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Abstract: Waste heat, causing the urban heat island effect, can be channelized for the

generation of low-grade waste heat from pavements and building envelopes with the use of
appropriate material. Cement is a key ingredient in modern infrastructure; studies have
shown that adding carbon-based nanofillers can turn it into a conductor. In the present study,
the inclusion of super-grade graphene (SGG), multi-walled carbon nanotube (MWCNT),
and carbon soot-based carbon nanoparticles (CNP) developed a conductive network.
Significant improvement in electrical conductivity and formation of conductive pathways
are evident from SEM, XRD, Raman spectroscopy, and electrical conductivity analysis.
Moreover, the samples exhibited a denser microstructure. The wet method is used to cast
the samples. The Four-point probe method is used to investigate electrical performance.
Electrical conductivity of 0.07 S/cm at 2% dose of SGG at 60°C, 0.25 S/cm at 15% dose
of MWCNT at 60°C, and 0.03 S/cm at 5% CNP at 85°C is displayed by the respective
samples. Percolation threshold, tunnelling, and hopping contribute to a jump in electrical

conductivity.

Keywords: Urban heat Island effect, Thermoelectric cement composites, electrical

conductivity, carbon-based nanofillers, Candle soot, carbon nanoparticles
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1. Introduction

Currently, more than 85% of fossil fuels are utilized as the main source of energy(Yang et al.
2018; Yao et al. 2019). A major portion (more than 65%) of energy is wasted through low- and
high-grade industrial heat. In the global context, there is a strong demand for green energy (Yan
et al. 2017). Urban development has led to rising temperatures and reduced green cover,
resulting in the urban heat island effect (UHI) and global warming. In summer and winter,
population density exacerbates energy costs, greenhouse gas emissions, and environmental
pollution due to excessive energy use. Low-grade heat stored in asphalt pavement surfaces and
concrete structures can be harnessed as green energy and has become the focus of
interdisciplinary research (Zhao et al. 2013; Moure et al. 2016; Ahmad et al. 2019; Vizzari et
al. 2021; Wei et al. 2021b; Khasawneh 2025).

Pavements are vast surfaces that capture a large share of the solar energy. To collect the energy,
the following two aspects are considered. Firstly, photovoltaic power generation
technology(Zhou et al. 2015), and secondly, thermoelectric conversion technology. Although
Photovoltaic technology is widely used, the main problems are the need for exclusive space
and continuous maintenance. Additionally, the recycling and replacement of damaged solar
panels causes an environmental burden. Thermoelectricity, a method of generating electricity
from temperature difference, has emerged as one of the most promising approaches (Zhang et
al. 2019; Carraro et al. 2021). Thermoelectric technology can directly convert outdoor heat into
electrical energy without altering the infrastructure (Jiang et al. 2017). For thermoelectric
conversion technology, a low power generation efficiency is the main technical challenge,
which depends on the thermoelectric performance of the road surface materials (Wei et al.
2014). So far, thermoelectric technologies have not been widely adopted due to various
technical limitations, including the harvesting and utilisation of continuous waste heat and filler
material knowledge (Duarte and Ferreira 2016).

Cement composites are an attractive alternative for storing waste heat energy due to their vast
surface area, affordability, and widespread presence in urban areas. Nevertheless, cement
composites exhibited limited electrical conductivity. Hence, it is desirable to fabricate cement
and cement-based structures with additional functionalities (Singh et al. 2021). This has to be
modified by connecting continuous networks to allow the flow of electrons and holes, thereby

enhancing the thermoelectric behaviour (Mendes et al. 2019).
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Sun et al.(Sun M, Li Z, Mao Q 1998; Mingqing et al. 1999) are the first to explore Portland
cement as a matrix, and conductive carbon fibres as a conductive phase, leading to electrical
conductivity in the carbon fibre cement composites. From 1998 to 2011, various researchers
incorporated different macroscopic conductive phases, such as metal oxides, iron slag,
graphite, and carbon fibre, to enhance the electrical properties (Wen and Chung 2000, 2002;
Cao et al. 2011; Li et al. 2026). From 2011 to 2020, micro- and nanoscale conductive fillers,
such as carbon fibre, expanded graphite, carbon nanotubes, and graphene nanoplatelets, have
been incorporated to enhance electrical conductivity (Zuo et al. 2015; Wei et al. 2018b, 2021a;
Ghosh et al. 2019). Nanofillers are more effective at enhancing electrical properties than

macro- and micro-fillers (Ghosh et al. 2019).

The addition of carbon nanotubes (CNT) at a higher concentration to cement composites
generates an electrical conductivity of 0.818 S/cm (Wei et al. 2018a). Zuev et al. examined the
inclusion of graphene in cement composites and found that the majority charge carrier shifts
from electrons to holes (Zuev et al. 2009). When the N-type CaMnO3 thermoelectric module
is used, a maximum voltage of 581.7 mV is obtained with a 120-Thermoelectric unit connection
(Maneesai et al. 2023a). Keerati et al. used bulk reduced graphene oxide cement composites,
displaying bipolar charge carriers with P-type to N-type switching at a temperature of 420K,

and obtained an electrical conductivity of 37 S/cm (Maneesai et al. 2023b).

