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ARTICLE INFO ABSTRACT
Keywords: The development of multifunctional construction materials capable of both structural support and direct energy
Thermoelectric harvesting from environmental temperature gradients represents a significant step toward sustainable, self-
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powered infrastructure. In this study, we present a novel and scalable strategy for fabricating thermoelectric
(TE) cement composites by employing an aqueous suspension of poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) as a multifunctional dispersant for multi-walled carbon nanotubes (MWNT). This hybrid
network enables the cement matrix to convert waste heat into electrical energy while maintaining mechanical
integrity and thermal stability, thereby allowing structural elements to function simultaneously as energy-
harvesting modules. The synergy between the MWNT network and the PEDOT:PSS phase enables simulta-
neous improvement of electrical conductivity, Seebeck coefficient (S), and mechanical strength while main-
taining thermal stability. Varying MWNT content revealed a percolation threshold near 0.5 wt%, producing a
4.3-fold conductivity increase and stable conductive pathways at higher loadings. The S displayed non-
monotonic behavior due to the interplay between enhanced carrier transport and increased carrier concentra-
tion. Thermal conductivity rose moderately with MWNT addition via phonon transport along interconnected
nanotube pathways, but remained low enough to sustain TE efficiency. The optimized composite achieved a
power factor of 1.33 x 10° pW/meK? and a ZT of 3.53 x 10~ at room temperature. At 0.5 wt% MWNT, a peak
28-day compressive strength of 33.1 MPa (19.5 % higher than plain cement) was obtained. These findings
highlight the potential of MWNT/PEDOT:PSS-modified cement as a robust platform for integrating structural
performance with thermoelectric energy harvesting in infrastructure applications.

1. Introduction and environmental degradation. A significant portion of this consumed
energy, estimated to be over two-thirds, is dissipated into the environ-

The rapid pace of global industrialization and urbanization has ment as low-grade waste heat from industrial processes, vehicles, and
precipitated an unprecedented surge in energy consumption, which is even building envelopes [2]. In response to this challenge, the scientific
largely met by the combustion of fossil fuels [1]. This reliance has led to community is intensely focused on developing sustainable and
a critical escalation in greenhouse gas emissions, driving climate change eco-friendly energy conversion technologies capable of harvesting this
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abundant but diffuse waste heat. Among the various approaches, ther-
moelectric (TE) technology, which enables the direct, solid-state con-
version of thermal gradients into useful electrical energy via the Seebeck
effect, has emerged as a particularly promising solution for decentral-
ized power generation and low-grade heat recovery [3,4]. The efficiency
of a TE material is quantified by a dimensionless figure of merit, ZT. The
ZT value is defined by the equation; ZT = ceS2eT/k, where S is the
Seebeck coefficient, ¢ is the electrical conductivity, k is the thermal
conductivity, and T is the absolute temperature. To maximize ZT, a
material must paradoxically possess a high o, a large S and a low k. These
properties are intrinsically coupled and often conflicting; for instance,
materials with high ¢ typically also have high k due to the contribution
of charge -carriers to heat transport, as described by the
Wiedemann-Franz law [5,6].

For decades, the field has been dominated by conventional inorganic
semiconductors such as bismuth telluride (BioTe3), lead telluride (PbTe),
and their alloys, which exhibit excellent ZT values near room tempera-
ture [7-9]. However, their widespread deployment is severely con-
strained by significant drawbacks, including the toxicity of their
constituent elements (e.g., lead), mechanical brittleness, high processing
costs, and the relative scarcity of elements such as tellurium [10,11].
These limitations have spurred research into alternative material sys-
tems. Organic TE materials, particularly conductive polymers, offer a
compelling alternative [12-14]. Polymers such as poly(3,
4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:
PSS) are attractive due to their intrinsic advantages, including low cost,
abundance of constituent elements, solution processability, inherent
mechanical flexibility, and exceptionally low k [15,16]. While the power
factor (PF = ceS%) of pristine PEDOT:PSS is modest, it can be signifi-
cantly enhanced through the creation of nanocomposites [17,18].
Incorporating high-aspect-ratio carbon nanomaterials, such as carbon
nanotubes (CNT), into the polymer matrix has been shown to synergis-
tically improve both ¢ and S by creating efficient charge percolation
networks and introducing energy filtering effects at the
polymer-nanotube interfaces [19-23].

Parallel to the development of flexible TE devices, a transformative
approach has emerged that seeks to integrate TE functionality directly
into the built environment [24-26]. Cement, the most widely used
construction material on the planet, presents an ideal platform for
embedding large-scale energy-harvesting capabilities. Its ubiquity,
proven mechanical strength, and inherent low k (typically around
1.0-2.0 W/m-K) make it a suitable host matrix for TE additives, as it can
naturally sustain the temperature gradients necessary for power gener-
ation [27,28]. Previous research has explored the creation of TE cement
by incorporating various conductive fillers, including carbon fibers,
CNT, graphite, and graphene [29-31]. CNT have emerged as particu-
larly effective TE fillers for cement, owing to their high aspect ratio,
electrical/thermal conductivities, and mechanical robustness [32,33].
Notably, Tzounis et al. realized p- and n-type cement/CNT nano-
composites and demonstrated a structural TE generator, establishing the
viability of cement-based TE devices for harvesting low-grade heat in the
built  environment [34].  Wei et al. showed that
compression-shear-fabricated CNT/cement composites exhibit measur-
able Seebeck response once a conductive CNT network forms within the
matrix [35].

However, a persistent and critical challenge has impeded progress;
the effective dispersion of CNT within the cementitious matrix. Due to
strong van der Waals forces and their hydrophobic nature, CNT tend to
form tightly bound agglomerates in the aqueous, high-pH (typically
>12) environment of fresh cement paste [36]. These agglomerates not
only fail to form an efficient, interconnected conductive network but
also act as defect sites, compromising the mechanical integrity of the
final composite. While various dispersion techniques have been
attempted, including ultrasonication and the use of conventional sur-
factants, achieving a stable and homogeneous dispersion that survives
the mixing and hydration process remains a significant hurdle [37,38].
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This study proposes a novel strategy to overcome the fundamental
dispersion challenge and simultaneously enhance the TE performance of
cement composites. The objective of this work is to systematically
fabricate, characterize, and analyze these novel PEDOT:
PSS/MWNT-cement composites. By evaluating their microstructural
features, TE properties (6 and S), and mechanical performance
(compressive strength), we aim to elucidate the underlying physical and
chemical mechanisms that govern their behavior. This approach offers a
scalable, water-based method for developing the next generation of
smart, energy-harvesting construction materials.

