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ABSTRACT

	The global transition toward a decarbonized economy is imperative for mitigating climate change and achieving sustainable development goals. This review critically evaluates the transformative role of nanotechnology in decarbonization, with emphasis on its applications in carbon capture, renewable energy generation, and advanced energy storage systems. By leveraging the unique properties of nanomaterials, these technologies can significantly enhance energy efficiency, lower operational costs, and facilitate decentralized energy solutions. Such advancements not only accelerate the deployment of low-carbon technologies but also create opportunities for green industrialization, investment, and inclusive economic growth in emerging economies. Beyond technical innovation, the review assesses the broader economic implications of nanotechnology, including job creation, market competitiveness, and expansion of energy access in underserved regions. It further identifies persistent challenges such as financial and regulatory barriers, technology transfer limitations, and institutional capacity constraints that may hinder large-scale adoption. The analysis concludes by underscoring the strategic importance of nanotechnology in advancing low-carbon development pathways and highlights the need for coordinated global efforts to unlock its potential, particularly in emerging economies.
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1. INTRODUCTION

Decarbonization is a critical global initiative aimed at reducing carbon emissions, particularly within the industrial sector, to advance sustainability and mitigate climate change (Micciancio & Palma, 2024). It entails lowering the intensity of carbon dioxide (CO₂) emissions at national and international levels to limit global warming (Sun, 2005; Survilo, 2024). Achieving this transition requires reducing reliance on carbon-based energy sources through coordinated international action and accelerated deployment of alternative technologies (Survilo, 2024). Central strategies include the integration of renewable energy systems such as solar, wind, and hydrogen, alongside the development of hydrogen-based storage solutions to address intermittency challenges (Survilo, 2024). Decarbonization has thus emerged as one of the most pressing challenges of the twenty-first century, demanding immediate global action supported by adaptive and dynamic policy frameworks.

In contemporary discourse, decarbonization is most often situated within the broader paradigm of energy transition, a structural shift toward energy systems that are both physically efficient and economically viable. Historical precedents, such as the electrification during the Second Industrial Revolution (1870-1914), demonstrate that transformative energy transitions are possible. Within this context, decarbonization is not confined to reducing emissions but represents a systemic reconfiguration of energy production and consumption, underpinned by the growing dominance of renewable technologies.

Empirical evidence supports this systemic perspective. Between 2010 and 2019, the cost of solar and wind energy declined by 82% and 39%, respectively (IRENA, 2020). McKinsey projects that this trend will continue, consolidating the cost advantage of renewables. Policy instruments such as feed-in tariffs, feed-in premiums, biofuel quotas, and tax incentives, particularly within European Union countries, have been instrumental in accelerating this process (Bölük & Kaplan, 2022). Nearly two-thirds of renewable energy adoption measures implemented since 2005 have been financial in nature, although regulatory and hybrid mechanisms have also played an important role. Consequently, decarbonization must be viewed as a strategic economic transformation, where renewable deployment serves not only to minimize greenhouse gas emissions but also to restructure energy markets and economies. While absolute decarbonization may remain aspirational, this framework provides essential direction for shaping global and national climate policies.

International agreements reinforce the urgency of this agenda. The Paris Agreement of 2015 commits signatory nations to limiting global warming to well below 2°C above pre-industrial levels, with efforts to remain within 1.5°C  (UNFCCC, 2015; IPCC, 2021). The figure 1 illustrates global land-ocean temperature anomalies from 1880 to 2024, with early decades marked by consistent below-average temperatures, followed by fluctuations mid-century, and a pronounced warming trend from the 1980s onward. The post-1975 period shows rapid and sustained warming, underscoring the intensifying effects of anthropogenic greenhouse gas emissions (NASA, 2025). Thus, the commitment of Paris Agreement reflects the recognition that energy production and consumption are the largest contributors to global carbon emissions, and therefore decarbonizing energy systems is fundamental to climate mitigation. Meeting these commitments requires technological innovation, large-scale investment, and supportive institutional frameworks to enable low-carbon transitions worldwide.
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[bookmark: _Hlk209204526]Figure 1. Global anomalies in land-ocean surface temperatures from 1880 to 2024, presented relative to the 1951-1980 baseline average. The chart illustrates both annual temperature deviations (unsmoothed) and a smoothed trend line derived using a 5-year Lowess technique (NASA, 2025).

Emerging economies occupy a central role in this process. Rapid industrialization, urbanization, and population growth in these regions are driving energy demand and associated emissions. At the same time, they face growing international pressure to adopt sustainable practices despite often lacking the financial and technological resources of advanced economies. These countries must therefore balance economic development with environmental responsibility, a challenge compounded by infrastructure gaps and competing policy priorities. Nevertheless, their participation is indispensable: without substantial progress in emerging economies, global climate targets will remain unattainable (Sachs, 2019; IRENA, 2020).

