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We produce CO, every day when we breathe, but what if CO, is the feed-
stock that enters the $30 billion market?

CO, is not only a major greenhouse gas but also an abundant renewable
carbon resource. Its atmospheric increase contributes significantly to global
climate change, presenting a serious challenge to sustainable human devel-
opment. Traditional strategies for carbon capture, such as underground stor-
age, have been explored for decades. However, these methods face engi-
neering challenges and leakage risks, impeding their widespread adoption.
Simultaneously, the various CO, conversion methods, including thermo-
chemical, electrochemical, photochemical, plasma, biological, and hybrid
processes, typically result in chemicals that are eventually released back into
the atmosphere as CO,. This cycle, often producing volatile products, poses a
barrier to achieving negative emissions.! Addressing these challenges
requires innovative approaches to effectively utilize and reduce atmospheric
CO,

Therefore, transforming CO, into non-volatile or solid products suitable for
long-term storage holds significant potential. Solid carbon materials, includ-
ing CNTs, CNFs, graphene, and carbon black, enjoy a market exceeding $30
billion, thanks to their unique properties. Carbon fibers are highly important
inorganic high-performance fibers. Their first commercial application was in
carbon fiber-reinforced resin fishing rods, which hit the market in 1972. Since
then, the use of carbon fibers has rapidly evolved towards high-end applica-
tions, such as new energy equipment, industrial machinery, construction,
aerospace, and automobiles, making it an indispensable strategic new mate-
rial in today's world. This innovation paves the way for offering a permanent
solution for carbon sequestration. However, the conversion of CO, into solid
carbon products is not widespread due to thermodynamic limitations, and
the conditions required for such transformations are often harsh. Further
research and development are needed to overcome these challenges and
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harness the full potential of solid carbon materials for CO, sequestration.

To enhance the less-than-ideal product selectivity, recent approaches have
adopted an electrochemical-thermochemical (EC-TC) tandem strategy.
However, this strategy typically yields liquid or volatile chemicals.” Reporting
in Nature Catalysis, Xie and colleagues present an innovative EC-TC tandem
strategy that overcomes the individual thermodynamic limitations of CO,
conversion (Figure 1).° This method involves electrolyzing CO, and water to
produce syngas, which is then used for thermochemical production of CNFs
under mild conditions. This process employs FeCo alloy and additional
metallic Co catalysts. This strategy presents a potential pathway for large-
scale, economically feasible CO, conversion, and is compatible with the inte-
gration of renewable energy sources. It paves the way for achieving negative
carbon emissions and holds significant promise for commercial decar-
bonization efforts.

A major challenge in converting CO, into CNFs is the production of signifi-
cant amounts of CNFs from CO, with reduced energy consumption, ideally
utilizing renewable energy sources. Addressing this, they focused on the
reactions 2CO — C(s) + CO, and CO + H, — C(s) + H,0 for carbon formation.
These reactions, commonly seen as undesirable coking processes, often lead
to catalyst deactivation and reactor blockage in various commercial applica-
tions. However, Xie and his team leveraged the high exothermic nature of
these reactions and identified an optimal temperature range of 400°C to
450°C. This temperature is considerably lower than the traditional methods
requiring temperatures above 700°C. This range effectively balances the
thermodynamics and kinetics of solid carbon production. Additionally, the
maximization of solid carbon yield hinges on the use of catalysts with high
selectivity for solid carbon (C(s)). This approach offers a more energy-effi-
cient and potentially environmentally friendly pathway for CNF production
from CO,.

Carbon nanofibres (CNFs)

Figure 1. Electrochemical-thermochemical (EC-TC) tandem strategy for the carbon dioxide (CO,) fixation into carbon nanofibres (CNF).

