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Abstract: The electrocatalyst layers (ECLs) in polymer electrolyte membrane (PEM) elec-
trolyzers are fundamentally comprised of IrOx catalysts, support material, and an ionomer.
Their stability is critically dependent on structure and composition, necessitating a thorough
understanding of ionization potential and work function. We employ Density Functional
Theory (DFT) to determine the ionization states of ECLs and to optimize their electronic
properties. Furthermore, advanced deep learning simulations (DLSs) significantly enhance
the kinetic and transport behaviors of these layers. This work integrates DFT and DLS
to elucidate the characteristics of ECLs within PEM electrolyzer cells. We strategically
utilize DFT to refine catalyst molecules and assess their electronic properties, while DLS
is employed to predict the potential energy of support molecules in the catalyst layers.
We establish a clear relationship between the energy and geometry of IrOx molecules.
The DFT-DLS framework robustly calculates potential energy and reaction coordinates,
effectively bridging theoretical computations with the dynamic behavior of molecules
in catalyst layers. We validate our model by comparing it with the experimental polar-
ization curve of the IrOx-based anode catalyst layer in a functioning electrolyzer. The
observed Tafel slope and exchange current density unequivocally confirm that the oxygen
evolution reaction (OER) occurs through a well-defined electrochemical pathway, with
oxygen generation proceeding according to the charge transfer mechanism predicted by
the DFT-DLS framework.

Keywords: computational chemistry; deep learning simulations; artificial neural network;
density functional theory; electrocatalyst

1. Introduction
Hydrogen generated through water electrolysis stands as a pivotal carbon-free en-

ergy source, essential for decarbonizing industries such as ammonia production and steel
manufacturing. Polymeric Exchange Membrane Water Electrolyzers (PEMWEs) are at the
forefront of this innovation, efficiently splitting water into hydrogen and oxygen to enable

Energies 2025, 18, 1022 https://doi.org/10.3390/en18051022

https://doi.org/10.3390/en18051022
https://doi.org/10.3390/en18051022
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-6871-4128
https://orcid.org/0000-0002-9761-0336
https://orcid.org/0000-0001-5276-2646
https://orcid.org/0000-0002-5191-2785
https://orcid.org/0000-0002-6717-5599
https://doi.org/10.3390/en18051022
https://www.mdpi.com/article/10.3390/en18051022?type=check_update&version=1


Energies 2025, 18, 1022 2 of 28

green hydrogen production for industrial applications. The U.S. Department of Energy
(DOE) is actively working to enhance the efficiency and cost-effectiveness of electrolysis,
aiming for a 30% reduction in electrolyzer costs by 2030 and achieving efficiency levels
exceeding 80% for large-scale systems [1]. Green electrolysis, powered by renewable energy,
plays a crucial role in promoting global sustainability by significantly reducing greenhouse
gas emissions and accelerating the transition to clean energy. Within PEMWE cells, both
the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) occur simul-
taneously at the electrodes (Figure 1), producing gas [2]. To elevate the performance of
PEMWEs, it is imperative to understand the electronic structure of the electrodes and the
mechanisms of interfacial electron transfer.
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Figure 1. Schematics of the PEM electrolyzer.

H2O → O2 + 4H+ + 4e− (OER) E = −1.23 V (1)

4 H+ + 4e− → 2H2 (HER) E = 0 V (2)

The electrocatalyst layers (ECLs) in a polymer electrolyte membrane electrolyzer con-
sist of IrOx catalysts, carbon support materials, and an ionomer. Selecting the optimal
electrocatalysts is essential for enhancing the energy conversion efficiency of water splitting,
which generates hydrogen and oxygen, enabling the production of sustainable, environmen-
tally friendly fuels [3]. Green electrolysis relies on efficient electron transfer across multiple
interfaces within the electrolyzer components to produce clean fuels. Unlike industrial
catalysts that typically affect reaction rates and selectivity, electrocatalysts in PEMWEs are
specifically designed to control the kinetics of water decomposition via the applied voltage,
or overpotential (as described in Equations (1) and (2), which govern the reaction rate
and material requirements [4]. Additionally, mass transport effects influence current flow,
creating both challenges and opportunities for improving performance, which has driven
research into three-dimensional electrode materials to surpass traditional two-dimensional
surfaces. Effective electrocatalyst design requires optimization of structural properties, as
the efficiency of redox reactions depends on the careful selection of both electrocatalysts
and support materials. Common HER cathode catalysts include ruthenium, palladium,
and platinum, while IrOx, particularly IrO2, is the preferred OER anode catalyst due to
its excellent corrosion resistance, activity, and stability [5]. Despite the promise of binary
compositions like IrO2–RuO2 in electrochemical activity and stability, their durability under
operational conditions remains insufficient for large-scale use. Issues like particle agglom-
eration, catalyst dissolution, and migration within the ECL degrade electrode polarization
and durability, necessitating optimization of IrO2 to reduce costs. Understanding the OER
mechanism at the atomic level is crucial, and Density Functional Theory (DFT) can provide
insights by calculating the electronic structure and energy states of materials at the atomic
scale. DFT allows for the determination of adsorption energies, reaction energies, and
electronic density of states, all critical for understanding catalytic activity [6,7]. Research
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has shown that the IrOx (100) surface is more active than the (110) surface for OER, but no
studies have yet modeled the redox processes at IrOx surfaces under real operating con-
ditions in electrolyzer cells. Calculating atomistic descriptors for the hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) at the water–electrode interface poses
a significant challenge. These descriptors—such as adsorption energies, bond strengths,
and electronic properties including work function and ionization potential—are critical
for understanding how the catalyst surface interacts with water molecules [8]. Accurately
determining these properties necessitates detailed quantum mechanical simulations to
capture the complex behaviors of water and catalyst molecules during redox reactions.
Guided by Equations (1) and (2), which elucidate the energetics of electron transfer and
molecule adsorption, achieving precise atomistic descriptors is essential for optimizing
electrode materials and enhancing reaction kinetics [9]. Addressing this challenge is cru-
cial for boosting the efficiency and effectiveness of PEMWE technology and achieving
the performance targets established by initiatives like the U.S. Department of Energy’s
hydrogen electrolysis research goals. This highlights the need for further DFT analysis
in electrocatalyst development for electrolyzer cells, as accurate simulations are crucial
for optimizing materials and improving overall system performance. Both structured and
unstructured data are available from DFT [10–13] and can be effectively used to predict the
property and performance of the catalyst [14]. Recent challenges reported in this area are
given in Table 1.

Table 1. Research challenges related to DFT analysis of electrocatalysts.

Challenge Area Summary Impact of DFT
Modeling

Properties That
Can Be Extracted Identified Challenges References

Preparation
Method
Variability

Inconsistencies
in catalyst
properties due to
synthesis
methods.

Models surface
properties and
predicts effects of
preparation
methods.

Surface energy,
adsorption, and
stability.

Difficulty modeling
due to preparation
effects; lack of
experimental data.

[15,16]

Catalyst
Selection

Balancing cost,
activity, and
durability under
harsh conditions.

Evaluates
electronic
properties and
stability for
optimal
selection.

Binding energy,
band gap, DOS,
and activity.