[bookmark: _Hlk208840224]Within this global context, nanotechnology has emerged as a promising enabler of decarbonization. Nanostructured materials such as nanocomposites, functionalized nanomaterials, metal-organic frameworks (MOFs), and nanocatalysts offer significant potential for enhancing energy efficiency and facilitating the transition to low-carbon systems (Chausali et al., 2023). Applications range from renewable energy generation and advanced storage systems to exhaust gas adsorption in hard-to-abate industries (Micciancio & Palma, 2024). Carbon nanotubes (CNTs), for instance, have demonstrated value as catalyst supports and active catalysts, improving conversion efficiency in industrial reactions while reducing both energy consumption and CO₂ emissions (Meidl, 2021; Su, 2011). The distinctive physicochemical properties of nanomaterials, including large surface-to-volume ratios and quantum effects, make them indispensable in the design of sustainable energy systems (Nasrollahzadeh et al., 2019; Ahmeda et al., 2017; Meyyappan, 2004).

Beyond their technical merits, nanotechnologies also carry significant economic and strategic implications for emerging economies. By adopting nano-enabled energy systems, these countries can reduce fossil fuel dependence, expand energy access, and foster local clean technology industries. This potential for leapfrogging carbon-intensive development pathways makes nanotechnology an attractive tool for advancing both environmental and socio-economic objectives. However, challenges persist, including limited access to advanced research infrastructure, skilled labor shortages, weak financial mechanisms, and underdeveloped regulatory frameworks (UNCTAD, 2020; OECD, 2021). Public awareness of the risks and benefits of nanotechnology also remains limited, creating additional barriers to adoption.

Despite these obstacles, integrating nanotechnology into national energy strategies could drive green industrialization, generate employment, attract foreign investment, and strengthen global competitiveness. Moreover, nanotechnology intersects with energy diplomacy, where technology transfer, financing mechanisms, and knowledge-sharing initiatives are reshaping international cooperation (Falkner, 2016; Depledge et al., 2022). It further opens opportunities for South-South collaboration and regional integration in clean energy development.

This review builds on these insights by exploring the transformative role of nanotechnology in supporting decarbonization efforts in emerging economies. It begins by establishing the conceptual foundations of decarbonization and nanotechnology before analyzing specific applications in renewable energy, energy storage, and carbon capture. The review also evaluates the economic implications of integrating nanotechnology into national energy strategies, highlighting benefits such as job creation, cost reduction, and enhanced energy access. Finally, it critically examines the technical, financial, and institutional barriers that may limit the diffusion of these technologies, and offers policy recommendations for inclusive adoption. The analysis concludes by reflecting on the broader role of nanotechnology in shaping resilient, low-carbon, and innovation-driven development pathways. 


2. Decarbonization and Nanotechnology

Decarbonization, meanwhile, is commonly understood as the systematic reduction or elimination of CO₂ and other greenhouse gas emissions from economic and energy systems. It has been conceptualized as a decline in carbon intensity per unit of energy consumed (Grübler & Nakićenović, 1996), as a historical shift from carbon-intensive fuels toward cleaner sources (Muradov, 2014), and as the pursuit of net-zero emissions through offsets and reductions in short-lived climate pollutants (Fay et al., 2015). Others frame it as a long-term, policy-driven transformation of energy infrastructures toward low-carbon models (Biber et al., 2016). Collectively, these perspectives highlight decarbonization as an ongoing and dynamic process of technological innovation, systemic transition, and institutional adaptation designed to align development with global climate objectives.

Nanotechnology, defined as the manipulation of matter at the atomic and molecular scale, enables the design of materials with enhanced conductivity, mechanical strength, chemical reactivity, and energy efficiency. These properties underpin next-generation technologies such as high-efficiency solar panels, durable wind turbine components, advanced batteries, and novel carbon capture materials. As the world advances toward climate neutrality, the integration of nanotechnology into decarbonization strategies is emerging as one of the most transformative developments in energy systems. By improving energy conversion, storage, and emissions mitigation across the energy value chain, nanotechnology fosters both incremental efficiency gains and disruptive innovations (Farrukh et al., 2021). Importantly, these advances also align with the priorities of emerging economies, offering decentralized, affordable, and scalable pathways to accelerate their energy transitions.

Key contributions of nanotechnology include enhancing renewable energy technologies, strengthening energy efficiency, and enabling advanced storage. Nanomaterials improve the light absorption and charge transport of solar cells, extend the durability of wind turbine components, and facilitate energy-saving insulation and coatings in buildings and industry (IRENA, 2020). In parallel, nanostructured materials such as graphene, metal oxides, and polymers have advanced lithium-ion batteries and supercapacitors by improving energy density, charge-discharge rates, and cycle life (Abdullah et al., 2024). Nanotechnology also addresses limitations of traditional carbon capture and storage (CCS) technologies, often criticized for their energy intensity and cost. Nanoporous materials, including MOFs, CNTs, and engineered zeolites, provide high surface areas for selective CO₂ adsorption. In addition, membrane-based and enzyme-assisted nanostructures enable more efficient separation and capture at lower energy costs, offering scalable solutions for high-emission industries where renewable substitution alone is insufficient (Yeo et al., 2012).

