 0.14M solution of K2SO4 instead of water. During the mixing phase we observed a noticeable
difference in the workability of the paste. This allowed us to synthesize another sample with K2SO4
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(a) (b)

Figure 3.9: (a) Resistivity vs. carbon content for two series of PBX samples with and without CMC at a molecular
weight of 250K. Samples dried at 60◦C over 18h. (b) Capacitance values for four samples of PBX 11% without and
with three types of CMC at increasing molecular weight. Results at 100 mV/s.

and an increased amount of carbon: PBX 12.9%. We thus compared the 2 new samples with the
reference sample.

As we can see in Figure 3.10(a), adding K2SO4 in our mix does not affect the resistivity
of our samples: after taking in account the experimental error bars, the samples at 11% with and

(a) (b)

Figure 3.10: Comparison of resistivity (a) and capacitance (b) at different scan rates of PBX/cement samples with
and without K2SO4. Synthesized at w/c = 0.8. Tests performed at an average sample age of 40 days.
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without K2SO4 are basically the same. This is an important result, that shows that influencing the
kinetics of the reaction does not impact negatively the overall output. We can then see that the
sample containing more carbon, as expected, has a lower resistivity, thus approaching more towards
the value of pure carbon. In Figure 3.10(b) we see a comparison of the capacitance values for the
same samples (as in resistivity). Overall we can say that the addition of sulfates does not affect our
capacitance in a negative way, moreover, the new samples containing K2SO4 perform better than the
reference sample, with a very noticeable difference towards lower scan rates. We could have expected
the 12.9% sample to have higher capacitance values due to its higher carbon content, but it is odd
to see that the 11% sample with K2SO4 also performs better than the reference. We can speculate
that the use of K2SO4 effectively adds more ions to the system that can be transported and stored,
thus increasing the overall capacitance.

Superplasticizers (SP) are synthetic polymers that are extensively used by the concrete
industry to create high strength concrete. Otherwise known as high range water reducers, they affect
the viscosity of the cement paste and greatly reduce the amount of water necessary to make the
mix workable. They are also known to retard the curing of cement [64]. Superplasticizers are made
from either sodium salts or calcium salts. When concrete is first mixed, the presence of water causes
cement particles to be drawn to one another, which thickens the batch. Superplasticizer molecules,
which are made of long chains and links, attach themselves to the cement particles and give them a
highly negative charge. As a result, they repel each other. Because the cement particles are no longer
attracted to the others, the concrete remains fluid [65]. While in the industry SP are used to create
very dense, high performance concrete, for our applications we saw an opportunity of increasing the
amount of carbon incorporated, while maintaining a good workability. The idea of using a polymer
proved ineffective previously (with CMC), thus the main concern was how the use of SP would affect
our current electronic properties. To study that, we synthesized a new PBX 11% sample at w/c=0.8
and used 1.6% of SP versus water weight, and we compared it to a reference sample.

(a) (b)

Figure 3.11: Comparison of resistivity (a) and capacitance (b) values for two cement/PBX samples at 11% wt,
with and without Superplasticizer (SP). Synthesized at w/c = 0.8. Tests performed at an average sample age of 40
days.

In Figure 3.11 we can compare the resistivity and capacitance results of this new sample.
We see that the resistivity of the sample containing SP is lower, while its capacitance results are
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higher than the reference, with significant differences at lower scan rates. This result makes us
wonder of the mechanisms involved. It is possible that due to its increased workability and retarded
hydration, the carbon is better dispersed, as in the case of K2SO4, thus forming a more connected
percolated network. However, we know that this effect of the SP is only temporary. The cement
particles, though repulsed by one another, slowly become hydrated as they react with the water in
the concrete. This process causes crystals made of calcium hydroxide and calcium silicate hydrate
to form on the round surface of the cement. The crystals slowly engulf the superplasticizers so
that they are no longer able to function. Without the negative charge to keep the cement particles
apart, the concrete thickens again [65]. It is also possible that just as with K2SO4, there could be
an ionic contribution from the SP, which would explain the spike in capacitance. However, it is
important to point out that the type of superplasticizer we used belongs to the family of carboxylate
superplasticizers. Different classes of superplasticizers could have different effects on the electrical
properties. Overall, what we should take from this is that carboxylate superplasticizers do not affect
our mixes in a negative way, thus being very promising additives that could allow the increase of the
amount of carbon incorporated into the cement.

3.5 Literature comparison

Figure 3.12: Literature comparison of supercapacitor performance for different systems. On the Y-axis, the capac-
itance, on a logarithmic scale, is represented in mF/cm2 and on the X-axis - different supercapacitor systems. The
black dots represent exact values found in literature and the grey areas - the capacitance range the specific systems
can reach. The values next to the dots represent the scan rates in mV/s at which these results have been obtained.
[66, 67, 68, 69, 70, 71, 72, 73, 74, 75].