Modeling stability
under extreme
conditions; long-term
degradation.

[17–21]

3D Electrode
Design

Optimizing
overpotential
and reaction
kinetics for
HER/OER.

Simulates 3D
structures to
predict
geometric effects.

Overpotential,
current density,
and
intermediates.

Computational limits;
difficulty with
complex geometries.

[22–27]

Computational
Cost

High-level
methods are
expensive,
limiting
large-scale
applications.

Simplifies large
systems due to
high costs.

Computational
cost and energy
convergence.

Need for
approximations;
time-intensive for
large systems.

[28–32]

Functional
Selection

Choosing
accurate
exchange-
correlation
functionals for
predictions.

Relies on
functional
groups for
property
prediction.

Functional
accuracy, band
gap, and
energetics.

Inaccuracies in
predictions; errors in
band gaps.

[28]
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Table 1. Cont.

Challenge Area Summary Impact of DFT
Modeling

Properties That
Can Be Extracted Identified Challenges References

System
Sensitivity

Sensitive to
initial geometry,
causing
convergence
challenges.

Requires
advanced
optimization for
reliable
predictions.

Total energy and
optimized
geometries.

Convergence
difficulty; sensitivity
to initial conditions.

[33–36]

Complex
Systems
Modeling

Struggles with
multi-layer
systems and
interfacial
behaviors.

Hybrid/multi-
scale models
improve
accuracy.

Interfacial
energies,
binding, and
charge transfer.

Capturing interfacial
interactions and
long-range effects.

[33]

Data Integration

Limited
experimental
data hinder
model validation,
especially for
alloys.

Requires
experimental
data for
validation.

Adsorption
energy and
activation
energy.

Lack of experimental
data for alloys;
validation challenges.

[37,38]

Electron Transfer

Modeling
electron transfer
in multi-step
reactions (e.g.,
OER and HER).

Models electron
density changes
and transfer
pathways.

Electron density,
charge transfer,
and redox states.

Difficulty modeling
electron
delocalization and
transfer pathways.

[39,40]

Binding Energy
and Stability

Calculating
binding energies
and assessing
durability under
stress.

Predicts stability
and durability
under
operational
stress.

Binding energy,
adsorption, and
stability.

Complexity in
multi-phase systems;
long-term stability
challenges.

[35]

Core–Shell and
3D Modeling

Modeling
core–shell
catalysts and 3D
electrodes for
OER/HER
efficiency.

Predicts
core–shell
behavior and
geometric effects.

Surface structure
and catalytic
activity.

Handling complex
core–shell geometries;
multi-scale
challenges.

[36,37]

Empirical Data
Limitations

Limited
experimental
data on atomic
interactions in
mixed oxide
catalysts.

Requires
experimental
validation for
accurate
predictions.

Atomic
interactions and
polarization.

Lack of sufficient
experimental data;
limitations in
modeling mixed
oxides.

[38,39]

Immediate
Need/Research
Gap

Advanced
quantum
modeling and
core–shell
structures are
promising but
costly.

Multi-scale
simulations and
quantum
methods to
overcome
limitations.

Band gap,
intermediates,
and quantum
effects.

High computational
cost and time;
refinement needed for
core–shell behavior.

Machine learning (ML) and deep learning (DL) are transforming electrocatalysis by
providing advanced tools for developing efficient catalysts. While both techniques are
based on similar principles, they differ in complexity. ML uses sophisticated algorithms to
analyze data patterns and make rapid predictions about material properties, linking them
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to catalyst performance in key reactions like oxygen reduction [40–42]. It can quickly assess
large databases, identifying promising candidates without relying on time-consuming
methods like Density Functional Theory (DFT). Conversely, DL employs complex neural
networks to extract intricate patterns from high-dimensional datasets. It is particularly
effective at analyzing extensive data from simulations and experiments, using techniques
like convolutional and recurrent neural networks. DL has shown remarkable success,
achieving 92% accuracy in predicting intermediates for oxygen evolution, highlighting its
effectiveness in managing complex data relationships. Both machine learning (ML) and
deep learning (DL) bring significant advantages to electrocatalysis. They enhance speed
and efficiency while alleviating the computational demands of traditional methods like
Density Functional Theory (DFT), which require lengthy calculations for each material. ML
rapidly predicts catalyst performance, enabling fast screening of large databases for effective
materials, such as those used in oxygen reduction reactions (ORRs). In contrast, DL excels
in optimizing complex datasets and reaction mechanisms, refining catalyst performance
in real-world applications. DL not only improves accuracy but also handles non-linear
relationships in data, which are vital for predicting outcomes in intricate systems. Recent
studies show DL’s capability to predict adsorption energies for over 100 materials with a
mean absolute error below 0.05 eV—an important factor in catalyst optimization [40–43].
Both ML and DL facilitate the swift discovery of new materials by analyzing unstructured
datasets and uncovering hidden correlations. This has led to breakthroughs like identifying
novel nickel-based alloys for oxygen evolution reactions (OERs).

As the data complexity in electrocatalysis grows, DL’s role becomes increasingly es-
sential. While DFT remains powerful, its computational intensity can be cumbersome. In
contrast, ML and DL can quickly analyze large datasets and predict material properties
effectively. For instance, DL has helped reduce the number of necessary DFT calculations
for CO2 reduction screening by up to 50%. This synergy between DL and DFT accelerates
discovery and enhances accuracy, making DL a critical tool for advancing efficient and
stable electrocatalysts. Beyond optimizing catalysts, ML and DL significantly enhance
support materials in electrocatalysis. For instance, graphene has proven to be an effec-
tive support for platinum (Pt) catalysts, boosting their stability and activity. Quantitative
Structure–Activity Relationship (QSAR) models, integrated with ML, are now used to
accurately predict the performance of new oxygen reduction reaction (ORR) catalysts, such
as metal–nitrogen–carbon composites. Additionally, Graph Neural Networks (GNNs) can
predict adsorption energies exceptionally well (with a mean absolute error under 0.05
eV), facilitating swift screening of catalysts for CO2 reduction. The integration of ML, DL,
and Density Functional Theory (DFT) is revolutionizing electrocatalysis by expediting the
discovery and optimization of new catalysts and support materials. These sophisticated
computational tools enable researchers to investigate new materials and reaction mecha-
nisms more efficiently and precisely [42–44]. As these technologies advance, they will be
vital in developing sustainable energy solutions, particularly in creating more effective and
durable electrocatalysts and support materials for various energy conversion processes.
In summary, advancements in ML can filter extensive molecular libraries, helping dis-
cover materials with tailored properties for applications ranging from energy storage to
organic electronics.

