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Abstract

India's ambition to achieve developed nation status (Viksit Bharat) by the centenary of its
independence in 2047 requires a paradigm shift in infrastructure design, construction, and longevity. This
paper examines the pivotal role of Advanced Materials Chemistry (AMC) in actualizing this goal. By 2047,
India's smart infrastructure—encompassing high-speed transportation, resilient urban spaces, decentralized
energy grids, and water management systems—must be significantly more sustainable, durable, and intelligent
than current structures. AMC, specifically through the development and large-scale deployment of Self-
Healing Concrete (SHC), Advanced Energy Storage (Solid-State Batteries and SIBs), and Nanomaterials for
Sensing and Environmental Remediation (TiOz coatings). This paper also outlines the requirements for key
material innovations across critical infrastructure sectors, discusses the synergistic integration of these
materials with digital technologies (IoT, Al), and addresses the crucial challenges and a strategic roadmap for
research, industry, and policy to transition to a materials-driven smart infrastructure paradigm successfully.
The large-scale adoption of these technologies, however, faces significant hurdles related to cost,
standardization, and supply chain security. We propose a focused '4-I' Strategic Roadmap (Innovation,
Investment, Integration, and Indigenization) to overcome these challenges, ensuring the rapid, cost-effective,
and secure deployment of advanced materials. By focusing on its infrastructure strategy at AMC, India can
establish global leadership in sustainable engineering and successfully realize the vision of a developed, smart
nation by 2047.

Key Words: Viksit Bharat, Advanced Materials Chemistry, Self-Healing Concrete, Digital technologies,
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Introduction

Viksit Bharat represents the Indian government's bold vision to transform the country into a fully
developed and globally competitive nation by the centenary of its independence in 2047. The initiative is built
upon four pivotal pillars: youth, the underprivileged, women, and farmers—each considered vital for
comprehensive national progress. The development of smart infrastructure forms the backbone of this agenda,
focusing on creating resilient and digitally integrated transportation networks, energy-efficient cities and
villages, and robust rural-urban linkages to ensure balanced, regional growth. The strategy incorporates
technological innovation, good governance, and citizen empowerment, highlighting active youth participation
as both drivers and beneficiaries of change. The roadmap for a developed India by 2047 is intrinsically linked
to robust and future-ready infrastructure. Rapid urbanization, the imperative of climate resilience, and the need
for energy security demand a departure from conventional construction and engineering practices. Smart
infrastructure, characterized by systems that can sense, analyze, communicate, and self-regulate, will be the
backbone of this developed nation. Traditional materials like concrete and steel, while foundational, are
energy-intensive to produce, prone to degradation, and lack inherent "intelligence." Advanced Materials
Chemistry provides the innovation pathway to create next-generation, high-performance, and sustainable
materials that are fundamentally smarter and more aligned with the "India @ 2047" goals. This paper examines
the role of AMC across three critical domains: structural longevity, energy security, and system intelligence,
concluding with a national strategic plan.
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2. Advanced Materials Chemistry: Pillars of Future Infrastructure

The transition to a developed India by 2047 demands a fundamental shift from conventional, passive
construction materials to next-generation, active, and intelligent materials. Advanced materials chemistry
stands at the forefront of future infrastructure, forming a crucial pillar for realizing the vision of Viksit Bharat
and global smart infrastructure initiatives. These materials—ranging from high-performance composites and
fibre-reinforced polymers to self-sensing concretes and smart coatings—revolutionize how roads, bridges, and
buildings are conceptualized, constructed, and maintained. Their design and application result in infrastructure
that is not only stronger and longer-lasting but also more sustainable, energy-efficient, and resilient to
environmental stresses such as climate change and urbanization pressures. Breakthroughs in this field, led by
India's premier scientific institutions and echoed globally, enable the development of components that self-
monitor for structural health, regulate temperature, generate or save energy, and even repair themselves. AMC
drives three key pillars of this transformation: structural longevity, energy security, and system intelligence.

2.1. Structural Materials: Durability and Self-Healing. Traditional concrete, while strong in compression, is
inherently brittle and prone to micro-cracking due to tensile stresses, thermal cycles, and dynamic loading.
These micro-cracks allow the ingress of aggressive agents (water, chlorides, sulfates), leading to the corrosion
of steel reinforcement, structural degradation, and ultimately, high maintenance costs. Self-Healing Concrete
(SHC) addresses this fundamental flaw by incorporating autonomous repair mechanisms, significantly
extending the lifespan and reducing the lifetime carbon footprint of essential infrastructure. For India @ 2047,
SHC is vital for coastal structures, high-speed rail corridors, and critical urban bridges where maintenance is
challenging and long-term durability is paramount.

