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Preface

The transition toward sustainable energy systems represents one of the most pressing
scientific and technological imperatives of the twenty-first century. The accelerating global
demand for energy, together with the depletion of conventional fossil resources and the escalating
environmental consequences of their use, underscore the necessity of developing innovative,
sustainable alternatives. ~Addressing this multifaceted challenge requires a paradigm shift in
material design—one that simultaneously advances energy generation, storage, and conversion while
adhering to principles of environmental stewardship.

The inherent complexity of energy systems, which span broad spatial and temporal scales,
necessitates the adoption of advanced methodologies capable of elucidating their underlying
physicochemical mechanisms. In this context, molecular simulations have emerged as indispensable
tools in the study and design of energy materials. By enabling the detailed examination of interactions
at the atomic and molecular level, these computational approaches provide insights that complement
and extend beyond those attainable through experimental techniques.

From elucidating electronic structures and reaction dynamics to modeling large-scale material
behavior, molecular simulations furnish a versatile framework for predicting performance,
optimizing design, and accelerating the discovery of novel energy materials. Their integration into
the broader field of materials science has transformed our capacity to rationalize complex phenomena
and to guide the development of efficient, high-performance, and sustainable energy solutions.

This Reprint brings together a collection of articles that highlight the transformative impact
of computational methodologies on the advancement of energy materials science and engineering.
Viewed through this perspective, the included works demonstrate how molecular-level insights
derived from simulations can guide and accelerate the development of next-generation sustainable

energy technologies.

Viorel Chihaia and Godehard Sutmann
Guest Editors
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Molecular Simulations of Energy Materials

Viorel Chihaia 1'* and Godehard Sutmann 2-3*

Institute of Physical Chemistry “Ilie Murgulescu” of the Romanian Academy, Splaiul Independentei 202,
Sector 6, 060021 Bucharest, Romania

Julich Supercomputing Centre (JSC), Institute for Advanced Simulation (IAS), Forschungszentrum Jiilich,
52428 Jiilich, Germany

Interdisciplinary Centre for Advanced Materials Simulations (ICAMS), Ruhr Universitit Bochum,

44801 Bochum, Germany

*  Correspondence: vchihaia@icf.ro (V.C.); godehard.sutmann@rub.de (G.S.)

The accelerating demand for energy, coupled with the ongoing depletion of conven-
tional energy resources and environmental problems, poses a critical challenge to the
scientific community [1]. Addressing this challenge requires the development of innovative
materials capable of generating, converting, storing, and utilizing energy in ways that are
both sustainable and environmentally benign [2]. Understanding these complex systems—
spanning diverse phenomena and interacting across multiple spatial (from atomic to
macroscopic) and temporal (from femtoseconds to years) scales—demands an integrated
scientific approach [3]. While experimental research remains essential in uncovering the
behavior of energy materials, especially under harsh environmental conditions, many
microscopic-scale mechanisms remain poorly understood [4]. This is where molecular-level
computational simulations can play an important role. Advances in computer molecular
sciences now offer powerful methods for probing the structure, dynamics, and reactivity
of materials at the atomic and molecular levels, complementing experimental findings
and offering predictive insights [5]. In particular, molecular simulations—encompassing
static modeling, molecular dynamics, and Monte Carlo methods—enable the exploration
of energy materials under various conditions [6]. These approaches can operate across
quantum, classical, and coarse-grained frameworks, each providing valuable perspectives
on intra- and intermolecular forces. Quantum mechanical methods reveal critical details of
electronic structure, which underpin macroscopic properties and device performance [7],
while atomistic and coarse-grained simulations offer scalable insights into larger systems
and longer-time-scale processes [8]. To fully capture the multiscale nature of energy materi-
als, there is a growing need to integrate particle-based methods with continuum models
through multiresolution and multiscale approaches [9,10]. Such hybrid strategies promise
to deepen our understanding of the fundamental phenomena governing the behavior of
materials in real-world energy and environmental applications.

This Special Issue aims to highlight recent advances in atomic-scale simulation meth-
ods and their application to energy materials science. Contributions demonstrate how
computational tools provide crucial insights into the design, characterization, and opti-
mization of materials for a sustainable energy future. The main investigated properties and
phenomena are summarized in Table 1.

Hydrogen production through solar-driven photoelectrochemical (PEC) water split-
ting represents one of the most promising pathways toward sustainable energy. However,
traditional semiconductors such as titanium dioxide (TiO;) face key limitations, such as
a wide bandgap and poor conductivity. In this context, Akbar et al. (contribution 1) em-
ploy density functional theory (DFT) to explore how doping TiO, with transition metals

Molecules 2025, 30, 4270 https:/ /doi.org/10.3390/molecules30214270
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(Ag, Fe, and Co) can improve its visible-light absorption and charge transport. Their
comparative analysis of dopants, using GGA+U and hybrid functionals, illustrates how
atomistic modifications influence electronic structure, optical response, and mechanical
stability—ultimately guiding the rational design of efficient photocatalysts.

Table 1. The properties, phenomena, and simulation methods involved in the articles of the present

Special Issue dedicated to molecular simulations for energy materials.

Contribution Topic Properties Studied Phenomena Simulation Methods ?
. Band gap, Doping, water dissociation,
1 Dorfnsrd“ffezr (SA%’,[EE’ Co) elastic constants, light absorption, DFT calculations
P ] mechanical stability photoconductivity
Spin distribution, Effect of dopar}t position
FeNy-doped . and edge termination on . .
2 . electronic structure, . . Spin-polarized DFT
graphene nanoribbons . electronic/magnetic
magnetism .
properties
Mixed-metal oxide Thermodynamic stability, Surface dehydration,
3 perovskites surface reduction energy, H, interaction, DFT-based thermodynamics
(BaCe-Fe-O) oxygen vacancy behavior defect formation
Xanthione in Electronic 'L‘I'aI.IS.ltl.OI’lS, Solvent effect on excited TDDFT, QC-MD, explicit
4 solvent sensitivity, . . L.
polar solvents e states, non-Kasha behavior and implicit solvent
photostability
Quantum battery Exciton popt.ﬂatlo.n, ]?ark state storage, Open quantum networ.k
5 network energy retention, site discharge dynamics, theory, quantum dynamics
energy influence exciton transfer simulations
S.AGD process= Wettability, adsorption Wettllng alteration under CFF-MD, with varying
6 bitumen/quartz .y high temperature, s
. h energy, surface affinity . conditions
interaction asphaltene adsorption
Adsorption behavior, .
HPAM polymer interaction strength Polymer adsorption,
7 POy sy salt-bridging, CFF-MD simulations
on calcite effect of :
L : charge screening
ionic environment
. Henry’s constant, Gas adsorption, diffusion,
8 MOFs and zeolites for diffusion coefficients, and membrane-based GCMC,

He/Nj separation

selectivity, permeability

separation

Equilibrium CFF-MD

@ see the short notations listed in the Abbreviations section.

Alongside efforts in hydrogen production, the search for cost-effective electrocatalysts
for fuel cells remains a critical area of research. Fe-N-C systems, especially FeN4-doped
graphene nanoribbons (GNRs), have emerged as high-potential non-precious metal cat-
alysts for oxygen reduction reactions (ORRs). Mineva et al. (contribution 2) present a
DFT-based study on how dopant position, edge termination, and spin ordering affect
the electronic and magnetic properties of FeN4-GNR systems. Their work provides in-
sights into spin polarization control and its implications for catalytic activity, highlighting
potential applications in spintronic devices and magneto-electronic catalysis.

Hydrogen separation technologies are equally crucial in advancing the hydrogen
economy. Rosen and Sohlberg (contribution 3) investigate dual-phase perovskite materials
(BaCeq gsFep 1503_5/BaCeg 15Fep 8503_5) using DFT and first-principles thermodynamics.
Their work focuses on surface reduction, vacancy formation, and thermodynamic stability
under hydrogen-rich conditions. By constructing Gibbs free energy profiles and analyzing
defect behavior, their study informs the design of stable, high-performance materials for
applications such as proton-conducting membranes and hydrogen purification systems.