2. Materials and methods
2.1. Materials

The primary binder used in this study was Type 1 ordinary Portland
cement (OPC), supplied by Sampyo Cement, Korea, with a measured
density of 3.13 g/cm® and a Blaine fineness of 3820 cm?/g. Natural sand,
conforming to standard specifications with a density of 2.60 g/cm®, a
fineness modulus of 2.45, and a water absorption rate of 1.0 %, was used
as the fine aggregate. The conductive nanocomposite suspension was
prepared using multi-walled carbon nanotubes (MWNT) and a com-
mercial aqueous dispersion of PEDOT:PSS (Clevios PH1000, Heraeus),
which has a solid content of approximately 2.0 wt% in water.

2.2. Synthesis of PEDOT:PSS/MWNT-cement composites

A series of TE cement composites were prepared with varying MWNT
concentrations. The synthesis procedure is depicted schematically in
Fig. 1. For each batch, a predetermined mass of MWNT, corresponding
to 0.25, 0.50, 0.75, and 1.0 wt% of the total cement mass, was added to
the PEDOT:PSS aqueous solution. To achieve a homogeneous and stable
dispersion of the nanotubes, prior to ultrasonication, the MWNT powder
was manually ground with a mortar and pestle for approximately 10 min
in the PEDOT:PSS aqueous medium to promote wetting and disinte-
grlation of large aggregates. Then, MWNT suspensions were bath-
sonicated for 30 min to pre-disperse agglomerates. Subsequently, the
suspensions underwent probe sonication at 40 W for 30 min while being
maintained in an ice-water bath to prevent the temperature from
exceeding 30 °C and to minimize CNT shortening or structural damage.
Finally, the dispersions were subjected to an additional 30 min of bath
sonication under the same conditions to ensure complete homogeniza-
tion of MWNT within the PEDOT:PSS matrix. This sequential bath-
—probe-bath protocol was selected to combine the gentle de-
agglomeration of bath sonication with the more intense localized en-
ergy of probe sonication, yielding stable, uniformly dispersed MWNT/
PEDOT:PSS mixtures suitable for subsequent cement composite prepa-
ration. A control sample (plain) without any conductive additives was
also prepared for baseline comparison. The fabrication process began
with the dry mixing of OPC and sand for approximately 2 min to ensure
uniformity. Subsequently, the prepared PEDOT:PSS/MWNT aqueous
suspension was added to the dry mixture. The entire batch was then
mixed for an additional 5 min in a mechanical mixer to form a homo-
geneous and workable mortar. The water-to-cement ratio was main-
tained at 0.5 for all formulations. Control samples were prepared using
water, cement, and natural fine aggregate, ingredients commonly used
in cement composites. Specifically, the control sample was prepared by
mixing cement and sand for 2 min, then adding water and mixing for
5 min, following the same process used to prepare PEDOT:PSS/MWNT
composites.

2.3. Specimen preparation and curing
The fresh mortar was cast into acrylic molds of three different ge-

ometries to facilitate specific characterization tests; cubic specimens
(50 x 50 x 50 mm) for compressive strength testing, bar-shaped
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Fig. 1. (a) Chemical structures of MWNT and PEDOT:PSS, and (b) Schematic illustration of the preparation process for PEDOT:PSS/MWNT-cement composites.
MWNT were dispersed in aqueous PEDOT:PSS by a sequential bath-probe-bath sonications, followed by mixing with cement and sand at a water-to-cement ratio of
0.5. The resulting mortars were cast into molds and cured under conditions described in Section 2.3.

specimens (20 x 20 x 200 mm) for TE property measurements, and
coin-shaped specimens (20 mm diameter, 10 mm thickness) for thermal
conductivity measurements. Table 1 summarizes the concentrations of
the components (i.e., MWNT, PEDOT:PSS, sand, cement, and D.I water)
of the fabricated composites material samples. The detailed process of
specimen production is provided in Supporting Information (Fig. S1).
After casting, all specimens were stored at room temperature for 24 h to
allow for initial setting. Following this period, the specimens were
demolded. To ensure proper hydration and strength development, the
cubic specimens designated for mechanical testing were cured in a hu-
midity chamber at 20 °C and 100 % relative humidity for 28 days. In
contrast, the bar and coin specimens for TE and thermal property
evaluation were stored at ambient room temperature and humidity to
minimize the influence of free moisture on the electrical and thermal
measurements.

2.4. Characterization

The internal microstructure of the hardened composites and the
dispersion state of the MWNT were examined using a field emission
scanning electron microscope (FE-SEM, S-4800 Hitachi, Japan) at the
Core Facility for Supporting Analysis & Imaging of Biomedical Materials
at Wonkwang University supported by National Research Facilities and
Equipment Center. Samples for FE-SEM analysis were obtained from the
fractured surfaces of specimens after compressive strength testing.
Energy-dispersive X-ray spectroscopy (EDX, Oxford Instruments, UK)
was performed to determine elemental composition. The fragments
were mounted on aluminum stubs and sputter-coated with a thin layer
of gold to ensure surface conductivity before imaging. Images were
captured at various magnifications using an accelerating voltage of
15 kV. The ¢ and S were measured on the bar-shaped specimens using a
custom-built, shielded four-point probe apparatus. The setup, controlled

Table 1
Specimen components.

