










 
Figure 1. Left: zoom-in on a silicon-silica-titania interface (relevant for silicon-
perovskite tandem solar cells) that requires electronic structure-level modeling on 
the scale of at least 103 atoms which was facilitated by the use of DFTB-MM with 
Ti-Si interactions modeled with a machine-learned potential. Right: the Ti-Si 
interatomic potential curve. 

 
For OF-DFT, I will show that machine-learning of a KEF requires extremely high 

ML accuracy, exemplified by correlation coefficients between reference values (computed 
with KS DFT) and model-predicted values that need to be as high as 0.99999 (“five nines”) 
– much beyond levels of accuracy required in other ML applications such as materials 
informatics or ML force fields. I will show that such accuracy is in fact obtainable. I will 
highlight issues related with extremely uneven data distributions faced in this application 
[7, 8]. I will present examples of machine learning of (space-dependent) kinetic energy 
densities (KED) [7, 8, 9] as well as kinetic energies [10], ultimately arriving at a machine-
learned KEF that is able to reproduce energy-volume curves of hundreds of materials [11] 
(Figure 2).  
 

 
Figure 2. Examples of energy-volume curves of materials obtained with a machine-
learned kinetic energy functional (red curved) compared to KS DFT reference (blue 
curves). Corresponding values of the curvature at the equilibrium geometry are also 
given (𝑉𝑉!"

#!$
#%!

 where V0 is the equilibrium volume).  
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Abstract 

Cellulose forms highly crystalline fibers by assembling the molecular chains due to strong 
molecular interactions. Its poor processing performance is an issue since water or general 
organic solvents cannot dissolve the cellulose fibers. The objective of this study is to gain a 
deep insight into the dissolution mechanism by elucidating the dissolution state at the 
microscopic level. Extending the relationship between the number of hydrogen bonds and the 
solubility in a previous study1), we attempted to design solvents with high cellulose 
dissolving power by integrating high-throughput molecular dynamics (MD) simulation and 
machine learning (ML). The ML model was used for generating 3,000 chemical structures of 
imidazolium-based ionic liquids to improve the solubility. Furthermore, the interaction free 
energy between cation and anion in ionic liquids was found as the metric to characterize 
cellulose solubility. 
 

Introduction 
Cellulose is a highly crystalline fiber composed of molecular chains assembled by 

complex and strong intermolecular interactions, which makes it insoluble in water and 
common organic solvents and makes it difficult to process for industrial usage. The objective 
of this study is to deepen the dissolution mechanism of cellulose by analyzing the dissolution 
state at the microscopic level. Extending the 
relationship between the amount of 
intermolecular hydrogen bonding and solubility 
based on molecular dynamics (MD) 
calculations1,2), we attempted to design solvents 
with high solubility.  
 

Methods 
A crystal model of a cellulose fiber fragment was 
constructed from the crystal 
structure data of cellulose Iβ 
type3) (Figure 1). MD 
calculations were performed 
under the conditions of constant 
temperature (400 K), constant 
pressure (1 bar), and time (250 
ns) for the system with an 
imidazolium-type ionic liquid 
surrounding the crystal model, 
using AMBER22 software.  
 
 

 
Figure 1. Projection of the ab base-plane of 
cellulose Iβ crystal model (10-chain × 10-mer) 

 
Figure 2. High-throughput MD simulation and ML prediction cycle 
Starting from MD simulation, the solubility indexes were calculated. Then, 
molecular generation was performed based on learned surrogate models. 
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The modified GAFF was applied to the ionic liquid force field parameters. A graph 
convolutional neural network (GcNN) model using PyTorch geometric4) was constructed. In 
addition, a reverse analysis using a genetic algorithm by EvoMol5) was performed to 
enumerate the compounds that decrease HB (number of hydrogen bond between cellulose). 
The anions constituting the ionic liquids were set as chloride ions, and the chemical 
structures of the cations were modified.  
 