The importance of solvation effects in photophysics is explored by Manian et al. (con-
tribution 4), who focus on xanthione—a sulfur-containing polycyclic aromatic compound
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known for its unusual anti-Kasha behavior and high solvent sensitivity. Through a hybrid
approach combining quantum chemistry and MD simulations, the authors assess how
different solvation models (implicit vs. explicit) impact the molecule’s excited-state dy-
namics. Their findings emphasize the necessity of explicit solvent modeling for accurately
capturing the photophysical behavior of solvent-sensitive materials, with implications for
quantum photonics, molecular electronics, and light-harvesting systems.

The intersection of quantum mechanics and energy storage is exemplified by Liu and
Hanna (contribution 5), who explore quantum batteries—devices that utilize quantum
coherence to store and transfer energy via excitonic mechanisms. Their simulation-based
study introduces a symmetry-enabled open quantum network model, revealing how
exchange symmetry and decoherence affect energy retention and transfer dynamics. This
work opens new directions in quantum energy material research, bridging condensed
matter physics and nanoscale energy design.

On the molecular scale, wettability and interfacial dynamics play a critical role in
enhanced oil recovery (EOR). Ahmadi and Chen (contribution 6) use MD simulations
to investigate how asphaltene concentration in oil droplets affects their adsorption on
quartz surfaces, particularly under high-temperature conditions relevant to Steam-Assisted
Gravity Drainage (SAGD). Their study uncovers the interplay between oil composition,
temperature, and surface interactions, offering mechanistic insights into thermally induced
wettability alteration and interfacial behavior in heavy oil reservoirs.

Subsurface challenges such as solid production in carbonate reservoirs can be addressed
through atomistic modeling. Hue et al. (contribution 7) simulate the adsorption of hydrolyzed
polyacrylamide (HPAM) on calcite surfaces using classical MD in isothermal-isobaric ensembles.
Their results provide critical data for designing polymer-based additives to stabilize formation
rock and prevent damage, optimizing EOR strategies under varying geochemical conditions.

Grenev and colleagues (contribution 8) conducted a computational screening study
to identify metal-organic frameworks (MOFs) and zeolites with high potential for he-
lium /nitrogen (He/N,) separation—an increasingly important challenge in industrial gas
purification. Given helium’s vital role in fields such as cryogenics and nuclear technology,
along with its growing scarcity, there is an urgent need for efficient, selective, and cost-
effective separation materials. This study highlights the power of high-throughput molecular
simulations in accelerating the discovery of porous materials with optimized pore architec-
tures and sorption properties tailored to specific gas separation tasks. By screening over
10,000 MOFs and 218 zeolites, Grenev and colleagues demonstrated the ability to identify
materials with superior adsorption and membrane selectivity for helium /nitrogen separation.
The computational approach not only pinpointed the top-performing frameworks but also
established structure-performance relationships, such as optimal pore-limiting diameters
and accessible surface areas, which are critical for efficient separation. This methodology
exemplifies how computational tools can streamline the design and selection of materials for
industrial applications, reducing reliance on costly and time-consuming experimental trials.

This Special Issue highlights how first-principles and molecular dynamics simula-
tions are transforming energy research across scales—from electronic structure and spin
dynamics to interfacial phenomena and bulk material performance. Each contribution
demonstrates the value of atomistic insights in guiding experimental design, improving
material functionality, and enabling innovation in sustainable energy technologies. As
computational power and theoretical models continue to evolve, molecular simulation will
remain a cornerstone of next-generation material science and molecular engineering.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abbreviations

The following abbreviations are used in this manuscript:

DFT Density Functional Theory
TDDFT Time-Dependent DFT

QC Quantum Chemical

CFF Classical Force-Field

GO Geometry Optimization

MC Monte Carlo

GCMC  Grand Canonical Monte Carlo
MD Molecular Dynamics

SAGD  Steam-Assisted Gravity Drainage
HPAM  Hydrolyzed Polyacrylamide
MOF Metal-Organic Frameworks
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Abstract: This study investigates the efficacy of polyacrylamide-based polymers, specifi-
cally hydrolysed polyacrylamide (HPAM), in reducing solids production within carbonate
reservoirs. Building on our earlier simulation approach, molecular simulations were con-
ducted to examine how these polymers adsorb onto calcite, the main mineral found in
carbonate formations. The adsorption process was affected by several factors, including
polymer molecular weight, charge density, temperature, and salinity. Generally, increased
molecular weight, charge density, and temperature resulted in higher adsorption rates. The
effect of salinity was more nuanced, as salt-bridging and charge-screening effects created
competing influences. The simulation outcomes correspond closely with experimental
results, offering valuable insights for designing and optimizing polymer-based strategies
aimed at controlling solids production in carbonate reservoirs.

Keywords: adsorption; molecular simulation; parametric studies; surfaces; polymers

1. Introduction

In the energy industry, the term “formation strength” refers to the mechanical prop-
erties of reservoir rocks to withstand the stresses exerted upon them. Solids production
becomes an issue in weak and poorly consolidated carbonate formations when the induced
formation stress surpasses the formation strength [1-3]. This can lead to the detachment of
solid particles which are then transported with the reservoir fluids, potentially wearing
surface equipment and increasing environmental waste [4]. The solids production risk can
be reduced by injecting formation-strengthening chemicals, where these chemicals have
been investigated experimentally [5]. However, screening suitable chemicals can be time-
consuming and experimentally challenging. Molecular simulation offers an alternative
approach to expedite chemical-screening processes by suggesting potential candidates to
complement experimental synthesis. The performance of these chemicals can be evalu-
ated in terms of their molecular conformation and adsorption characteristics onto calcite
surfaces, which is the main component of carbonate formations.

In our previous manuscript [6], various polyacrylamide-based (PAM) polymers, in-
cluding basic PAM, hydrolysed polyacrylamide (HPAM), and sulfonated polyacrylamide
(SPAM), were evaluated using adsorption free energy analysis at room temperature and
in vacuum conditions, with HPAM showing the best adsorption performance. However,
polymer adsorption may be influenced by more challenging reservoir environments charac-
terised by higher pressure, temperature, and salinity. Additionally, polymer characteristics
such as molecular weight and charge density have been shown to impact polymer ad-
sorption mechanisms. Understanding the effects of these parameters on polymer—calcite

Molecules 2025, 30, 285
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interactions is essential for predicting polymer adsorption performance to complement
experimental studies.

It is also important to note that polymers are typically injected as solutions during
formation consolidation, requiring parametric studies to be conducted in aqueous en-
vironments. Nevertheless, previous work has shown that in water solvents, the highly
hydrophilic PAM-based polymers result in nearly zero free energy value, complicating the
analysis of polymer performance across different parametric studies. This manuscript will
deploy the equilibrium adsorption simulation approach, focusing on polymer adsorption
density on calcite surfaces in aqueous environments under varying polymer chemistries
and reservoir conditions.

Literature Review of Adsorption Parametric Studies

Extensive experimental and simulation studies have been conducted to investigate
the effects of various parameters on polymer dynamics and their adsorption behaviours
on mineral surfaces. These parameters include polymer molecular weight [7-13], charge
density [7,8,12,14], functional group [13,15-22], pH [12,23,24], temperature [11,17,25-28],
pressure [11,17], and salinity conditions [10,11,17,18,23,25,29-35]. Although not limited to
formation-strengthening applications, MD simulations of PAM-based polymers have been
predominantly reported for wastewater treatment and enhanced oil recovery (EOR) appli-
cations. This can be attributed to their excellent viscosifying and flocculating properties
and their capability to form crosslinked hydrogels [36-38].

Abdel-Azeim and Kanj [11] conducted parametric studies on the dynamic and ag-
gregation behaviour of HPAM polymer in aqueous solution. They found that increasing
temperature and pressure did not significantly affect the polymer’s radius of gyration,
R, and end-to-end distance, R.. While increasing the polymer’s molecular weight results
in a higher Ry, there is no consistent trend in polymer conformation, which can range
diversely from coiled to extended shapes. In salt-free conditions, the polymer adopts an
extended conformation due to electrostatic repulsion among the negatively charged func-
tional groups. In contrast, a high salinity environment neutralises these charges, leading
to a transition to a coiled conformation with reduced R,. Chen et al. and Quezada et al.
reported similar effects of salinity on PAM polymer conformational behaviour [31], with
Quezada et al. concluding that this impact strongly correlated with polymer charge density.
In their study of polymers, including PAM, HPAM, and SPAM in high-salinity solutions,
Quezada et al. found that HPAM coiling was the most intense, followed by SPAM and
PAM. This is because PAM is a neutral molecule, and SPAM has a lower charge strength
and ion adsorption capacity compared to HPAM. Consequently, HPAM exhibits a lower Ry,
potentially limiting its effectiveness in forming polymeric bridges for particle flocculation
under high-salinity conditions.