Self-healing in concrete is primarily achieved through three advanced materials chemistry approaches, each
designed to trigger a repair mechanism when a crack forms:

1. Bio-Mineralization (Bacterial Concrete)

When calcium lactate is incorporated into concrete along with specific bacteria, such as strains from the
Bacillus genus, a highly effective self-healing mechanism is established. Upon the formation of a crack,
environmental moisture and oxygen activate the dormant bacteria, which metabolize the calcium lactate as a
nutrient. During this process, the bacteria produce calcium carbonate (CaCOs) as a metabolic byproduct. The
precipitated CaCOs fills and seals cracks, especially those up to approximately 0.8 mm wide, acting as a
resilient crystalline filler. This not only restores the concrete's structural integrity but also effectively blocks
further water penetration, preventing further deterioration. Moreover, this biogenic repair process is inherently
sustainable and CO:-neutral, as it utilizes naturally occurring reactions and does not contribute additional
greenhouse gas emissions. As a result, such bacterial self-healing concrete technologies are gaining increasing
interest for their promise in extending the lifespan of infrastructural elements while minimizing maintenance
costs and environmental impacts.

The chemical reaction representing bacterial self-healing of concrete using calcium lactate is as follows:
Ca(C3Hs03)2 +0; (bacteria, oxygen) —CaCOs (ppt)+H20+byproducts

C3H503+02— CO2+H2O+energy

Car+2(COs3)*” — 2CaCO3 (precipitate)

Overall net reaction in the concrete matrix with oxygen:

Ca(C3H503),+60,—2CaCO3+5C0O+5H,0
l ~cent 94000 9 9 o, |
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2. Encapsulated Polymers and Adhesives

Encapsulated polymers and adhesives represent a cutting-edge approach to enhancing the durability and
resilience of advanced infrastructure systems. This method involves integrating microcapsules containing a
liquid healing agent into the concrete matrix. The healing agent, often a polyurethane (PU) or epoxy resin
(monomer), is encapsulated in brittle shells (e.g., glass or polymer). An activator/catalyst is either coated on
the capsule shell or dispersed in the cement matrix. The mechanism involved is that when a crack propagates
through the concrete, it ruptures the microcapsules. The liquid healing agent flows into the crack void, mixes
with the dispersed catalyst, and undergoes rapid polymerization (curing) to form a tough, solid polymer
material that bonds the cracked surfaces back together. It offers quick and strong repair, effective even in dry
conditions. With these advantages, it has some challenges, like the chemical process requires strict control
over the curing conditions and the stability of the capsules during mixing.

3. High-Performance and Low-Carbon Cement (LCC): To address the high carbon footprint of Ordinary
Portland Cement (OPC), the large-scale adoption of Geopolymer Concrete (GP) is necessary. GP utilizes
industrial waste (fly ash, blast furnace slag) activated by chemical agents (alkali-silicates) to offer superior
resistance to fire and chemical attack, ensuring sustainability and durability in harsh environments.

2.2. Energy and Grids: Storage and Efficiency

Secure and decentralized energy relies on high-performance materials for storage and transfer, supporting
India's Electric Vehicle (EV) and Smart Grid mandates.

A. Advanced Battery Materials: The chemistry focuses on increasing energy density and safety:

High-Energy Cathodes: Advanced battery materials focusing on high-energy cathodes such as Lithium
Nickel Manganese Cobalt Oxide (Li(NiMnCo)O: or NMC) are optimized by increasing the nickel content
to enhance lithium storage capacity, thereby achieving higher energy density. Nickel contributes
significantly to the charge capacity but simultaneously introduces challenges, particularly in thermal
stability and cycle life. The increased nickel content lowers the oxygen release temperature during battery
operation, which can destabilize the cathode lattice and lead to capacity fading over charge-discharge
cycles. To mitigate these issues, modern approaches focus on surface engineering techniques like applying
protective coatings made from aluminium oxide (Al20s) or zirconium oxide (ZrO:). These coatings
stabilize the cathode surface, reduce side reactions with electrolytes at high voltages, and prevent structural
degradation, which collectively enhance the cycling stability and safety of the battery.

