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As the world grapples with the urgent challenge of climate change, innovative solutions
are being sought to mitigate the impact of rising greenhouse gas emissions. Among
these solutions, carbon capture and storage (CCS) has emerged as a promising technology
with the potential to significantly reduce the carbon footprint of various industries. At the
forefront of this evolving field is the application of carbon dots, a unique class of carbon-
based nanomaterials that offer exciting prospects for efficient carbon sequestration.

atmosphere
global gross
primary fossil fuel
production & combustion
respiration | & industrial
processes

Carbon flux indicated by arrows: natural flux m=»  anthropogenic flux =)

Fig 1: Global carbon cycle

Source: Adapted from intergovernmental panel on climate change, Climate change 2007: The Physical Science Basis

Carbon Capture and Storage: An Overview

Carbon capture and storage (CCS) is a process that involves capturing carbon dioxide (COy)
emissions from industrial processes or power plants before they are released into the
atmosphere. The captured CO; is then transported and injected into deep underground
geological formations, such as depleted oil and gas reservoirs or saline aquifers, where it is
securely stored for an indefinite period (Leung, Caramanna, & Maroto-Valer, 2014).

The primary goal of CCS is to mitigate the impact of greenhouse gas emissions,
particularly CO,, which is a major contributor to global warming and climate change. By
capturing and storing CO, emissions from large point sources, such as coal-fired power plants
and industrial facilities, CCS has the potential to significantly reduce the carbon footprint of
these operations (Bui et al., 2018).
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The CCS process involves several stages: capture, transportation, and storage. The
capture stage employs various technologies, including pre-combustion capture (separating
CO; from the fuel before combustion), post-combustion capture (separating CO, from flue
gases after combustion), and oxy-fuel combustion (burning fuel in pure oxygen to produce a
concentrated CO; stream) (Cuéllar-Franca & Azapagic, 2015).

e

OMBUSTION
FERMENTATION
AEROBIC DIGESTION

.
.
SASIFICATION ooy
= |
|

FUEL UPGRADING:
GAS CLEANING.
LIQUEFACTION

Energy
products

ENERGY CROPS NON-ENERGY
HIGH BIOMASS YIELD COMPRESSION BYPRODUCTS
EXTENSIVE AVAILABILITY TRANSPORT

BIOMAS RESIDUES

SALINE AQUIFERS
Geological DEPLETED OIL & GAS FIELDS
storage ey

Fig 2: The process of carbon capture and storage
While CCS technology has been successfully demonstrated in various projects
worldwide, its widespread deployment has been hindered by several challenges, including
high capital and operating costs, energy penalties associated with the capture process, and
concerns over the long-term stability and safety of CO, storage (Leung et al., 2014).
Overcoming these challenges is crucial for the widespread adoption of CCS as a viable
solution for mitigating greenhouse gas emissions.

Carbon Dots: Emerging Nanomaterials for Carbon Capture

In recent years, carbon dots (CDs) have emerged as an exciting class of carbon-based
nanomaterials with unique properties and a wide range of potential applications, including in
the field of carbon capture and storage. CDs are quasi-spherical nanoparticles composed of
amorphous or crystalline carbon structures, typically ranging in size from 2 to 10 nanometers
(Lim, Luo, Shen, & Yan, 2020).

These nanomaterials possess several desirable characteristics that make them
attractive for carbon capture applications. First, CDs exhibit excellent chemical and thermal
stability, allowing them to withstand the harsh conditions encountered in industrial processes
and CO, capture systems (Lim et al., 2020). Additionally, CDs can be functionalized with
various surface groups, enabling tailored interactions with CO, molecules and enhancing
their adsorption capacity.

One of the key advantages of CDs in carbon capture is their high surface area-to-
volume ratio, which provides a large number of active sites for CO, adsorption (Xu et al.,
2020). Furthermore, CDs can be synthesized from a wide range of carbon-rich precursors,
including biomass, waste materials, and even industrial by-products, offering a sustainable
and cost-effective approach to their production (Lim et al., 2020).