The literature on adsorption parametric studies of PAM-based polymers on calcite
surfaces is sparse. Ahsani et al. [28] employed both experimental studies and MD simula-
tions to investigate the wettability alteration behaviour of HPAM on calcite surfaces. While
calcite surfaces have an ionic structure and are inherently water-wet, natural carbonate
formations are often surrounded by hydrocarbons with negatively charged carboxylates,
which anchor to the surface and render them oil-wet. Their experiments recreated this
calcite surface condition with pre-adsorbed oil components containing carboxylates. They
found that HPAM could form a polymeric layer with surfactant-like behaviours to interact
with the carboxylates or competitively adsorb to the surface and desorb the carboxylates,
thereby modifying the calcite surface to a more water-wet state. A simpler model was used
in their MD simulation without considering the pre-adsorbed carboxylates. The contact
angle of water indicated HPAM adsorption based on the surface tension of the water—
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polymer—calcite phases. They observed that HPAM adsorption improved with increasing
temperature from 20 °C to 80 °C in experiments, but a contradictory behaviour was noted
in simulations. This disagreement in simulation results is attributed to increased polymer
desorption with increasing kinetic energy. Another possible reason for the discrepancy
could be the calcite crystal plane used in the simulations, where the surface consisted only
of the carbonate (CO327) layer, resulting in stronger electrostatic repulsion with HPAM.

While not focusing on PAM polymers, Chen et al. [29] studied the interactions of a
carbohydrate molecule, glucopyranose, with different calcite crystal planes. They observed
that the adsorption of the carbohydrate decreased with increasing brine concentration
across all crystal planes. Since the carbohydrate is a neutral molecule, the primary mecha-
nism of calcite—carbohydrate interaction is governed by hydrogen bonding, with the crystal
plane having the highest oxygen density showing the strongest affinity to the hydrogen
atoms from the carbohydrates. Increasing brine concentration contributes to the formation
of salt layers on the calcite surface, which screens the hydrogen bonding between calcite
and carbohydrates and inhibits adsorption. They inferred that charged polymers typically
used in EOR applications in high-salinity environments might follow a different mecha-
nism. The charged functional groups of these polymers can have favourable electrostatic
interactions with the adsorbed cations, resulting in increased polymer retention via salt
bridging. Thus, they suggested that alternative non-ionic polymers could reduce polymer
damage and retention on calcite surfaces.

Meanwhile, there are more simulation studies on the adsorption of PAM-based poly-
mers on montmorillonite and quartz, both containing negatively charged surfaces. Ma
et al. [16] investigated PAM-based polymers with different ionicities and found that cationic
PAM had the most substantial adsorption to montmorillonite, followed by neutral and an-
ionic PAM. This can be attributed to the electrostatic attraction from the cationic functional
group, N(CH3)3*, and hydrogen bonding from the amide functional group, CONH,. A
similar effect of polymer ionicity was reported by Qu et al. [17], who investigated different
types of polymers, including neutral PAM. Additionally, they observed that higher pressure
had a negligible effect on adsorption, and higher temperature reduced the adsorption of
all polymers except PAM, whose adsorption remained stable at 300 K and 400 K with
slight desorption at 500 K. Interestingly, despite the negatively charged surface, increasing
salinity can improve the adsorption of both cationic and anionic polymers with negligible
influence on neutral polymers. Sun et al. [35] investigated the effect of cation valency and
found that divalent Ca®* ions enhanced the adsorption of anionic PAM to montmorillonite
more effectively than monovalent Na* ions due to a stronger charge-screening effect and a
reduction in electrostatic repulsion.

Regarding PAM adsorption on quartz surfaces, one of the most relevant studies for
sand consolidation applications was conducted by Huang et al. [20]. They screened dif-
ferent types of potential chemicals and concluded that PAM exhibited the best adsorption
performance. This performance was correlated to the strength of hydrogen bonding with
the quartz surface, and the trend agreed with the reported experimental consolidation
strength. In contrast, Yang et al.’s study [13] aimed to avoid polymer retention on quartz
surfaces and assessed the performance of PAM-based polymers under different molecular
weights and temperatures. They found that PAM adsorption increased with increasing
molecular weight but decreased significantly with increasing temperature. Compared to
Qu et al.’s study [17], the differing temperature trends of PAM adsorption on the montmo-
rillonite surface suggest that interfacial properties may affect the adsorption mechanism. In
another study, Quezada et al. [23,30] investigated the adsorption of HPAM on quartz under
high-salinity conditions. They found that cations neutralised the electrostatic repulsion
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between HPAM and quartz, thereby improving adsorption. This finding is consistent with
the results for the montmorillonite case.

To summarise, various parametric studies have been reported on the adsorption of
PAM-based polymers on different surfaces. However, comprehensive research has not
yet been explored to address the combined effects of reservoir conditions and polymer
chemistry on adsorption to calcite surfaces, tailored explicitly for formation-strengthening
applications. This gap underscores the need for further investigation. In this manuscript,
we examine the influence of polymer molecular weight, charge density, temperature,
pressure, and salinity on adsorption to calcite surfaces at typical reservoir conditions, with
simulation results compared to experimental data whenever available.

2. Results and Discussion
2.1. Effect of Polymer Molecular Weight

The polymer adsorption, measured through both simulations and experiments at
different molecular weights (MW), is depicted in Table 1, along with the simulated Ry
and «2. In simulations, polymer MW was represented in terms of repeat units (213 Da
per repeat unit) as a surrogate for experimental candidates with varying MW. Despite
experimental polymers having significantly higher MW, potentially reaching millions of
Daltons, there was good agreement between simulations and experiments, with increasing
polymer adsorption observed as molecular weight increased. This trend was expected
because longer molecular chains experience stronger interactions with the calcite surface,
increasing the contact area between the polymer and the surface and enhancing adsorption
strength. In addition, since HPAM is a hydrophilic polymer, the shortest HPAM chains
prefer to remain in the water and require a longer time to stabilise their adsorption onto
the calcite surface.

Table 1. Polymer adsorption comparison between experiments and MD simulations, R, and k2 at
different molecular weights.

HPAM Repeat Experimental Adsorbed MD Adsorbed

A 2
Units Amount (mg/m?) Amount (1/nm?) R (A) *
10 0.250 £ 0.014 2.731 £ 0.575 9.48 £1.21 0.474 £ 0.111
20 0.330 & 0.020 3.476 £ 0.370 10.27 £ 0.38 0.211 + 0.068
30 0.420 £ 0.010 4.370 +0.126 11.97 £0.27 0.126 £ 0.032

While polymer MW positively impacts adsorption, both the experimental and simula-
tion literature indicate that adsorption will reach an equilibrium value. Once the polymer
adsorption reaches saturation, further increases in polymer MW or concentration do not
enhance adsorption [7,8,39] and may even reduce stability [13]. This is attributed to changes
in the adsorption mechanism with increasing polymer MW. Experimentally, it has been
observed that polymer adsorption via polymer bridging is the strongest mechanism, fol-
lowed by electrostatic bare patching [40]. At low MW, polymers primarily adopt a flat,
extended conformation on the calcite surface, with electrostatic bare patching being the
dominant adsorption mechanism. As MW or concentration increases, the polymer chains
become compressed with a reduced effective contact area for each chain. This leads to the
formation of more loops, with polymer bridging becoming the predominant adsorption
mechanism [7,8,39]. Further increases in MW do not enhance adsorption due to the limited
contact area and may inhibit existing polymer bridging between particles, potentially
affecting adsorption stability.
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In our simulation, given that only a single polymer chain was modelled and the
calcite surface area was not saturated with polymer adsorption, the equilibrium adsorbed
amount was not observed but was expected to be reached with higher polymer repeat units.
Nevertheless, the polymer conformation with different MWs can be characterised by 2,
as shown in Table 1. The increasing R with higher MW was expected due to the larger
polymer size. In contrast, the decrease in k> with increasing MW indicates that the polymer
transitions from an extended conformation to a coiled conformation, showing excellent
agreement with theoretical expectations.