B. Solid-State Electrolytes (SSEs) for Safety

Solid-State Electrolytes (SSEs) represent a transformative advancement in battery safety and
performance by replacing the flammable liquid organic electrolytes traditionally used in lithium-ion
batteries. SSEs can be categorized broadly into polymer-based solid electrolytes and ceramic or glass-
based materials, such as Garnet-type LisLazZrO12 (LLZO) and sulfide-based glass electrolytes. A
primary advantage of SSEs is their inherent non-flammability, drastically reducing the risk of fire and
thermal runaway—a critical concern in urban energy storage and electric vehicle applications. SSEs
exhibit higher thermal stability, allowing batteries to function safely at elevated temperatures for
extended periods without degradation. These characteristics position solid-state batteries as strategic
materials for India’s 2047 vision, providing safer, higher-capacity, and longer-lasting energy storage
solutions essential for smart grids, electric mobility, and sustainable urban infrastructure.

C. Sodium-Ion Batteries (SIBs) for Grid Storage
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Given India's limited lithium reserves and its strategic goals for energy self-reliance, Sodium-Ion Batteries
(SIBs) are emerging as a critical technology for cost-effective, large-scale grid storage. Sodium is
abundant and inexpensive in India, with India ranking as the third-largest producer of sodium chloride
globally and having ample resources for essential SIB materials such as iron ore, manganese, phosphates,
and sulfur. The larger ionic radius of sodium ions (Na*) compared to lithium ions (Li*) demands novel
electrode materials with larger lattice structures. Research and development are concentrated on high-
performance Prussian blue analogues (PBAs) and layered metal oxides as cathodes and hard carbon as
anodes. PBAs possess open three-dimensional frameworks favorable for sodium ion migration, offering
high theoretical capacity and stable cycling suited to grid-scale applications. India's grid storage needs
are vast—projected battery energy storage systems (BESS) requirements are in the range of tens of
gigawatts by 2030. SIBs offer comparable lifecycle performance to lithium-ion batteries (LIBs) but with
enhanced safety and significantly lower costs due to the abundance of raw materials and reduced
dependence on critical minerals like cobalt.

D. Supercapacitors (SCs): Supercapacitors (SCs) leverage nanomaterials such as graphene and
functionalized carbon nanotubes (CNTs) to deliver rapid charge and discharge cycles essential for
applications like regenerative braking in electric vehicles and grid load leveling. Graphene, a two-
dimensional carbon material, provides exceptionally high surface area, electrical conductivity, and
mechanical strength, making it ideal for supercapacitor electrodes. However, challenges such as graphene
layer restacking, which reduces accessible surface area, are addressed by forming graphene hybrids with
CNTs or other nanomaterials, improving ion transport and electron conduction. Functionalized CNTs
offer a large surface area and excellent conductivity, further enhancing energy storage capacity and
charge/discharge rates. The use of electrospun nanofiber membranes as separators boosts device stability
and ionic accessibility, extending cycle life to millions of cycles—far surpassing conventional batteries.
These supercapacitors are scalable, cost-effective, and suitable for flexible electronics, microelectrode
arrays, and power management systems in smart grids.

2.3. Environmental and Sensor Materials: Intelligence and Sustainability

The integration of sensing and environmental functionality into physical assets defines smart infrastructure.
The "smartness" of infrastructure relies on embedded materials with sensing capabilities and environmental
remediation functions.

e Functionalized Nanomaterials for Sensing (Smart Coatings Functionalized nanomaterial-based smart
coatings are increasingly used for Structural Health Monitoring (SHM) in infrastructure such as bridges
and buildings. These coatings typically incorporate nanomaterials like zinc oxide (ZnO) nanowires and
carbon nanotubes (CNTs), which impart sensor functionalities by changing their electrical conductivity
or optical properties in response to mechanical strain, temperature variations, or chemical exposure (e.g.,
corrosion). This change occurs because the nanomaterials form conductive networks within the coating
that are sensitive to deformation and environmental effects, enabling distributed and real-time monitoring
of structural integrity.

o Water Remediation Materials: Graphene oxide (GO) membranes are highly efficient materials for low-
energy desalination and water purification due to their ultrathin structure, tunable ionic and molecular
sieving capabilities, and excellent water permeability. Mica-incorporated GO membranes exhibit water
flux rates 10—100 times greater than conventional membranes while achieving over 99% rejection of
biomolecules and salt ions, making them highly effective at removing contaminants. Challenges such as
membrane swelling and biofouling are being addressed by hybridizing GO with other materials like

titanium dioxide nanosheets, enhancing membrane stability, antifouling properties, and chemical
(oo oo oo = = - = = ]