Results and Discussion 
 We positioned the solubility prediction by MD calculation in the previous studies1,2) as a 
fundamental calculation technique, created predictive models for those calculations, and 
performed a reverse analysis to see what kind of candidate materials could be obtained if the 
MD calculation itself was accelerated. The cycle shown in Fig. 2 can be repeated for a wider 
range of screening faster than the MD search alone, and about 3,000 chemical structures were 
obtained. The coefficient of determination (R2) for HB was 0.64. As shown in Fig. 3-(a), the 
prediction accuracy decreased when HB was less than 50% and did not improve throughout 
the cycle. The free energy change of cation-anion interaction (PMF1) and cellulose-anion 
interaction (PMF2) were 
calculated from the 
radial distribution 
function as quantities 
related to HB. The R2 
values were 0.92 
(PMF1) and 0.88 
(PMF2) (Fig. 3-(b), (c)). 
As shown in Figure 4, 
HB was also found to be 
strongly related to the 
self-diffusion 
coefficients (D) of 
PMF1, PMF2, and 
anions. In particular, the 
extreme decrease in HB 
(increase in solubility) 
and the simultaneous 
increase in D at certain 
values of PMF1 can be 
interpreted as the 
existence of a threshold 
for efficient dissociation 
of the cations and anions 
of the ionic liquid to 
function as a cellulose solvent. In particular, the lower PMF2 and cellulose-anion interaction 
energy change (stronger interaction), the lower HB (increased solubility), which can be 
interpreted because of the dissolution mechanism by cellulose-anion interaction presented in 
the previous study1).  
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Figure 3. Prediction error plot of HB, PMF1 and PMF2 predictors 
(a), (b) and (c) are prediction error plots of HB, PMF1 and PMF2, respectively. The 
horizon axis indicates the data of MD simulation. The vertical axis indicates the GcNN 
prediction. The circle, triangle and star shaped points are the data of training, validation, 
and test, respectively. 

 
Figure 4. Scatter plot of HB vs. PMF1 and PMF2 
The left and right pictures are scatter plots of HB versus PMF1 and PMF2, respectively. 
The D values of diffusion constants (anion) is used for scale bar. 
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Abstract: Greenhouse gas (GHG) emissions have raised the Earth’s temperature by ~ 
1 °C since 1900 and global warming has become an environmental problem of the 
utmost importance. To tackle global warming world leaders have established the Paris 
Agreement, which is an international treaty that brings 196 parties together to take 
action to prevent global temperature increases from exceeding 2 °C [1]. However, GHG 
emissions and atmospheric carbon dioxide levels continue to rise and have surpassed 
420 ppm and are presently more than 50% higher than pre-industrial levels [2]. The 
global energy-related CO2 emissions were 37.4 gigatonnes (Gt) in 2023 and the rapid 
deployment of carbon capture technologies is needed to realize the goals established 
in the Paris agreement [3]. Roadmaps for achieving net zero emissions reported by the 
IEA estimate that global carbon capture rates must increase to 1.6 GtCO2/y and 7.6 
GtCO2/y, by 2030 and 2050, respectively [4].  
CO2 capture processes can be classified as point source methods, such as post-
combustion, pre-combustion and oxyfuel combustion, or direct air capture (DAC) 
methods [5-7]. Low- temperature DAC (LT-DAC) processes, which can be deployed at 
any location, are particularly attractive because the adsorption and desorption phases 
can occur stepwise in a single unit. Furthermore, LT-DAC processes can be operated 
at temperatures as low as 100 ° C and can be driven using low-grade thermal energy 
sources [8]. Nevertheless, further advancements are needed to prove LT-DAC is a 
viable technology that can be scaled in a cost-effective manner to contribute to 
achieving net zero emissions on a global scale.  
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Optimization of DAC processes is highly complicated due to the large number of design 
parameters and variation in operating environments. Important design choices include 
the type of adsorbent, the adsorbent bed configuration and operating conditions, input 
energy sources, and the environment in which the capture system will be deployed [9, 
10]. Machine  
learning (ML) can provide a great opportunity to improve the performance of DAC 
systems [11, 12]. However, implementing ML for DAC is challenging considering the 
broad scope of the key performance indicators, a few of which include: the density, 
specific surface area, porosity, capacity, of the adsorbent, the geometry of the system 
and operating conditions such as flow rates, compositions, temperatures and 
pressures. Furthermore, the acquisition of accurate and reliable data under known 
conditions presents an even greater challenge.  
This work presents examples wherein ML has been used to advance carbon capture 
processes and discusses the potential for optimizing DAC systems via ML-based 
approaches. The progress and challenges concerning data acquisition for ML is also 
presented with an extensive example provided for experimental results from CO2 
breakthrough curves [13-15]. This work progresses the development of a data quality 
framework in support of ML applications for optimizing DAC processes, which can have 
important implications for achieving widespread, cost-effective, carbon capture at 
global scales.  
 