For emerging economies, integrating nanotechnology into decarbonization frameworks presents both opportunities and challenges. On the one hand, nanotechnology offers a chance to leapfrog carbon-intensive industrial pathways, supporting low-carbon growth in energy, agriculture, construction, and transportation. On the other, limited infrastructure, financing, research capacity, and regulatory frameworks constrain domestic development and raise dependence on imported technologies (UNCTAD, 2020). Ensuring safe use also requires robust governance mechanisms to address potential health and environmental risks associated with nanomaterials (OECD, 2021).

International cooperation is therefore essential to bridge these gaps. Technology transfer, capacity-building programs, and global knowledge-sharing platforms can help emerging economies access expertise and resources. Incorporating nanotechnology into Nationally Determined Contributions (NDCs) under the Paris Agreement can also unlock multilateral financing and strengthen international support (Horowitz, 2016; Falkner, 2016; Depledge et al., 2022).

In summary, nanotechnology provides multifaceted solutions to the climate and energy challenges of emerging economies. Its ability to improve renewable energy systems, strengthen energy storage, and enable efficient carbon capture positions it as a pivotal enabler of the low-carbon transition. Yet, realizing these benefits requires overcoming infrastructural, institutional, and regulatory barriers. For countries balancing development and decarbonization, nanotechnology remains a critical tool for advancing a cleaner, more resilient, and inclusive energy future.


3. Innovative Nanotechnology Applications in Decarbonization

The integration of nanotechnology into the energy sector represents a transformative advance in the pursuit of decarbonization. By enhancing material performance, improving energy efficiency, and reducing system costs, nanotechnology addresses some of the most persistent technical barriers to the transition toward low-carbon energy systems (farrukh et al., 2021; irena, 2020). These innovations are particularly relevant for emerging economies, where affordability, infrastructure limitations, and unequal access to reliable energy complicate the adoption of clean technologies (sachs et al., 2022; boucif et al., 2020). This section examines three critical domains, carbon capture, renewable energy generation, and energy storage, where nanotechnology plays a pivotal role in accelerating the global energy transition (bayda et al., 2019; olabi et al., 2022).


3.1 Nanotechnology in Carbon Capture

CCS remains a cornerstone of global strategies to reduce greenhouse gas emissions, particularly in industrial sectors where direct substitution with renewables is not yet feasible. Conventional CCS methods, although effective, are often hindered by high energy demands, material inefficiencies, and prohibitive operational costs (Aines et al., 2013). Nanotechnology offers new opportunities to enhance the selectivity, efficiency, and economic viability of CCS systems, making them more adaptable across both developed and developing contexts (Yeo et al., 2012).

[bookmark: _Hlk208840083]Central to these advances is the design of nanoporous materials with high surface areas and tunable functionalities that enable superior CO₂ adsorption and separation. Materials such as MOFs, zeolites, and mesoporous silica can be engineered at the molecular level to optimize pore size, binding affinity, and regeneration capacity. Their high adsorption capacity and durability make them strong candidates for post-combustion capture in power plants, cement facilities, and steel production, where emission reductions are urgently needed (Aruchamy et al., 2023; Azizighannad et al., 2021; Singh et al., 2023).

CNTs and graphene-based materials also hold promise for next-generation capture systems. Their large surface area, thermal stability, and mechanical strength make them suitable for membrane-based separation, where selective CO₂ permeation is essential under harsh operational conditions (Liota & Tzitzios, 2006). Functionalization with amine or hydroxyl groups further enhances their CO₂ affinity, allowing for effective operation in both dry and humid environments (Kolmakov et al., 2014; Makarova, 2017). Compared with traditional sorbents, nanomaterials typically exhibit faster kinetics, lower regeneration temperatures, and higher system efficiency.

Beyond physical adsorption, nanotechnology has advanced chemical and electrochemical carbon capture and utilization (CCU) systems. Nanocatalysts such as metal oxide nanoparticles and quantum dots can accelerate the conversion of CO₂ into value-added products including methanol, methane, and formic acid (Li et al., 2024). Photocatalysts operating under sunlight add another dimension by enabling sustainable CO₂ reduction within integrated CCU processes (An et al., 2022). Such innovations align carbon mitigation with industrial incentives, fostering broader adoption.

Nonetheless, scaling these technologies to industrial levels remains challenging. The synthesis of nanoporous sorbents and nanocatalysts often requires costly precursors and highly controlled environments, limiting economic feasibility (Pereira et al., 2014). Operational stability under real-world conditions, including high temperatures, pressure variability, and contaminant-laden gas streams, also constrains performance. To address these challenges, researchers are exploring composite materials, hierarchical structures, and hybrid sorbents that maintain efficiency across broader operating ranges (Rahman Khan & Chakraborty, 2024).