After defining and explaining all the parameters that play a role in our samples’ perfor-
mance, we must not forget that our study was first of all one of exploration and optimization. It is
important to step back and examine how our samples perform compared to other devices described
in literature.

In Figure 3.12 we compare the capacitance values that we have obtained with our samples
with a spectrum of similar supercapacitor devices. The graph is made in a log scale, spanning
from a few hundreds of F/cm2 to a few mF/cm2, and represents different types of devices, that
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use different materials as matrix, core storage and electrolyte. First of all, it is worth noting that
most systems involve polymers and/or carbon under some form. Indeed, carbon nanomaterials, in
particular carbon nanotubes, graphene, mesoporous carbon and carbon blacks have been widely
investigated as efficient electrode materials in supercapacitors [76]. Graphene is one of the material
with most potential, which can allow devices with capacitances going up to 100 F/cm2, as well
as good performance at high scan rates. Other notable devices are those using metal oxides, in
particular MnO2, that can reach capacitances of a few F/cm2. Our own carbon black/cement system
performs decently well compared to the others, with values ranging from 10 to below 100 mF/cm2.
It is a very impressive value, considering the fact that our devices are multifunctional, playing a
structural role in addition of storage. In addition to that, carbon black is significantly cheaper than
carbon nanotubes. It is worth noticing that most of other system are designed as electrodes for small
to medium size devices, while on the other hand, our system is not limited by these dimensions.
Our final application envisions potentially tens of square meters of effective surface in houses and
buildings, thus allowing us to reach important storage values very quickly.

33



Chapter 4

Conclusion

Throughout the 9.5 months of this internship we studied the behaviour of electrically con-
ductive cement, its important parameters, we established the measuring protocols, we designed the
measuring setups and we greatly optimized the obtained results.

First, we managed to successfully mix hydrophobic carbon black and hydrophilic cement
powder in order to obtain an electronically conductive carbon-cement composite. We established
and refined a successful scientific protocol for sample synthesis and preparation, as well as for resis-
tivity and capacitance measurements. We designed a measuring setup that minimizes the variable
parameters involved in the measurements and reproduces the same conditions at each measurement.
In addition to that, we determined the errors that must be taken into account when dealing with
such a heterogeneous system.

Secondly, in terms of results, we studied the morphology and resistive properties of bulk
carbon black in order to determine their resistivity thresholds. We saw that Acetylene Black, PBX
and Vulcan are the least resistive types of carbon we studied, with resistivities of 34, 79 and 124
mΩ.m respectively. We determined that when mixed with cement, only AB and PBX would give
us promising results: their resistivities would greatly approach those of the bulk carbon values, 80
mΩ.m for AB and 200 mΩ.m for PBX; all the while their capacitance would reach values of 32 and 28
mF/cm2 for AB and PBX respectively. Although the type of the carbon we chose for the composite
plays a crucial role in the outcome of our measurements, it is not the only important parameter. The
water to cement ration (w/c) is a key parameter, since it governs the porosity of the cement samples.
The carbon concentration in our samples affects the resistivity and capacitance results, which is
explained by the presence of a carbon percolation point in our cement matrix. In synergy with the
w/c, it creates a trend where the electronic percolation point shifts towards higher concentrations
when the w/c is increasing. These thresholds show us which carbon concentrations we have to reach
in order to obtained measurable electronic effects. In addition to that, we discovered that additives
like sulfate salts or superplasticizers can beneficially impact our resistivity and capacitance results
and even allow us to incorporate more carbon into the mix. This can open the way for some new
research and new optimizations that can be made to the composite samples.

Globally, these results are meant to prove the concept and open new possibilities. The
next step constitutes the upscaling of the samples in order to prove that our idea works on bigger
scales. Applying the gathered knowledge on mortars and concrete and reproducing the results on
samples one or two orders of magnitude bigger will certainly involve various engineering problems and
redesigning of scientific protocols. In addition to that, experimenting with various other carbon types
as well as exploring parameters like the electrolyte concentration are still areas worth spending time
on, and they can potentially lead to further optimizations. In either case, this study will constitute
a pillar on which further research can rely in order to speed up the progress.
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Annex

Figure 4.1: Capacitance vs. resistivity for all samples reported in this document.
Cement/PBX samples containing additives have a w/c = 0.8. We see that samples
having w/c = 0.6 and 0.8 are grouped together, while the series having w/c = 0.42
is shifted to lower capacitance values. Water to cement ratio, the number and size
of pores have a significant effect on capacitance performance of samples.
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