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All Day Carbon Capture and Sequestration through Molecular and Phase-Change 

Hybrid Module 

Abstract: As the world slowly transitions from conventional fossil fuels to renewable forms of 
energy, environmentally friendly CO2 capture is urgently needed. Currently, liquid amine and 
ionic liquid-based systems are utilized for this purpose which both require large industrial point 
source for efficient performance. Liquid amin scrubbing leads to the formation of stable carbamate 
salts with high enthalpy of formation, and it is therefore difficult to recover the initial liquid for 
cyclic operation while ionic liquid-based systems suffer from high operational cost. Solid-state 
chemisorbent materials provide a viable solution for direct air capture of CO2 (DAC) with stable 
and long-cyclic performance. However, they require high temperature for the CO2 desorption. 
Here, we propose a new transformative paradigm to conduct all-day DAC with a hybrid solar-
driven module. On the energy aspect, the module harvest and store full spectrum of solar energy 
and generate temperature of >100 oC in 24/7 manner for continous ooperatiuon of the system. On 
the process aspect, the module harvests CO2 and humidity from air and provides valuable products 
of CaCO3 and drinking water. We envision this stand-alone paradigm open a new path to address 
global emissions and consequent environmental challenges. 
 
Introduction. Global CO2 emissions have increased at an alarming rate of approximately 

40% in the last 10 years,1 with the rate expected to double by 2050.2 Consequently, the 

reduction of environmental CO2 has major implications on the global society3, and its 

capture is being viewed as one of the most prominent means of decarbonization. Demands 

for efficient CO2 capture technologies are driving the exploration of different mechanisms.4 

Current commercial technologies employed for CO2 capture include the use of amine-based 

solvents, mainly monoethanolamine (MEA), diethanolamine, and 

methyldienthanolamine.5–7 However, these forms of  capture lead to the formation of stable 

carbamate/carbonate salts8, making it difficult to recover the amine-based solvent for cyclic 

operation. Furthermore, the large enthalpy of CO2 capture reaction corresponds to highly 

energy intensive and costly cyclic systems.9,10 Amine-based systems suffer from low CO2 

capture capacity,10 toxicity,11 loss of reagent due to evaporation, and equipment corrosion.12 

While over the half the CO2 emissions are from large, industrial point sources, the 

remainder of this emission are from small mobile source which is dispersed in the air. Thus, 

an economical pathway to reduce atmospheric level of CO2 is becoming a critical issue. 
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Direct air capture of CO2 (DAC) is a promising approach to address this global challenge. 

The materials for DAC are divided in two categories of chemisorbent and physisorbent 

materials. While the desorption process in the latter category require less energy, these 

materials do not high CO2 absorption capacity and absorption selectivity. They absorb a 

large portion of water from humid air along with CO2 leading to their inefficient 

performance. On the other side, the chemisorbent material have high capacity and 

selectivity, but need a source of thermal energy with temperature of ~100 oC for desired 

cyclic performance.  

Objectives. Here, we aim to develop a disruptive paradigm for efficient and economical 

DAC process through a solar-driven hybrid module. This hybrid system operates stand-

alone in 24/7 manner with no external energy input, harvests atmospheric CO2 and 

produces drinking water and CaCO3 as byproducts.  

Approach. Recently, we combined 

the physics of molecular energy and 

latent heat storage to introduce an 

integrated harvesting and storage 

hybrid paradigm for 24/7 energy 

delivery with temperature of > 100 oC. 

The hybrid paradigm utilizes heat 

localization during the day to provide a 

harvesting efficiency of 73% at small-

scale and ~90% at large-scale. 