Deep learning techniques are increasingly complementing DFT in predicting material
properties, delivering rapid and accurate assessments essential for material discovery.
Various models like convolutional neural networks (CNNs), recurrent neural networks
(RNNs), GNNs, and transformer-based architectures adeptly capture complex molecular
interactions. GNNs excel in predicting electronic properties by modeling atomic structures
as graphs, while transformer models effectively forecast frontier orbital energies and
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reaction mechanisms [45–49]. When trained on DFT-calculated datasets, these models
can rapidly estimate critical properties, enabling efficient screening of large molecular
libraries to identify candidates with desirable optoelectronic, catalytic, and mechanical
characteristics. We need a benchmark model to predict the potential energy (label for the DL
model) of a molecule based on various input parameters (features for the DL model) such
as the nuclear coordinates and dipole moment in 3D space, the magnetic tensor, Mulliken
charge, bond length, and electronegativity of the atom [48]. The present study aims to
develop a universal model that can be used in new catalyst material development, which
can match the structure–property–performance of iridium oxide catalysts. The further
model must have the ability to assess the various dopants that would increase the catalyst’s
efficiency and help reduce their cost. The research needs on DFT and DLS are provided
in Table 2. Thereby, we identify a research gap that can be addressed by integrating the
DFT-DLS framework. To expedite the framework, the following objectives are defined:

• Performing the baseline DFT analysis to assess the molecular stability of the known
electrocatalyst molecule

• Obtaining the optimum bond length and bond angle with HOMO and LUMO structure
for the same molecules

• Extending DFT to study the OER pathway and develop a PES plot, which can be
further used to identify the reaction pathway and reaction rate and understand reaction
dynamics.

• Correlating the OER data obtained from the PEM electrolyzer with the reference
electrode cell to DFT data obtained from the simulation

• Developing deep learning model to assess the predictive maintenance for the support
molecules of the electrocatalyst

Table 2. Rationale for choosing DFT against other methods [50–58] to establish the DFT-DLS framework.

Key
Description Applications Accuracy Can it Predict

Redox η?

Can it Predict
Catalytic
Activity?

Limiations

Ab initio
Method

Predicts
molecular
properties by
solving the
Schrödinger
equation.

Design and
optimize the
electrocatlyst

High Yes

Yes, but
limited for
large
catalysts.

Slow
convergence for
large systems.

Schrödinger
Equation

Describes
electron
interactions.

Electronic
structure and
quantum
chemistry

High Yes

No.
Inadequate
for simulating
large catalytic
cycles.

Inefficient for
large ones.

Hamiltonian
Operator

Describes
system’s
energy
through
kinetic and
potential
energy.

Quantum
mechanical
simulations

High Yes No

Computationally
expensive and
inefficient for
large ones.
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Table 2. Cont.

Key
Description Applications Accuracy Can it Predict

Redox η?

Can it Predict
Catalytic
Activity?

Limiations

DFT
(Density
Functional
Theory)

Calculates
electronic
structure
considering
electron
density,
widely used
for large
systems.

Molecular
simulations
and material
science

High Yes

Yes.
Commonly
used in
identifying
reaction
pathways.

Efficient for
medium-large
systems, but
slow and costly
for large
systems.

Kohn–Sham
Equation

Describes
electronic
structure
using
self-consistent
effective
potential.

Material
modeling and
reaction
pathways

High for
moderate-
sized systems.

Yes

Yes. Effective
for simulating
reaction steps
during
catalysis.

Good for the
charge
distribution
analysis alone.

Potential
Energy
Surface
(PES)

Uses 3D plot
showing
potential
energy as a
function of
atomic
coordinates to
assess the
reaction
dynamics.

Reaction
pathway
analysis and
molecular
dynamics

High for
small-to-
medium-
sized systems.

Yes Yes

Useful for the
analysis of
reaction steps,
but is slow and
costly for larger
systems.

Deep
Learning
Simulation

Uses artificial
neural
networks
(ANNs) to
predict
properties
based on
training data.

Large dataset
property
prediction

High Yes Yes
Can predict
redox efficiently
after training.

2. Theory
In this section, we assess the methods and theories adopted to model the DFT

(Sections 2.1–2.4) and the deep learning simulations (Section 2.5).

2.1. Theory Related to Performing the Baseline DFT and Assessing the Molecular Stability of the
Known Electrocatalyst Molecule

Both DFT and deep learning are efficient for predicting redox behavior, but methods
like ab initio and Schrödinger equations are too slow for large systems (Table 2). Both DFT
and Kohn–Sham equations are widely used to simulate catalytic reactions, but they are
computationally expensive for large systems. Deep learning is efficient post-training for
catalytic predictions. A detailed table is given to justify the rationale for choosing the DFT
and DLS to address the objectives.
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2.2. Basic DFT Equations Applied to Compute the Structure of the Electrocatalyst Molecule

It is a computational method used to calculate the electronic structure of atoms and
molecules by considering electron density. It is based on the two Hohenberg–Kohn the-
orems, which state that its electron density uniquely determines a system’s electronic
ground-state properties and that a trial electron density must give an energy greater than
or equal to the true energy [50–53].

E = Eo[po(r)] (3)

where E is the ground-state energy and po(r) is the density functional. The DFT approach
reduces the problem from 3N to N electrons. A collection of non-interacting electrons (given
by the Kohn–Sham equation) in an effective potential that can be derived self-consistently
from the electron density. This is used to model the system in the DFT approach. The
effective potential includes the external potential due to the nuclei and any other external
fields and an exchange-correlation potential that considers the effects of electron–electron
interactions. The Kohn–Sham equation, which describes the electronic structure of a
molecule or material, is as follows:[

−(1/2)∇2 + υe f f (r)
]

ψi(r) = εiψi(r) (4)

where ψi (r) represents the ith single-particle wave function, εi is the corresponding energy
eigenvalue, and υ_eff represents the effective potential that includes both the external and
the exchange-correlation potential. The exchange-correlation potential is a function of the
electron density, which is determined self-consistently by wave functions.

2.3. DFT Equations to Generate Potential Energy Surface (PES) Plot

It is a three-dimensional diagram that depicts a system’s potential energy as a function
of the coordinates of the atoms or molecules that make up the system [59,60]. Furthermore,
it demonstrates how a molecule’s potential energy varies when its atoms move above each
other. It also aids in analyzing chemical reactions and molecular dynamics by revealing
the energy hurdles that must be surmounted for a reaction [52]. The equations governing
the PES depend on the specific interaction potential being considered. The Lennard–Jones
potential can be used to explain PES for a simple two-body interaction.

V(r) = 4·ε·
[(

σ12

r

)
−

(
σ6

r

)]
(5)

where r represents the distance between the two atoms, ε is the good depth, and σ is the
distance at which the potential energy is zero. By analyzing this equation, we can predict
the most stable structures of a molecule, the transition states involved in a reaction, and the
activation energy required for a reaction to proceed. The negative gradient of the potential
energy then gives the force between the two atoms:

F(r) = −dV(r)
dr

= 24· ε
r
·
[

2·
(

σ12

r

)
−

(
σ6

r

)]
(6)

The PES is often depicted as a multidimensional surface, where each dimension
corresponds to a different coordinate (e.g., bond lengths, bond angles, dihedral angles, etc.)
for a more complicated system, like a polyatomic molecule. In this instance, the equations
regulating the PES are more intricate and depend on the particular form of the interaction
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potential used. PES for polyatomic molecules can be given by molecular mechanics force
fields, which involve a combination of bonded and nonbonded interactions between atoms.