Direct air capture (DAC) is another promising application, though it presents unique challenges. Because atmospheric CO₂ concentrations are low, DAC systems require highly selective sorbents. Nanostructured materials with high binding affinities are being developed to improve efficiency and reduce energy consumption (Muzaffar et al., 2019). Although still in its early stages, nanotechnology-enabled DAC could make atmospheric CO₂ removal more scalable and cost-effective over time (Shaban et al., 2024).

For emerging economies, nanotechnology-enhanced carbon capture presents both opportunities and risks. These systems can decarbonize heavy industries without requiring complete infrastructure replacement, an important advantage for economies reliant on cement, steel, and fossil-fuel power (Bodin & Chen, 2023). However, limitations in manufacturing capacity, research infrastructure, and financing slow deployment. International collaboration, policy incentives, and targeted technology transfer will be essential to bridge these gaps (Falkner, 2016; Depledge et al., 2022).

The economic viability of CCS technologies is also closely tied to policy frameworks. Carbon pricing, emissions trading schemes, and regulatory mandates that recognize the value of avoided emissions are key to commercializing nanotechnology-based solutions. Aligning national strategies with international frameworks such as the Paris Agreement can unlock climate finance and accelerate technology diffusion in emerging regions. Equally important is the need to consider social and environmental safeguards, including preventing energy poverty and ensuring responsible management of nanomaterial waste (Hullman, 2007; Gür, 2022).

In sum, nanotechnology has introduced a new generation of CCU systems that are more efficient, scalable, and potentially cost-effective than traditional methods. From nanoporous adsorbents to nanocatalysts and membranes, these technologies represent vital tools for industrial decarbonization and atmospheric CO₂ removal. Continued innovation, international cooperation, and supportive policy frameworks will be essential to realizing their potential, particularly in emerging economies.


3.2 Nanomaterials for Renewable Energy

Nanotechnology plays a crucial role in advancing the efficiency, affordability, and adaptability of renewable energy systems. The unique properties of materials at the nanoscale, such as enhanced light absorption, charge transport, and mechanical strength, enable innovations that improve conversion efficiency, durability, and cost-effectiveness. These characteristics are particularly important for emerging economies, where the transition away from fossil fuels must also expand reliable and affordable energy access (Farrukh et al., 2021; IRENA, 2020).

Solar energy has been one of the most transformative beneficiaries of nanotechnology. Nanostructured perovskite solar cells have demonstrated remarkable improvements in light absorption, charge separation, and energy conversion, outperforming traditional silicon-based photovoltaics under specific conditions such as low light and flexible surfaces (IRENA, 2020). Nanocoatings also enhance resistance to environmental degradation, extending panel lifespans and reducing maintenance costs (Farrukh et al., 2021). Such features are especially valuable in emerging economies where financial and logistical limitations demand technologies that are both durable and cost-effective.

Wind energy systems have also advanced through nanotechnology. Nanocomposites are increasingly used in turbine blades, making them lighter yet stronger, thereby improving aerodynamic efficiency and reducing structural fatigue. These improvements extend turbine lifespans, lower maintenance requirements, and decrease the levelized cost of energy (Bayda et al., 2019; Pomerantseva et al., 2019). Offshore turbines further benefit from nanocoatings that minimize corrosion and wear in harsh marine environments.

In bioenergy, nanotechnology enhances both process yields and sustainability. Metallic and metal oxide nanoparticles improve the catalytic activity of enzymes in biomass conversion, reducing reaction times and boosting biofuel output (Li et al., 2024; Deb, 2024). Nanomaterials also support the upgrading of biogas by selectively adsorbing impurities, resulting in cleaner and more competitive fuels (Banu et al., 2024).

For emerging economies, these nanotechnology-enabled improvements bring tangible benefits. By lowering costs and enhancing efficiency, renewable systems become more accessible and reduce dependence on imported fossil fuels (Sachs et al., 2022). Decentralized energy models are particularly strengthened, as nanomaterial-based solar, wind, and bioenergy systems provide scalable solutions for rural electrification and off-grid applications (Fay et al., 2015; Boucif et al., 2020). Such solutions directly address energy poverty while promoting sustainability.

Beyond generation, nanotechnology improves the performance of auxiliary components in renewable energy systems. Smart coatings and self-cleaning surfaces reduce dust accumulation on solar panels, enhancing light capture (Zhang & Nicolosi, 2019). Nanoscale semiconductors in inverters and converters improve power handling and reduce energy losses during electricity conversion and transmission (Kumar et al., 2022).

Manufacturing processes are also being reshaped. Roll-to-roll printing of nanostructured photovoltaic layers enables scalable production of lightweight, flexible solar panels at reduced cost (Adarakatti & Manukumar, 2023). Such advances make it feasible to integrate solar energy into diverse infrastructures, from building facades to transportation systems and wearable devices (Das & Gebru, 2018).