From 2020 onwards, thermoelectric materials have witnessed enormous development,
including the inclusion of multiple phases of nanofillers to investigate the initial performance
of cement composite paste/mortar, which showcases optimal performance in terms of
compactness, mixing and strengthening of the interlayer interaction between nanofillers and
the calcium silicate hydrate (C-S-H) matrix (Fan et al. 2025). Fu et al. found that incorporating
graphene oxide into cement-based materials provides nucleation sites for cement hydration and
reacts with ions released during hydration, exerting a catalytic effect on the hydration process
(Fu et al. 2023). Partial oxidation can alter the electronic characteristics of cement-based
materials, as evident in the incorporation of SWCNT, resulting in an electrical conductivity of
approximately 1369 S/cm compared to approximately 283 S/cm for untreated materials (Stando
et al. 2022). Adhesion mechanisms between (C-S-H) and fillers are directly related to the
affinity of the filler’s surface towards ions in the pore structure of cement paste. Filler surfaces
and calcium ions adhere due to acid—base interactions, whereas in the case of silica, ion—ion
correlation forces support adhesion. (Ouyang et al. 2017). In graphene and functionalized

graphene-incorporated cement composites, early-age hydration kinetics are accelerated,
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whereas only carbonyl graphene enhances the later-age hydration kinetics (Aadithya et al.
2024). The etching of expanded graphite (EG) enhances the connectivity of the expanded
graphite conductive network of cement composites, resulting in a remarkable electrical
conductivity of 7.43S/cm (Wang et al. 2025). Wei et al. structurally regulated the graphitisation
degree of expanded graphite via acid treatment, thereby increasing electrical conductivity (Wei
et al. 2024). It is now evident that the inclusion of conductive fillers and fibres at the
nano/micro/macro levels develops conductive networks in the cement matrix (Bishnoi et al.
2025). Carbon-derived conductive fillers, such as graphene, carbon nanotubes (CNT), and
carbon fibres, must be properly mixed and ground to prevent agglomeration and self-
aggregation. Due to immiscibility, graphene-graphene species try not to mix with water-water

species in the cement composite matrix.

The micro-filler can easily fill pores in the cement matrix, and percolation is observed at low
dosage (Figure S1, Supporting Information). Materials can be categorised into three zones
according to their electrical conductivity. An insulation zone, where very few conductive
elements, like percolated ionic water or trapped isolated electrons/conductive species are
found. They can exhibit very limited electrical conductivity, as in the case of pure cement paste,
which shows very little electrical conductivity due to trapped ionic water (Frac et al. 2024).
When conductive fillers are introduced, if there is enough conductive material content to reach
the percolation threshold, that is called the percolation zone. In the conductive zone, optimal
conductive material content is reached, and high-order electrical conductivity is obtained, as in
the case of conductors (Figure S2, Supporting Information). Electron transport in the
composite is assisted by tunnelling across narrow gaps between dispersed nanofillers (Figure
S3, Supporting Information). Continuous conductive networks are required for smooth

conductivity. hopping and tunnelling, optimal percolation and a large area of filler support this.

Candle soot is an easily available household waste material for generating candle soot-based
carbon nanoparticles (Speight 2011; Mulay et al. 2019). Flame shape and height play an
important role in the generation of high-quality, conductive carbon nanoparticles(Hamins et al.
2005; Su et al. 2011; Sunderland et al. 2011). The candle flame's highest temperature, about
1980 K, occurs near the flame edge, indicating vigorous reactions that produce high-quality,
smaller, chemically active soot particles (Thomsen et al. 2017; Zheng et al. 2019). Candle soot
carbon undergoes functional transformations, making it a promising functional material, as
validated by HR-TEM, XRD, and Raman analysis, showing the dominance of sp>-bonded
graphitic carbon hybridisation(Anil D. Pathak 2022)(Singh and Pradhan 2025). Candle soot

4
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and its derivatives contain a high carbon content, making them suitable agents for creating

conductive pathways for electron conduction(Singh et al. 2018).

In this study, we explored candle soot as an alternative carbon nanomaterial and developed and
utilised candle soot-based carbon nanoparticles (CNP) as a conductive material. Previous
studies have primarily focused on expansive nanomaterials such as graphene and carbon
nanotubes. The use of candle soot remains limited in cementitious systems. The work
demonstrates the feasibility of utilising candle soot-based carbon nanoparticles (CNP) and
compares their effectiveness as conductive fillers in a cement composite system with those of
the commercially available super-grade graphene and multiwall carbon nanotubes. The study
provides insight into the effect of filler dosage on material performance while maintaining a
constant water-to-cement ratio. The findings contribute to the development of such materials

for a wide range of charge storage applications.