Keywords: direct air carbon capture, machine learning, breakthrough curves, negative 
emission technology.  
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Carbon dioxide (CO2) capture based on the sorption/desorption of gases by solid ma-
terials can significantly reduce the energy penalty and equipment costs associated with
state-of-the-art CO2 capture technologies, such as amine scrubbing (1–6, 8 ). However,
these materials suffer from low tolerance to humidity and impurities, low CO2 ad-
sorption capacities, high capture costs, slow kinetic rates, the requirement of external
energy for desorption, and poor CO2 selectivity. The existing CO2 sorption/desorption
materials either adsorb CO2 (a) physically, resulting in low selectivity and capacity,
or (b) chemically, which, although results in high selectivity and capacity, requires
external energy (typically heat generated from fossil fuel combustion) to desorb the
strongly adsorbed CO2 and regenerate the material. Thus, a large barrier to realizing
CO2 sorption/desorption technologies commercially is the lack of the ‘ideal’ material,
which adsorbs CO2 selectively and readily desorbs CO2 with minimal energy input
when required. In this regard, the development of new methods of capturing CO2 us-
ing materials under external stimuli, such as light irradiation and electric fields, plays
a pivotal role in improving the energy efficiency of carbon capture technologies.

This research focuses on the development of solid adsorbents that leverage a pho-
todesorption mechanism to capture CO2 with remarkably high efficiency (7, 8 ). These
materials readily adsorb CO2 in the dark or low-illumination environments and subse-
quently photo-desorb captured CO2 when exposed to incident light. By utilizing light
as a “photoswitch” to trigger CO2 desorption, the need for energy-intensive pressure
or temperature alteration is mitigated. Herein, a combination of computational and
experimental methods are employed to develop and validate the photo-driven carbon
capture concept. Density Functional Theory (DFT) calculations were utilized to sys-
tematically screen a range of metal candidates, identifying those exhibiting favorable
CO2 adsorption characteristics and the potential for efficient photodesorption (8 ).

A custom-built experimental setup capable of measuring CO2 breakthrough curves
under illuminated conditions was carefully designed and assembled to validate the com-
putational predictions. The quantification of CO2 adsorption capacities and the ability
to capture CO2 using light as a “photoswitch” is assessed. Experiments are conducted
for a variety of sorbent materials including pure metal supported on aerogel, amine-
functionalized silica, and zeolites. The results demonstrate incident light can facilitate
CO2 capture for some adsorbents, which has important implications for lowering the
“energy penalty” associated regenerating adsorbents and for the development of solar-
driven CO2 capture technologies.

Subsequent steps in this research will involve exploring various metal-alloys and
mixed-metal oxide systems, with the goal of further enhancing CO2 adsorption and
photodesorption capabilities, as well as optimizing the energy efficiency and overall cost
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effectiveness of the process. Moreover, a comprehensive Life Cycle Assessment (LCA)
to evaluate the environmental and economic feasibility of scaling up these materials for
CO2 capture will be conducted. This study establishes a framework for the continued
enhancement and application of light-activated sorbents within scalable carbon capture
and regeneration systems.

Figure 1. CO2 adsorbing on Zn surface in neutral state and desorbing
when the surface is positively charged.

References

1. L. Wu et al., Journal of Cleaner Production 426, 139225 (2023).
2. A. Olabi et al., Chemosphere 320, 137996 (2023).
3. L. Qiao, W. Qiu, T. Aminabhavi, J. Han, Chemical Engineering Journal, 148970

(2024).
4. Y. Wang et al., Environmental Chemistry Letters 21, 1951–1958 (2023).
5. C. Gouedard, D. Picq, F. Launay, P.-L. Carrette, International journal of green-

house gas control 10, 244–270 (2012).
6. F. Vega, A. Sanna, B. Navarrete, M. M. Maroto-Valer, V. J. Cortes, Greenhouse

Gases: Science and Technology 4, 707–733 (2014).
7. H. Robatjazi et al., Nature communications 8, 27 (2017).
8. T. Sahu, P. G. O’Brien, K. K. Ghuman, Sustainable Materials and Technologies

39, e00843 (2024).

86 87



effectiveness of the process. Moreover, a comprehensive Life Cycle Assessment (LCA)
to evaluate the environmental and economic feasibility of scaling up these materials for
CO2 capture will be conducted. This study establishes a framework for the continued
enhancement and application of light-activated sorbents within scalable carbon capture
and regeneration systems.