Remarkably, at night, the stored energy 

by the hybrid system is recovered with an efficiency of 80% and higher temperature than that of 

Figure 1: Concept of all-day carbon capture and 
sequestration. The hybrid consists of a molecular storage 
material (MSM), a silica aerogel, a localized phase-change 
material (L-PCM) and an ADMS compartment to capture and 
convert CO2.  
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the day, in contrast to all the state-of-the-art systems. This new concept is recently disclosed by PI 

and Co-PI in Joule (Cover article)13. This concept provides required energy for CO2 desorption of 

chemisorbent materials. In this program, we choose aqueous solution of Ca(OH)2 as the heat 

transfer fluid (HTF).  This fluid is an effective medium to absorb CO2 and convert it to drinking 

water and CaCO3. This concept is demonstrated in another collaborative work by PI and Co-PI14.  

We will initially synthesize amine-decorated mesoporous silica (ADMS) particles with high CO2 

absorption capacity. These ADMS particles have high active surface area for CO2 capture and high 

selectivity of CO2 adsorption compared to H2O  (i.e. > 94% CO2 even in high humid air) making 

them a suitable choice for humid hot environments15. Once developed, we will characterize 

chemical composition, microstructure and CO2 absorption of ADMS particles to optimize their 

performance and rationally design dimensions of each component in the hybrid module. The 

ADMS will be included underneath of the PCM material as shown in Fig. 1 to avoid any 

interruption in the solar irradiation path through the hybrid module. The ADMS is in direct contact 

with air to absorb CO2. Once saturated with CO2, the air flow to the ADMS compartment will be 

stopped and the hot fluid will be circulated over the ADMS particles to absorb the CO2 and re-

activate the ADMS particles. The flow rate of HTF is adjusted to maximize CO2 dissolutions with 

minimal heat losses. The hot solution of Ca(OH)2 will lose some of it thermal energy in the 

desorption process and the outlet HTF from the ADMS compartment has lower temperate than the 

inlet stream. The outlet Ca(OH)2 solution saturated with CO2 is taken to a reservoir where the 

solution converts to drinking water and CaCO3 as demonstrated by PIs14. The drinking water may 

be re-combined in the initial Ca(OH)2 solution to re-circulate through the cycle or could be used 

as a byproduct of the system. We should add that this approach of carbon capture has value 

proposition as the byproduct CaCO3 is more valuable than the initial solution of Ca(OH)2.  Note 
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that during the day, the thermal energy for ADMS desorption will be provided by PCM, but at 

night the majority of thermal energy is provided by MSM. That is, the system runs continuously 

24/7 to capture CO2 and convert it to byproducts. Furthermore, the system has the potential to be 

implemented in point-source CO2 emission settings with similar performance.  

Outcomes and Time Frame. This project provides a transformative paradigm to capture 

atmospheric CO2 and to convert it to valuable byproducts of water and CaCO3. The project 

will start in August 2020 once funded and will run for 18 months. Milestone 1 (6 mo):  

Synthesis of high capacity ADMS, Milestone 2 (12 mo): Demonstration of efficient CO2 

capture and sequestration, Milestone 3 (18 mo): Demonstration of 24/7 performance of 

the system with no power input 

Progress and Management Reporting. The PI and Co-PI are committed to provide required 

progress report and presentations based on the guidelines of the program.  

Equipment and Facilities. The NanoTherm lab is equipped with a solar simulator with an optical 

concentrator up to 50x concentration and all metrology resources to examine performance of the 

hybrid module.  Dr. Lee’s group is equipped with 15 fume hoods in the SERC building for 

experiments ranging from organic and inorganic synthesis to surface science.   

Internal and External Funding. We received funding from Petroleum Research Fund to 

study nano-scale physics of CO2 hydrate structures, $110 k. We received Advanced 

Manufacturing Fund to develop large-scale module for solar energy harvesting and storage, 

$50 k.  

Future Proposal Submissions. We submitted a proposal to the DOE solicitation (DE-

FOA-0002243) on the solar energy harvesting and storage on 6/15/2020. We are working 

on a proposal of atmospheric harvesting of CO2 to DOE solicitation (DE-FOA-0001953) 

which is due 7/22/2020.  
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