Since both the polymer adsorbed amount and R, increase with increasing MW, it is
interesting to determine if a proportional relationship between them can be established in
this study. We propose a simple relation to relate polymer R, with the polymer repeat unit.
Polymer R can be considered as the radius of the polymer globule, where the globular
volume, V, can be approximated as the volume of a sphere:

4
V:vgnR; 1)

The total polymer mass, M, is directly proportional to the number of repeat units, N,
and the mass of a single repeat unit, m:

M = Nm ()

Assuming the polymer density, p, is constant, the polymer mass can be expressed in
terms of V and p, approximated as shown in Equation (3). The number of repeat units thus
has a proportional relationship with the R, as indicated in Equation (4).

4 53
Nm = pV ~ pz7iRg 3)
VN « Rg 4

This proportionality was investigated by dividing the polymer R, and number of
adsorbed atoms using the normalization factor v/N, with the results presented in Figure 1.
To further validate this proportionality, another case of HPAM with 60 repeat units was also
modelled in a larger water—calcite system to avoid system size effects. After normalization,
it could be observed that the polymer Ry and adsorbed amount reached a constant range
with varying polymer repeat units, suggesting that their values increased proportionally
with the cubic root of polymer repeat units during adsorption.

This implies that the R¢ of the polymer scales with MW at an exponent of 0.33 during
adsorption to calcite surfaces, which diverges from the expected scaling relationship of
greater than 0.5 typically seen in free solution under good solvent conditions [41]. This dis-
crepancy can be attributed to the conformational changes that occur when HPAM interacts
with the surface. Upon adsorption, the HPAM exhibits reduced flexibility, transitioning to a
more coiled or globular conformation that is influenced by the increasing MW (as observed
in x2 < 0.5, indicating nearly spherical shape). The observed lower exponent is consistent
with findings in the literature, which suggest that globular polymers demonstrate a scal-
ing behaviour characterized by lower exponents [41]. This indicates that the adsorption
environment significantly alters the polymer conformation, resulting in a unique scaling
relationship that highlights the complexities of polymer behaviour at interfaces.

10
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Figure 1. Polymer adsorption and radius of gyration, Rg, with normalization factor of cubic root of
number of repeat units, v/N, at different molecular weights. Green bar indicates normalized polymer
adsorption (left axis) and blue diamond symbol indicates normalized R, (right axis), with error bars
representing standard error averaged over 5 realizations. Error bar of R is significantly smaller,
except for HPAM with 10 repeat units.

2.2. Effect of Charge Density

Charge density (CD) is another polymer characteristic that can be fine-tuned to im-
prove adsorption to calcite surfaces. The HPAM adsorption measured by simulations and
experiments at different CDs and the polymer Rgs and x?s are detailed in Table 2. As
CD increased, polymer adsorption improved with an agreeable trend in experiments and
simulations. This improvement is attributed to the presence of more deprotonated carboxyl
groups from the acrylate groups in the polymer (-COO™), which exhibit stronger attractive
electrostatic interactions with the calcite surface.

Table 2. Polymer adsorption comparison between experiments and MD simulations, Ry and k2 at
different charge densities.

HPAM Charge Experimental Adsorbed MD Adsorbed

& 2
Density (%) Amount (mg/m?) Amount (1/nm?) R (A) "
10 0.160 £ 0.008 2.634 £+ 0.386 10.01 +0.19 0.151 £+ 0.028
30 0.240 £ 0.014 3.596 £ 0.649 11.55 £ 0.93 0.276 £+ 0.095
40 0.265 £ 0.011 4.580 £ 0.563 13.41 +£1.33 0.370 £+ 0.094

Since all polymer models have similar repeat units and sizes, the trends in both R,
and «? are identical. The increase in both Rg and x? with increasing CD indicates that the
polymer transitions to a more extended conformation during adsorption. This is due to the
increasing electrostatic repulsions from the negatively charged functional groups in the
chain, causing polymer segments to push away from each other and resulting in a more
linear chain [42]. Meanwhile, a polymer with lower CD experiences less repulsion among
the segments and prefers a coiled, more compact structure. The adsorption results reported
here agree with the theory, with the literature suggesting that an optimum polymer CD

11
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should be employed as overly charged polymers can trigger charge reversal on the particle
surfaces, inhibiting polymer bridging and adsorption [32,40].

2.3. Effect of Temperature

The results of polymer adsorption under the influence of temperature are interesting.
As shown in Table 3, experimental data indicate that polymer adsorption deteriorates with
increasing temperature, whereas simulations show an opposite trend. Theoretically, poly-
mer adsorption is generally exothermic, and increasing temperature shifts the equilibrium
state towards desorption [25]. This effect is further exacerbated by polymer degradation at
high temperatures, causing the polymer to lose its effectiveness in bridging particles. The
experimental results align with this theory, indicating that the adsorption effectiveness of
HPAM could be inhibited by increasing temperature.

Table 3. Comparison of polymer adsorption between experiments and simulations at different

temperatures.
System Temperature Experimental Adsorbed MD Adsorbed Amount
°0) Amount (mg/m?) (1/nm?)
25 0.240 £+ 0.014 4.370 +0.126
60 0.190 £ 0.018 6.642 4 1.158
100 0.110 £ 0.011 9.052 + 0.915

Meanwhile, the discrepancy in simulations with increasing polymer adsorption under
higher temperature, though interesting, is not uncommon and has been reported in other
studies. For example, a literature study on molecular adsorption on liposome surfaces
observed rapid molecular transport kinetics at high temperatures with more negative
adsorption free energy [43]. At higher temperatures, liposomes experience increased
kinetic energy, which can influence adsorption behaviour depending on the enthalpic
and entropic contributions to Gibbs free energy. Although adsorption typically results
in decreased entropy due to reduced disorder, the author noticed a positive change in
entropy. This is attributed to the replacement of water and counterions from the surface
by adsorbate molecules, leading to an overall increase in entropy upon adsorption. To
investigate the transport properties of HPAM, polymer mean squared displacement, MSD,
and self-diffusion coefficients, D, are computed below [44]:

MsD = ([ri(t) = ri(0))”) ©)
D = clim 2 ([r(t) ~ r(O)) ©

where 7;(0) is the coordinate at the initial time and ;(t) is the coordinate at different times.
D can be measured from the slope fitted over the linear region of the MSD versus the time
plot, as depicted in Figure 2 for polymer MSD at different temperatures. It is important to
note that D is typically valid only for free polymers in solution. In this study, D is computed
to characterise the polymer transport behaviour during adsorption and is measured over
the linear slope at the initial timesteps. The computed D, along with polymer R, and «2,
are presented in Table 4.

12
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Figure 2. Polymer mean squared displacement at different temperatures. Shaded areas represent
standard error from 5 realizations.

Table 4. Polymer R, %2, and D at different temperatures.

System Temperature o 2 D
€0) Ry (A) " (10-11 m?/s)
25 11.97 £0.27 0.126 + 0.032 4.30 + 1.08
60 12.51 £ 0.36 0.132 + 0.024 5.88 +1.39
100 14.19 £ 0.95 0.268 + 0.068 13.85 £3.71

The results indicate that polymer MSD and D are significantly higher at elevated
temperatures, suggesting that the polymer could diffuse more rapidly towards the calcite
surface with increasing temperatures. The polymer could more vigorously explore its
surrounding configurational space, leading to an increased contact area with the calcite
surface and enhanced adsorption. This is further supported by the increase in Ry and x>
with temperature, signifying that the polymer could adopt a more extended conformation
to maximize adsorption contact with the calcite surface. Additionally, solvent quality
may change with temperature, which could also influence the polymer—calcite interaction,
although this is not considered in the current model.

In the literature, the influence of temperature on polymer adsorption has shown
different trends in both experiments and simulations. Some studies report that polymers
experienced enhanced adsorption with increasing temperatures [27,28,43,45], while others
indicate increased desorption with higher temperatures [13,17,25]. The polymer—surface
interactions can further complicate this inconsistency and require careful examination. In
addition, a limitation of the simulation approach is its inability to account for polymer
degradation at high temperatures. Our simulations do not consider structural changes in
the polymer, which could be modelled only with a reactive forcefield. Consequently, the
observed discrepancy between the simulation and experimental results may be attributed
to the simulation focusing solely on thermodynamic factors without incorporating polymer
degradation effects.