Type MWNT  MWNT  PEDOT: D.I Cement  Sand
(mm) (Wt%) (€3] PSS water () (€3]
@ @
Cube 0 0 0 74 147 320
(50x50x50mm) 0.25 0.19 7.4 66.6
Coin 0.5 0.37 7.4 66.6
(#30x20mm) 0.75 0.56 7.4 66.6
Bar 1.0 0.74 7.4 66.6

(20x20x200mm)

via LabVIEW, integrates a Keithley 2000 Multimeter and a PPS-3635
power supply. The electrical resistance R of the specimen was deter-
mined from the slope of the current-voltage (I-V) characteristic curve,
which was measured at multiple voltage levels (e.g., 5V, 7 V, and 10 V)
to ensure linearity and accuracy. The ¢ was then calculated using the
formula 6 = L/(ReA), where L is the distance between the inner voltage
probes and A is the cross-sectional area of the specimen (20 x 20 mm).
To measure the S, a temperature gradient (AT = Thoy — Teolq) Was
established along the longitudinal axis of the bar specimen using two
Peltier elements attached to its ends. One element acted as a heater and
the other as a cooler. The temperature at each end was monitored pre-
cisely using K-type thermocouples. The resulting thermoelectric voltage
(AV) generated by the Seebeck effect was measured across the same
thermocouple leads. The S was determined from the slope of the linear
relationship between AV and AT over a series of six to eight temperature
steps. The K of the composite material was evaluated based on the one-
dimensional heat conduction framework governed by Fourier’s law. A
custom-built apparatus conforming to ASTM D5470 standards (Fig. S2)
was employed to measure thermal conductivity in the through-thickness
direction of the specimen. According to the ASTM D5470 protocol, K is
determined using parameters such as the heat flow rate (Q), cross-
sectional area of the sample (A), temperature gradient across the spec-
imen (AT), and its thickness (L).

A Tbar
= A 1
Qbar Kbar ALy ( )
Qbar = Qs‘ample (2)
Qsample Ameple
= 3
Qmmple A A Tsample ( )

Heating and cooling sources were attached to the lower and upper
metal rods, respectively, while the ASTM-standardized coin-shaped
specimens were sandwiched between them. The entire assembly was
maintained under steady conditions until thermal equilibrium was
reached to ensure stable heat transfer through the sample. A series of
thermocouples embedded in the metal rods were used to monitor the
temperature distribution along their lengths. The heat flow through the
metal rods was calculated using Eq. (1), and the temperature drop across
the sample was estimated via linear interpolation between the thermo-
couple readings. Assuming one-dimensional steady-state conduction,
the heat flux through the specimen was considered equal to that through
the metal rods (Eq. (2)). Consequently, the thermal conductivity of the
sample was derived using Eq. (3). To minimize the contact thermal
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resist, specimen faces were sanded to achieve flat parallel surfaces prior
to measurement. A thin layer of high-conductivity thermal grease was
applied to both interfaces to expel air gaps. The specimen was clamped
between meter bars under an applied force of 11-12 kgf (Bongshin BS-
205 load indicator), corresponding to a contact pressure of
0.15-0.17 MPa (22-24 psi) for a 30 mm diameter specimen. This pres-
sure range was selected as it provides stable thermal contact without
specimen slippage or mechanical damage. The upper and lower bar
gradients were compared, and the difference was always within 10 %,
confirming near-uniform heat flux across the specimen thickness. To
ensure reliable TE measurements, all experiments were conducted under
steady-state conditions. The temperature difference (AT) across the
specimen was monitored continuously, and data acquisition was initi-
ated only after the fluctuation in AT was less than + 0.1 K for at least
5 min. This criterion was applied consistently for ¢, S and k measure-
ments. The 28-day compressive strength of the cubic specimens was
determined in accordance with the KS L 5105 standard, which is anal-
ogous to ASTM C109. The tests were performed using an MTS 815
concrete compression tensile tester with a maximum load capacity of
980 KN. For each composition, three independent specimens were pre-
pared for thermoelectric and mechanical property evaluation. TE
properties (o, S, and k) and compressive strength were each measured
three times per specimen, and the reported values represent the average
of these measurements. Standard deviations are presented as error bars
in the corresponding figures to indicate data variability and measure-
ment reproducibility.

3. Results and discussion
3.1. Microstructure and nanofiller dispersion

The efficacy of any nanocomposite material is fundamentally gov-
erned by the dispersion quality of the nanofiller within the host matrix
[39,40]. In cementitious systems, achieving homogeneous dispersion is
particularly challenging but is a prerequisite for realizing enhanced
properties [41-43]. The dispersion stability of MWNT in PEDOT:PSS
solution was clearly demonstrated by a photo-image taken after soni-
cation and centrifugation processes, as shown in Fig. S3. The lack of
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visible aggregation indicates that PEDOT:PSS plays a crucial role in
maintaining colloidal stability, a behavior consistent with previous re-
ports on carbon nanotube-based hybrid dispersions. Further character-
ization using AFM and SEM of dilute drop-cast samples on Si-wafers
revealed a well-dispersed network of carbon nanotubes within the
negatively charged polymer matrix. The observed uniformity and min-
imal bundling imply that PEDOT:PSS acts as an effective dispersant,
suppressing van der Waals-induced aggregation and promoting the
stable integration of MWNT into cement-based composite systems. The
PEDOT:PSS/MWNT dispersion prepared via the bath-tip-bath sonication
sequence remained visually stable without sedimentation for over three
weeks at ambient conditions. SEM examination of a Si-wafer sample
drop-cast from the aged suspension confirmed that MWNT remained
uniformly distributed with no significant aggregation, comparable to the
freshly prepared suspension (Fig. S4). This long-term stability can be
attributed to the synergistic effects of n—r interactions between MWNT
and PEDOT, and electrostatic repulsion from the PSS sulfonate groups.

Fig. 2 presents a series of SEM micrographs of the fractured surfaces
of the PEDOT:PSS/MWNT-cement composites at varying MWNT con-
centrations. At lower concentrations of 0.25 wt% (Fig. 2a) and 0.5 wt%
(Fig. 2b), the MWNT appear to be well-dispersed throughout the
cementitious matrix. Individual nanotubes and small, untangled bundles
can be seen embedded within and bridging the calcium-silicate-hydrate
(C-S-H) gel, which is the primary binding phase in hardened cement [44,
45]. This uniform distribution is critical, as it allows for the formation of
a continuous, three-dimensional network necessary for both electrical
conduction and mechanical reinforcement. However, as the MWNT
content increases to 0.75 wt% (Fig. 2c) and further to 1.0 wt% (Fig. 2d),
the onset of agglomeration became evident. In these samples, larger,
more densely packed clusters of entangled nanotubes are observed.
These agglomerates represent regions of poor dispersion where the van
der Waals forces between the nanotubes have overcome the stabilizing
effect of the dispersing agent. The successful dispersion observed at
lower concentrations can be directly attributed to the dual-functionality
of the PEDOT:PSS suspension. Bare CNT are notoriously hydrophobic
and readily bundle together in the aqueous, high-ionic-strength envi-
ronment of cement paste [46]. The PEDOT:PSS complex, consisting of a
hydrophobic, conjugated PEDOT core and a hydrophilic, anionic PSS