Figure 1. CO2 adsorbing on Zn surface in neutral state and desorbing
when the surface is positively charged.

References

1. L. Wu et al., Journal of Cleaner Production 426, 139225 (2023).
2. A. Olabi et al., Chemosphere 320, 137996 (2023).
3. L. Qiao, W. Qiu, T. Aminabhavi, J. Han, Chemical Engineering Journal, 148970

(2024).
4. Y. Wang et al., Environmental Chemistry Letters 21, 1951–1958 (2023).
5. C. Gouedard, D. Picq, F. Launay, P.-L. Carrette, International journal of green-

house gas control 10, 244–270 (2012).
6. F. Vega, A. Sanna, B. Navarrete, M. M. Maroto-Valer, V. J. Cortes, Greenhouse

Gases: Science and Technology 4, 707–733 (2014).
7. H. Robatjazi et al., Nature communications 8, 27 (2017).
8. T. Sahu, P. G. O’Brien, K. K. Ghuman, Sustainable Materials and Technologies

39, e00843 (2024).

Advancing Materials Data, Design, and Discovery 
April 23–25, 2025, Kyushu University, Fukuoka, Japan  

 

 
 

A Comprehensive Life Cycle Assessment of Low-
Temperature Direct Air Carbon Capture and 

Storage (LT-DACCS) Systems: Evaluating Global 
Warming Potential and Energy Requirements 

Across Diverse Regions 
Victor Eke1*, Tanay Sahu1, Kulbir Kaur Ghuman2, Marina 

Freire-Gormaly1, Paul G. O'Brien1** 
1 Mechanical Engineering, York University, Toronto, ON, 

Canada,  
2 Centre Énergie Matériaux Télécommunications, 

InstitutNational de la Recherche Scientifique, Varennes, QC, 
Canada 

* Presenting author: victorek@yorku.ca 
** Corresponding author: paul.obrien@lassonde.yorku.ca 

 
  

 
The urgent need to achieve net-zero emissions by 2050 has intensified interest in Direct 
Air Carbon Capture and Storage (DACCS) technologies as a crucial negative emissions 
strategy. While DACCS shows promise for atmospheric carbon dioxide removal, 
comprehensive understanding of its life cycle environmental impacts across different 
geographical contexts and system configurations remains limited. Building on prior life 
cycle assessments (LCA) of DACCS, including the work of Madhu et al., (2021), this study 
presents a detailed LCA of low-temperature (LT) DACCS systems, examining regional 
variations in performance and the critical role of energy system integration in 
determining overall life cycle efficiency. 
 
Our analysis employs a cradle-to-grave LCA approach following ISO 14040 and 14044 
standards, utilizing OpenLCA software with the Ecoinvent 3.10 database and ReCiPe 
Midpoint (H) impact assessment method. We evaluate three distinct DACCS system 
configurations: (1) grid electricity with natural gas heating, (2) grid electricity with solar 
thermal heating, and (3) grid electricity with solar thermal and auxiliary electric heating. 
The study encompasses seven regions with diverse energy profiles: four Canadian 
provinces (Quebec, Ontario, New Brunswick, Alberta), Switzerland, Greece, and China. 
This geographical spread allows us to assess how varying grid electricity mix and solar 
resource availability influence system performance. 
 
The results reveal substantial variations in greenhouse gas (GHG) emissions across 
configurations and regions. Solar-only systems consistently demonstrate superior 
performance, with emissions ranging from 79 kg CO₂-eq/tCO₂ captured in Quebec to 
366 kg CO₂-eq/tCO₂ in China. The integration of auxiliary heating increases emissions 
by an average of 253 kg CO₂-eq/tCO₂ across all regions, while natural gas-based systems 
show the highest emissions, ranging from 283 to 582 kg CO₂-eq/tCO₂. These variations 
primarily stem from differences in grid carbon intensity and local infrastructure 
requirements. 
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Process contribution analysis identifies critical emission sources across system 
configurations. The solar collector system contributes 3-40% of total emissions in solar-
only configurations, with regional variations reflecting differences in manufacturing 
emissions and installation requirements. Infrastructure accounts for 6-27% of emissions 
across all configurations, while CO₂ transport and storage processes contribute 15-56% 
of total emissions, highlighting the importance of existing infrastructure in determining 
system performance. 
 