Researchers have explored various strategies for utilizing CDs in carbon capture
applications, including their incorporation into porous adsorbents, membranes, and catalysts.
By combining the unique properties of CDs with other materials or structures, researchers
aim to enhance the efficiency and selectivity of CO, capture processes.

Carbon Dots in Porous Adsorbents
One promising approach to leveraging CDs for carbon capture involves their integration into
porous adsorbents. Porous materials, such as activated carbons, zeolites, and metal-organic
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frameworks (MOFs), have been widely studied for their ability to adsorb and store CO,
through their large surface areas and tailored pore structures (Wang et al., 2021).

By incorporating CDs into these porous adsorbents, researchers have demonstrated
enhanced CO, adsorption capacities and improved selectivity for CO, over other gases (Xu et
al., 2020). The presence of CDs in the porous structure can facilitate CO, adsorption through
various mechanisms, including increased surface area, improved pore accessibility, and the
introduction of CO,-philic functional groups (Xu et al., 2020).

For example, Xu et al., (2020) developed a composite adsorbent by incorporating
CDs into a porous carbon material derived from waste biomass. The resulting CD-doped
adsorbent exhibited a significantly higher CO, adsorption capacity compared to the pristine
porous carbon, attributed to the enhanced CO,-philicity and increased surface area provided
by the CDs. Specifically, the CD-doped adsorbent demonstrated a CO, adsorption capacity of
5.2 mmol/g, compared to 3.8 mmol/g for the pristine porous carbon.

Optimizing the integration of carbon dots into porous adsorbent structures remains a
challenge, as factors such as the dispersion and loading of carbon dots, as well as their
interactions with the porous matrix, can significantly impact the overall CO, capture
performance. Strategies such as rational design of the porous structure, controlled
functionalization of carbon dots, and advanced synthesis techniques will be crucial in
maximizing the potential of these composite adsorbents.

Carbon Dots in Membranes for CO, Separation

Another promising application of CDs in carbon capture involves their incorporation into
membranes for CO, separation. Membrane-based separation technologies offer several
advantages over traditional capture methods, including lower energy consumption, smaller
footprint, and the potential for continuous operation (Dai et al., 2020).

CDs have been explored as fillers or additives in both polymeric and inorganic
membranes to enhance their CO, permeability and selectivity. In polymeric membranes, the
incorporation of CDs can modify the free volume and chain rigidity of the polymer matrix,
leading to improved gas transport properties (Lim et al., 2020). Additionally, the presence of
functional groups on the surface of CDs can facilitate preferential CO, adsorption and
transport through the membrane (Lim et al., 2020).

For instance, Lim et al., (2020) developed a mixed-matrix membrane by incorporating
amine-functionalized CDs into a polymer matrix. The resulting membrane exhibited
enhanced CO, permeability and CO,/N, selectivity compared to the pristine polymer
membrane, attributed to the CO,-philic nature of the amine-functionalized CDs and their
ability to facilitate CO, transport through the membrane. Specifically, the CD-incorporated
membrane demonstrated a CO, permeability of 140 Barrer and a CO,/N, selectivity of 65,
compared to 80 Barrer and 40 for the pristine polymer membrane.

The mechanisms by which carbon dots enhance membrane permeability and
selectivity for CO, involve factors such as increased free volume, facilitated transport
through the introduction of CO,-philic functional groups, and the formation of CO,-selective
channels within the membrane matrix. Optimizing these mechanisms through careful control
of carbon dot properties, loading, and dispersion within the membrane will be crucial for
realizing their full potential in CO, separation applications.

Carbon Dots as Catalysts for CO2 Conversion

Beyond their applications in CO, capture, CDs have also shown promise in facilitating the
conversion of captured CO, into valuable products, such as fuels or chemicals. This approach
not only addresses the challenge of CO, storage but also offers the potential for valorizing
captured CO; through its conversion into useful products (Dai et al., 2020).
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CDs have been explored as catalysts or catalyst supports for various CO, conversion
reactions, including photocatalytic reduction, electrochemical reduction, and chemical
transformations (Xu et al., 2020). The unique electronic and optical properties of CDs, as
well as their tunable surface functionalities, make them attractive candidates for these
catalytic applications.

