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Sustainable energy supply and environmental protection are the major global scientific challenges in the 215
century. In this context, addressing the pivotal issue of CO; capture and storage stands out as a critical endeavor.
Taking the motivation from this picture, this Ph.D. thesis is focused on the design and fabrication of highly-
efficient nanotechnology-enabled systems to upgrade CO, capture and conversion with CA-mimicking
supramolecular nanozymes.

Membrane separation technology is a competitive approach for carbon capture, given its inherent
advantages, such as energy efficiency and small device footprint. Nevertheless, the gas transport in conventional
synthetic membranes, such as polymers, mainly follows passive diffusion and suffers a ubiquitous trade-off, i.e.,
highly permeable membranes lack selectivity and vice versa. A practical approach involves mixing organic
polymers with nanofillers to create mixed-matrix membranes (MMMs), which can help overcome the trade-off
between permeability and selectivity seen in regular polymeric membranes. However, the limited compatibility
between organic polymers and nanofillers typically creates non-selective voids at the interfaces between the
material and the filler. To overcome this challenge, a promising strategy involves augmenting the interfacial
interactions between the polymer and fillers using organic fillers that possess a high aspect ratio. The second
chapter focuses on the integration of cellulose nanocrystals (CNCs) with a high aspect ratio of around 12 into
polyethylene oxide based rubbery polymers to fabricate MMMs. Through improved interfacial interactions
between the polymer matrix and CNC nanofillers, attributed to their surface functionality and high aspect ratio,
the rapid and selective CO, transport is achieved, even at low filler concentrations. Notably, even at a filling ratio
as low as 1 weight percent, the resulting membranes exhibit remarkable CO, permeability (>90 Barrer) and
CO»/N; selectivity (>70). These findings highlight the potential of integrating CNCs into rubbery polymers as a
promising strategy for the design and fabrication of highly efficient CO, capture membranes.

The biological catalysts, enzymes, catalyze complex biochemical reactions, which might otherwise be
impossible under mild conditions. Therefore, enzymes can be used to develop next-generation chemical processes
that can address environmental challenges, such as anthropogenic climate change and industrial waste. However,
the cost and operational stability considerations challenge direct enzyme utilization, in their native form, in
industrial processes. Over the past decade, there has been significant growth in the number of fully synthetic
enzyme-mimics, to harness the potency of enzymes for industrial and environmental purposes with great impact.

Exploiting carbonic anhydrase (CAs), the fastest CO; hydrating enzymes, and their mimics in carbon capture,
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utilization, and storage (CCSU) processes is one such application. In the third chapter, I demonstrate that the self
assembly and metal coordination of histidine-based bolaamphiphiles (HisBola) form a robust supramolecular
nanoarchitecture, exhibiting remarkable CA-like catalytic activity. I show that the resulting nanoparticles,
catalyzes the conversion of CO, into bicarbonate (HCO;~) in humid conditions. To capitalize on this principle for
the facilitated transport of CO, through wet polymeric membranes, we first optimized the supramolecular
assembly and zinc coordination conditions of a bolaamphiphile, achieving CA-mimicking nanozymes (His-NPs).
I then combined these with a commercially available block copolymer of polyamide and polyethylene oxide. CA-
mimicking nanozymes, with their inherent interfacial compatibility with the polymer matrix, arguably acted as a
rate promoter for CO; absorption. As a result, the membranes presented in this work demonstrated exceptionally
high CO; permeability and CO,/N; selectivity performances, well exceeding Robeson’s upper bound.

In the fourth chapter, I systematically controlled the catalytic activity of the nanozymes by varying the
alkyl length of the HisBolas. The optimum structure (zinc-coordinated five-carbon-long HisBola) showed a
significant esterase activity, considerably higher than that of most other previously reported CA-mimics
developed with small biomolecules. The catalysis based CCSU technologies have the potency for realizing global
decarbonization. Their viability, however, is impacted by their capacity to permanently and rapidly sequester CO».
The catalytic mineralization of CO> into solid inorganic carbonates requires scalable catalysts with rapid CO>
hydration capability, which is not readily available at the moment. The developed nanozymes have been utilized
as catalysts to enhance the CO; mineralization process. We have shown that the developed nanozymes could
significantly enhance the rate of CO, hydration as well as the amount of CaCOs3 precipitated in the mineralization
process. Notably, we exhibit controlled catalytic modulation of a supramolecular nanozyme via noncatalytic

segments and elucidate the mechanism through molecular simulations.
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