E = Ebond + Eangle + Edihedral + Evdw + Eelec (7)

where Ebond, Eangle, Edihedral, Evdw, and Eelec correspond to the energy contributions from
bond stretching, angle bending, torsion (dihedral) rotation, van der Waals interactions, and
electrostatic interactions, respectively.

2.4. Correlating the OER of the PEM Electrolyzer with DFT Data

To establish a robust correlation between Oxygen Evolution Reaction (OER) data from
a PEM electrolyzer with a reference electrode cell and Density Functional Theory (DFT)
simulations, a comprehensive approach is needed. Experimental data must be collected by
varying operational conditions, such as voltage and current density, in the PEM electrolyzer
while using a reference electrode to accurately measure the electrochemical potential,
ensuring precise data free from interference [61]. Key metrics like overpotentials, current
densities, and Tafel slopes are required to assess the OER performance. Concurrently, DFT
simulations must be performed to investigate the catalyst’s electronic structure and reaction
pathways, focusing on energy barriers and the binding energies of key intermediates
(e.g., OH and O). These computational insights can then be correlated with experimental
data, comparing overpotentials and energy barriers to confirm that lower overpotentials
correspond with lower energy barriers, indicating more efficient catalysts. Current densities
were compared with reaction rate constants derived from DFT to ensure faster kinetics
align with experimental observations.

2.5. Deep Learning Simulation (DLS) for Electrocatalysts

It uses artificial neural networks (ANNs) to predict the potential energy. The ANNs
are composed of multiple nodes that resemble real brain neurons. The neurons are inter-
connected and interact with one another [60,62,63]. The nodes can take data as input and
perform basic operations on it. A neuron’s processing component receives numerous sig-
nals. Sometimes, signals are altered at the receiving synapses, and the processing element
adds the weighted inputs. The output of the neuron results from a threshold activation
function. The advantages of DLS over ML to assess the catalyst behavior are given in
Table 3.

The process is repeated if the threshold is crossed, and the signal becomes an input to
other neurons. The equation for our model can be expressed as follows:

yi = f (∑n
i=1 wixi + bi) (8)

where yi represents the output of the neuron, xi represents the input to the neuron, wi

represents the weight of the network, and bi is the bias. Deep learning (DL) is particularly
adept at handling complex, unstructured data, such as time-series information and fluid
dynamics, where traditional machine learning (ML) techniques often fall short. Its superior
accuracy shines in complex tasks, outperforming ML in predicting long-term catalyst
degradation, optimizing water management, and analyzing microstructures that involve
non-linear, high-dimensional relationships. Additionally, DL models have the unique
advantage of continuously learning from extensive and diverse datasets, enhancing their
accuracy and efficiency. It is an essential capability for real-world applications like catalyst
layer optimization. Their ability to discern intricate non-linear patterns is vital for making
precise predictions and optimizations in sophisticated systems such as Proton Exchange
Membrane Electrolysis (PEME). In summary, DL emerges as the definitive choice for
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analyzing large, complex, and unstructured data, enabling superior performance, accuracy,
and adaptability—critical factors for optimizing catalyst layers in advanced technologies.

Table 3. Rationale for choosing DL over ML [64–67].

Aspect Machine Learning (ML) Deep Learning (DL)

Key Methods SVM, Decision Trees, Random Forests,
and GA CNN, RNN, and LSTM

Data Requirements Works best with structured, smaller
datasets

Excels with large, unstructured datasets
(images, time series, etc.)

Computational Complexity Low; can be trained with minimal
resources

High; requires specialized hardware
(e.g., GPUs)

Efficiency Fast for simpler, structured tasks Highly efficient for complex,
high-dimensional tasks

Interpretability High; decisions are easily understood Often considered a “black box,” though
compensates with accuracy

Performance of Simple Tasks Effective for well-defined,
straightforward tasks

Less efficient for simple tasks due to the
complexity of the models

Performance of Complex Tasks Struggles with non-linear,
high-dimensional relationships

Superior at handling complex,
multi-dimensional relationships (e.g.,
microstructure analysis and fluid
dynamics)

Key Use Cases Fault detection, material optimization,
and degradation prediction

Microstructure analysis (CNN),
performance forecasting (LSTM), and
water management (RNN)

Examples SVM for fault classification and GA for
optimization

CNN for detecting microstructural
changes; LSTM for predicting long-term
degradation

Outcome Faster execution and high
interpretability for simpler tasks

High accuracy, adaptability to diverse
datasets, and the ability to learn complex
patterns over time

Challenges Struggles with unstructured data;
limited scalability for complex tasks

Requires large datasets and significant
computational power; less transparent
decision-making

Supporting Factors Works well with structured data (e.g.,
sensors and material composition)

Leverages large and diverse datasets
(e.g., imaging and time-series); requires
high computational resources

Future Directions Real-time fault detection and
optimization of simpler tasks

Real-time optimization, long-term
performance predictions, and
reinforcement learning for extreme
conditions

3. Materials and Methods
In this section, we report the data collection and methods related to the DFT

(Section 3.1) and cell polarization (Section 3.2) and approaches adopted in the deep learning
simulations (Section 3.3). The steps associated with the calculation are given in Figure 2.
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3.1. Data Collection and DFT Computation Methods

To optimize our DFT and computational analysis, we selected a single unit cell from
the packed structure of Ir-based electrocatalyst, which reduced the system size and com-
putational resource demands. This unit cell accurately represents the crystal structure,
preserving its key symmetries and properties. We simplified the packed structure by mini-
mizing the number of atoms, creating a smaller unit cell for the potential energy surface
(PES) calculations. This strategic simplification improved analytical efficiency while ensur-
ing the necessary accuracy for this study. We present the packed, unoptimized structure
of the catalyst used for the PES calculations here. It is important to note that we have
not yet performed energy minimization or relaxation on this structure, which is typically
performed to determine the most stable configuration. DFT calculations were conducted
using Gaussian 16, with results visualized in GaussView 6. We chose the Perdew–Burke–
Ernzerhof (PBE) exchange-correlation functional, recognized for its accuracy in calculating
molecular properties like bond lengths and vibrational frequencies [59,68]. The SBKJC-
VDZ basis set was employed to evaluate electron density and molecular properties [60],
alongside the GENeralized Electronically Contracted Pseudo-atom (GENCEP) basis set for
modeling transition metal compounds [62]. For enhanced efficiency, we applied quadratic
convergence to speed up computations. We calculated the potential energy surface (PES)
through a rigid scan of bond lengths between catalyst metal and oxygen, starting from
1.8 Å in 0.05 Å increments, which aligns with established methodologies [60,62]. The PES
calculation involved three steps: optimization, frequency calculations, and single-point
energy evaluations, each providing crucial insights into system stability. The optimiza-
tion aimed to locate the minimum energy configuration of the iridium oxide molecule,
using the Self-Consistent Field (SCF) method to iteratively solve Kohn–Sham equations.
The quasi-Newton method was employed for gradient-based optimization, effectively
enhancing convergence [60]. Frequency calculations confirmed that the optimized struc-
ture corresponds to a true minimum energy structure (TMES), based on Hessian matrix
analysis to ascertain potential energy surface curvature [63]. Diagonalizing the Hessian
provided vibrational frequencies and modes, ensuring stability. Lastly, we constructed the
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PES by solving the Schrödinger equation for various geometries using single-point energy
calculations. These calculations yield the energy profile critical for understanding catalyst
stability with respect to bond length variations, facilitating the mapping of the system’s
energetics [69].

