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1. Introduction — Electrochemical reduction of CO, (CO,RR) is a promising alternative for producing
carbon-based value-added chemicals such as carbon monoxide, ethylene, and ethanol that are currently
produced using thermochemical fossil fuel-based production methods.! Despite research breakthroughs,
significant improvements are still needed in terms of activities (partial current densities — pCDs),
selectivities (Faradaic efficiencies — FEs), and full cell energy efficiencies (EEs) before the CO; electrolysis
process can be employed at industrial scales in an economically feasible and carbon-neutral manner.?

2. Objectives — My thesis research pursues aspects of heterogeneous electrocatalysis, electrolyte and
reactor engineering, process modeling, and electrochemical spectroscopy to advance CO; electrolysis
technology. Using a combination of mechanistic insights and engineering techniques, I intend to develop
experimental and theoretical approaches for intensifying the CO; electrolysis process. These system-level
approaches can then be used for establishing design rules for a rational and efficient system design that is
economically viable and carbon-neutral at industrially relevant scales.

(i) Rationally designing and engineering the electrolyte to manipulate the electrode-electrolyte interface
and the catalyst microenvironment for high rate, selective, and energy-efficient CO2RR to desired products;
(ii) Use electrocatalysis and reactor engineering principles to guide batch and flow reactor design and
influence kinetics and mass transfer to optimize and intensify the electrochemical performance of CO;RR;
(iii) Use process modeling principles to develop kinetic models and system models to bridge the gap
between theory and experiments as well as evaluate the techno-economic feasibility for operation in a
carbon-neutral manner for CO2RR; (iv) Use in situ/in operando electrochemical spectroscopic techniques
to determine the mechanistically relevant steps and key reaction intermediates in the mechanism of CO,RR
under industrially relevant conditions.
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Figure 1. My thesis research combines aspects of electrolyte and reactor engineering, process modeling, and electrochemical
spectroscopy to provide necessary fundamental understanding that will enable scaling of CO; electrolysis technology.



3. Experimental System-Level Approaches —

A. Electrolyte Engineering: To understand the Electrolyte Engineering
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electrodes.’® Cathode onset potentials measured
vs. SHE were independent of electrolyte pH and
composition indicating that a proton-coupled
electron transfer step is not the RDS.* Combined
with a Tafel slope analysis and electrochemical
impedance spectroscopy (EIS) measurements, we
also demonstrated that — (i) at low overpotentials,
CO;, adsorption step — a chemical step is rate-
determining followed by the formation of the CO,~
radical — an electron transfer step, and (ii) at high co,
overpotentials, CO desorption step — a chemical Figure 2. Elec.trolyte. tengineering in fl?w CO; electrolysis systems
step is the RDS.* Cell onset potentials decreased as for intensified electrochemical performance.

pH increased indicating that operation at higher pH is beneficial for CO,RR.* Studies with electrolytes
containing two or more anions or alkali metal cations suggest that the CO pCDs are strongly controlled by
the anions in the electrolyte and the CO FEs are strongly controlled by the cations in the electrolyte. This
suggests that by manipulating the cations and anions making up the electrolyte composition the CO pCDs
and CO FEs can be tuned to the desired performance levels. Systematic process optimization studies
resulted in state-of-art performance by achieving key performance benchmarks simultaneously —a CO pCD
of 866 mA/cm? with a CO FE of 98% was achieved at a cell potential of -3 V with a CO EE of 43% and a
conversion per pass of 36%.* Furthermore, long-term performance stability studies in different electrolytes
combined with EIS and cyclic voltammetry measurements provided insights into the role of electrolyte
composition on the durability of electrodes.® Currently, we are pursuing the use of artificial neural networks
to assist in machine learning-guided rational electrolyte design for CO;RR.
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B. Electrocatalysis and Reactor Engineering: The intrinsic activity of the catalysts can be further enhanced
by employing reactor engineering techniques. R A 2