© RESEARCH WORK JOURNAL (www.researchwork.ijarms.org) 20


http://www.researchwork.ijarms.org/

eISSN 3139-2377
RESEARCH WORK

A Monthly, Open Access, Peer Reviewed International Research Journal
Volume 01, Issue 02, December 2025

resistance. Metal-Organic Frameworks (MOFs) are another class of advanced adsorbents designed for the
selective removal of heavy metals and pollutants from water. MOFs offer customizable pore sizes and
surface chemistry, enabling targeted adsorption of contaminants such as lead, arsenic, and organic dyes.
Both GO membranes and MOFs contribute to energy-efficient, scalable, and cost-effective water
treatment solutions. Their integration into decentralized systems supports sustainable access to clean
drinking water, reduces dependence on centralized infrastructure, and aligns with global and Indian goals
for water security and environmental stewardship

o Photocatalytic Coatings: Photocatalytic coatings utilizing titanium dioxide (TiO:) are increasingly
employed to create self-cleaning and pollution-mitigating surfaces on urban structures like road dividers
and building facades. When exposed to sunlight, TiO: acts as a catalyst that photo-catalytically breaks
down harmful nitrogen oxides (NOy) and sulfur oxides (SOx)—common urban air pollutants—into less
toxic substances such as nitrates, which are washed away by rain. This process, known as photocatalysis,
leverages the UV component of sunlight to generate reactive radicals that oxidize these pollutants
continuously and passively without consuming the TiO-, making the coatings low-maintenance and cost-
effective.

3. Synergistic Integration: Materials Chemistry and Digital Technologies

The synergistic integration of advanced materials chemistry (AMC) with digital technologies unlocks the full
potential of smart infrastructure.

Materials-Data Loop Intrinsic sensing materials, such as self-sensing concrete, generate continuous physical
data measuring strain, temperature, and other stressors that are transmitted in real time via Internet of Things
(IoT) networks for analysis by AI/ML algorithms. This enables early warnings of structural failures,
optimized maintenance scheduling, and enhanced safety for infrastructure such as bridges, tunnels, and
buildings. Compared to traditional external sensors, self-sensing concrete offers advantages including lower
cost, higher sensitivity (with gauge factors several hundred times that of conventional strain gauges), and
durability matching the lifespan of the concrete structure itself.

Digital Twins: Digital Twin technology in materials chemistry represents a cutting-edge computational
approach that creates real-time, data-driven virtual models mirroring the physical structure, properties, and
performance of materials. These digital twins are not static 3D models but dynamically updated simulations
integrating multi-scale data—ranging from atomic-scale structures to macroscopic behaviours captured
through experiments, sensors, and material informatics. Computational materials chemistry accelerates
discovery by enabling rapid simulation of how materials respond to various environmental conditions,
mechanical stresses, and degradation pathways without costing time-consuming physical experiments.

Additive Manufacturing: Utilizing novel, functionalized polymer and cement-based composites in large-
scale 3D construction printing reduces construction time and material waste.

4. Challenges and Strategic Roadmap: Enabling Materials-Driven Development

The large-scale deployment of Advanced Materials Chemistry (AMC) innovations in India's infrastructure,
while transformative, is constrained by significant technical, economic, and policy hurdles. Overcoming these
challenges requires a concerted and strategic national effort.

4.1. Key Challenges to Adoption and Scale-up
A. Economic and Commercialization Hurdles
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o High Initial Cost: Many advanced materials, such as Graphene, complex MOFs, and encapsulated
healing agents, have high synthesis and processing costs, making them currently uneconomical
compared to traditional materials (concrete and steel).

e Lack of Scale-up Ecosystem: The transition from successful lab synthesis to cost-effective, high-
volume industrial production is a major bottleneck. India lacks robust, specialized Pilot Plants and
Manufacturing Clusters dedicated to advanced chemical and materials processing.

B. Standardization and Regulatory Gaps

e Absence of Standards: A major impediment is the lack of standardized testing protocols and regulatory
frameworks (BIS codes) for assessing the durability, long-term performance, and environmental safety
(especially for nanomaterials) of new materials like Self-Healing Concrete or advanced composite
rebar.

e Risk Aversion: Traditional civil engineering and construction sectors are inherently risk-averse.
Without national certification and mandates, contractors and government agencies are reluctant to
adopt unproven, high-initial-cost materials.