Materials Taken and Experimental Procedure
2.1 Raw Materials

Ordinary Portland cement (OPC) 43 Grade (Ultratech, India), columniform white paraffin wax
candles, steel plate (soot collection), steel bowl to place the broken molten candle wax, spatula,
airtight glassware, centrifuge tube, were purchased from the local supplier (Pilani, Rajasthan,
India), and isopropyl alcohol (C3HgO, 99.5% is used as received. Super grade graphene (SGG)
(>99.0%) and MWCNT (>99.0%) were purchased from BTCORP Generique Nano Pvt. Ltd,
Bangalore, India. The physical and chemical properties of OPC, MWCNT and SGG are
presented in Table S1, Table S2 and Table S3 in the Supporting Information.

2.2 Candle soot to carbon nano particle (CNP)
2.2.1 Collection, preparation, and synthesis of carbon nano particles (CNP):

An iron tripod with a circular top ring holds the stainless-steel plate, which collects the soot
(Figure 1a). Candle wax is collected into the steel bowl. A 2 mm-thick, 30mm-long cotton

wick is inserted to cast a candle and placed into this bowl.
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During candle combustion, a steel plate is placed directly above the candle wax setup (bowl

with candle wax, wick, and metal stand) so that the wick flame tip touches it. The candle wick

height is adjusted through a homemade metal stand. During the soot collection phase, the soot

from the base plate is gently scraped into an airtight container using a spatula. Typically, 50 g

of soot is divided into six 50-ml centrifuge tubes. The soot is repeatedly washed with

isopropanol, giving it a black-ink appearance. The mixture is transferred to a centrifuge

machine (Compufuge, Remi) and operated at 10,000 rpm for 30 minutes. The final product

settles, leaving the rinsed IPA alone and thereby mixing the unburnt hydrocarbons and

impurities with the IPA. Finally, decanting the excessive IPA helps to separate the synthesised

soot. The residue is placed in a crucible and heated for 2 hours at 100°C. The final dried leftover

product is carbon nanomaterials (CNP) (Figure 1b).

2.2.2 Physicochemical characterisation of candle-soot
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The candle soot and the prepared carbon nanoparticles (CNP) are examined using
morphological and spectroscopic techniques. Morphological analysis and energy-dispersive X-
ray spectroscopy (EDS) were performed using scanning electron microscopy (FE-SEM Apreo
LoVac, FEI). Transmission electron microscopy (TEM) (JOEL, JEM-1400), operating at 120
kV, was used to determine the particle core diameter and lattice. Soot was mixed in IPA
(Img/mL), and a drop was placed onto a 200-mesh holey carbon-coated copper grid. Analysis
of micrographs was performed using ImagelJ software at low and high resolutions. Powder X-
ray diffraction (XRD) measurements were performed using an Ultima IV (Rigaku)
diffractometer with Cu Ka radiation (A = 1.5406 A), operated at 40 kV and 30 mA, at a scan
rate of 2° min™! over a 20 range of 10°—60°. X-ray Photoelectron Spectroscopy (XPS) (Thermo
Fisher Scientific, K-Alpha) was used to analyze the surface chemistry. Fourier transform
infrared spectroscopy (FTIR) Alpha Bruker) spectra were recorded by the KBr pellet method
with a Perkin-Elmer spectroscope. Raman spectra (HORIBA LABRAM) of the samples were
analyzed using an excitation wavelength of 633 nm. Raman spectroscopy and X-ray diffraction
(XRD) were used to investigate graphitisation and crystallinity of different planes, where the
degree of graphitisation was evaluated using the Raman intensity ratio (Ip/lg). Brunauer-
Emmett-Teller (BET) analysis was performed using a SORP mini-II (Microtrac BEL) to
determine the specific surface area at 120 °C for 8 hours under nitrogen. From the adsorption
branch of the obtained isotherm, pore size distribution can be found using the Barrett-Joyner-
Halenda (BJH) method. The thermogravimetric analysis (TGA) (Shimadzu) analysis of the
soot and nanoparticles was performed by placing the samples in the sampler bowl. The
wettability of soot collected from the flame zones was evaluated using the sessile drop method
on a contact angle goniometer (Ossila), with analysis performed using KRUSS ADVANCE
software. Molecular size analysis and zeta potential for charge, stability and behaviour of
colloidal nanoparticles were studied using the Litesizer 500 (Anton Paar). Laser Doppler
velocimetry helps determine the Zeta potential, an indicator of colloidal solution stability.
Solid-state 13C NMR spectroscopy (JEOL JNM-ECZL400G, 400 MHz, FT) was conducted on

50 mg of soot to investigate its surface structure.
Specimen fabrication

The cement composite samples were prepared using OPC and three different fillers (SGG,
MWCNT, and CNP). They were added individually by weight of dry cement (Table 1). It is
then ground to remove agglomerates and lumps, resulting in an evenly dispersed mix. A

constant water-to-cement ratio(w/c) of 0.40 was maintained on a dry-weight basis. The
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nanomaterials were treated as fillers/additives and were not considered in the w/c calculations,

since they do not contribute to the hydration process of cement.