Fig. 2. SEM images of PEDOT:PSS/MWNT-cement composites with MWNT contents of (a) 0.25 wt%, (b) 0.5 wt%, (c) 0.75 wt%, and (d) 1.0 wt%. Image (e) is a
magnified view that highlights the high dispersion of nanotubes forming a network structure within the cement matrix at 0.5 wt%. In contrast, image (f) clearly
shows significant aggregation and poor dispersion of nanotubes at the higher 1.0 wt% concentration.
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shell, acts as a powerful polymeric surfactant. During the initial soni-
cation step, the PEDOT core is believed to adsorb onto the graphitic
surface of the MWNT via non-covalent n-t stacking interactions [47].
This encapsulates the nanotubes within a shell of negatively charged,
hydrophilic PSS chains that extend into the surrounding water. This
process provides robust electrostatic stabilization, effectively preventing
the nanotubes from re-agglomerating both in the initial suspension and
during the subsequent mixing with the cement powder. The SEM evi-
dence strongly suggests that this novel dispersion strategy is highly
effective up to a concentration of approximately 0.5 wt%, beyond which
the quantity of nanotubes begins to exceed the stabilizing capacity of the
fixed amount of PEDOT:PSS used. Additional high-resolution SEM im-
ages and corresponding EDX elemental maps of the TE-1.0 sample,
confirming the coexistence of cement hydration phases (Ca, Si, Al, K)
and sulfur originating from PEDOT:PSS, are provided in the Supporting
Information (Fig. S5). These results further substantiate that CNT
agglomeration and heterogeneous organic-inorganic interfaces at
higher loadings are responsible for enhanced phonon scattering and the
reduction in thermal conductivity.

3.2. Electrical property

The thermoelectric performance of the composites was evaluated by
measuring their electrical conductivity (¢) and Seebeck coefficient (S).
The results, plotted as a function of MWNT content, are shown in Fig. 3.
The o exhibits a clear and significant dependence on the MWNT con-
centration. Hereafter, TE-0.25, TE-0.5, TE-0.75, and TE-1.0 refer to
cement composites containing 0.25, 0.5, 0.75, and 1.0 wt% MWNT,
respectively, dispersed in PEDOT:PSS solution. A pronounced increase
in ¢ is observed between TE-0.25 (1.20 x 1072 S/m) and TE-0.5 (5.19 x
1072 S/m), indicating that the percolation threshold for MWNT disper-
sion within the cement matrix is approached near 0.5 wt%. This ~4.3-
fold enhancement confirms the successful formation of an inter-
connected conductive network throughout the cement matrix. Beyond
this point, ¢ remains nearly constant (5.39 x 10-2 S/m for TE-0.75 and
5.73 x 102 S/m for TE-1.0), indicating that an interconnected
conductive network has already formed and that further MWNT addi-
tion yields marginal conductivity gains. This plateau behavior is
consistent with percolation theory, in which a sharp conductivity in-
crease at the threshold is followed by a saturation regime once the
conductive pathways are fully established. Notably, unlike typical CNT/
insulator cement composites reported in the literature, which often
exhibit an abrupt, orders-of-magnitude increase in conductivity at the
percolation threshold, our system shows a more moderate enhancement
of about five-fold between TE-0.25 and TE-0.5 [48]. This sharp yet
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comparatively smaller jump suggests that while a percolation threshold
is reached around 0.5 wt% MWNT, the initial conductivity at 0.25 wt%
is already significant due to the presence of a pre-existing conductive
PEDOT:PSS network within the cement matrix. In this “double perco-
lation” scenario, PEDOT:PSS forms a continuous, conductive phase that
enables charge transport even at the lowest MWNT loading, and the
addition of MWNT primarily serves to densify and optimize the
conductive pathways rather than transition from a fully insulating to a
conductive state. This mechanism explains the pronounced increase at
0.5 wt% followed by the conductivity plateau at higher filler contents.
The evolution of ¢ with increasing MWNT content follows a classical
percolation-type behavior. To quantify the percolation threshold (¢.),
critical exponent (t), and ¢ data were analyzed using the scaling law of
percolation theory, ¢ = 6o (¢ - ¢)", where 6o is the prefactor related to
intrinsic nanotube conductivity and network connectivity, and ¢ is the
MWNT loading fraction. A nonlinear regression of the experimental ¢
values (0.25-1.0 wt%) yielded ¢, ~ 0.47 wt% and t ~ 1.9, indicating
the formation of a three-dimensional conductive pathway within the
cementitious matrix. The obtained t value aligns well with typical 3D
percolation systems [49]. Below this threshold, isolated MWNT clusters
act as discrete charge islands with limited interconnection, resulting in
low 6. Once ¢ exceeds ¢c, PEDOT:PSS bridges neighboring MWNT,
drastically reducing tunneling resistance and enabling a continuous
charge transport network. Beyond 0.5 wt%, ¢ approaches a plateau due
to network saturation and increased tube-tube junction scattering.
These results confirm that the electrical percolation threshold of the
PEDOT:PSS/MWNT-cement composite occurs near 0.5 wt%, validating
the percolation-controlled conduction mechanism.

In contrast to the o, the S shows a non-monotonic relationship with
MWNT content (Fig. 3b). The highest S, approximately 16 pV/K, is
observed for the TE-0.5 sample. As the MWNT concentration increases
from this peak, the S systematically decreases, falling to approximately
13 pV/K at 1.0 wt%. The positive sign of the S across all samples con-
firms that the composites behave as p-type thermoelectric materials,
where holes are the majority charge carriers. This trend can be under-
stood by considering the composite as a system with two competing
conductive pathways. PEDOT:PSS is a known p-type TE material with a
relatively high intrinsic S (often exceeding 20 pV/K). MWNT, while
highly conductive, generally exhibit a much lower S. At low MWNT
concentration (e.g., 0.5 wt%), charge transport is predominantly gov-
erned by the PEDOT:PSS matrix, resulting in a higher overall S. As the
concentration of highly conductive MWNT increases, they provide a
path of lower electrical resistance. A greater fraction of the charge
carriers flows through these low-resistance nanotube pathways, effec-
tively reducing the volume-averaged S of the composite. The observed
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Fig. 3. (a) Electrical conductivity (¢) and (b) Seebeck coefficient (S, black circles) with corresponding power factor (PF, red squares) of PEDOT:PSS/MWNT cement
composites as a function of MWNT content (0-1.0 wt%). Each data point represents the mean of three independently prepared bar specimens, with error bars