Overall, nanotechnology strengthens the technological, economic, and policy dimensions of renewable energy systems. It not only increases performance but also enhances resilience and adaptability, qualities essential for addressing the energy challenges of emerging regions. As these technologies mature, their deployment is expected to reshape the global energy landscape, with emerging economies well positioned to benefit from their adoption (Phor et al., 2024; Fatma et al., 2024).

In summary, nanomaterials are transforming renewable energy by enabling higher efficiency, lower costs, and broader adaptability. Their integration into solar, wind, and bioenergy systems supports national sustainability goals, reduces reliance on fossil fuel imports, and strengthens energy security. These innovations also provide the foundation for decentralized, inclusive, and low-carbon energy transitions worldwide, thereby setting the stage for complementary advances in energy storage systems.


3.3 Nanotechnology in Carbon Capture

The development of efficient, reliable, and scalable energy storage systems is fundamental to the success of decarbonization, particularly given the variability of solar and wind resources. Flexible storage capacity is essential for stabilizing low-carbon grids, supporting electric mobility, and enabling decentralized energy systems. Nanotechnology has become a central driver in enhancing the performance, safety, and cost-effectiveness of energy storage technologies, offering significant benefits to both advanced and emerging economies (Farrukh et al., 2021; Bayda et al., 2019).

Lithium-ion batteries have seen some of the most impactful advances from nanotechnology. Nanostructured electrode materials improve ionic and electronic conductivity, enlarge active surface areas, and enable faster charging and discharging (Zhang & Nicolosi, 2019). Carbon coatings and multi-walled CNTs enhance the stability of silicon-based anodes, thereby increasing energy density and cycle life (Phor et al., 2024). Such improvements are particularly relevant for electric mobility and renewable grid stabilization, especially in resource-constrained regions (Olabi et al., 2022).

Beyond lithium-ion systems, alternative chemistries such as sodium-ion, lithium-sulfur, and solid-state batteries have also benefited from nanoscale engineering. Nanoparticles, nanosheets, and porous frameworks are being used to overcome conductivity limitations, suppress dendrite formation, and extend durability under high current loads (Duan et al., 2021). These advances open pathways for flexible, foldable, and high-capacity storage solutions tailored to diverse energy demands, particularly in emerging markets (Liu et al., 2020).

Supercapacitors have likewise advanced with nanotechnology. Unlike batteries, they store energy through physical rather than chemical processes, enabling rapid charge, discharge cycles with minimal degradation. Graphene, CNTs, and activated carbon electrodes improve energy and power densities, narrowing the performance gap between supercapacitors and batteries (Pomerantseva et al., 2019; Yadlapalli, 2022).

Nanotechnology has also advanced gel polymer electrolytes (GPEs), which address the safety challenges of conventional liquid electrolytes. By combining solid-like mechanical stability with liquid-like conductivity, GPEs reduce risks of leakage and thermal runaway. Doping with nanomaterials such as graphene oxide or layered nanostructures further enhances flexibility, conductivity, and thermal stability, making GPEs well suited for flexible electronics, electric vehicles, and distributed sensor systems (Iqbal & Aziz, 2022; Shaikh et al., 2021; Dimitriev, 2022).

Hybrid supercapacitors, which combine electrostatic and Faradaic processes, also benefit from nanostructured electrodes. These systems achieve higher energy and power densities, with improved cyclic stability and rapid response times, making them suitable for applications such as regenerative braking, remote sensing, and emergency backup power (Rahman et al., 2023). Advances in fabrication techniques, including 3D printing, roll-to-roll manufacturing, and spray deposition, are accelerating the scalability of lightweight and customizable nanomaterial-based storage devices (Adarakatti & Manukumar, 2023).

Despite these advances, challenges remain. High-surface-area nanomaterials often undergo parasitic side reactions with electrolytes, leading to irreversible capacity losses during initial cycles (Pomerantseva et al., 2019). Nanoparticles also tend to agglomerate, diminishing their effectiveness and complicating fabrication. Strategies such as protective coatings, hierarchical architectures, and core-shell morphologies have been developed to stabilize materials during cycling (Gupta et al., 2022). From a production perspective, conventional slurry-based methods are not always compatible with reactive nanostructures, prompting the adoption of advanced techniques like atomic layer deposition, solution-based self-assembly, and solvent-free processing. These methods not only maintain structural integrity but also align with sustainability goals by reducing waste and hazardous chemical use (Zhao et al., 2021; Nasrin et al., 2022).

For emerging economies, nanotechnology-enabled storage systems offer transformative potential. High-capacity, safe, and durable batteries can support decentralized solar installations, grid stabilization, and rural electrification. Portable power units and storage-integrated renewable systems are increasingly feasible with nanomaterials (Kumar et al., 2022). Moreover, as electric mobility expands, nanotech-enhanced batteries can enable cleaner transport solutions without compromising affordability or performance (Sachs et al., 2022).