The wet-mixing method was employed in this study. Customised 3D-printed moulds were used
to cast cylindrical samples measuring 15 mm in diameter and 30 mm in height to prepare the
cement—nanomaterial matrix (Figure 1c). The samples were demoulded after 24 hours and
subsequently air-dried for 7 days to remove residual moisture. After drying, the specimens
were cut to obtain final samples with a diameter of 15 mm and a thickness of 3 mm. The
surfaces of the prepared samples were then polished using 800-grit and 1200-grit emery
sandpaper to ensure smoothness. The nomenclature used for the samples, along with the mix

proportion, is shown in Table 1.

Table 1. Mix Proportions details

SI. Mix ID Cement Filler Name Filler Content (% Water
No (2) by wt. of cement) (2)

1 CEM 100 -- 0% 40g

2 CSGGl1 100 Super-grade graphene 1% 40g

3 CSGG2 100 Super-grade graphene 2% 40g

4 CSGG3 100 Super-grade graphene 3% 40g
5 CSGG4 100 Super-grade graphene 4% 40g
6 CSGG5 100 Super-grade graphene 5% 40g
7 CMWCNTS5 100 MWCNT 5% 40g
8 CMWCNT?7.5 100 MWCNT 7.5% 40g
9 CMWCNTI10 100 MWCNT 10% 40g
10  CMWCNTI12.5 100 MWCNT 12.5% 40g
11 CMWCNT15 100 MWCNT 15% 40g
12 CCNP5 100 Carbon nanoparticle 5% 40g
13 CCNP7.5 100 Carbon nanoparticle 7.5% 40g
14 CCNP10 100 Carbon nanoparticle 10% 40g
15 CCNP12.5 100 Carbon nanoparticle 12.5% 40g
16 CCNP15 100 Carbon nanoparticle 15% 40g

2.3 (Physicochemical and electrical characterisation of cement composites

Microscopic and Spectroscopic examination

The tablet samples were dried at 60 °C for 24 h, followed by gold coating using a sputter coater.
The coated specimens were examined using a field-emission scanning electron microscope

(FE-SEM) operated at 10 kV. FE-SEM analysis was used to investigate the surface
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morphology, dispersion of carbon nanotubes, and nano-interfacial characteristics between the
fillers and the cement matrix. The percolation threshold was qualitatively inferred from the
presence of agglomeration or re-agglomeration, observed as localised nanomaterial clusters

distributed across the matrix.

X-ray diffraction (XRD) was employed to examine crystal structure evolution and phase
composition, and to indirectly assess filler distribution and the formation of a conductive
network. Raman spectroscopy was utilised to evaluate the degree of graphitisation (via Ip/Ig)
and to identify structural and chemical modifications within the cement matrix.

Electrical Conductivity Measurement

Electrical measurements were performed using a Keithley 4200A Semiconductor Parameter
Analyser (Convergent Technologies), configured in a four-probe geometry to ensure uniform
electrical contact with the cement composite tablet (Figure S4 Supporting Information). In
this configuration, two source measurement units (SMUs) were used to source current, while
the remaining two SMUs measured the corresponding voltage drop across the sample (Figure

SS Supporting Information).

Electrical resistivity was determined using the Clarius software environment. Temperature-
dependent measurements were conducted using a proportional-integral-derivative (PID)
controller, maintaining the sample temperature between 30 °C and 85 °C. A low current was
applied in linear-sweep mode, ranging from O to 1 mA with a step size of 10 pA, and a voltage

compliance limit of 20 V.

3. Results and Discussion

3.1 Physicochemical analysis of Carbon Nanoparticles

FESEM confirms that the produced CNP are spherical, with a rough, textured surface and
shorter, looser carbon chains. Similar structures are seen in the work of Pathak and Hao (Anil
D. Pathak 2022; Hao et al. 2022), as shown in Figure 2(a-d). The carbon presence is 90%, as
indicated by the electron map spectrum sum in Figure 2(e-g). The EDS layered image indicates
the presence of other elements, including oxygen (6%), sulphur, silicon, and potassium, in very

small traces. A similar composition is also reported by Das et al (Das et al. 2017).

HR-TEM reveals sharp, spherical fringes, indicating a high defect density(Xiao et al. 2018),
exhibiting concentric nano-onion rings (Anil D. Pathak 2022), with a maximum particle size

of 30nm, Figure 2(h-j). The presence of clear lattice fringes corresponding to the (002)
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crystallographic plane confirms the graphitic basal plane structure of the material (Anil D.
Pathak 2022). ImageJ software and fast Fourier transform (FFT) analysis yield a graphitic layer
spacing of d(002) as (0.35nm), indicating the dominance of turbostratic graphitic domains. The
stacking of the graphene layers is highly disordered; similar structures are also reported by
Muley et al. (Mulay et al. 2019). The selected area electron diffraction (SAED) in Figure 2(k)
shows fringes with sharp, thin concentric rings, indicating the presence of sp> hybridised carbon
(Anil D. Pathak 2022)(Chauhan et al. 2025). Solid-state magic-angle spinning NMR of the C'3
nucleus showed a sharp peak at 115 nm, indicating a dominance of sp? hybridisation Figure

3(a). The aromatic/alkene range generally lies between 100 ppm and 160 ppm (Liu et al. 2007).