13
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2.4. Effect of Pressure

As no experimental results are available for polymer adsorption under varying pres-
sure, only simulation results will be discussed here. These results, including polymer
adsorption, Rg, and 2 are summarised in Table 5. Increasing pressure showed no signifi-
cant changes and led to only slight increases in polymer adsorption, Ry and «*. This finding
is consistent with the existing literature, which indicates that pressure has a negligible effect
on adsorption and does not significantly impact polymer conformational behaviour [17].
This is expected, as the polymer solution remains in a liquid state and is less affected by
pressure. Nevertheless, it has been reported that the rheological properties of PAM solu-
tions, such as viscosity, can improve under extremely high pressures (above 200 bar) [46].
PAM exhibits noticeable shear-thickening behaviour at high-shear-stress deformations due
to stronger intermolecular interactions and the formation of transient networks between
polymer chains. While the enhanced viscosity of PAM under high pressure may strengthen
polymer bridging, this effect is not captured in our adsorption study and requires further
investigation to assess the impact of high pressure on PAM solution viscosity.

Table 5. Polymer adsorption, R, and 2 at different pressures.

System Pressure MD Adsorbed Amount

A 2
(atm) (1/nm?) Rg (A) x
1 4525 + 0.561 1191 + 0.25 0123 + 0.023
80 5.438 4 0.385 11.91 + 0.23 0.106 + 0.019
160 5.237 + 0.181 12.06 + 036 0.123 + 0.022

2.5. Effect of Salinity

In this section, the adsorption of various PAM-based polymers, including HPAM 33%,
SPAM 33%, and neutral PAM, are investigated under varying cation valencies and ion
sizes to observe the effect of their functional groups in saline environments, as presented in
Figure 3a. The cation adsorption density on the surface is analysed similarly to polymer
adsorption, with results displayed in Figure 3b. Additionally, radial distribution analysis is
conducted to examine the adsorption of cations onto the polymer, as shown in Figure 3c.
This is computed via the coordination number of the cations with respect to the carbonyl
oxygen atom of the polymer amide group (C(=O)NH;). Lastly, the polymer conformational
size is analysed using R, in Figure 3d.

The polymer adsorption results show that HPAM generally performs better than
SPAM 33% and neutral PAM, with relatively high adsorption amounts measured across
all cation cases. As explained in the previous adsorption free energy analysis, this can
be attributed to the presence of carboxyl functional groups in HPAM, which experience
stronger electrostatic attraction with the calcite surface compared to the bulkier functional
groups in SPAM and the neutral ionicity of PAM. When comparing monovalent cations
(Li*, Na*, K*) and divalent cations (Mg?*, Ca?*, Sr?"), interesting trends emerge among
different polymers. HPAM adsorption is higher in monovalent cation cases than in divalent
cation cases, with increasing monovalent cation sizes leading to increased adsorption, while
increasing divalent cation sizes result in decreased adsorption. SPAM also shows reduced
adsorption in divalent cation cases compared to monovalent cations. However, unlike
HPAM, increasing monovalent cation sizes leads to decreased adsorption, while increasing
divalent cation sizes results in increased adsorption. On the other hand, PAM adsorption is
less influenced by cations. PAM shows better adsorption in divalent cation cases than in
monovalent cation cases, with increasing monovalent cation sizes resulting in decreased
adsorption and no significant trend observed for increasing divalent cation sizes.

14
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Figure 3. Simulation results of polymer adsorption with different salt cations: (a) Polymer adsorption
to calcite surface, (b) cation adsorption to calcite surface, (c) cation adsorption to polymer, (d) polymer
Rg. Polymer or cation adsorption to calcite surface are defined as the number of polymer chain atoms
or cation atoms normalized by the surface area, counted within a layer thickness of 4 A above the
surface. Cation adsorption to polymer is defined as coordination number of cations with respect to
carbonyl oxygen atom of polymer amide group (C(=O)NHy;) in radial distribution function analysis.
Blue square, orange pentagon, and green diamond indicate PAM, HPAM 33%, and SPAM 33%,
respectively, with error bars representing standard error from 5 realizations.

The differing adsorption behaviours among various polymers can be attributed to
their distinct adsorption mechanisms influenced by cations. In the literature, the roles
of cations in enhancing or inhibiting polymer adsorption have yielded contradictory re-
sults, with different mechanisms proposed to explain these behaviours. For polymer
adsorption enhancement, some authors suggest that salt ions can form an Electric Dou-
ble Layer (EDL) on the surface, facilitating salt bridging that attracts the polymer to the
surface regardless of the polymer’s ionicities [17,23]. Conversely, polymer inhibition is
attributed to the charge-screening effect of ions, which suppresses the polymer charge
or causes surface charge reversal, thereby reducing the polymer’s adsorption strength
to the surface [11,35]. In a saline environment, the adsorption of PAM-based polymers
onto the calcite surface, focusing on HPAM, can be illustrated with the schematic diagram
in Figure 4, with an electrostatic surface potential diagram provided as Figure S2 in the
Supplementary Information.
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Figure 4. Schematic diagram of possible adsorption mechanism. Blue bond: hydrogen bonding
between carbonate ion and amide group; red bond: charge interaction between calcium ion and
carboxyl group; and green bond: salt bridging between carbonate anion and carboxyl group.

Effective polymer adsorption to the calcite surface results from the competing effects
of salt bridging and charge screening. In experiments, the calcite surface is positively
charged under normal reservoir pH conditions [47], where cations may weaken the charge
of an anionic polymer and screen its attraction to the surface. However, the calcite surface
in the simulation is neutral, consisting of alternating CO32~ and Ca®* ions. HPAM can
form hydrogen bonds with calcite CO32~ via hydrogen atoms from the amide groups or
significantly stronger charge interactions between calcite Ca?* and deprotonated oxygen
atoms from the carboxyl groups. While cations may neutralise the charge attraction between
Ca?* and deprotonated carboxyl groups, they can also function as salt bridges between
CO;52~ and carboxyl groups, enhancing adsorption.

Simulation results suggest that salt bridging is more dominant in HPAM adsorption.
HPAM's higher charge density makes it more susceptible to cation influence than SPAM and
PAM [31]. This claim agrees with the density profile analysis of the relevant oxygen atoms
of the polymers and the cation (using Na™ as an example) during adsorption, as shown
in Figure S3 in the Supplementary Information. This enhances the role of salt bridging,
contributing to its higher adsorption across various cation cases. The differing adsorption
trends between monovalent and divalent cations can be attributed to the hydration energy
of the cations. Cations with stronger charge density form a more robust hydrogen-bonding
network with water, exhibiting stronger hydration energy and preferring to remain in the
bulk water phase. Such cations are known as water structure makers, while those with
weaker hydration energy are termed water structure breakers [23].

Divalent cations exhibit significantly higher charge density than monovalent cations,
while increasing ion sizes within the same valency can reduce charge density. Consequently,
the hydration energy follows the following trend: Mg?* > Ca?* > Sr>* > Li* > Na* > K* [48].
This trend is reflected in the cation adsorption density shown in Figure 3b, where divalent
cations, with stronger hydration energy, exhibit lower surface adsorption and prefer to
remain in the aqueous phase compared to monovalent cations. The trend observed for
monovalent cations also aligns with the hydration energy trend. In HPAM and SPAM cases,
the lower adsorption of K* compared to Na* may be attributed to its larger ionic radius,
which positions the adsorption peak further from the surface and may extend beyond the
defined 4 A adsorption layer [49].

The variation in cation adsorption density on the surface across different polymers
indicates the influence of the polymer on cation adsorption. On the other hand, cation
adsorption to the surface also affects the density of cations adsorbed onto the polymer.
Higher cation adsorption to the surface creates a more concentrated salt layer, which
attracts the polymer more effectively and increases the cation adsorption onto the polymer.
As shown in Figure 3c, the cation adsorption onto the polymer exhibits a trend similar to
that in Figure 3b, highlighting the interplay between cations and polymers. Consequently,
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these two factors contribute to the adsorption trends observed for different polymers under
varying cation conditions depicted in Figure 3a.