C. Human Capital and Supply Chain Security

e Skill Deficit: There is a critical shortage of multidisciplinary talent—chemists skilled in advanced
synthesis, materials scientists proficient in performance characterization, and engineers capable of
integrating smart materials with digital systems (IoT).

e Import Dependence: The complex synthesis of advanced materials often relies on imported specialized
chemicals, precursors, or equipment (e.g., specific catalysts, high-purity lithium salts), posing a risk to
national supply chain security and escalating project costs.

4 The Strategic '4-1' Roadmap for India @ 2047

To successfully integrate AMC into the Viksit Bharat vision, a focused '4-I' strategy—Innovation, Investment,
Integration, and Indigenization—is proposed.

I. Innovation & Research Catalysis

o National Centres of Excellence (CoE): Establish 5-7 dedicated National Materials CoEs focused on India-
specific infrastructure needs (e.g., Coastal Resilience Materials, Low-Carbon Cement, Grid Storage).
These centers must mandate industry-academia partnerships.

e Computational Materials Discovery: Invest heavily in Materials Informatics and AI/ML-driven
computational chemistry. This will drastically accelerate the discovery, screening, and optimization of
new materials (e.g., finding optimal solid-state electrolyte compositions) using domestic data and
resources.

II. Investment & Policy Incentives

e Materials PLI Scheme: Introduce a Production-Linked Incentive (PLI) scheme specifically for the
manufacturing of high-volume, critical materials, such as battery-grade precursors (Lithium/Sodium
salts), high-purity Graphene, and encapsulated healing agents, to de-risk private sector investment.
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e Green Infrastructure Mandate: Implement a policy requiring all centrally-funded infrastructure
projects (e.g., Smart City components, National Highways) to allocate a mandatory minimum
percentage (e.g., 5-10%) of their budget to certified low-carbon and advanced materials.

III. Integration & Standardization

o Fast-Track BIS Codes: The Bureau of Indian Standards (BIS) must fast-track the development of new
codes and performance metrics for smart and self-healing materials, focusing on longevity and safety
validation.

o Digital Twin Ecosystem: Develop a national framework for creating Digital Twins of new
infrastructure assets, using embedded smart material sensors to validate real-world performance
against simulated models. This will build confidence and provide empirical data for further regulatory
acceptance.

IV. Indigenization & Human Capital

e Circular Economy Focus: Prioritize research on materials chemistry that utilizes abundant domestic
resources and industrial waste streams (e.g., maximizing the use of fly ash, finding indigenous
alternatives for costly foreign precursors). This addresses both sustainability and supply security.

o Skilling Mission: Launch a national "Advanced Materials for Infrastructure" Skilling Mission across
technical universities and ITIs to create a pipeline of materials engineers, chemical process specialists,
and technicians trained in advanced synthesis and digital-physical integration.

5. Conclusion

Advanced Materials Chemistry (AMC) is unequivocally a non-negotiable technological prerequisite for
realizing the vision of a Developed India with world-class, sustainable, and intelligent infrastructure by 2047.
The detailed material innovations—from bio-mineralizing Self-Healing Concrete that ensures structural
longevity in aggressive environments, to high-energy density solid-state batteries and cost-effective Sodium-
Ion Batteries that guarantee grid stability, and photocatalytic nanomaterials that actively clean the air—
collectively redefine the paradigm of construction and urban living. The integration of these smart materials
with digital technologies (IoT, AI) creates the essential foundation for a truly smart and predictive
infrastructure system. However, the leap from laboratory breakthrough to national-scale deployment is fraught
with challenges, particularly concerning industrial scale-up, standardization, and ensuring supply chain
security. The proposed '4-I' Strategic Roadmap provides a robust governmental and industrial blueprint to
navigate these hurdles. By prioritizing indigenous research, channelling targeted investment through policies
like a Materials PLI scheme, fast-tracking regulatory integration (BIS codes), and cultivating a highly skilled
workforce, India can mitigate dependence on imported technology and secure its material future. By placing
materials innovation at the core of its national strategy, India will not only achieve its Viksit Bharat goal but
also set a new global benchmark for sustainable and technologically advanced infrastructure development.
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