In the XRD spectrum, the (002) and (100) peaks show variation in the degree of graphitisation
after treatment(Justin Raj et al. 2016). A prominent diffraction peak corresponding to the (002)
plane, which is associated with the interlayer stacking of graphitic basal planes along the c-
axis. In addition, a weaker peak corresponding to the (100) plane is observed, indicating in-
plane ordering of sp>-bonded carbon atoms (Justin Raj et al. 2016; Mulay et al. 2019; Anil D.
Pathak 2022). The presence of these characteristics confirms the material's graphitic crystalline

structure. A broad peak indicates an amorphous nature as seen in Figure 3(b).

Thermogravimetric examination indicates good stability with minimal mass loss, as also
reported in candle soot by Thota et al. (Thota et al. 2023), Figure 3(c). Raman spectra indicate
a change in structure, accompanied by enhanced electrical conductivity, as evidenced by a
change in the Ip/Ig ratio from 1.19 to 1.02 after treatment [55] Figure 3(d). The XPS survey
spectrum indicates that the sample is predominantly composed of carbon atoms (approximately
90%), with a smaller proportion of oxygen (around 10%), as shown in Figure 3(e). XPS
examination and the map-sum spectra of carbon and oxygen reveal variation and enrichment
in hybridisation with an increased sp? area relative to sp®, as shown in Figure 3(f-g). A Similar
observation is reported by Pathak et al. after XPS examinations(Anil D. Pathak 2022). BET
plot of CNP in Figure 3(h-i) indicates an improved specific surface area and denser pore
structure(Justin Raj et al. 2016). The average pore radius of candle soot is 27 nm, for CNP it is
16 nm (Table S4, Supporting Information). The incremental pore volume and incremental
pore area are improved (Figure S6(a-b), Supporting Information). A Similar observation is
seen after soot treatment in the work of Qahtan et al. (Qahtan et al. 2017). The cumulative pore

volume and cumulative pore area of CNP (Figure S6(c-d), Supporting Information) are

10
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287  reported by CJ Raj et al.(Justin Raj et al. 2016).

i

Figure 2: FE SEM of CNP: (a-d) at lower to higher resolution, (e) EDS layered image. (f)
Map sum spectrum, (g) Elemental map. HR-TEM of CNP: (h) Low resolution, (i) High
resolution, (j) Particle size distribution, and (k) SAED image of Concentric Fringes at doo2)
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3.2 Physicochemical analysis of cement composites

In FESEM micrographs, cement hydration products and the densified matrix are visible in
Figure 4(a-c). The electron map image Figure 4(d) and EDS mapping Figure 4(e) with
elemental composition of cement, indicating the presence of calcium, silicon, and other species
Figure 4(f). Once the nanofillers (CNP, MWCNT, and SGG) are mixed separately according
to the designed proportions and ground, agglomeration is reduced, resulting in a uniform-
coloured powder. The cement-CNP hydration products, such as C-S-H gel and ettringite in
Figure 4(g-h), are well-formed. In the cement-MWCNT mix, thread-like formations and
cement hydration products, as shown in Figure 4(i-j), are visible(An et al. 2024)(Wei et al.
2021b), whereas in the cement -super grade graphene mix, as shown in Figure 4(k-1), bulky,
paper-like structures, C-S-H gel, ettringite, and portlandite structures are observed(Wang et al.
2025). The electron map images, EDS, and elemental composition of cement-SGG mix support
a uniform distribution of carbon in the Ca-Si regions and in the hydration products, with no
agglomerates, indicating a homogeneous dispersion of graphene sheets, as shown in Figure

S7(a-¢), Supporting Information. The EDS of cement-CNP mix indicates a uniform
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308
309
310

311
312

distribution of carbon nanoparticles throughout the cement matrix, with fine carbon particles
filling pores, and greater densification, as compared to SGG/MWCNT, as shown in Figure
S7(d-f), Supporting Information. The EDS mapping of the cement-MWCNT mix shows
localised but interconnected carbon-rich regions, with evidence of network formation and
carbon bridging across hydration phases, as shown in Figure S7(g-i), Supporting

Information.