indicating standard deviations.
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non-monotonic behavior of the S with increasing MWNT loading can be
rationalized by the interplay of two competing mechanisms. At low to
moderate MWNT concentrations, the interfaces between MWNT and
PEDOT:PSS act as energy filtering barriers that selectively transmit high-
energy charge carriers, leading to an increase in S. This enhancement is
further supported by the improved alignment and dispersion of MWNT,
which facilitates anisotropic transport pathways. However, beyond
~0.5 wt% MWNT, the density of inter-tube contacts rises, effectively
reducing the number and potential height of PEDOT:PSS-MWNT junc-
tion barriers. This reduction in energy filtering, combined with the
increased carrier concentration from the highly interconnected
conductive network, results in a slight decline in S at higher MWNT
loadings. The ultimate measure of electrical performance for a TE ma-
terial is the power factor, PF = S%e6. As shown in Fig. 3(b), the interplay
between the increasing ¢ and decreasing S results in an optimal
composition for the PF. The highest PF of approximately 1.33 x 1073
HW/mK? is achieved for the TE-0.5 sample. These results indicate that
for energy harvesting applications, lower concentrations of well-
dispersed MWNT in a PEDOT:PSS matrix are more effective than
higher, more conductive loadings where the S is compromised.

3.3. Thermal conductivity

The thermal conductivity (k) of the composites, as depicted in Fig. 4,
exhibits a non-monotonic relationship with the MWNT content. Initially,
the k increases from approximately 0.82 W/m-K for the plain matrix to a
peak value of 1.12 W/m-K at an optimal MWNT concentration of 0.5 wt
%. Beyond this point, as the MWNT content is further increased to
0.75 wt% and 1.0 wt%, the k decreases, settling at a value of approxi-
mately 0.94 W/m-K. This complex behavior can be understood as a
competition between two opposing effects: the formation of heat-
conductive pathways and the proliferation of phonon-scattering in-
terfaces. At lower concentrations (< 0.5 wt%), the MWNTs are well-
dispersed throughout the cementitious matrix, as confirmed by the
microstructural analysis. Given the intrinsically high thermal conduc-
tivity of individual MWNT, these dispersed nanotubes begin to form an
effective network for heat transport, leading to an initial enhancement
of the composite’s overall k compared to the plain cement. However, as
the MWNT concentration increases beyond the optimal dispersion
threshold of 0.5 wt%, the dominant mechanism shifts. The decrease in k
at higher loadings (> 0.75 wt%) is primarily attributed to the significant
increase in interfacial thermal resistance, also known as Kapitza
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Fig. 4. Non-monotonic thermal conductivity (k) of the cement composites with
varying MWNT content. The data shows that conductivity peaks at 1.12 W/m-K
for the 0.5 wt% sample, indicating an optimal concentration before the effects
of phonon scattering at higher loadings become dominant. All data points
represent the mean values obtained from three independent specimens, with
each specimen measured three times.
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resistance. At low MWNT loadings (< 0.25 wt%), the absence of
continuous nanotube pathways results in heat transport being domi-
nated by the cement and PEDOT:PSS phases, which possess relatively
low k values. Upon approaching the percolation threshold (~0.5 wt%),
the formation of interconnected MWNT networks significantly enhances
phonon transport, leveraging the high intrinsic k of MWNT
(~2000-3000 W/m-K). Beyond this concentration, additional MWNT
further densify the network but yield smaller k increments, likely due to
increased phonon scattering at nanotube junctions, defect sites, and
polymer interfaces.

Heat in the composite is predominantly carried by phonons (quan-
tized lattice vibrations). These phonons are effectively scattered at the
numerous interfaces between dissimilar materials within the composite,
particularly at the junctions between the hard, inorganic C-S-H matrix
and the soft, amorphous PEDOT:PSS polymer coating, due to a severe
acoustic impedance mismatch. Crucially, at higher concentrations, the
MWNT begin to form agglomerates. These clusters introduce a high
density of nanotube-nanotube junctions and voids, which act as potent
sites for phonon scattering. This intense scattering disrupts coherent
heat flow and impedes thermal transport more than the addition of
conductive material enhances it. Therefore, while electrons can trans-
pose junctions relatively easily to increase o, phonons are scattered,
effectively decoupling thermal transport from electrical transport. The
peak k at 0.5 wt% thus represents the optimal balance, where a suffi-
cient conductive network is formed without the overwhelming negative
impact of phonon scattering caused by agglomeration.

3.4. Thermoelectric figure of merit

Table 2 summarizes the o, k, and ZT corresponding to various CNT
contents in the cement-based composites, along with comparisons to
values reported in the literature. In this study, key parameters such as o,
S, PF, k, ZT, and mechanical strength were comprehensively evaluated to
assess the feasibility of the composites as both structural and functional
materials. While similar levels of MWNT incorporation in prior studies
have yielded comparable or slightly improved electrical properties,
those studies often focused on only a subset of performance indicators,
such as o for TE applications or compressive strength for structural
analysis. Moreover, although higher MWNT loadings or alternative ad-
ditives have demonstrated superior electrical properties, they frequently
compromise cost-effectiveness. Therefore, the integrated thermoelectric
evaluation conducted on composites containing 0.5 wt% MWNT in this
work provides meaningful insights and practical benchmarks for the
development of multifunctional cementitious materials aimed at struc-
tural energy harvesting applications.