For example, by manipulating the catalyst
loadings, we tuned the catalyst mass activities to
industrial performance levels — a mass activity
of 1843 A/gag for CO production was achieved
at a CO pCD of 553 mA/cm?.* Temperature (T)
and pressure (P) are process levers that have
been underexplored in the field of CO,RR. From
a fundamental perspective, operation at higher T
and P enhances reaction kinetics, decreases \Lq—ds/
overpotential, and tailors the selectivity for

CO;RR catalysts. During my graduate studies, 1

have designed and commissioned a continuous

flow electrolyzer system that can withstand high
temperatures (up to 200 °C) and pressures (Up to  Figure 3. Process flow diagram and schematic of a flow electrolyzer
25 bar). Data obtained for Ag NPs shows that by capable of operating at high temperatures and pressures.
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increasing the operating temperature, the CO pCDs show a maximum at 40 °C beyond which hydrogen
evolution reaction starts to dominate and at 80 °C, liquid products like formate and acetate, not observed at
lower temperatures, are also formed. Data obtained for Cu NPs shows that by increasing the operating
temperature from 20 °C to 70 °C, a 4-fold improvement in the pCDs and FEs for C, products is observed
over the pCDs and FEs for C; products, suggesting that higher temperatures favor C-C coupling.
Furthermore, we have also explored the use of magnetic fields for improving the performance of flow CO,
electrolyzers by minimizing mass transfer limitations via the magnetohydrodynamic effect.’

4. Theoretical System-Level Approaches —

A. Kinetic Modeling: We have also pursued macrokinetic modeling for CO,RR systems. By formulating
the rate expressions for elementary steps and using the pseudo steady state hypothesis approximation, we
derived the concentrations of the surface reaction intermediates and consequently, the overall reaction rate
expression and reaction rate parameters — overall rate constant and activation energy. Using experimental
data and invoking the transition state theory, the Bronsted-Evans-Polanyi relationships, the Nernst equation,
and the Butler-Volmer kinetics, we fitted our model to calculate the model parameters. Such kinetic models
have now been used to model the effects of electrolyte composition and concentration, temperature, and
pressure. Future work will focus on relating the model parameters to Tafel slopes and refining these models
to accurately model the kinetic and mass transport effects.

B. Systems Modeling: We also utilize system-level modeling to evaluate the techno-economic feasibility
for operating the CO, electrolysis process at scale in a carbon-neutral or carbon-negative manner over its
life cycle.”!3 This modeling study also extends to the case where CO2RR at the cathode is coupled with
electrooxidation of organic substrates at the anode. Such coupled electrolysis systems produce value-added
chemicals at both electrodes as well as reduce the energy requirements for the overall process significantly
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5. In situlin operando Flow Electrochemical Spectroscopy —

Surface enhanced infrared absorption spectroscopy (SEIRAS) systems can be used to analyze the electrode-
electrolyte interface and to track mechanistically relevant surface reaction intermediates.'*!'* However, flow
electrochemical SEIRAS systems that can operate under high T & P conditions are relatively rare. I have
developed a flow spectro-electrochemical setup that can perform electrochemical SEIRAS measurements
under catalytically relevant conditions (i.e., high CDs, high T, high P). We are currently validating the setup
and subsequently, we will be investigating CO,RR on Ag and Cu catalysts under high T & P conditions.
Fundamental insights obtained from spectroscopic measurements can help tune the electrochemical
performance to industrially relevant levels. Moreover, this setup is generalizable to any electrochemical
reaction (reduction or oxidation) of interest.
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7. How did the Link Fellowship make a difference? —

The support provided by the Link Foundation for my research has allowed me the freedom to pursue several
of my own ideas and not be tied to a particular project. The fellowship also allowed me to focus on my
research because I did not have to teach anymore for obtaining funding. This extra time combined with the
research freedom allowed me to pursue some ambitious and risky projects which were time-consuming but
greatly satisfying and rewarding — something I truly could not have done without the support of this
fellowship. I once again thank the Link Foundation for this honor and the fellowship.
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