/77 C=S=H Gel

S

f ’

Mg £

Figure 4: Cement control mix: (a-c) micrographs, (d)Electron image, (¢) EDS mapping
and (f) elemental composition. Micrographs of cement-CNP mix (g-h), cement-MWCNT
mix (i-j) and cement-SGG mix (k-1).
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3.2 X-Ray Diffraction analysis:

XRD examination of the cement control mix, as shown in Figure S8(g), Supporting
Information, indicates the formation of hydration products by detecting the crystalline phases
present in the cement matrix. The portlandite peak (102) is observed at 43°, and the calcite
peak (202) is seen at 64°. In carbon nanoparticles (CNP), Figure S8(f), Supporting
Information, a broad peak is observed at 24°, further strengthening the amorphous nature of
CNP(Anil D. Pathak 2022)(Mulay et al. 2019) with disordered carbon. In MWCNT, Figure
S8(e), Supporting Information, the (002) peak of CNT stacking is observed at 26°, and a
broader graphitic peak (100) is seen at 44°(An et al. 2024). In the super-grade graphene, Figure
S8(d), Supporting Information, the graphitic (100) peak is observed at 44°, whereas the
graphene interlayering basal plane (002) is observed as a broader peak at 24°. In the cement—
CNP composite in Figure S8(c), Supporting Information, the presence of the in-plane carbon
peak (100) at 44° indicates uniform dispersion of the nanomaterial. In contrast, the control mix
exhibits a portlandite peak (102) at 43° and a calcite peak (002) at 64°. Notably, in the
composite, the peak near 64° corresponds to carbon-related features rather than calcite,
suggesting the formation of carbon-rich hydration products and distinguishing it clearly from
the control sample. In the cement-MWCNT composite in Figure S8(b), Supporting
Information, the CNT (100) peak is observed at approximately 43°. In the MWCNT sample,
this peak shifts to around 44°, indicating an enhanced CNT—cement interface and the formation
of more pronounced carbon-stacked hydration products. Additionally, the calcite (002) peak is
observed at 65° (Wei et al. 2021b). In the cement-SGG composite in Figure S8(a),
Supporting Information, a graphitic (100) peak is observed at 44°, consistent with the peak
position in the SGG material itself. This correspondence suggests the incorporation of
graphene within the cement matrix. The peak characteristics further indicate a well-dispersed
graphene network, contributing to an extended conductive structure. After hydration, a calcite
(202) peak appears at 64°, supporting the uniform densification of the calcium—silicate phase

in the cement—SGG composite.

3.3 Raman analysis

Raman spectral analysis (Figure S9(g), Supporting Information) shows that hydration
products in the control cement mix can be identified by characteristic vibrational peaks at
different hydration stages. OH™ bending at 272 cm™" and interlayer H.O at 350 cm™, along with
a broad hydration band in the range of 430-460 cm™. The Si—O stretching vibration appears at
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540 cm™', while portlandite (CH) is identified at 680 cm™'. A carbonate band is observed at 875
cm™', and the sulfate peak associated with ettringite occurs at 1000 cm™. Further carbonate
stretching is evident at 1085 cm™, and an additional portlandite peak is observed at 2528 cm™
(Kirkpatrick et al. 1997; Potgieter-Vermaak et al. 2006; Liu and Sun 2016; Polavaram and Garg
2021). The distortion and graphitisation bands for CNP, shown in Figure S9(f), Supporting
Information, are seen at 1315 cm™ and 1584 cm™', with an In/Ig ratio of 1.02. The peaks are
broader, indicating an amorphous nature (Justin Raj et al. 2016; Mulay et al. 2019; Anil D.
Pathak 2022). For the MWCNT, as shown in Figure S9(e), Supporting Information, the D
band and G band are observed at 1339 cm™ and 1570 cm’!, respectively. The 2D band is also
visible at 2673 cm™'. The peaks are sharper than those of CNP, indicative of its greater stacking
behaviour (Article et al. 2020). The Ip/Ic ratio found is 0.86. For the super-grade graphene
shown in Figure S9(d), Supporting Information, the D and G bands are observed at 1330
cm™ and 1570 cm’!, with a broader 2D peak between 2680 and 2700 cm™'. The Ip/Ig ratio is
0.85. When these nanofillers are mixed into the cement, the bands are shifted, and peaks are
obtained at different locations, indicating the presence of the cement nanofiller (Azeem and
Saleem 2022). As in the cement-CNP composite, Figure S9(c), Supporting Information, the
gap between the D and G bands increased with a lower peak height, indicating a homogenised
mixing of the CNP nanofiller (Anil D. Pathak 2022; Yaghobian and Whittleston 2022). In the
case of the cement-MWCNT composite, Figure S9(b), Supporting Information, the peaks
are broader for the D and G bands, and the peak heights are also reduced (Azeem and Saleem
2022). In the case of cement-SGG composite, Figure S9(a), Supporting Information, C-S-H

formation is observed at 278 cm™! and 1087 cm™!, and the calcite peak is observed at 715 cm™.
Electrical Conductivity Measurement of SGG, MWCNT, and CNP Cement Composites

Each sample type is prepared in three independent batches, with three readings per batch for
electrical conductivity measurement. The electrical conductivity of the cement control mix, as
shown in Figure 5(d) is 3.32 X 10~8 S/cm at 30 °C. With an increase in temperature to 45°C,
the electrical conductivity is observed to be 3.35 X 1078 S/cm, further increase in the
temperature from 45°C to 85 °C made a very slight increase in electrical conductivity, an
increment of up to 3.38X 1078 S/cm. Thus, limited electrical conductivity is observed, which

may be attributed to the presence of pore water and ionic conductivity in the cement sample.