The calculated ZT values for the composites as a function of MWNT
content are presented in Fig. 5. The results demonstrate a clear optimal
concentration for TE performance, with the ZT value reaching a peak of
3.53 x 1072 at 0.5 wt% MWNT content. This non-monotonic trend in ZT
is the result of the complex interplay between the electrical and thermal
transport properties of the composite. The numerator of the ZT equation,
the PF, is itself governed by competing trends. As previously established,
the ¢ increases monotonically with MWNT loading, rising by a factor of
nearly five from 0.25 wt% to 1.0 wt%. In contrast, the S peaks at 0.5 wt
% before decreasing at higher concentrations. The synergistic combi-
nation of these two factors results in the PF also peaking at the 0.5 wt%
concentration, where it increases by more than 7.2 times compared to
the 0.25 wt% sample. The peak ZT value at 0.5 wt% is achieved because
the substantial enhancement in the PF far outweighs the modest increase
in k in this concentration range. Beyond this optimal point, the decrease
in both the S and k results in a slight reduction of the overall ZT. This
analysis confirms that the 0.5 wt% MWNT concentration represents the
optimal balance of all contributing TE parameters, maximizing the
material’s potential for energy conversion and reinforcing its status as
the ideal composition for achieving synergistic multifunctionality.
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Table 2
Summary of thermoelectric properties of carbon nanomaterials-reinforced cement composites at various loadings, compared with reported values from prior literature.
Fillers 6 (S/m) S (WV/K) PF (n£W/meK?) k (W/meK) ZT MPa Ref.
MWNT 0.25 wt%,/PEDOT:PSS 1.20 x 1072 12 1.72 x 10°° 1.04 4.94 x 1071° 32.3 Current
MWNT 0.5 wt%/PEDOT:PSS 5.19 x 1072 16 1.33 x 10°° 1.12 3.53 x 107° 33.1 study
MWNT 0.75 wt%/PEDOT:PSS 5.39 x 1072 14 1.06 x 10°° 0.93 3.39 x 107° 25.0
MWNT 1.0 wt%/PEDOT:PSS 5.73 x 102 13 9.68 x 10°°® 0.74 3.07 x 10°° 30.6
W/C 0.2, MWCNT 0.15 vol% 260.3 [50]
W/C 0.2, MWCNT 0.30 vol% 5x 1073 147.5 0.11 x 1073
W/C 0.2, MWCNT 0.50 vol% 330.4 76.9
W/C 0.3, MWCNT 0.15 vol% 132.4
W/C 0.3, MWCNT 0.30 vol% 15.5 x 1072 345.2 1.79 x 1073
W/C 0.3, MWCNT 0.50 vol% 743 53.5
W/C 0.4, MWCNT 0.15 vol% 331
W/C 0.4, MWCNT 0.30 vol% 53.2 x 1073 86.7 0.4 x 1073
W/C 0.4, MWCNT 0.50 vol% 149.1 34.3
W/C 0.5, MWCNT 0.15 vol% 324
W/C 0.5, MWCNT 0.30 vol% 138 x 1072 52.7 0.93 x 1073
W/C 0.5, MWCNT 0.50 vol% 18.37 22.4
MWCNT 0.1 wt% [51]
MWCNT 0.6 wt%
MWCNT 0.9 wt%
MWCNT 1.0 wt% 4.79 x 105
MWCNT 0.1 vol% 58.1 [52]
MWCNT 0.2 vol% 58.6
MWCNT 0.3 vol% 56.2
MWCNT 0.4 vol% 56.0
MWCNT 0.5 vol% 55.9
MWCNT 5 wt% 4.00 x 10 40 6.40 x 103 0.73 2.63 x 10°° [53]
MWCNT 10 wt% 3.00 x 101 50 7.50 x 1072 0.84 2.68 x 107°
MWCNT 15 wt% 8.20 x 101 53 230 x 107! 0.95 7.27 x 107°
MWCNT 0.0625 wt% 1.42 x 10°° 2.09 33.69 [54]
MWCNT 0.1 wt% 7.83 x 1074 2.01 31.18
MWCNT 0.125 wt% 3.04 x 102 14.45 6.35 x 1077 1.95 9.78 x 10 30.00
MWCNT 0.2 wt% 5.56 x 1073 15.41 1.32 x 10°° 1.91 2.07 x 1071 30.83
MWCNT 0.25 wt% 2.52 x 1072 13.67 471 x 10°® 1.89 7.48 x 1071° 31.24
CF 1.2 wt% 1.85 x 107* 1.24 2.22 x 1077 [55]
GnP 10 wt% 30 0.94 0.025 x 102 [56]
Gnp 10 wt%,/Fe,03 10 wt% 105 0.66 0.5 x 1072
Gnp 10 wt%,/ZnO 10 wt% 140 0.95 1.0 x 1072
Gnp 10 wt%/MnO, 10 wt% 100 0.90 0.2 x 1072
GO 0 wt% [57]
GO 0.05 wt%
GO 1.0 wt% 0.77
GO 2.0 wt%
GO 4.0 wt%
s 3.5. Mechanical properties
For a TE material to be viable for infrastructure applications, it must
4 } not only exhibit functional properties but also maintain or enhance the
structural integrity of the host material. Fig. 6 presents the 28-day
~ 3} compressive strength of the composites. The plain cement mortar
> exhibited a baseline strength of 27.7 MPa. The addition of the PEDOT:
< PSS/MWNT suspension resulted in a significant improvement in me-
E 2 chanical performance at lower concentrations. The compressive
strength increased to 32.3 MPa for the TE-0.25 sample and reached a
1k peak value of 33.1 MPa for the TE-0.50 sample, representing a notable
19.5 % enhancement over the control. This strengthening effect can be
_- attributed to several synergistic nanomechanical reinforcement mech-
0 anisms. First, the well-dispersed nanoparticles act as fillers, physically
0.25 0.5 0.75 1 occupying nanoscale voids and pores within the cement matrix, leading
MWNT (wt %) to a denser microstructure. As nanoscale voids and pores are filled, the

Fig. 5. The dimensionless thermoelectric figure of merit, ZT, of the composites
as a function of MWNT content. The ZT value is calculated from the measured
electrical conductivity (c), Seebeck coefficient (S), and thermal conductivity (k)
using the equation, ZT = (ceS%/k)T. All data points represent the mean values
obtained from three independent specimens, with each specimen measured
three times.

denser microstructure can improve compressive strength by suppressing
the formation of pores that negatively affect compressive strength [58].
s, the high surface area of the nanotubes provides abundant nucleation
sites for the growth of C-S-H gel, accelerating hydration and promoting
the formation of a more robust and interconnected solid phase. This
phenomenon is similar to results reported in existing literature [59,60].
Finally, the high-aspect-ratio nanotubes act as reinforcing fibers at the
nanoscale, effectively bridging emergent nano- and micro-cracks, which
dissipates fracture energy and arrests crack propagation, thereby
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Fig. 6. 28-day compressive strength of PEDOT:PSS/MWNT cement composites
as a function of MWNT content (0-1.0 wt%). Cubic specimens (50 x 50 x
50 mm) were prepared and tested according to KS L 5105 (analogous to ASTM
C109). Values represent the mean of three independent specimens, and error
bars denote standard deviations. The optimal reinforcement effect is observed
at 0.5 wt% MWNT, yielding a 19.5 % increase compared with plain cement.

increasing the overall strength and toughness of the composite [61].
However, beyond the optimal concentration of 0.5 wt%, the mechanical
performance degrades. The compressive strength drops sharply to
25.0 MPa for the TE-0.75 sample, which is lower than that of the plain
cement. This decline in strength correlates directly with the onset of
nanotube agglomeration observed in the SEM analysis (Fig. 2c). These
poorly dispersed CNT bundles act as stress concentration points and
create weak, porous zones within the matrix, negating the benefits of
nanoreinforcement and leading to premature failure under load.
Although the strength recovers slightly to 30.6 MPa for the TE-1.0
sample, it remains below the peak performance, confirming that
0.5 wt% represents the optimal balance between reinforcement and
agglomeration effects.