Life cycle efficiency calculations demonstrate the superior carbon removal effectiveness 
of solar-based systems, achieving efficiencies between 92% (Quebec) and 63% (China), 
compared to 42-72% for natural gas systems. Sensitivity analysis of regeneration energy 
requirements reveals that for every 1 GJ/tCO₂ increase, emissions rise by approximately 
8 kg CO₂-eq/tCO₂ in solar-only systems, 45 kg CO₂-eq/tCO₂ with auxiliary heating, and 
168 kg CO₂-eq/tCO₂ in natural gas systems, emphasizing the crucial importance of 
minimizing regeneration energy requirements. 
 
Our findings have significant implications for DACCS deployment strategies and 
technology development. The analysis suggests that optimal deployment locations 
should prioritize both solar resource availability and grid cleanliness, with potential 
emissions reductions of up to 290 kg CO₂-eq/tCO₂ achievable through careful site 
selection and system configuration. The substantial efficiency penalties associated with 
natural gas systems indicate their deployment should be limited to scenarios where solar-
based heating is impractical. Our analysis aligns with and expands upon findings from 
Cooper et al., (2022), Qiu et al., (2022), and Terlouw et al., (2021), reinforcing the 
importance of renewable energy use in minimizing greenhouse gas emissions and 
resource trade-offs.  
 
Our comprehensive analysis highlights the importance of adopting a system-level 
approach (careful system design and siting decisions) to DACCS deployment. While 
heating system selection remains crucial, the substantial contributions from 
infrastructure, transport, and storage processes indicate that optimization efforts must 
address all system components. These insights can inform policy decisions and 
deployment strategies aimed at maximizing carbon removal efficiency while minimizing 
environmental impact aligned with global net-zero emissions targets. 
 
 
Keywords: direct air carbon capture and storage (DACCS), energy system integration, global warming 
potential (GWP), life cycle assessment (LCA), life cycle efficiency, negative emissions technology (NET), 
solar thermal energy 
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Abstract: The increasing levels of atmospheric CO2 necessitate the development of 

effective carbon capture technologies to mitigate climate change. This study explores 

the optimization of transition metal alloy adsorbents for CO2 capture using a 

combination of Density Functional Theory (DFT) and Machine Learning (ML). Bimetallic 

surfaces offer a promising avenue for enhancing adsorption selectivity and efficiency, 

leveraging ligand and strain effects to improve CO2 affinity. However, the 

computational cost associated with high-throughput DFT calculations remains a 

significant bottleneck.  
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To address this challenge, we integrate ML models to accelerate the prediction of 

adsorption energies and structural relaxations. We develop a dataset of 75 transition 

metal alloys, analyzing adsorption characteristics through DFT simulations performed 

using Quantum ESPRESSO and the Vienna Ab initio Simulation Package (VASP). 

Machine learning models, including Graph Neural Networks (GNNs) such as 

DimeNet++, SchNet, and EquiFormerV2, are trained on these datasets to predict 

adsorption behaviors with reduced computational overhead.  

Results demonstrate that ML models can approximate DFT-calculated total energies 

with a mean absolute error (MAE) of ~0.425 eV, significantly reducing computational 

time from days to minutes. These findings highlight the potential of ML-driven 

approaches in accelerating material discovery for carbon capture applications.  
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Human breath contains over 3000 volatile organic compounds, abnormal concentrations of 
which can indicate the presence of certain diseases. Recently, metal-organic framework 
(MOF)-metal oxide composite materials have been explored for chemiresistive sensor 
applications, however their ability to detect breath compounds associated with specific diseases 
remains unknown. In this presentation, I will present our new high-throughput computational 
protocol for evaluating the sensing ability of MOF-metal oxide towards small organic 
compounds.1 This protocol uses a cluster-based method for accelerated structure relaxation, 
and a combination of binding energies and density-of-states analysis to evaluate sensing 
ability, the latter measured using Wasserstein distances. We apply this protocol to the case of 
the MOF-metal oxide composite material NM125-TiO2 and show that it is consistent with 
previously reported experimental results for this system. We examine the sensing ability of 
NM125-TiO2 for over 100 human-breath compounds spanning 13 different diseases. Statistical 
inference then allows us to identify ones which subsequent experimental efforts should focus 
on. The work provides new tools for computational sensor research, while also illustrating how 
computational materials science can be integrated into the field of preventative medicine. 
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Catalysts are essential for chemical transformations in energy conversion, environmental 
sustainability, and material synthesis. While early catalyst discovery relied on empirical 
methods, the development of quantum chemical calculations, particularly density 
functional theory (DFT) method, has significantly advanced rational catalyst design. 
However, despite its accuracy, DFT calculations remain computationally expensive, 
especially for large and complex catalytic systems such as supported metal nanoparticles 
(NPs). To bypass these computational costs, descriptor-based approaches have been 
developed to correlate geometrical and electronic properties with catalytic performance. 
Among these, the d-band center model, which represents catalytic activity through a single 
energy quantity, has proven insufficient, particularly in nanoparticle systems [1-3], where 
the large number of adsorption sites introduces significant electronic and structural 
variability. 
 