3.2. Experimental Data Collection

The anode polarization data from an operating electrolyzer cell is needed to assess
the OER characteristics of the IrOx. However, a reference electrode configuration is vital to
separate the anode polarization data from the overall cell polarization [70]. The steady-state
cell and electrode polarization curves were obtained for three different water feed rates
and temperatures. The feed rate of 6 mL.min−1 was considered for our study. Special
attention is paid to the activation region (0.00–0.50 A.cm−2) of the anode polarization curve
to compare and contrast the OER characteristics of the IrOx catalyst layer. Computed
Tafel slopes were validated against DFT predictions to optimize understanding of the
reaction mechanism. Electrochemical stability analyses from DFT were cross-referenced
with experimental voltage decay rates.

3.3. Development of DLS Architecture and Data Collection

This section describes the need, rationale, and method used to develop the given
molecule’s DLS architecture. Machine learning models were used for multivariate analysis
to correlate the experimental and computational features, respectively. This approach may
provide the key catalyst characteristics that can help to maximize OER efficiency. Predictive
models based on both datasets need to be developed to forecast the performance of catalyst
layers, driving future catalyst designs. This iterative process of refining catalyst materials
through DFT-guided experimentation and machine learning insights optimized catalyst
efficiency and stability, positioning this approach as a powerful tool for advancing OER
technologies in PEM electrolyzers. However, the data for the DLS model are not available
for iridium oxide molecules in any literature. Therefore, to develop and test the DLS
architecture, we have collected a dataset from the CHAMP database [71]. It consists of
details related to more than 1 lakh molecules of carbon, hydrogen, nitrogen, oxygen, and
fluorine. The mean bond length and the number of bonds per atom were also calculated
based on the nuclear coordinates using the Euclidean distance. Calculating the potential
energy of a molecule using the Gaussian software requires high memory resources and
increases computational time. The multiple gradients added in the DFT computation of
the IrOx structure require several initial guesses to complete the convergence criteria. It
includes the values for (a) maximum force, (b) RMS, (c) maximum displacement, and (d)
the RMS displacement. A PES plot obtained for the simplified seven-atomic structure
requires 24 h to converge. The complexity of the time steps increases exponentially based
on computational requirements. Since IrOx has a complex structure, the convergence
took more time according to the number of atoms in the crystals. Therefore, a trade-off
between the model’s accuracy and sensitivity must be attained based on the trial-and-
error approach. However, the literature supports employing the DLS methods that could
facilitate faster computation by identifying the key trends on the IrOx in the dataset
obtained from the preliminary DFT simulation. Tools such as Gaussian can help match
the molecule’s point group symmetry with the one in its library. Predicting the potential
energy at each atomic coordinate of the iridium oxide molecule requires a DLS algorithm
(Figure 3), as the symmetry of the molecule is not in either the Gaussian database or at the
point group symmetry assignment. Hence, we manually assigned the symmetry of IrOx
based on literature data. It can be avoided using the DLS method, thus simplifying new
molecular properties calculations. Therefore, we fed the results of the quantum mechanical
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calculations and experimental findings with the IrOx structure as input for the DL model.
The model solves non-linearity in the high-dimensional space, and the intricate connections
between the potential energy and parameters are computed.
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Figure 3. DLS methodology and architecture.

3.4. Feature Importance

XGBoost regressor is used to perform feature importance. It uses a gradient-boosting
framework where several decision trees are built [72]. Each tree is trained on a subset of
datasets selected randomly from the original dataset. Errors will be estimated iteratively
from the first tree in the forest. The next set of trees will correct the errors based on the
previous tree data. A new tree is constructed sequentially based on the aforementioned
algorithm. The loss function is calculated by the XGBoost algorithm. In order to minimize
the loss function, the regressor alters the weights of the individual decision tree during the
training of the model. The gradient of the loss function for each data point in the training
set is calculated. The mean squared error (MSE) is calculated based on the predicted and
actual values using the following formula:

MSE =
1
n ∑n

i=1 (Yi − Yp)
2 (9)

where n stands for the total number of data points, Yi is the observed value, and Yp is the
predicted value. The overall prediction of the model relies on the predictions obtained for
the individual trees.
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4. Results and Discussions
4.1. Protocol to Perform the Baseline DFT Analysis to Assess the Molecular Stability of the
Electrocatalyst Molecule for PEME Electrolyzer

As the IrO2 structure was meticulously obtained from COD, initial cell dimensions
were provided (Table 4) [73]. This final structure comprises 433 electrons and 11 atoms. For
the potential energy surface (PES) calculations, we strategically focused on a single unit
cell to enhance computational efficiency. This refinement led to a streamlined structure
containing 125 electrons and 7 atoms, enabling more precise analysis. Remarkably, the
bond length of the optimized IrOx structure was determined to be 1.98 Å. Figure 4 captivat-
ingly showcases the packed, unoptimized structure of iridium oxide employed in the PES
calculations, highlighting its significance in our study.

Table 4. The IrO2 crystal data.

Formula IrO2

Space Group P/42

Unit cell dimensions

a = 4.499 Å
b = 4.499 Å
c = 3.146 Å

α = 90
β = 90
γ = 90

Volume 63.678
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Figure 4. (a) The packed structure of iridium oxide is shown. (b) Unoptimized iridium oxide structure
used for PES calculations.

4.2. PES Analysis

In the process of geometrical optimization for IrOx, the algorithm identifies a minimum
that closely resembles the original structural configuration. This algorithm is designed to
specify both the number of steps required and the incremental distances to be adjusted
in order to achieve an optimized structure. The potential energy surface (PES) associated
with the geometry of IrOx utilizes the quasi-Newton method, allowing for an accurate
estimation of the optimized bond lengths. Following the comprehensive DFT optimization
of the molecular structure, the bond lengths (measured in Angstroms) of the optimized
structure, which prominently features the central atom iridium, are detailed in the table
below. Notably, the average difference in bond lengths calculated between the original and
optimized structures reported in Table 5 is indicating significant refinement in the geometry.
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Table 5. Comparison between the original (unoptimized) structure and optimized structure.

Atom Number
Bond Length

Original Structure (Å) Optimized Structure (Å) Literature Review (Å)

Ir1-O1 2.02 2.015 2.037

Ir1-O2 2.02 1.982 1.917

Ir1-O4 2.02 1.982 1.917

Ir1-O3 1.98 2.015 2.037

Ir2-O3 1.98 1.982 1.917

Details of the optimized structure

Electronic Energy −897.67538271487115 Eh

RMS Gradient Norm 0.0000259925 Hartree/Bohr

Polarizability (α) NA

Diploe Moment 3.412693525 Debye

Enthalpy (with correction) −509.11286082 Eh

Mulliken Charges Atom Number Atom Mulliken Charge (a.u.)