In conclusion, nanotechnology is reshaping energy storage by overcoming long-standing limitations in capacity, safety, and scalability. Advances in materials, architectures, and manufacturing methods are enabling faster, more reliable, and more adaptable storage solutions. For emerging economies, these innovations create opportunities for energy access, industrial development, and participation in the global clean energy transition (Rip & Van Amerom, 2019). Building on these advances, it is important to assess how countries worldwide are progressing in nanotechnology-driven decarbonization, which is the focus of the next section.


3.4 Nanotechnology in Carbon Capture

[bookmark: _Hlk208840459]Nanotechnology has become a central enabler of decarbonization, yet progress varies widely across countries in terms of research output, development strategies, and applications. The United States (U.S.), China, India, Brazil, Indonesia, and South Africa stand out as leaders advancing nanotechnology in multiple sectors, including energy, health, wastewater treatment, and electronics (Santos & Silva-Calpa, 2024; Rovere et al., 2022). Between 2010 and 2020, the U.S., China, and India consistently ranked among the top countries for nanotechnology-related publications, while Brazil emerged as Latin America’s leading contributor, ranking fifteenth globally (Santos & Silva-Calpa, 2024). Several nations in the Middle East and Africa have modeled their institutional frameworks on the U.S. initiatives, further reflecting the diffusion of nanotechnology infrastructure (Santos & Silva-Calpa, 2024; Meidl, 2021).

Large emerging economies such as Brazil, India, Indonesia, and South Africa have also articulated national deep decarbonization pathways. These model-based, in-country analyses provide policy roadmaps that balance near-term development needs with long-term climate objectives, while highlighting synergies and trade-offs with other priorities such as industrial growth and poverty reduction (Rovere et al., 2022). Such bottom-up approaches are critical for aligning domestic agendas with the global targets set by the Paris Agreement.

At the country level, distinct trajectories are evident. The U.S. has maintained leadership in disruptive nanotechnologies, particularly in the development of CNTs with applications in energy and industrial decarbonization (Meidl, 2021). China has accelerated research in triboelectric nanogenerators and nanomedicine, while India directed substantial research capacity in 2020 toward combating SARS-CoV-2, alongside broader nanotechnology applications (Santos & Silva-Calpa, 2024). Brazil became the first Latin American country to adopt a national nanotechnology policy, stimulating innovation and positioning itself as a regional hub (Santos & Silva-Calpa, 2024). Indonesia has initiated coordinated nanotechnology programs (Wahyuni & A., 2011), while Thailand has expanded research to support decarbonization and value-added product development (Charinpanitkul & Faungnawakij, 2025). These examples illustrate how both advanced and emerging economies are embedding nanotechnology into their climate and industrial strategies.

Nanotechnology also offers unique opportunities for resource-constrained nations, particularly when integrated with sustainable innovation. For example, deriving nanocellulose from agricultural waste demonstrates how renewable feedstocks can replace non-renewable resources, supporting low-cost, circular economy solutions (Muhammad et al., 2025; Peña-Ortiz et al., 2023). Such strategies illustrate the potential for nanotechnology to empower low-resource contexts, provided that barriers to accessibility and affordability are addressed.

From an application perspective, research increasingly focuses on optimizing nanomaterial properties, size, shape, and surface structure, to improve performance in renewable energy and emissions reduction. Advances in nanomaterials for CO₂ capture highlight their role in industrial decarbonization, offering environmentally friendly alternatives to conventional processes (Ayalew, 2021). At the same time, nanotechnology contributes to the advancement of solar, hydrogen, and other renewable platforms, reinforcing its pivotal role in accelerating the global clean energy transition (Parmar & Bhande, 2022).

In summary, global progress demonstrates that nanotechnology is both a frontier of innovation and a policy priority in decarbonization strategies. However, disparities in infrastructure, investment, and accessibility highlight the need for international cooperation to ensure that the benefits extend to all economies. As the next section will show, the economic impacts for emerging economies are particularly profound, shaping their ability to leverage nanotechnology for sustainable growth.


4. Economic Impacts of Nanotechnology in Decarbonization for Emerging Economies

The integration of nanotechnology into decarbonization strategies presents not only environmental benefits but also significant economic opportunities for emerging economies. By enhancing the performance, cost efficiency, and scalability of clean energy technologies, nanotechnology enables these countries to accelerate their energy transitions while fostering industrial growth and job creation. The economic impacts extend across multiple sectors, including manufacturing, energy services, and green infrastructure development, thereby enhancing national competitiveness in the evolving global low-carbon economy (Bélaïd & Youssef, 2017).

[bookmark: _Hlk199009117]One of the most immediate economic benefits is the potential for technology-driven cost reductions in renewable energy systems. Nanomaterials used in solar panels and energy storage devices lower production costs by enabling the use of fewer raw materials, improving device efficiency, and extending product lifespans. These advantages contribute to reducing the Levelized Cost of Energy (LCOE), making clean technologies more affordable and competitive with fossil fuels. In regions with constrained public budgets and limited access to finance, cost-effective solutions are crucial for expanding access to electricity and reducing dependence on imported energy (Güngör, 2023).