Since the adsorption of HPAM to the surface is primarily driven by salt bridging, the
observed increase in adsorption with larger monovalent cations is due to stronger cation
adsorption onto the polymer (K* > Na* > Li*). Conversely, the decrease in adsorption
with larger divalent cations is attributed to the reduced cation adsorption density on the
polymer (Mg?* > Ca?* > Sr?*). The simulation snapshots in Figure 5 further illustrate this.
Closer inspection reveals that a stable EDL is formed for monovalent cations, with cations
creating the Stern layer (the first EDL layer) and CI~ anions constituting the diffuse layer
(the second EDL layer), stabilising the adsorption. In contrast, no stable EDL exists for
divalent cations, resulting in lower adsorption. This observation aligns with previously

reported cation interfacial interaction behaviours in calcite—-water systems [49].

HPAM 33% - Li HPAM 33% - Na

HPAM 33% - Mg HPAM 33% - Ca HPAM 33% - Sr

Figure 5. Simulation snapshot of HPAM 33% adsorption with different salt cations. Smaller particle—
anions: Cl~ (forest green). Larger particle—cations: Li* (purple), Na* (cyan), K* (pink), Mg?* (mint
green), Ca®* (dark blue), Sr** (magenta).

On the other hand, the differing trends observed for SPAM may be attributed to its
lower charge strength, where cations have a reduced influence on polymer adsorption [31]
or might even inhibit it through charge-screening effects. Compared to monovalent ions,
SPAM exhibits lower adsorption to a calcite surface in divalent ions due to the stronger
charge-screening effects. The decreasing adsorption trend with increasing monovalent
cation size is attributed to stronger cation adsorption and greater charge screening. Con-
versely, the increasing adsorption trend with larger divalent cations results from a relatively
lower charge-screening effect combined with reduced cation adsorption density.

Meanwhile, PAM, which has a neutral charge, primarily adsorbs onto the calcite
surface through hydrogen bonding from amide groups, with adsorption governed mainly
by surface oxygen densities [29]. Cations can inhibit this adsorption by screening the
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interaction between hydrogen atoms and calcite CO32~. Consequently, the lower cation ad-
sorption density on both the polymer and surface for divalent cations leads to higher PAM
adsorption than monovalent cations. The decreasing trend in adsorption with increasing
monovalent cation size is due to increasing cation adsorption density, resulting in more
pronounced charge-screening effects. While cations inhibit adsorption in the case of PAM,
they function as salt bridges between the anionic polymer and calcite CO3%~. For neutral
PAM, anions may thus play a more dominant role in bridging interactions between the
hydrogen atoms of the amide group and Ca?*. Although not presented here, a published
study investigated the role of anions, showing that nitrate ions (NO3 ™) with a smaller
hydrated radius and hydration energy than Cl~ can enhance the adsorption of neutral
PAM on the calcite surface [50].

As illustrated in Figure 3d, polymer R, shows no significant trend across different
cation cases. Among the polymers, SPAM has the largest size, followed by PAM and HPAM.
Since all polymers have the same degree of polymerization, SPAM naturally exhibits the
largest size due to its bulkier functional groups. Conversely, HPAM, with the smallest
Rg, suggests a more compact structure. This is expected, as the cations strongly adsorb
onto HPAM, neutralising its charge and causing the polymer to adopt a more compact
conformation.

We conclude this section by comparing the experimental and simulation results for
HPAM adsorption in salt-free conditions (control), NaCl, and CaCl, environments, as
presented in Table 6. Both experimental and simulation results show a similar trend for salt-
free and Na* cases, indicating that salt cations can enhance polymer adsorption through salt
bridging. However, for divalent Ca®*, the simulation shows lower adsorption compared to
Na*, while experiments reveal significantly higher adsorption. This discrepancy may be
attributed to different interpretations of polymer adsorption. In experiments, Ca?* provided
more charges to neutralise the polymer, causing it to adopt a more coiled conformation and
enabling more polymer chains to adsorb onto calcite particles, thereby increasing overall
adsorption. In contrast, since only a single polymer chain is modelled in the simulation,
the effects of multiple polymer chains adsorbing to the surface cannot be captured, leading
to different observations.

Table 6. Comparison of polymer adsorption between experiments and simulations at salt cation

valencies.
Salt Cation Valency Experimental Adsozrbed Amount MD Adsorbeci Amount
(mg/m*~) (1/nm*)
Salt-free condition 0.330 + 0.020 4.370 +£0.126
Na 0.380 + 0.036 4.593 4+ 0.313
Ca 0.820 + 0.137 3.554 £+ 0.383

3. Methodologies
3.1. General Simulation Details

The simulation details outlined here were applied uniformly across all MD simulations
discussed in the previous sections. Classical atomistic molecular dynamics (MD) simula-
tion was employed using Material Exploration and Design Analysis (Medea) simulation
software v.3.5 [51] integrated with the LAMMPS module [52] with a built-in visualisa-
tion interface. All the molecules were described by the enhanced version of the all-atom
Polymer Consistent Force Field (PCFF+) actively developed by MedeA (see Section S1 in
Supplementary Information and ref. [6] for more forcefield parameter details and valida-
tion in our previous work), with a forcefield cut-off distance of 9.5 A and the treatment
of long-range electrostatic interaction with the particle-particle-particle Mesh (PPPM)
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method [53]. System minimisation was performed using the conjugate gradient method,
and the simulations were conducted with the Velocity Verlet algorithm with a timestep of
1 fs. Periodic boundary conditions were applied in all Cartesian directions. Whenever an
isobaric-isothermal ensemble (NPT) or a canonical ensemble (NVT) was performed, the
system was controlled using the Nose-Hoover thermostat and barostat with the correction
terms of Martyna, Tuckerman, and Klein [52,54] included in the equations of motion.

3.2. Calcite Model

The calcite structure was modelled to represent the carbonate rock. The unit cell
was a thombohedral crystal structure with a space group of R3c. It had a dimension of
a=b=4980 A, c=17.192 A, and a plane angle of &« = f =90°, v = 120°. It was further
cleaved into a crystal plane (1 0 4), which has proven to be the most thermodynamically
stable structure and has the lowest surface free energy, as validated in our previous work [6].
The crystal plane was replicated as a 6-layer thickness structure with 720 CaCO3; molecules
and dimensions of a = 48.86 A, b = 49.76 A and ¢ = 17.84 A. This calcite structure was
utilised across all the parametric studies.

3.3. Polymer Model

HPAM 33%, the polymer with the best adsorption performance from our previous
work [6], was selected as the basis polymer model in the parametric studies. However,
depending on the parameter of interest, other PAM-based polymers, such as basic PAM
and SPAM 33%, were also modelled as polymer candidates. The oligomer repeat unit
composition and copolymer ratio have been illustrated and detailed in Table 7. The “repeat
unit” refers to the smallest representative structure forming a copolymerised PAM with
a specific copolymer ratio. In the cases of HPAM 33% and SPAM 33%, the repeat unit
comprised two acrylamide monomers and a deprotonated copolymer group, resulting in a
structure with 33% charge density. In contrast, the corresponding size of the repeat unit of
pure PAM consisted of three acrylamide monomers.

Table 7. Polymer compositions and molecular weight. x and y refer to the ratio of copolymers in a
repeat unit.

Polymer Repeat Unit Composition Copolymer Ratio Molecular Weight per Repeat Unit (Da)
x _ . .
PAM H x=3 (repea.t unit consists of 213.91
SN 3 acrylamide monomers)
| o
H
x + y
HPAM 33% H_ xy=2:1 213.89
Y o oo
H
x y
+ H
SPAM 33% | o) xy=2:1 372.06
H o)
\\
- _S
N\
o \O
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3.4. System Preparation and Configuration

For the aqueous environment, 3000 water molecules were placed above the calcite
surface, with a single polymer chain placed within the water solvent. HPAM 33%, the
basis polymer model, consisted of 30 repeat units. To ensure electroneutrality in the
simulation environment, 30 sodium ions were randomly placed within the solvent. A
vacuum layer was added to the simulation box to isolate one of the calcite surfaces and
direct the adsorption of the polymer onto a single surface layer. This setup prevents
the competitive adsorption of the polymer to both surfaces during simulation, allowing
for more consistent results analysis. The resulting simulation system had dimensions of
a=4886A,b=49.76 A, and ¢ = 86.38 A, as illustrated in Figure 6.