1 Ir 0.971375

2 Ir 0.406013

3 O −0.304719

4 O −0.355709

5 O −0.361251

6 O −0.355709

4.3. Obtaining the Optimum Bond Length and Bond Angle with HOMO and LUMO Structure for
the Same Molecules

The HOMO-LUMO gap is critical in determining the catalytic efficiency of materials
such as iridium oxide (IrO2) in both oxygen evolution reactions (OERs) and oxygen reduc-
tion reactions (ORRs), albeit in distinct ways for each process. The energy levels of IrO2,
defined by the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO), are essential for electron transfer during catalysis. For IrO2, the
HOMO-LUMO gap is approximately 0 eV, which reflects its metallic nature and facilitates
efficient electron transfer—key for OER. A narrower HOMO-LUMO gap promotes faster
electron transfer, reducing overpotentials and enhancing the efficiency of OER by allowing
easier excitation of electrons from the HOMO to the LUMO. This feature is fundamental to
IrO2’s responsiveness in OER, where its metallic nature creates a highly reactive catalyst
under appropriate electrochemical conditions. As highlighted by Nørskov et al. [19], such a
minimal gap lowers the activation energy needed for electron transfer, thereby accelerating
oxygen evolution. In contrast, for ORR, the HOMO-LUMO gap requires optimization for
electron acceptance. A moderate gap in IrO2 is advantageous for facilitating the multi-
electron transfer process involved in ORR, as shown by He et al. [74] and Zhang and
Wang [39]. A smaller HOMO-LUMO gap allows for better electron donation, which aids
in the reduction of O2− to OH−. However, if the gap is excessively small, it may lead
to the formation of unstable intermediates, disrupting the ORR process. Therefore, to
achieve optimal performance, the HOMO-LUMO gap must be carefully tuned for OER,
balancing electron donation and acceptance while avoiding unwanted intermediates. A
detailed visualization of the IrOx orbitals is illustrated in Figure 5, showcasing the spatial
distribution and symmetry of these critical orbitals. During electrochemical reactions, a
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dynamic interaction unfolds, i.e., electrophiles at the cathode move to accept electrons,
thereby forming bonds with the HOMO. Simultaneously, nucleophiles at the anode donate
electrons to the system, creating bonds with the LUMO. This intricate electron transfer pro-
cess is facilitated by weak van der Waals forces, which play a crucial role in stabilizing these
transitional states and promoting effective interactions. Moreover, the energy difference
between the HOMO and LUMO, referred to as the HOMO-LUMO gap, serves as a pivotal
parameter for deciphering the electronic properties of the Ir-O molecule [5,39,75–82].
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Additional molecular properties for IrOx have been calculated and are presented in
the table below. Electronegativity is expressed in terms of orbital energies and is calculated
using the provided equation. The energy magnitudes of the HOMO and LUMO for the IrOx
species were obtained from the potential energy surface (PES) calculations. Furthermore,
the ionization energy and electron affinity were estimated using Fukui functions, which
have been shown to align closely with predictions based on wavefunction theory. The
computed electronegativity (χ) of 0.335 using the formula given below is in good agreement
with the literature-reported values.

Mχ =
−(EHOMO + ELUMO)

2
(10)

Further modifications to the surface structure and oxidation states of IrO2 can influence
the HOMO-LUMO gap and enhance its catalytic performance for redox reactions. Surface
vacancies, strain, and alterations in bond angles and bond lengths can shift the electronic
structure and subsequent HOMO-LUMO alignment. As noted by Florbela et al. [64], such
surface modifications can optimize the adsorption of reactive intermediates like OH− and
O2−, thus improving the activities of both OER and ORR. Mavrikakis et al. [21] emphasized
that aligning the HOMO-LUMO levels with the reaction energy profile through structural
optimization can reduce energy barriers, thereby enhancing electrocatalytic efficiency. In
summary, the HOMO-LUMO gap plays a vital role in electron transfer processes for both
OER and ORR, but the optimal gap differs between them. For OER, a narrower gap found
(0 eV) in this work facilitates quicker electron transfer and improves oxygen evolution,
while for ORR, a moderate gap is necessary for effective electron acceptance without
forming unstable intermediates. Optimizing the HOMO-LUMO gap through structural
and surface modifications is proven as a factor for enhancing the catalytic activity of
materials like IrO2 in electrochemical reactions. Thus, understanding and controlling the
electronic structures of IrO2 and similar materials is found to be crucial for advancing the
fabrication of electrocatalytic layers for electrolyzers.
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4.4. Extending DFT to Study the OER Pathway and Develop PES Plots That Can Be Further Used
to Identify Reaction Pathways and Reaction Rates and to Understand Reaction Dynamics

To thoroughly illustrate the reaction dynamics of IrOx, we constructed a sophisti-
cated potential energy surface (PES) plot, utilizing an extensive series of optimization and
frequency calculations. This comprehensive analysis encompasses the intrinsic reaction
coordinate (IRC) pathway, which reveals 121 transition states, as shown in Figure 6. This
plot serves as a dynamic portrayal of the potential energy landscape, intricately linked to
the coordinates of the iridium atoms and the IrOx molecule, offering profound insights into
the energy fluctuations across diverse molecular configurations. This exploration yields
crucial insights into the overarching reaction pathway, enabling us to pinpoint potential
intermediates and accurately predict the final products of the reaction. The energy barriers
separating transition states play an essential role in estimating reaction rates, a factor critical
to our understanding of the kinetics governing these complex processes. In Figure 6, the
lowest energy point signifies the most stable configuration, while the peaks at higher energy
correspond to transition states that reflect the challenges to overcome during the reaction.
These energy barriers precisely illustrate the energy demands necessary to navigate the
various steps of the reaction, thereby clarifying the mechanisms and reactivity of IrOx
under varying conditions. Our in-depth approach to understanding the reaction dynamics
of IrOx did not stop at the PES. By incorporating the IRC pathway, we constructed an
enriched PES plot that offers an unparalleled view of the intricate energy profile as the
reaction progresses from reactants to products. This is compellingly showcased in Figure 6,
marrying the potential energy landscape with the coordinates of iridium atoms and the
IrOx molecule, thereby delivering a comprehensive understanding of energy transitions
across an array of molecular conformations. IRC pathway stands as an indispensable
tool in computational chemistry, tracing the reaction path from transition states to both
reactants and products, thereby providing invaluable insight into the reaction mechanism.
Each identified transition state along the IRC pathway marks a critical juncture in the
reaction pathway, enabling a more nuanced and complete description of the energetics
compared to the PES alone. By meticulously following this path, we can anticipate potential
intermediates that could arise during the reaction, thereby sharpening our focus on the
key steps within the reaction mechanism. In our study, the reaction pathway compellingly
reveals that the lowest energy point correlates with the most stable configuration, while the
highest energy points identify the transition states that must be transcended for the reaction
to advance. The energy barriers depicted in the PES plot represent the activation energies
essential for each transition state, which are decisively important in determining reaction
rates. The IRC analysis significantly enhances our grasp of reaction kinetics, allowing
for precise estimation of these energy barriers. Our findings underscore that the energy
barriers are notably low, aligning seamlessly with the metallic characteristics of IrO2. This
facilitates rapid electron transfer, positioning IrO2 as an exceptionally efficient catalyst for
processes such as oxygen evolution. In comparing our results to established literature, the
IRC pathway analysis resonates powerfully with the discoveries of He et al. [74] and Zhang
et al. [18]. Both studies confirm that IrOx, particularly IrO2, showcases impressively low
energy barriers during the oxygen evolution reaction (OER), reinforcing its metallic be-
havior. Furthermore, the energy profile we obtained robustly supports these observations,
demonstrating that the transition states are consistent with the low overpotentials required
for efficient OER catalysis. The analysis is also in full agreement with the groundbreaking
work of Nørskov et al. [19], which illustrated the significance of reducing energy barriers
for effective OER performance in oxide catalysts like IrOx. Our findings affirm that the
relatively flat PES and low activation energies are indeed critical factors contributing to
the superior catalytic efficiency of IrO2. Moreover, research by Duthie et al. [19–74,83,84]
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illustrates the substantial influence of the oxidation state of IrO2 on modulating energy bar-
riers during OER. Our IRC pathway analysis further validates this, indicating that changes
in oxidation state considerably influence the stability of transition states and reaction in-
termediates, thereby directly enhancing OER efficiency. In conclusion, our integration of
the IRC pathway into the PES analysis offers a transformative perspective on the reaction
dynamics of IrOx. The detailed energy landscape we uncovered illuminates the favorable
catalytic properties of IrO2 with striking clarity. This comparison with existing literature
not only validates our computational methodology but also underscores the coherence
of our findings with experimentally observed reaction mechanisms, thus reinforcing the
compelling nature of our research.
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4.5. Correlating the OER Data Obtained from the PEM Electrolyzer with Reference Electrode Cell
to DFT Data Obtained from the Simulation