The electronic structure of materials fundamentally determines their chemical and physical 
properties. The Density of States (DOS) provides a detailed distribution of electronic states 
as a function of energy, offering critical insights into catalytic activity. When an adsorbate 
interacts with a catalyst surface, electron transfer occurs at specific energy levels within 
the material’s DOS, directly influencing adsorption stability, molecular activation, and 
subsequent reaction pathways. Identifying the specific DOS regions responsible for these 
interactions is crucial for both fundamental understanding and rational catalyst design. To 
address this challenge, the Electronic Structure Decomposition Approach (ESDA) was 
developed as a systematic framework to identify the DOS regions governing catalytic 
activity [3]. 
 
In this study, ESDA is applied to Ru nanoparticles (Ru NPs), key catalysts in Fischer-
Tropsch (FT) synthesis, where CO and H2 are converted into liquid hydrocarbons. While 
Ru is highly efficient at activating CO, its scarcity and high cost limit its large-scale 
industrial application. Thus, understanding what makes Ru uniquely effective in CO 
activation is essential for designing alternative catalysts or optimizing Ru-based systems. 
Using ESDA, the electronic structure of Ru NPs is decomposed into energy-resolved DOS 
regions to identify the key electronic features governing CO adsorption and activation. 
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Within the ESDA framework, the DOS was systematically partitioned into 1 eV-separated 
energy regions, categorizing them into s-, p-, eg-, t2g-, and d-states of Ru atoms before CO 
interaction. Specifically, DOS contributions from Ru atoms at the adsorption site (AS), 
surface nearest neighbors (sNN), and subsurface nearest neighbors (bNN) within the 
energy range of −7 to +2 eV were analyzed. These energy-resolved DOS areas served as 
input descriptors in multiple linear regression models, trained on DFT-calculated CO 
adsorption energies (Eads) and C–O vibrational frequencies (νCO), the latter serving as a 
measure of CO bond activation. Figure 1 illustrates the relationship between DOS 
contributions of Ru atoms (AS, sNN, bNN) and Eads and νCO.  
 

  
Figure 1. (a) Illustration of isolated and supported Ru NPs, highlighting the Ru atoms at 
the AS, sNN, and bNN and (b) representation of Eads and νCO as a linear combination of 
the DOS contributions from these Ru atoms. 
 
Through this approach, CO adsorption and activation trends across different Ru NPs have 
been accurately predicted, enabling a transition from electronic structure analysis to 
catalyst optimization. Figure 2 illustrates the DOS regions governing νCO.  
 

  
Figure 2. DOS regions governing C–O bond activation upon CO interaction at the top, 
bridge, threefold (3F), and fourfold (4F) sites of isolated Ru NPs. 
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Following the identification of the DOS regions responsible for CO activation, catalyst 
performance was further engineered by modifying the Ru electronic structure. To achieve 
this, α-Al2O3(0001) was introduced as a support material, as it is known to increase Ru 
dispersion, improve thermal stability, and provide interfacial active sites that enhance 
catalytic activity. The Ru/Al2O3 interface was hypothesized to modify the electronic 
environment of Ru, potentially promoting CO activation. Using ESDA, the impact of 
Al2O3 is predicted without requiring additional DFT calculations, enabling a rapid and 
cost-effective analysis of support effects. The results indicate that CO activation is 
enhanced at the Ru/Al2O3 interface, particularly at fourfold (4F) sites, where the C–O bond 
length increases and the vibrational frequency decreases by 15%, as shown in Figure 3. 
The redshifted vibrational frequencies indicate a weakened C–O bond, which may 
correspond to a lower activation energy and facilitated dissociation. This improvement is 
highly relevant for FT synthesis, where efficient CO dissociation directly enhances 
hydrocarbon formation. 
 