For example, Wang et al., (2021) demonstrated the use of CDs as photocatalysts for
the reduction of CO, to formic acid under visible light irradiation. The CDs exhibited
excellent photocatalytic activity and selectivity towards formic acid production, attributed to
their efficient light absorption, charge separation, and CO, activation properties.

Moreover, CDs have been utilized as co-catalysts or supports for other catalytic systems,
such as metal nanoparticles or metal-organic frameworks, further enhancing their catalytic
performance in CO, conversion reactions (Xu et al., 2020).

The potential for integrating carbon capture and conversion processes using carbon
dots as catalysts offers an exciting opportunity to not only mitigate CO, emissions but also to
create a closed-loop system where captured CO, is transformed into value-added products,
further improving the sustainability and economic viability of the overall process.

Challenges and Future Perspectives

While the application of CDs in carbon capture and storage shows promising potential,
several challenges need to be addressed for their widespread implementation. One of the
primary challenges is the scalability and cost-effective synthesis of CDs with consistent
quality and properties (Lim et al., 2020). As the demand for carbon capture solutions grows,
the ability to produce large quantities of high-performance CDs at an economically viable
cost will be crucial.

Additionally, the long-term stability and reusability of CD-based adsorbents,
membranes, and catalysts under real-world operating conditions need to be thoroughly
investigated. Factors such as fouling, degradation, and regeneration cycles can significantly
impact the performance and lifetime of these materials, underscoring the need for rigorous
testing and optimization.

Furthermore, the integration of CDs into existing carbon capture systems and the
optimization of their performance in various industrial settings pose significant engineering
and design challenges (Dai et al., 2020). Collaborative efforts between researchers, industry
partners, and policymakers will be crucial in overcoming these obstacles and facilitating the
translation of CD-based technologies from the laboratory to commercial applications.

Despite these challenges, the field of carbon capture and storage continues to evolve,
driven by the urgent need to mitigate the impacts of climate change. The unique properties
and versatility of CDs position them as promising candidates for enhancing the efficiency and
sustainability of carbon capture technologies. Continued research and innovation in this field
are essential to unlock the full potential of carbon dots for sustainable carbon management.

Future research efforts should focus on exploring new synthetic routes for CDs from
renewable and waste sources, optimizing their surface functionalities for specific carbon
capture applications, and developing innovative strategies for their integration into existing
capture systems. Additionally, the exploration of CDs in emerging areas, such as direct air
capture and carbon utilization, could further expand their potential impact in addressing
climate change.

Conclusion

The pressing challenge of climate change demands innovative and multifaceted solutions, and
carbon capture and storage represent a crucial component of the global effort to reduce
greenhouse gas emissions. The integration of carbon dots, a unique class of carbon-based
nanomaterials, into various aspects of the CCS process holds significant promise.
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From their incorporation into porous adsorbents and membranes for enhanced CO; capture to
their catalytic applications in CO, conversion, CDs offer a versatile platform for improving
the efficiency and sustainability of carbon capture technologies. Their unique properties,
including high surface area, tunable surface chemistry, and excellent chemical and thermal
stability, make them well-suited for these applications.

While challenges remain, such as scalability, long-term stability, and integration into
existing systems, ongoing research efforts are paving the way for the realization of CD-based
carbon capture solutions. Interdisciplinary collaborations and continued investment in this
field will be crucial in unlocking the full potential of CDs and advancing the development of
effective and sustainable carbon capture and storage technologies.

As the world grapples with the urgent need to mitigate climate change, the integration
of cutting-edge nanomaterials like carbon dots into established technologies like carbon
capture and storage offers a promising path towards a more sustainable future. By harnessing
the unique properties of these innovative materials, we can take a significant step towards
reducing our carbon footprint and safeguarding the planet for generations to come.
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