Figure 6. Initial configuration of the calcite-water system with HPAM 33% consisting of 30 repeat
units. The sizes of the water molecules are reduced to tiny red dots for better visualisation. The
remaining atoms are visualised with relative atom sizes and coloured based on element type. Calcite:
CaZt (deep blue), carbon (grey), oxygen (red). HPAM: carbon (grey), oxygen (red), hydrogen (white),
nitrogen (light blue). Na* (purple).

Table 8 includes the designated parameter conditions and system descriptions for
different parameters. In general, the simulation study for each parameter considered
the lower, intermediate, and higher ranges to compare with experimental results. When
varying a specific parameter, other parameters were kept constant at the control condition
of HPAM 33% with 30 repeat units at 25 °C in a salt-free environment. All the experimental
candidates were HPAM polymers, with labels representing different polymer chemistries,
as detailed in the published work [55].
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Table 8. Designated parameter spaces and system descriptions for adsorption studies with exper-
imental conditions. Control system details: HPAM polymer with 30 repeat units and 33% charge
density at 25 °C in salt-free conditions.

Parameter System Description MD Simulation Experimental Condition
. Lower MW 10 F3330S (11-13 MDa)
Pozze;f&e‘;glar gll;Agg /rffe:;tuf;tli) Middle MW 20 F35305 (15-17 MDa)
& P Higher MW 30 F3630S (18-20 MDa)
. . Lower CD 10 ANI910 (10%)
Polymer c(léegt;;e density HPAM ch(zi/r%e density Middle CD 30 F3330S (30%)
? Higher CD 40 AN945 (40%)
Svstem temperature Lower T 25 F3330S, 25
Temperature (T) y c C%” Middle T 60 F33308S, 80
Higher T 100 F3330S, 95
Lower P 1 -
Pressure (P) System pressure (atm) Middle P 80 -
Higher P 160 -
Monovalent cation Li* -
. . Monovalent cation Na* F3530S, 3 wt% NaCl
Saline environment . .
. . . . Monovalent cation K -
Salinity with different cations . . P
but same anions, C1~ Divalent cation Mg )
! Divalent cation Ca?* F35308S, 3 wt% CaCl,
Divalent cation Sr2* -

When examining polymer chemistries such as polymer molecular weight and charge
density, the HPAM structure was adjusted accordingly to mimic experimental candidates.
For example, HPAM 33% with 10, 20, and 30 repeat units were constructed when investi-
gating polymer molecular weight. In terms of polymer charge density, the polymer repeat
unit was modified to match the charge density of the experimental candidates. HPAM
chains with 10% (repeat unit consisting of nine acrylamide monomers and one acrylate
monomer), 30% (repeat unit composed of seven acrylamide monomers and three acrylate
monomers), and 40% (repeat unit consisting of six acrylamide monomers and four acrylate
monomers) charge densities were constructed. Each chain had six repeat units, with the
negative charges distributed evenly across the chains.

In some parameter conditions, such as high-pressure scenarios that are challenging
to achieve experimentally, simulation results were analysed independently to provide
predictive insights into the adsorption behaviours. Similarly, when assessing the effect of
salinity, where experimental data are limited to NaCl and CaCl,, simulations can explore
the impact of salt ion valency with varying ion sizes on the adsorption mechanism. Three
monovalent cations, lithium (Li*), sodium (Na*), and potassium (K*), and three divalent
cations, magnesium (Mg?"), calcium (Ca?*), strontium (Sr?*), were modelled in this study,
all paired with chloride anions (C17). To recreate the three wt% NaCl solution in exper-
iments, 29 NaCl molecules, equivalent to 0.53M, were placed in the solvent. The same
number of cations and anions were placed for different cation cases to ensure consistency,
with double the number of anions for divalent cations (MgCl,, CaCl, and SrCly). Addi-
tionally, neutral PAM and SPAM 33% were investigated together with HPAM 33% in this
parameter study, all with 30 repeat units, to observe the effect of polymer functional groups
in a saline environment. The counterions placed in HPAM 33% and SPAM 33% systems
consisted of the corresponding cations (30 and 15 counterions for monovalent and divalent
cations, respectively).
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3.5. Simulation Details and Analysis Methods

The system was equilibrated for each parameter using the NVT ensemble at 300 K
for 500 ps, followed by a production run of 30 ns under the same simulation conditions.
The only exception was during the investigation of pressure, where the simulation was
performed under the NPT ensemble to adjust the pressure accordingly. The polymer ad-
sorption behaviour was observed, and the adsorption amount on the calcite was computed.
This adsorption amount, or adsorption surface density, was defined as the number of
polymer chain atoms bound within a layer thickness of 4 A above the calcite surface. The
total number of adsorbed polymer atoms was then normalized by the calcite surface area.

We highlight that the simulation time during the production run was sufficient for
polymer equilibration for qualitative analysis, as shown by the adsorption time profile in
Figure 7 for the polymer charge density parameter. Only the averaged polymer adsorption
amount was reported in the results section, averaged over the last 2 ns across five different
realizations and compared with experimental results whenever available. As the adsorption
simulations require extremely long times to reach true equilibrium, this relatively short
sampling interval of 2 ns is chosen to minimize fluctuations and provides more consistent
computed values. It is also noted that during the preliminary study, the results were not
affected by the system size effect, as the adsorbed amount of polymer with 30 repeat units
showed no significant change when placed into a larger calcite—water system. Furthermore,
some water molecules could evaporate to the opposite surface under the vacuum slab
during the simulation, forming a thin, stabilized water layer. Nevertheless, the number of
water molecules evaporated to the surface slab was negligible and did not affect polymer
adsorption density.

—— HPAM 10%
—— HPAM 30%
—— HPAM 40%

N
1

Polymer Adsorption (1/nm?)

=
—

0 T T T T T T T
0 5 10 15 20 25 30

Simulation Time (ns)

Figure 7. Polymer adsorption time profile for polymer charge density case. HPAM 10%, 30%, and 40%
refer to polymers with charge densities of 10%, 30% and 40%, respectively. Shaded areas represent
standard error from 5 realizations.

For the experimental methodologies, the polymer adsorption measurement workflow
has been detailed in published works [6,39] and will not be reiterated here. The experi-
mental adsorption data were taken from the equilibrium adsorbed value at the optimum
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polymer concentration [56]. Due to the differences in the scales and methodologies in quan-
tifying polymer adsorption, it is important to note that the comparison between simulation
and experimental results is purely qualitative with trend indications only.

The polymer conformation behaviour during the adsorption can be assessed across
different parameters. Although the radius of gyration, Ry can be employed to measure
the polymer size, it does not provide meaningful analysis of the polymer shape, such
as whether they adopt an extended or coiled conformation. While the polymer shape
may be interpreted as a flat, extended conformation with a larger R¢ or a compact, coiled
conformation with a smaller R under similar polymer structures, such analysis becomes
difficult when assessing polymers of different sizes. A more useful property to characterise

2

the shape is the relative shape anisotropy, x?. x? can be computed from the gyration of

tensor, S, adapted from [57]:

¥(xi — xc)? L (xi—xc)(yi—ye) Y (xi—xc)(zi—zc)

M~

% Zi:(]/i—yC)(xi_xC) (v yc)? Zi:(]/i_]/C)(Zi_ZC) @)
)y )y

S(zi—zc)(xi—xc) Llzi—zc)(¥i—yc) L(zi—zc)

S =

where subscript i represents atom i, C represents the centre of mass, and x, y, and z indicate
the atomic coordinate in three directions, respectively. The eigenvalues of the matrix can
be obtained by the diagonalization of S and are commonly sorted in descending order
()\1 > Ay > /\3).

S =diag(A, Az, A3) 8)

Rg and x? can then be expressed as:
Ry = A1 +A2+ A3 )

(AMA2 4+ AxA3 + AzAq)
()\1 + Ar + )L3)2

K>=1-3 (10)

K2

essentially characterises the dimensionality and symmetry of the polymer, ranging
from 0 to 1. A value of 0 signifies a perfectly spherical shape, indicating a more coiled
polymer conformation, while a value of 1 denotes a linear chain, reflecting a more extended
conformation. It is noted that these terms are typically employed to describe a free polymer
in solution. During polymer adsorption, the surface restricts the polymer’s movement and
distribution, effectively reducing its conformation freedom and causing it to exist in quasi-
two-dimensional space. In the current study, the adsorbed polymer conformation may still

be described with Equations (9) and (10), but with a slightly different interpretation.