 

  
Figure 3. Influence of α-Al2O3(0001) on νCO upon CO interaction at the top, bridge, 3F, 
and 4F sites of Ru NPs  
 
Beyond simply analyzing electronic interactions, ESDA provides a direct strategy for 
catalyst optimization. Unlike conventional descriptor-based approaches, ESDA enables 
the precise identification and modification of DOS regions to enhance catalytic 
performance, offering a quantitative framework for rational catalyst design. Furthermore, 
pretrained ESDA models eliminate the need for extensive DFT calculations, significantly 
accelerating catalyst screening and materials discovery. ESDA is 4.8 times more efficient 
than DFT for predicting the impact of Al2O3, and when training data is available, it 
accelerates prediction speed by up to 22.6 times. 
 
In summary, ESDA has been demonstrated to be not only a powerful analytical tool but 
also a predictive framework for catalyst engineering. By decoding the electronic structure 
of Ru NPs and subsequently engineering their catalytic activity via support interactions, a 
new pathway for rational catalyst design is established. While this study focuses on Ru-
based catalysts for FT synthesis, the ESDA methodology is broadly applicable to other 
catalytic systems. As ESDA continues to evolve, its integration with high-throughput 
computational screening and data-driven catalyst discovery could transform 
computational catalysis, accelerating the development of next-generation catalytic 
materials for sustainable energy and industrial applications. 
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In this contribution, we address quantum transport in long periodic arrays whose basic 
cells, localized potentials U(x), display certain particular features. We investigate under 
which conditions these “local” special characteristics can influence the tunneling 
behavior through the full structure. As the building blocks, we consider two types of 
U(x)s: combinations of either P¨oschl–Teller, U0/ cosh2[α x], potentials (for which the 
reflection and transmission coefficients are known analytically) or Gaussian-shaped 
potentials. For the latter, we employ an improved potential slicing procedure using basic 
barriers, like rectangular, triangular and trapezoidal, to approximate U(x) and thus 
obtain its scattering amplitudes. By means of a recently derived method, we discuss 
scattering along lattices composed of a number, N, of these U(x)s. We find that near-
resonance energies of an isolated U(x) do impact the corresponding energy bands in 
the limit of very large Ns, but only when the cell is spatially asymmetric. Then, there is 
a very narrow opening (defect or rip) in the system conduction quasi band, 
corresponding to the energy of the U(x) quasi-state. Also, for specific U0’s of a single 
P¨oschl–Teller well, one has 100% transmission for any incident E > 0. For the U(x) 
parameters rather close to such a condition, the associated array leads to a kind of 
“reflection comb” for large Ns; |TN (k)|2is not close to one only at very specific values of 
k, when |TN |2 !" #$" %&'())*+" ,-." ./(01).2" -.3." 42.." %&5$" 67" 8" &))92,3(,&'5" -:;" ,-."
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Figure 1. (a) Illustration of a building block formed by two rectangular 
barriers, with widths w1, w2 and heights U˜1, U˜2. Graph of the transmis 
sion probability in terms of the wavenumber k, when we consider (b) a 
symmetrical and (c) an asymmetrical cell. In (b) U˜2 = 2, and in (c) 

U˜1 = 2.2. The remain parameters are w1 = w2 = 1, U˜1 = 2 in both figures. 
The width between any two consecutive barriers is unitary. 
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Variational analysis of elastoplastic deformation
of structured materials
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Structured materials, such as metallic alloys with atomic-scale layers, show peculiar
deformation patterns, which may have significant implications on material properties.
In this presentation, we discuss one possible approach to modeling and understanding
of this kind of pattern formation through the so-called rate-independent evolution in
the variational setting of finite-strain crystal elasto-plasticity [4].

Figure 1: Comparison of numerical simulations and experimental results for the
compression of a stack of papers.
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We start with a mathematical analysis of the macroscopic behavior of mille-feuille
structured crystalline materials, which is composed by alternating rigid and soft layers.
This is done within the mathematical framework of homogenization via Γ-convergence.
We present a generalization of a result by Christowiak and Kreisbeck [1], where more
than one slip system is active in the soft layers [3]. This analysis provides an explicit
formula for the homogenized energy.