The formation of CNFs primarily involves three successive steps: dissocia-
tive adsorption of carbon precursors, carbon diffusion or migration, and
carbon precipitation and growth.” These processes are significantly influ-

enced by the catalysts used. The authors focused on supported non-precious
FeCo bimetallic catalysts and investigated how varying the Fe/Co ratio, feed
composition, and support impacts the catalyst weight gain, an initial indica-
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tor of solid carbon formation post-reaction. The study highlights the syner-
gistic effect of alloying iron (Fe) and cobalt (Co) in catalyzing solid carbon
production and emphasizes the importance of hydrogen (H,) in CNF forma-
tion.

Beyond validating the aforementioned conclusions, DFT analysis revealed
that the formation of the FeCo alloy is more advantageous than Fe or Co
alone in activating CO/H,. The alloy is as active as Fe in facilitating direct CO
dissociation while being moderate enough, like Co, to enable easy *O removal
and C-C bond formation, essential for CNF growth. The FeCo metallic phase,
crucial for initiating CNF growth, is as stable as Co, preventing carbide forma-
tion under reaction conditions. The research demonstrated that the catalytic
enhancement by FeCo strongly depends on the interplay between ensemble
and electronic effects, effectively promoting the conversion reaction and initi-
ating CNF growth.

Building on the successful synthesis of CNFs from CO and H, over FeCo
catalysts, they chose the electrochemical CO, reduction reaction (CO,RR) to
produce syngas with appropriate H,/CQO ratios. Phil De Luna, Chief Carbon
Scientist and Head of Engineering at Deep Sky, regards this method as highly
compatible with renewable electricity, capable of producing H,/CO in control-
lable ratios at industrially relevant current densities (>1 A cm™). The tandem
process begins with CO, and H,0 co-electrolysis at the cathode, producing
CO via CO,RR and Hj, via the hydrogen evolution reaction (HER). The cathodic
products (CO and H,) are then fed into a thermochemical reactor to produce
CNFs via two conversion reactions. HER is typically seen as a competing
reaction to CO,RR,’ its presence allows for greater flexibility in selecting
CO,RR catalysts and optimizing electrolyzer conditions.

By optimizing the electrochemical CO,RR catalysts and electrolyzer condi-
tions, they discovered that electrolysis using 10% Pd/C at 150 mA cm™ is the
optimal setting for integration with a thermochemical reactor operating at
450°C. This combination maintained a stable conversion of CO, and
produced CNFs with nearly 100% purity during the 11-hour tandem process.
Additionally, the catalysts could be separated and regenerated for reuse
through a series of steps: ultrasonication, nitric acid leaching, centrifugation,
and filtration. Post-regeneration, the catalysts showed stable CO and H,
conversion similar to that of the fresh catalysts within about 5 hours, and the
formation of CNFs was comparable to the initial run.

Significantly, the subsequent thermocatalytic reactor at 450°C under ambi-
ent pressure brought the total energy cost of the EC-TC system down to
about 162 kWh kggye ', significantly reducing the energy consumption. The
current energy cost corresponds to a net CO, emission reduction to about 17
KJcos kgene " with full integration of renewable energy in the electrochemical
process. |deally, a negative emission of -3.67 kgeo, kgone ' can be achieved if

all the EC-TC tandem processes are powered by renewable energy.

Harnessing renewable energy and advanced knowledge in thermocatalytic
reactions, the tandem strategy offers a feasible route to negative carbon
emissions. It simultaneously generates value-added solid carbon products
and renewable hydrogen. This research offers a new perspective on viewing
CO,. It introduces an innovative method for CO, fixation, transforming it into
valuable CNFs under relatively mild conditions. This approach surpasses
traditional methods of converting CO, into non-volatile or solid products.
Additionally, it opens up possibilities for exploring other tandem strategies,
such as electrochemical-electrochemical, photochemical-thermochemical,
and plasma-thermochemical. These insights could be instrumental in more
rational and effective design of tandem strategies for CO, conversion and
utilization.

Certainly, this research may face challenges in practical applications. For
instance, there are questions about the maturity of the technology for indus-
trial-scale production and whether it offers cost advantages. Additionally, it's
important to consider if the process complies with environmental and safety
regulations in real-world production scenarios. We believe that these issues
will be progressively resolved in subsequent practical applications.
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