The observed 19.5 % improvement in compressive strength at 0.5 wt
% MWNT arises from the complementary roles of PEDOT:PSS and
MWNT. PEDOT:PSS uniformly coats hydration products, filling micro-
voids and refining the microstructure, while MWNT bridge microcracks
and enhance stress transfer efficiency. Together, these effects result in a
denser, more mechanically robust cement matrix. In terms of TE prop-
erties, PEDOT:PSS provides an initial conductive phase within the
cement pores, enabling efficient carrier transport even at low MWNT
loadings. As MWNT content increases to the percolation threshold
(~0.5wt%), a continuous hybrid network forms, simultaneously
maximizing ¢ and preserving a favorable S. This balance explains the
peak PF at 0.5 wt% MWNT and highlights the critical role of the syn-
ergistic interaction between PEDOT:PSS and MWNT in optimizing both
mechanical and TE performance. Despite these advantages, the highest
compressive strength achieved in this study was approximately
33.1 MPa, which is slightly below the 40 MPa threshold typically
required for high-performance cementitious composites. To further
enhance the mechanical performance while maintaining thermoelectric
functionality, future research will focus on optimizing the water-to-
cement ratio (reducing it below the current 0.50) and incorporating
mineral admixtures such as ground granulated blast furnace slag and fly
ash, which are known to refine the microstructure and improve long-
term strength development.

3.6. Interfacial engineering for synergistic multifunctionality

An aqueous suspension of the conductive polymer PEDOT:PSS can
serve as a highly effective, multifunctional additive for creating high-
performance MWNT-cement composites. PEDOT:PSS serves a dual role
in the PEDOT:PSS/MWNT-cement composites. Mechanically, the
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sulfonate-rich PSS chains adsorb onto MWNT surfaces through n-n in-
teractions, while extending hydrophilic domains into the aqueous phase
to impart electrostatic and steric stabilization, thereby preventing re-
agglomeration during mixing. Electrochemically, the PEDOT backbone
is intrinsically conductive, bridging adjacent MWNTs and lowering
inter-tube contact resistance, while PSS domains maintain electrical
conductivity in the alkaline cement pore solution. The PEDOT:PSS/
MWNT interface may also promote an energy-filtering effect, scattering
low-energy carriers and enhancing the S. This dual function results in
improved MWNT dispersion, increased o, and optimized thermoelectric
performance, as confirmed by microstructural and electrical measure-
ments. The PEDOT:PSS polyelectrolyte complex, with its hydrophobic
PEDOT core and hydrophilic PSS shell, is expected to adsorb onto the
surface of MWNT [62]. This process, driven by n-n interactions and
facilitated by sonication, creates a stabilizing layer that prevents
re-agglomeration through a combination of steric and electrostatic
repulsion, ensuring a homogeneous distribution of nanotubes within the
cement paste. Unlike inert surfactants, PEDOT:PSS is itself a p-type
thermoelectric material. By coating the MWNT and filling the interstitial
spaces, it can form a continuous hybrid conductive network, creating
additional pathways for charge transport and contributing positively to
the overall S and PF of the composite. The superior performance of the
PEDOT:PSS/MWNT-cement composites stems from a combination of
unique physical and chemical mechanisms at the nanoscale. The elec-
trical properties are governed by a double percolation network, where
charge carriers can move through both the p-type PEDOT:PSS polymer
phase and the highly conductive MWNT network [63]. This hybrid
system provides robust conductivity without the sharp, often unreliable,
percolation threshold seen in simple insulator-conductor composites.
CNT are intrinsically excellent thermal conductors [64].

However, in a composite, the overall thermal transport is dominated
by interfacial thermal resistance (also known as Kapitza resistance)
[65]. Phonons (quantized lattice vibrations that carry heat) must tra-
verse these multiple boundaries, each characterized by a significant
acoustic impedance mismatch. The soft, amorphous polymer layer is
particularly effective at scattering phonons, disrupting coherent heat
flow, as shown in Fig. 7. This effective decoupling of high ¢ from k is the
cornerstone of designing high-performance TE materials.

The stability of the dispersion and the effectiveness of mechanical
load transfer depend critically on the interfacial bonding between the
nanofiller and the cement matrix. We propose a strong "ionic bridging"
mechanism that anchors the polymer-coated nanotubes to the cement
hydrates. The cement pore solution is highly alkaline (pH > 12) and
becomes saturated with divalent calcium cations (Ca*) due to the hy-
dration of tricalcium silicate (CsS) and dicalcium silicate (C2S), which
generate calcium silicate hydrate (C-S-H) gel contributing to strength
development, along with calcium hydroxide (Ca(OH)z) [66]. The
PEDOT:PSS coating on the MWNT features an outer shell rich in nega-
tively charged sulfonate groups (SO>7) from the PSS chains. A strong
electrostatic attraction forms between the Ca?" ions in the pore solution
and the anionic SO®~ groups on the nanotube surface. This creates
robust ionic bonds that firmly anchor the nanofillers to the growing
C-S-H gel matrix. This interaction is significantly stronger than the weak
van der Waals forces that govern the interface of bare CNT, explaining
both the excellent mechanical load transfer observed and the long-term
stability of the conductive network. XPS spectra (Fig. S6) elucidate the
interfacial chemistry between PEDOT:PSS and cement hydration prod-
ucts. The C 1 s spectrum shows dominant sp>-hybridized carbons at
284.5 eV and a C-S contribution at 285.7 eV, confirming the integrity of
PSS sulfonic acid groups, while the 289.5 eV peak corresponds to car-
bonate (CaCOs). The O 1 s spectrum (531.7 eV) is consistent with C-O
environments from both PEDOT:PSS and cement hydrates. The Ca 2ps/-
peak at 347.3 eV and the S 2p peaks at 168.8 eV are particularly sig-
nificant: their coexistence indicates the formation of Ca-SOs coordina-
tion bonds. This direct spectroscopic evidence strongly supports the
proposed ionic bridging mechanism, wherein Ca?* ions from C-S-H gel
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Fig. 7. Schematic illustration of the selective transport mechanism in the hybrid network. The PEDOT:PSS coating on the MWNT forms conductive junctions that
enable efficient electron transport, while phonons are effectively scattered at the multiple heterogeneous interfaces (cement-polymer-nanotube), resulting in low k.
Although this figure is presented as a conceptual schematic, the proposed mechanism is supported by the experimental observations in this study, including enhanced
o (Fig. 3(a)), reduced k (Fig. 4), and the SEM-confirmed formation of conductive junctions (Fig. 2).