Next, we build a mathematical model of an evolutionary rate-independent system,
which reflects the theoretically obtained insights, and study its mathematical prop-
erties. We perform numerical simulations of this mathematical model using a finite
element approximation and an inbuilt Matlab minimization function. Finally, we have
carried out an experiment compressing a stack of papers and investigated the resulting
deformation using digital image correlation analysis. It turned out that the results of
numerical simulations are in a very good agreement with experimental measurements
[2]. We report on these numerical and experimental studies, commenting on unresolved
tasks and future research directions.

This is joint work with D. Drozdenko, M. Knapek, M. Kruž́ık, K. Máthis and J.
Valdman (Prague) and A. Ishikawa (Kyoto).
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Shape memory alloys exhibit unique properties, including the shape memory effect, 
where deformation is reversed upon heating, and superelasticity, characterized by 
rubber-like behavior. These properties, driven by thermoelastic martensitic 
transformation between high-symmetry austenite and low-symmetry martensite phases, 
enable diverse applications such as medical devices, actuators, and solid-state 
refrigeration. However, their use is limited by functional fatigue, including 
transformation temperature changes and reduced strain, caused by dislocation 
accumulation during transformation. This issue arises from incompatibilities in 
martensitic microstructures. 
We propose a novel geometrical criterion for achieving highly compatible martensitic 
microstructures and elaborate on its mechanism. Addressing functional fatigue in shape 
memory alloys, particularly enhancing thermal cycling stability, has been a persistent 
challenge in the field. Ensuring martensitic compatibility provides a groundbreaking 
approach to alloy design. The cofactor condition (CC) [1] serves as a geometrical 
framework to simultaneously resolve incompatibilities at parent/martensite and 
martensite/martensite interfaces. However, satisfying CC often imposes strict constraints 
on alloy composition.  
In our work, we identify an alternative condition that enables the emergence of unique 
martensitic microstructures, mimicking the effects of CC without requiring its stringent 
constraints. This condition, termed the triplet condition (TC)[2], offers a new pathway 
for designing supercompatible martensite structures. Unlike CC, which is fulfilled along 
curves in the eigenvalue space of lattice deformation, TC is satisfied across two-
dimensional surfaces, making it significantly easier to meet. We also present detailed 
findings on the martensitic microstructures and dislocation behavior observed in Ti-Ni-
based alloys that closely adhere to TC. 
 
Let U, V, W∈	ℝ!"#$

%×% 	be the deformation gradients of martensitic variants that are 
mutually in a twin relationship, and assume RvwW = V +b⨂m for some Rvw∈ SO(3), b, m 
∈ ℝ%. Then, the three variants can form compatible triple junction if and only if  
 
(Vb)Tcof(V2-U2)m = 0  
tr (U-1V 2U-1) –|b|2|U-1m|2 /4 ≥ 3 
 
hold. This condition is known as the triplet condition [2].  The expression of this 
condition using the eigenvalues of the cubic-to-orthorhombic transformation (a, b, g) in 
Ti-Ni-based alloys is as follows. 
 
a2g2 + 2g2b2 - 3a2b2 = 0  (TC I) 
2a2 + b2 -3g2 = 0 (TC II) 
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The triple junction formed by the three variants joined through type I twinning is 
referred to as TC I, while the triple junction formed through type II twinning is referred 
to as TC II. For more details, refer to the reference [2].  

                                    Figure 1. Parametric surfaces of TCI and TC II  
 
Figure 1 shows the parametric surfaces of TCI and TCII in the eigenvalue space. By 
adjusting the alloying elements to align the eigenvalues of U along these surfaces, alloys 
satisfying the triplet condition can be obtained. The curve representing the CCs are also 
depicted in Fig. 1. It is evident that satisfying the TC is much easier. Ti-Ni-Cu [3] nearly 
satisfies the triplet condition and exhibits a unique microstructure, as shown in Figure 2, 
composed solely of twinning interfaces. When this microstructure forms, the 
accumulation of dislocations during repeated transformations is dramatically suppressed 
[4]. In the presentation, we will discuss in detail the microstructures of alloys satisfying 
the TC, their formation process, and their shape memory properties, demonstrating that 
the TC is a useful design guideline for developing long-life shape memory alloys. 

 
                        Figure 2. Peculiar martensite microstructure in Ti-30Ni-20Cu 
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