The addition of MWCNTs significantly enhanced the electrical conductivity of cement-
MWCNT composites in Figure S5(c). At a 5% MWCNT concentration, the electrical
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conductivity reached 0.05 S/cm at 30 °C and remained constant at 85 °C. With a 7.5% dosage,
the electrical conductivity increased to 0.075 S/cm at 30 °C and increased slightly with
increasing temperature. At this dose, the highest electrical conductivity was reached at 0.085
S/cm at 85 °C. When the dose is further increased to 10%, the electrical conductivity at 30 °C
is 0.10 S/cm and remains constant, showing no variation with increasing temperature up to 85
°C. With an increment in dose to 12.5 % at 30 °C, the electrical conductivity jumped to 0.19
S/cm. In this mix, when the temperature is increased to 85 °C, the electrical conductivity falls
to 0.16 S/cm. Increasing the dosage to 15% resulted in the highest electrical conductivity of
0.26 S/cm at 30 °C, due to the formation of a dense, well-connected MWCNT network, as
evident from FESEM in Figure 4(i-j). An increase in temperature disrupted conductivity, with
slight increases and decreases, reaching a maximum electrical conductivity of 0.28 S/cm at 60
°C. Increasing the temperature to 85 °C reduced the electrical conductivity to 0.25 S/cm. The
higher aspect ratio and bridging capability of MWCNTs facilitated efficient electron transport

and increased conductivity with increasing filler content (Ding et al. 2025).

When the Cement-CNP composite sample in Figure 5(b) is subjected to electrical conductivity
measurements, the electrical conductivity at a 5% CNP concentration is observed to be 0.03
S/cm at 30 °C. At 50 °C, the electrical conductivity reduced marginally to 0.028 S/cm. At 55
°C, the electrical conductivity is 0.031 S/cm. With a further increase in temperature from 60°C
to 85°C, electrical conductivity increased to a maximum of 0.033 S/cm at 85 °C. Lower dosage
is effective in percolated conductive networks. However, a further increase in dosage to 7.5%
results in an electrical conductivity of 0.025 S/cm at 30 °C. At temperatures up to 85 °C,
electrical conductivity decreases to 0.023 S/cm. But when the CNP dose is increased to 10%,
electrical conductivity jumps to 0.027 S/cm at 30 °C, and increasing the temperature lowers it
to 0.026 S/cm at 50°C. However, at 85°C, the conductivity fluctuates, reaching 0.027 S/cm.
Further increasing the dose to 12.5% lowered the electrical conductivity to 0.012 S/cm, and the
temperature increase did not result in any additional increment. The maximum dose of 15 %
CNP increased electrical conductivity to 0.015 S/cm at 30 °C. When the temperature increased
to 85 °C, the conductivity increased to 0.017 S/cm. The fluctuation in electrical conductivity
is likely due to CNP particle agglomeration at higher doses, as seen in FESEM micrographs in
Figure 4(g-h). Increased porosity, cross-linking, and nanoparticle chain and network breakage

disrupt the CNP cement matrix.

In cement-SGG composite Figure 5(a), the incorporation of super-grade graphene marginally

enhances the electrical conductivity of the cement composites in comparison to the cement-
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CNP composites. At a 1% SGG concentration, the conductivity was 0.01 S/cm at 30°C. As the
temperature increased to 65°C, electrical conductivity increased to 0.02 S/cm; upon further
increasing the temperature to 85 °C, it decreased to 0.015 S/cm. At an SGG dosage of 2%, the
electrical conductivity at 30°C is 0.019 S/cm. With increasing temperature, the conductivity
rises to 0.021 S/cm at 35°C and further increases to 0.039 S/cm at 40°C. At 45 °C, the electrical
conductivity is 0.045 S/cm, and at 50°C it increases to 0.052 S/cm. A further rise in temperature
to 55 °C results in a conductivity of 0.060 S/cm. At 65°C and 75°C, the electrical conductivity
reaches 0.072 S/cm, the highest value observed for the 2% dosage. However, with a further
increase in temperature to 85°C, the electrical conductivity decreases slightly and stabilises at

0.065 S/cm.

This 2% content of SGG strongly suggests a percolation threshold with strongly conductive
networks and minimal agglomeration, and a dense matrix of graphene-cement hydration
products with uniform distribution. When the dose is increased to 3%, the electrical
conductivity falls to 0.019 S/cm at 30 °C. This trend is consistent with increased temperature
up to 55 °C, and a further increase to 85 °C steadily lowered electrical conductivity to 0.015
S/cm. When 4% SGG is incorporated, the electrical conductivity is 0.021 S/cm at 30 °C; at 35
°C, it jumps to 0.026 S/cm and increases sharply to 0.048 S/cm at 75 °C. At 85 °C, electrical
conductivity reached a maximum of 0.055 S/cm, indicating the formation of effective
percolation cement-SGG networks. At 5% dosage and 30°C, the electrical conductivity is 0.018
S/cm, and there is no significant increase in electrical conductivity with increasing temperature.
These observations suggest that the optimum SGG content is 2%, beyond which electrical

conductivity diminishes due to excessive filler-induced aggregation.
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Figure 5: Electrical conductivity of: (a) Cement-SGG composite, (b) Cement-CNP
Composite, (¢) Cement-MWCNT composite, (d) Cement control mix.
434

