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Subject	description	(two	pages	maximum	including	biblio)	
 
The design of conductive cementitious matrices incorporating solar-activated nanoparticles represents a promising 
research direction for the development of energy-efficient and adaptive building materials. While traditional concrete 
is primarily valued for its mechanical strength, modern applications increasingly demand multifunctional capabilities, 
such as energy harvesting, self-sensing, or thermal regulation. These emerging functions can be achieved by 
embedding nanostructures with tailored electrical, photothermal, or optoelectronic properties into the cement matrix 
[1–3]. 
Carbon nanotubes (CNTs), graphene derivatives, titanium dioxide (TiO₂) nanoparticles, etc., have demonstrated 
strong potential for enhancing both the mechanical and functional performance of cementitious materials [4–6]. In 
particular, carbon-based nanostructures can improve electrical conductivity, increase thermal sensitivity, and act as 
charge carriers or piezoresistive sensors within cement-based composites [7–9]. Furthermore, TiO₂ exhibits 
photocatalytic and photothermal effects when exposed to solar radiation, which can be exploited to activate new 
behaviors in cementitious matrices, such as self-cleaning, pollutant degradation, or thermal energy conversion [10,11]. 
This research will be conducted entirely through molecular dynamics (MD) simulations aimed at modeling and 
predicting the physical and chemical interactions between calcium-silicate-hydrate (C-S-H) gels and embedded 
nanoparticles at the atomic scale. MD simulations offer a powerful approach to capture the complex nanoscale 
mechanisms that govern the mechanical reinforcement, fracture behavior, and multifunctional properties of 
cementitious composites. Special attention will be given to the role of light-activated nanoparticles incorporated 
within the cement matrix, which can trigger photocatalytic and photothermal effects under solar irradiation. These 
effects not only enhance traditional properties such as strength and durability but also enable advanced functionalities like 
self-cleaning, pollutant degradation, and dynamic modulation of electrical conductivity and sensing capabilities. 
Understanding the impact of solar resource variability is therefore crucial to improving the performance of solar-based 
systems [12]. By simulating these interactions at the atomic level, this study aims to optimize the design and dispersion of 
active nanoparticles to achieve tailored mechanical, physical, and photoresponsive properties well before experimental 
implementation. 
The proposed research will focus on three main aspects within a single comprehensive study. First, it will simulate 
the interactions between calcium-silicate-hydrate (C-S-H) structures and hybrid nanostructures, such as carbon 
nanotube-titanium dioxide, graphene–titanium dioxide, multi-walled carbon nanotubes, graphene oxide, and metal 
oxide nanoparticles like zinc oxide and alumina composites. This will enable evaluation of interfacial energies, atomic 
bonding characteristics, and their influence on mechanical properties like stiffness and fracture toughness. Second, 
the research will model the effects of solar activation by introducing temperature gradients that mimic localized 
heating due to solar radiation, examining how this thermal input affects nanoparticle dispersion, atomic mobility, and 
the overall thermal conductivity of the cementitious composite. Finally, the study will investigate the long-term 
behavior of the nanoparticle within the C-S-H matrix under repeated thermal cycling, assessing their durability and 
potential performance in building materials designed for energy harvesting or thermal regulation applications. 
This project aims to create a scientific framework for the design of solar-responsive, energy-storing, and conductive 
cementitious materials, providing the theoretical foundation for future experimental validation and practical 
applications in smart building envelopes. 
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