The expansion of nanotech-enhanced energy infrastructure also stimulates industrial development. As demand for nanomaterials and devices grows, it creates opportunities for local manufacturing, supply chain development, and entrepreneurship. This diversification is especially valuable for economies heavily reliant on extractive industries or low-value-added manufacturing. By investing in nanotechnology, these countries can climb the value chain, supporting innovation ecosystems that include research institutions, start-ups, and technology transfer centers (Deb, 2024; Kumar et al., 2022).

Employment generation is another significant economic impact as well. The design, fabrication, deployment, and maintenance of nanotechnology-based systems require a mix of high-skilled and semi-skilled labor. This fosters the creation of green jobs across various sectors such as energy, construction, agriculture, and transport, contributing to more inclusive and sustainable economic growth. For example, the installation and servicing of decentralized renewable energy systems powered by nanotech-enhanced batteries and panels offer employment in both urban and rural settings (Bódin & Chen, 2023). Additionally, targeted investments in training and capacity-building programs can further amplify these job creation effects.

[bookmark: _Hlk199009193]Moreover, nanotechnology also opens new possibilities for attracting Foreign Direct Investment (FDI) into emerging economies. As global firms seek cost-effective production sites for clean energy components, countries with supportive regulatory environments and skilled workforces become attractive investment destinations. Strategic partnerships between local firms and international technology providers can facilitate the diffusion of advanced manufacturing techniques and foster knowledge exchange (Bayda et al., 2019). However, realizing these opportunities depends on the ability of countries to establish clear intellectual property frameworks, enforce quality standards, and provide access to infrastructure and finance.

Additionally, the deployment of nanotechnology contributes to improved economic resilience and energy security. By supporting decentralized, low-maintenance, and durable energy systems, nanotech-based solutions reduce vulnerability to fuel price shocks, geopolitical risks, and infrastructure failures. In rural areas, these systems offer reliable alternatives to diesel generators or grid extensions, lowering long-term energy expenditures for households and businesses (Fay et al., 2015; Boucif et al., 2020). Furthermore, enhanced energy reliability can boost productivity in agriculture and small-scale manufacturing, which are vital sectors for employment and income generation in many emerging economies.

In summary, nanotechnology offers a strategic lever for economic transformation in emerging economies. It not only improves the performance and affordability of decarbonization technologies but also drives industrial diversification, job creation, and investment. With appropriate institutional support and targeted policy measures, nanotechnology can be harnessed to promote a more inclusive, resilient, and sustainable economic development trajectory, aligned with global climate goals.


5. challenges for Emerging Economies

While nanotechnology holds significant promise for advancing decarbonization, emerging economies face structural and institutional challenges that constrain its widespread adoption. These barriers span financial, technological, infrastructural, and regulatory dimensions. Overcoming them is essential for ensuring that nanotechnology contributes equitably to low-carbon development strategies.


5.1 Nanotechnology in Carbon Capture

Although nanotechnology-enhanced systems can reduce costs over the long term, the upfront investments in infrastructure, Research and Development (R&D), and industrial scaling are considerable. For many low- and middle-income countries, limited budgets and competing socio-economic priorities restrict allocations for early-stage technologies (Mensah, 2019). Private sector participation is further constrained by market immaturity, regulatory uncertainty, and perceived risks, discouraging investment in unproven innovations. As a result, financing requires blended models, guarantees, and public-private partnerships, which are often weak or absent in these regions (Finance, 2018; Farrukh et al., 2021).

Access to international climate finance, such as the Green Climate Fund and Clean Technology Fund, also remains limited due to complex application procedures and technical eligibility requirements. These barriers restrict external support for nanotechnology deployment, delaying progress in decarbonization projects (Finance, 2018).


5.2 Technology Transfer and Accessibility

Another major challenge lies in access to advanced nanomaterials and devices, most of which are developed in industrialized nations and protected by strict intellectual property regimes. This restricts open access and relegates many emerging economies to the role of technology consumers rather than co-creators (Falkner, 2016). The lack of effective technology transfer mechanisms exacerbates this imbalance, slowing the localized adaptation of nanotech-based solutions.

Without robust bilateral and multilateral frameworks for licensing, knowledge sharing, and patent access, diffusion of nanotechnology across the Global South remains uneven (Depledge et al., 2022). This limited accessibility undermines the potential for inclusive innovation and reinforces dependency on external providers.


5.3 Infrastructure and Capacity Building

Nanotechnology requires sophisticated laboratories, cleanrooms, advanced instrumentation, and highly skilled personnel. Yet many emerging economies face persistent capacity constraints, including underfunded universities, inadequate R&D financing, and weak technical training systems (Kumar et al., 2022). These deficiencies restrict domestic innovation, manufacturing, and quality assurance capabilities.