Figure 6: Electrical conductivity vs filler per cent (a) CSGG, (b) CCNP, (¢c) CMWCNT
435

436  Percolation threshold and tunnelling phenomena are observed in cement nanofiller composites.
437  For the cement-SGG composite in Figure 6(a), at 1% dosage, there is a significant increase in
438  conductive networks compared to the cement control mix. At 2%, the percolation threshold
439  appears to be reached, as evidenced by the electrical conductivity and FESEM results. When
440  the dose per cent is further increased to 3%, there may be an overlapping of continuous

441  networks; however, the dose at 4% strongly suggests the percolation threshold, and at the

18



442
443

444
445
446
447
448
449
450

451
452
453
454
455

456

457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

472
473

highest dose of 5%, signals agglomeration. Moreover, the largest electrical conductivity jump

is observed at 2% dosage due to the formation of longer conductive networks.

For the cement-CNP composite in Figure 6(b) at a 5% CNP filler dose, significant
electrical conductivity is observed, strongly suggesting a percolation threshold and smaller
CNP forms form continuous networks in the CCNP composite. Increasing the dosage to 7.5%
slightly reduced the electrical conductivity, although the change was not significant. This
behaviour may be attributed to the rearrangement of smaller CNP networks, possibly due to
layer formation or particle overlap. A further increase in dosage to 10% and beyond led to

agglomeration, which became more pronounced up to 15%.

The cement MWCNT composite electrical conductivity in Figure 6(c) suggests a
higher electrical conductivity as compared to cement-SGG and cement-CNP composites. A
higher aspect ratio of MWCNTs may be a factor in reduced agglomeration and improved
dispersion, with minimal disruption of conductive pathways. The percolation threshold is

reached at 15%, and at this stage, larger agglomerates are seen in the FESEM analysis.
4. CONCLUSIONS

Candle soot, a household waste product, can be converted into a sustainable carbon-based
nanomaterial. The process of making CNP is simple and efficient. Cement composites develop
a conductive network upon nanofiller incorporation, allowing current to flow through
electronic and ionic conduction through trapped pore water. When pore water is reduced over
time, only electronic conductance, enabled by nanofillers, remains. When these conductive
networks are continuous, they allow current to flow, making the cement composite conductive.
Nanofiller interaction occurs through physical contact, electron tunnelling, and interfacial
bonding within the cement matrix. Temperature can enhance electron mobility and reduce
contact resistance, thereby improving conductivity. This behaviour is evident when cement—
nanofiller composites are subjected to a gradual increase in temperature, initially promoting
the alignment and activation of conductive pathways, and eventually leading to percolation,
which may occur through electron tunnelling. Cement-CNP samples exhibited electrical
conductivity due to the shorter carbon chain of the spherical nanoparticles. However, as higher
doses are administered, electrical conductivity decreases even though microstructural and

spectroscopic examinations indicate a uniform distribution of nanofillers.

When the Cement-CNP samples were analysed, the maximum electrical conductivity was

observed at 5% CNP dosage, beyond which conductivity decreased, likely due to
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agglomeration and disruption of conductive pathways. The incorporation of CNP increased
electrical conductivity by approximately 6 to 7 orders of magnitude compared to plain cement
paste. Increasing temperature increases the electrical conductivity of CNP-based cement

composites.

Plain cement paste exhibited a low electrical conductivity of 3.35 X 1078 S/cm. The
incorporation of MWCNTs into cement resulted in a substantial increase in conductivity,
reaching 0.25 S/cm at 15% dosage. The continuous increase in conductivity with MWCNT
content indicates effective formation of conductive pathways due to the high aspect ratio of
nanotubes within the cement matrix. Temperature-dependent measurement showed only minor
variations in conductivity, suggesting that filler-induced percolation governs the electrical

behaviour of the cement-MWCNT composites.

The extremely low electrical conductivity of cement is enhanced by the incorporation of SGG.
At alower super-grade graphene dose (2%), electrical conductivity increased with temperature,
reaching a maximum of 0.07 S/cm around 65°C, indicating thermally activated charge
transport, followed by a slight decrease at higher temperatures due to microstructural effects.
At an intermediate dosage of 3%, the conductivity showed minimum temperature dependence,
suggesting saturation of conductive pathways. A rapid increase in electrical conductivity with
increasing temperature was observed at 4% SGG content. Further increasing the SGG content
to 5% resulted in temperature-insensitive behaviour, likely due to agglomeration and network
saturation. The inclusion of nanomaterials can create conductive paths and support the flow of
electrical current. A percolation threshold is seen in the cement nanofiller composites. This
suggests that carbon-based nanomaterials can enhance electrical conductivity compared to the

cement control mix.
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