Steady-state oxygen evolution reaction (OER) polarization curves were meticulously
replotted based on the work of Elyse et al. [70] (Figure 7) to provide a comprehensive
overview of the anode performance. Figure 7 presents the polarization curves for the
anode OER, depicted in red, alongside the cathode hydrogen evolution reaction (HER) in
blue, and the overall cell performance illustrated in black. These curves were generated
under three different feed rates and temperatures, allowing for a comparative analysis.
To elucidate the reaction mechanism behind the OER, we closely examined the activation
region of each OER curve, specifically within the range of 0.00 to 0.50 A·cm−2. The reference
electrode setup utilized in the experiments provides valuable anode polarization data that
are essential for assessing the rate-determining step and overall mechanism of the reaction.
Notably, the Tafel slopes calculated from the activation-controlled regions exhibited a
twofold increase when the temperature was raised from 40 ◦C to 80 ◦C. At 80 ◦C, the
observed exchange current density was measured at 8.6 × 10−1 A·cm−2, with a Tafel slope
of −100.7 mV/decade. This low exchange current density for the anode indicates that the
kinetics of the OER are significantly slower compared to those of the cathode. The reaction
scheme governing the OER can be succinctly represented through Equations (11)–(13),
which detail the fundamental steps involved in the process. This comprehensive analysis
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contributes to a deeper understanding of the mechanisms at play in the OER and the
implications for overall cell performance.

MOx + H2O ⇄ M − OHads + e− + H+ (11)

M− OHads ⇄ M − Oads + e− + H+ (12)

2(M − Oads) ⇄ O2 + 2M (13)
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The Tafel slope and exchange current density data provide compelling evidence that
the oxygen evolution reaction (OER) occurs primarily through the electrochemical oxide
pathway, as detailed in Equations (11)–(13). This pathway culminates in the generation
of oxygen. In the pivotal charge transfer step, represented in Equation (13), a nuanced
interaction takes place on the catalyst surface, denoted as M. In this step, an electron, a
proton, and an adsorbed hydronium ion coalesce, a process that necessitates the availability
of two catalyst sites to facilitate both the adsorption of oxygen and its eventual production.
The electronic structure of IrOx is fundamental to its electrochromic properties and plays
a crucial role in determining its exchange current density, a key indicator of its catalytic
efficacy. A comprehensive evaluation of the OER, alongside a detailed analysis of the
geometric structure of IrOx and its electronic configuration, establishes a substantive con-
nection between the electrocatalytic activity and the polarization behavior of the electrode.
Moreover, the optimized structure of the catalyst layer significantly enhances the binding
strength during the OER phase. This optimization results in the generation of precise
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d-spacing, which is instrumental in improving charge transfer at the electrode–electrolyte
interface. Such enhancements facilitate more effective electrochemical reactions by allowing
for better electron and ion transport within the system. This integrated approach not only
illustrates the critical relationship between structural attributes and electronic properties
but also underscores the potential of IrOx as a high-performing catalyst for the OER.

4.6. Developing a Deep Learning Model to Assess the Predictive Maintenance for the Support
Molecules of the Electrocatalyst

The composition of IrOx/ionomer/carbon catalyst layers includes iridium oxide,
ionomer binders, and carbon supports, all of which are critical for efficient charge transfer.
Artificial intelligence (AI), particularly machine learning (ML), plays a vital role in opti-
mizing this material composition to enhance catalytic performance while reducing costs.
Moreover, deep learning (DL) models analyze changes to identify and design innovative
materials. The thickness of these catalyst layers also significantly impacts conductivity
and the availability of active sites; if the layer is too thick, efficiency can be compromised,
while a layer that is too thin may not provide sufficient active sites for optimal performance.
AI techniques are deployed to fine-tune layer thickness based on operational conditions,
achieving an ideal balance between efficiency and durability, with ML addressing simpler
thickness modeling and DL being utilized for more complex structural analyses. The
protocol adopted to perform the DL simulation is given in Figure 8. Features in machine
learning are essential components of a dataset. In this research, descriptors such as dipole
moment, Mulliken charge, and nuclear coordinate are classified as feature datasets. The
identification and assignment of weights to these features are contingent upon the Deep
Learning Surrogate (DLS) model employed. The primary analysis of feature significance
is vital for optimizing the model training process, as it contributes to reducing training
time, minimizing redundancy, and preventing overfitting. For instance, as depicted in
Figure 8, the dipole moment is identified as a significant feature, assigned a weight of
0.19. Conversely, features related to atomic properties and structural characteristics exhibit
less weight compared to the dipole moment. It is important to note that the weighting of
each feature may vary depending on the specific dataset in use. By leveraging the insights
provided in Figure 8, one can strategically select features for training the DLS model based
on their assigned weights. This approach ensures the prioritization of the most relevant
features, ultimately enhancing the efficiency and effectiveness of the modeling process.
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4.6.1. t-SNE Plots

A t-Distributed Stochastic Neighbor Embedding (t-SNE) plot is presented to visualize
the CHAMP datasets. This plot successfully transforms a higher-dimensional dataset into
a lower-dimensional representation by executing pairwise similarity (PS) calculations. The
PS method proficiently organizes and maps data points in the high-dimensional space
while maintaining the inherent relationships and similarities in the lower-dimensional
space [72–74,84]. Figure 9 distinctly illustrates the mapping and organization of potential
energy in relation to its associated features. Each atom, including carbon, hydrogen,
oxygen, fluorine, and nitrogen, is clearly identified without any overlapping or clustering.
Consequently, the algorithms employed in the deep learning (DL) model can effectively
utilize the trends established in this study to predict or assess the properties of unknown
molecules. This capability significantly enhances the model’s predictive power across
various applications.
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4.6.2. Comparison of ANN-Based DLS Models