The divide is sharper in rural areas, where basic infrastructure such as reliable electricity, internet access, and transport remains limited. These constraints delay the rollout of nanotech-enabled energy systems and concentrate benefits in urban centers. Without sustained investment in education and vocational training in emerging technologies, nanotechnology risks deepening existing socio-economic and technological divides (Bayda et al., 2019).


5.4 Regulatory and Safety Issues

The lack of robust regulatory frameworks for nanomaterials presents a critical barrier to safe deployment. In many developing countries, standards for classification, handling, and disposal of nanomaterials remain underdeveloped (Hullman, 2007). This regulatory vacuum not only raises potential health and environmental risks but also undermines investor confidence due to legal uncertainties.

Concerns about nanoparticle toxicity, bioaccumulation, and occupational exposure are particularly pressing in regions with weak safety regulations. Public trust in nanotechnology is also limited, influenced by misinformation and insufficient risk communication. Together, these gaps hinder the establishment of the institutional support required for scaling nanotech-enabled solutions (Zaccai, 2012; Gür, 2022).

Across financial, technological, infrastructural, and regulatory domains, emerging economies face substantial obstacles to integrating nanotechnology into decarbonization pathways. High initial costs, weak domestic R&D capacity, restricted access to technology and finance, and inadequate governance mechanisms collectively slow adoption. Addressing these challenges requires coordinated policy interventions, including public investment in R&D, targeted incentives for private sector participation, and mechanisms to de-risk early-stage financing (Mensah, 2019; Farrukh et al., 2021). Without such interventions, the transformative potential of nanotechnology in supporting sustainable development will remain underutilized.


6. Future Prospect

Realizing the full potential of nanotechnology in supporting decarbonization in emerging economies will require long-term, coordinated strategies that address structural barriers and foster sustained innovation. As these countries align their development agendas with low-carbon goals, nanotechnology is expected to become a central pillar in building resilient and inclusive energy systems.

A priority will be greater investment in research and innovation. Strengthening national R&D programs, university initiatives, and public-private partnerships can accelerate the development of context-specific solutions. Establishing research hubs, pilot projects, and demonstration sites will facilitate validation and scaling of nanotechnology applications. Financial incentives, including tax relief, targeted grants, and favorable tariff structures, can further encourage adoption, particularly in underserved rural regions where infrastructure gaps and high upfront costs continue to slow energy transitions (Ezema et al., 2014).

Equally critical is international cooperation and technology transfer. Much of the expertise and intellectual property in nanotechnology remains concentrated in advanced economies. Expanding access through multilateral agreements, capacity-building platforms, and South-South partnerships will be essential for equitable diffusion (Falkner, 2016; Depledge et al., 2022). In parallel, developing skilled human capital is vital. Universities, research institutes, and vocational programs must integrate nanoscience and clean energy training, ensuring that future professionals are equipped to drive adoption (Chang, 2006; Zein et al., 2024; Yawson, 2010; Newberry, 2014). Such educational efforts should also be inclusive, so marginalized communities can participate in and benefit from technological progress (Foley & Hersam, 2006; DiBartolo et al., 2019; Animashaun et al., 2024; Lombardo et al., 2021; Davis-Lowe, 2006).

Finally, robust regulatory frameworks are necessary to ensure the safe and sustainable use of nanomaterials (Demirbaş & Çevik, 2020; Ngarize et al., 2013; Keshavan et al., 2024). Standardizing protocols for production, handling, and disposal, aligned with international best practices, will safeguard public health and the environment while also building trust among investors and consumers (Demirbaş & Çevik, 2020; Keshavan et al., 2024; Amoabediny & Naderi, 2009). Establishing transparent risk assessment and monitoring mechanisms will further support long-term sustainability and social acceptance (Demirbaş & Çevik, 2020; Keshavan et al., 2024).


7. CONCLUSION

Nanotechnology represents a powerful catalyst in the global effort to decarbonize energy systems and mitigate climate change. By improving the efficiency, scalability, and affordability of renewable energy, energy storage, and carbon capture technologies, nanotechnology strengthens both technological innovation and systemic transformation. The ability of nanomaterials to enhance energy conversion and storage positions them as indispensable enablers of a low-carbon future.

For emerging economies, nanotechnology offers an opportunity not only to accelerate decarbonization but also to advance broader socio-economic goals. Adoption can foster economic growth, generate employment, and expand energy access, thereby supporting more inclusive development pathways. Yet, barriers remain, high initial investments, uneven technology transfer, regulatory gaps, and weak institutional capacity all constrain widespread deployment. Addressing these challenges will require sustained policy commitment, targeted financial instruments, and international cooperation.

Looking forward, continued investment in research, infrastructure, and education will be decisive in unlocking nanotechnology’s full potential. Governments, industry, and academia must collaborate to create enabling environments that support innovation while ensuring safety and accessibility. With coordinated global action, nanotechnology can play a pivotal role in shaping energy transitions that are not only low-carbon, but also sustainable, equitable, and resilient for all nations.
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