and portlandite interact electrostatically with SOs™ groups of PSS. Such
interfacial bonding provides enhanced anchoring of polymer-coated
CNT within the cement matrix, thereby stabilizing the conductive
network and improving load transfer. ATR-FTIR transmittance spectra
of neat cement exhibited characteristic bands at 1645 cm™, 1040 cm™,
and 677 cm™, consistent with hydrated C-S-H phases (Fig. S7). In the
MWNT/PEDOT:PSS-cement composite, new sulfonate bands (~1120
and 1180-1200 cm™) and a shoulder at ~930-970 cm™! confirm the
presence of PSS and PEDOT vibrations. The broadening and slight shifts
of these SOs™ bands, corroborated by XPS, further provide strong evi-
dence of Ca?*-S0s™ ionic bridging at the polymer-cement interfaces. The
combination of a simple, scalable, aqueous-based fabrication process
with superior and balanced properties positions this material system as a
significant advancement in the field of TE construction materials. The
combination of MWNT and PEDOT:PSS in the cementitious composite
produces enhancements that cannot be attributed to either component
alone. To elucidate the individual contributions of PEDOT:PSS and
MWNT, control experiments were conducted with each component
separately incorporated into the cement matrix (Table S1). PEDOT:PSS
alone provided negligible improvements in both TE performance and
compressive strength, indicating that its function is limited to serving as
a dispersant. MWNT alone also failed to enhance TE properties to any
meaningful degree, as poor dispersion restricted electrical pathways.
However, compressive strength showed a slight increase relative to both
the control and the PEDOT:PSS-only system, with a maximum
improvement of ~5.6 % at 0.5 wt%. Importantly, when PEDOT:PSS and
MWNT were combined, a marked synergistic effect was observed,
yielding significant improvements in o, S, and PF, as well as the highest
compressive strength (~19.5% over plain cement). These findings
confirm that the synergy between the two components is essential for
realizing simultaneous enhancements in TE and mechanical perfor-
mance. To further validate the synergistic effect between PEDOT:PSS
and MWNT, additional SEM analyses were performed for PEDOT:
PSS-cement and MWNT-only cement composites (Fig. S8). The
PEDOT:PSS-cement sample showed no distinctive microstructural
modification, whereas the MWNT-only cement exhibited agglomerated
bundles without interfacial integration. In contrast, the hybrid PEDOT:
PSS/MWNT system achieved uniform dispersion and strong ionic
bridging with hydration products, confirming that the synergy origi-
nates from the pre-stabilization of MWNTs in the PEDOT:PSS matrix
prior to cement incorporation.

PEDOT:PSS acts as both a conductive polymeric phase and a
dispersing medium, enabling a homogeneous distribution of MWNT
within the matrix. This dual role minimizes agglomeration and promotes
the formation of a continuous, hybrid conductive network at lower

MWNT loadings. In terms of TE behavior, this network facilitates effi-
cient charge carrier transport while maintaining a balanced S by
reducing junction resistance and controlling carrier scattering. Me-
chanically, the polymer phase improves interfacial compatibility be-
tween the carbon nanotubes and the inorganic matrix, which enhances
stress transfer and results in higher compressive strength. Thermally,
MWNT contribute high-conductivity channels for phonon transport,
while the PEDOT:PSS coating introduces scattering sites that limit
excessive thermal conduction, helping to preserve ZT performance. This
synergy, stemming from complementary electrical, mechanical, and
thermal functionalities, demonstrates the integrated performance ben-
efits achievable through carefully engineered hybrid networks.

4. Conclusion

In this study, we have successfully developed and characterized a
novel class of high-performance TE cement composites by leveraging a
PEDOT:PSS-assisted dispersion of MWNT. This work addresses the
critical, long-standing challenge of nanofiller agglomeration in cemen-
titious systems and demonstrates a scalable, aqueous-based approach to
creating multifunctional structural materials. The conductive polymer
PEDOT:PSS was shown to be a highly effective additive, serving a dual
function as both a polymeric dispersant that ensures homogeneous
distribution of MWNT and as an active p-type component contributing
to the material’s thermoelectric properties. The composite properties
were found to be highly dependent on the MWNT concentration. The
optimal composition for mechanical performance was 0.5 wt% MWNT,
which yielded a compressive strength of 33.1 MPa, a 19.5 % improve-
ment over the plain cement matrix. The peak thermoelectric power
factor of 1.33 x 10 pW/meK? was achieved at a lower concentration of
0.5 wt% MWNT. We have proposed and provided evidence for the core
mechanisms governing the material’s enhanced performance. These
include a "double percolation" model for robust charge transport, strong
ionic interfacial bonding between the PSS-coated nanotubes and the
calcium-rich cement matrix for effective load transfer, and hypothesized
enhanced phonon scattering at the complex organic-inorganic in-
terfaces, which likely results in low thermal conductivity. This research
establishes a robust and promising pathway toward the practical reali-
zation of smart infrastructure, where building components can simul-
taneously provide structural support and harvest waste thermal energy
from their environment. Future research will focus on enhancing the
intrinsic conductivity of PEDOT:PSS through post-treatment strategies
such as polar solvent or acid treatments, and on evaluating the
temperature-dependent thermoelectric behavior and long-term envi-
ronmental stability of cement composites under conditions including
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humidity and freeze-thaw cycles. These studies will provide deeper
insights into optimizing performance and validating the practical
applicability of PEDOT:PSS/MWNT-cement composites.
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