To comprehensively evaluate the architecture of the Deep Learning Surrogate (DLS),
we undertook an extensive performance analysis of three distinct artificial neural network
(ANN)-based DLS models (Table 6), each characterized by different structural configura-
tions comprising 10, 12, and 14 blocks. Each block is designed to include four essential
layers: a dense layer, a batch normalization layer, a LeakyReLU activation layer, and a
dropout layer, each serving a specific function within the architecture. The dense layer
is a crucial element of the ANN structure, facilitating a direct connection between the
input data and the output neurons. This layer effectively transforms the input information
into meaningful predictions. The batch normalization layer improves the stability and
performance of the neural network by standardizing the activations of each layer, thereby
accelerating training and contributing to more robust model convergence. This standard-
ization minimizes internal covariate shifts and ensures that the training process progresses
smoothly [78–82].
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Table 6. Comparison between the three models.

Number of Blocks 10 12 14

Number of Layers 40 49 56
Optimizer AdaMax AdaMax AdaMax

Learning Rate 0.0099 0.0099 0.0099
Epochs 500 500 500

Training Accuracy (MSE) 0.56 0.46 0.45
Training Time ~125 min ~135 min ~150 min

The LeakyReLU activation layer is implemented to enhance the overall efficiency of the
ANN. By allowing a small, non-zero gradient when the unit is not active, it helps mitigate
the problem of vanishing gradients and supports better learning. In addition, the dropout
layer plays a significant role in combating overfitting by randomly setting a fraction of input
units to zero during training, thereby encouraging the model to learn more generalizable
features rather than overly specific ones. Table 6 provides a comparative analysis of the
three models, revealing that while the 14-block model achieves a lower mean squared error
(MSE) than the 12-block model, it also demands greater computational resources, resulting
in longer processing times. This observation underscores the importance of balancing accu-
racy with computational efficiency. In this light, the 12-block model emerges as the optimal
choice among the three configurations. Figure 10 illustrates this model’s performance,
which effectively maintains a high level of accuracy while achieving a remarkable 12-fold
reduction in computation time compared to traditional Density Functional Theory (DFT)
calculations. This significant computational advantage highlights the practical applicability
of the 12-block model for rapid predictions in fields requiring extensive computational
resources. Catalyst microstructure characteristics, such as porosity and morphology, play a
pivotal role in influencing surface area and electrolysis efficiency. Cutting-edge AI mod-
els, particularly deep learning (DL) approaches utilizing convolutional neural networks
(CNNs), are revolutionizing the analysis of scanning electron microscope (SEM) images
by accurately detecting microstructural changes and significantly enhancing catalyst prop-
erties. As the interactions between electrolytes and catalysts are critical for optimizing
reaction rates and ensuring stability, and AI-driven simulations are drastically improving
electronic and ionic conduction, thereby boosting overall efficiency. Furthermore, the
degradation of catalysts due to catalyst/support poisoning, support corrosion, or excessive
use of the electrode—electrolyte poses a substantial challenge to model. However, with
the predictive capabilities of DL models, we can anticipate these issues, enabling timely
maintenance and extending the life of catalysts or support. Effective catalyst management
is essential to prevent dissolution or degradation within the catalyst layer. Innovative
AI solutions are needed to optimize catalyst–support–ionomer distribution using DL for
fluid dynamics simulations and recurrent neural networks (RNNs) for robust time-series
analysis. Ensuring uniformity in the catalyst layer is crucial for reliable and consistent
performance. Although AI techniques, including ML and Genetic Algorithms (GAs), pro-
vide powerful enhancements to deposition methods like sputtering, leading to reduced
costs and improved electrolysis efficiency, DL shows promise to improve the accuracy of
predictive maintenance. In conclusion, DL is exceptionally effective for structured tasks
like fault detection, catalyst layer material efficiency optimization, and degradation fore-
casting, delivering rapid, actionable insights even with smaller datasets. Meanwhile, DL
excels in managing complex, unstructured data, such as images and long-term perfor-
mance predictions. Together, ML and DL are transforming the optimization of catalyst
layers in Proton Exchange Membrane Electrolysis (PEME) systems, significantly enhancing
efficiency, performance, and longevity while minimizing costs and downtime.
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Figure 10 shows how the loss changes against the epoch and the parity plot for 12-block
models. An increase in epochs shows a negative exponentially decaying trend in loss. Since
no change in loss appeared beyond 500, computation or model training can be stopped at
the epoch.

4.6.3. Applicability of the DFT-DLS Framework

The proposed framework aims to achieve the following:

• Provide artificial intelligence-based experimental guidance and concept verification
for electrocatalysts and support materials.

• Simplify the DFT-DLS concepts and evaluate the chemical and electrochemical proper-
ties of the catalyst and support material used in the electrochemical cells.

• Determine the activity and selectivity of the electrocatalyst.
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• Benchmark the calculated values to discover new catalysts.
• Develop high-activity, industrial-scale catalysts.
• Develop an AI-based strategy to address catalyst failure modes and mechanisms.
• Assess the temporal variations in the catalyst/support materials that will uncover the

surface chemistry of the new materials.

Future study of the framework: The model can be improved further to assess the
defects in the materials and learn how the catalyst interacts with different support materials.
Presently, we are carrying out a computation process to optimize the active sites based on
the catalyst/support surface structures. Furthermore, enhancing the framework will help
to set metrics to couple the DFT-DLS theory with experiments and expedite new surface
science breakthrough experiments.

5. Conclusions
Advanced technologies are paramount for driving sustainable energy conversion

and consumption, essential in the fight against climate change. Achieving sustainability
relies heavily on the development of efficient energy storage systems that effectively
capture excess energy from renewable sources. One of the most promising methods for
storage is in the form of hydrogen, generated through water electrolysis, along with the
enhancement of fuel cell performance for large-scale applications. Catalyst efficiency is a
critical element in optimizing these energy systems. Ab initio methods, particularly Density
Functional Theory (DFT), have demonstrated exceptional effectiveness in modeling new
catalytic materials, evaluating their performance, and predicting their reliability for future
applications. However, these techniques can be computationally demanding, requiring
millions of energy gradient calculations to achieve high-accuracy results, which often
limits practitioners to single initial calculations, such as one-particle energy collisions. This
study confidently investigates the potential of leveraging Deep Learning Simulations (DLS)
to calculate molecular potential energy—a key factor in material feasibility testing—in
a significantly less computationally intensive manner. By embracing this approach, we
can efficiently test new molecules and dopants specifically for catalysts like IrOx and
PtOx. To elevate the model’s robustness and accuracy even further, it is imperative to
integrate additional predictive features, such as distance matrices, molecular geometry,
intermolecular forces, and molecular size. Continued optimization of DLS parameters will
be crucial for enhancing predictive capabilities. This study positions itself at the forefront
of innovation in sustainable energy technologies, promising to streamline the development
of efficient catalysts and energy systems.
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