4. Conclusions

This study has employed molecular dynamics simulations to investigate the adsorp-
tion behaviour of hydrolysed polyacrylamide (HPAM) onto calcite surfaces under various
reservoir conditions. Our findings demonstrate that HPAM adsorption is enhanced by
higher molecular weight, charge density, and temperature, while pressure exerts minimal
influence. The interplay between salt-bridging and charge-screening mechanisms governs
the impact of salinity on adsorption, with salt bridging being more pronounced for HPAM.
While the simulation results generally correlate with experimental observations, discrep-
ancies may arise from limitations in the simulation model and forcefield [58]. Overall,
these findings provide valuable insights into the design and optimisation of polymer-based
solutions for solids production control in carbonate reservoirs.
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Abstract: Xanthione is a sulfated polycyclic aromatic hydrocarbon which exhibits unique anti-Kasha
properties and substantial sensitivity to its medium. Due to this sensitivity however, this makes
xanthione-based systems very difficult to simulate. Further, xanthione’s is understood to be come
more photostable in the presence of a highly polar medium, however whether these photophysical
properties could be taken advantage of for certain applications remains to be seen. In clarifying
long-held beliefs of specific solvent effects, we apply a rigorous theoretical solvent analysis in both
implicit and explicit solvent mediums to elucidate a more complete description of solvent polarity
sensitivity in xanthione using both quantum chemical and molecular dynamics techniques. Not only
was it found that explicit solvation methods are vital in an accurate description of the system, only a
handful of explicit solvent molecules in the simulation are required to yield an appropriate electronic
description. This short work is vital to devising future applications for xanthione-based and other
quantum technologies, and is an important foundation stone on this journey.

Keywords: xanthione; solvent effects; explicit solvation; DFT; MRCI; MD

1. Introduction

Xanthones are polycyclic aromatic hydrocarbon which have been shown to display
tuneable photophysical properties with respect to their atomic surroundings [1-3]. In-
deed, a shift in photoluminescence quantum yield from 0.0002 in cyclohexane to 0.46 in
trifluoroethanol is observable [4], highlighting a distinct solvatochromic nature. The 1980s
held the most interest for sulfated xanthones, or xanthiones, however interest eventually
waned after it was concluded that there were some solvent-specific effects influencing
excited-state properties. However, more recently interest has begun to increase again due
to their anti-Kasha optical properties and suspected singlet fission qualities [5], and is also
solvatochromic in nature [6,7], with new studies being reported regularly. However, exper-
imental testing is both time consuming and financially expensive; therefore a theoretical
treatment may be more prudent.

However, accurate theoretical modelling of solvatochromic systems is often difficult if
not impossible; due primarily to implicit solvent models like the polarisable continuum
model (PCM), whereby the solvent is approximated using a dielectric cavity, not capturing
the important electron structure properties that comes with solute-solvent bonding inter-
actions. This phenomenon is observable in a myriad of systems, such as in indole [8,9],
2.4-bismidazolylphenol [10], and naphthalene diimide [11,12].

There is also the question of how complete the explicit solvation need be. Our previous
work on indole [8] highlighted that there is typically some saturation limit on the number
of solvent molecules that need to be included in the simulation. If we take a given xan-
thione chromophore, it is not clear how many solvent molecules are required to replicate
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experimental conditions. In addition, singlet fission is highly sensitive to the energy of the
low-lying excited states [13]; if we consider that both the optically dark and bright states
can be influenced by the polarity of a given solvent, can we use this information to fuel
future xanthione-singlet fission studies?

This work will seek to gain further clarity concerning these important questions. This
short but vital work will use 3,6-bis(diethylamino)-xanthene-9-thione as our xanthione
derivative (Figure 1) to elucidate how solvent polarity effects the energies of both the
optically dark and bright states, referred hereafter to as the L, and L, state, respectively
(similar to Platt’s notation [14]). Vertical excitation energies at both Franck-Condon points
as well as the electronic structure will be calculated within implicit and explicit solvent
models, in order to further understand how solvent polarity alters the photophysical
properties of xanthione.
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Figure 1. The xanthione compound used in this work. Its detailed name is 3,6-bis(diethylamino)-
xanthene-9-thione.

2. Computational Details

Geometries for the electronic ground S state, and the first and second electronic ex-
cited L, and L, states, were all calculated using the Coulomb-attenuated Becke 3-parameter
Lee-Yang-Parr (CAM-B3LYP) [15-19] exchange-correlation functional with the damped
Becke-Johnson geometry dependent 3-parameter DFT-D3(BJ) dispersion correction [20,21],
alongside the double-{ 6-primitive Slater-type orbital 3-inner and 1-outer 6-31G basis
set [22-24], as implemented in the GAUSSIAN 16 software package [25]. Implicit solvent
systems (xanthione only) were simulated using a PCM via a ground state approach. Here,
the self-consistent field is corrected through a solvent-effects term, allowing for optimisa-
tion within solution of excited states. Explicit solvent models were optimised by placing
the xanthione alongside explicit solvent molecules, in addition to a PCM. Explicit solvation
was performed in sets of 2, 4, and 6, i.e., xanthione and n-solvent molecules within a PCM.

Initial geometries were chosen based on a simplified charge analysis. Following opti-
misation of the gas phase geometries, 2 solvent molecules were injected into the system
above and below the xanthione plane favouring the sulfur-site. Following successful optimi-
sation, 2 more were injected above and below the oxygen-site, and following optimisation
2 more on either side near the nitrogen-centres. This was done for each solute-solvent
system.

To investigate the effect of solvent polarity on the excited-state manifold of xanthione,
solvents were selected primarily based on their dielectric constant, rather than their solubil-
ity with respect to xanthione. While solubility is typically a key factor in solvent selection
for such studies, the focus on dielectric constant allowed for a broader exploration of
solvent polarity effects. It should be noted, however, that some of the solvents used in this
work, though less commonly employed with xanthione due to solubility limitations, still
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provide valuable insights into the solute-solvent interaction of xanthione. The solvents
used in this work are listed in Table 1.

Table 1. Solvents, and their respective dielectric constants, paired with xanthione used in this work.

Solvent Dielectric Constant
Toluene 2.374
1,2-Dichloroethane 10.125
Acetone 20.493
Acetonitrile 35.688
Dimethyl Sulfoxide 46.826
Formic acid 51.100
Water 78.355
Formamide 108.940

All dielectric constants reported in this work are taken as per GAUSSIAN16 documentation [25].

Single-point calculations for each optimised structure was performed using the DFT-
based multireference configuration interaction DFT/MRCI method [26,27]. The one-
particle basis was calculated using the the Becke “half-and-half” Lee-Yang-Par BHLYP
functional [28,29] with the DFT-D3(B]J) correction and the Karlsruhe variant of the split
valence with polarisation functions on non-hydrogen atoms def2-SV(P) basis set [30,31],
as implemented in the TURBOMOLE software package [32]. The DFT/MRCI reference
space was generated iteratively by including all electron configurations with expansion
coefficients greater than 10~2 in numerous probe calculations, using 10 electrons across
10 orbitals, allowing only for a maximum of two-electron excitations. Probe runs were
calculated by discarding configurations with energy less than the highest reference energy;
starting with a threshold of 0.6 Ej,, then 0.8, with the finalised wavefunction built using a
threshold of 1.0. Molecular orbitals with energies larger than 2.0 E;, were not used. We note
that n = 4, 6 in toluene was not resolved due to computational limitations.

To further demonstrate the impact the chosen number of solvent molecules has in
explicit solvent models, we also perform molecular dynamics (MD) simulations. Here, we
have chosen four typical solvents: toluene, acetone, dimethyl sulfoxide (DMSQO), and water.
The simulation system included one xanthione molecule and 400 solvent molecules (800
in the case of water). Periodic boundary conditions are employed. First, a 5 ns isobaric-
isothermal (NPT) ensemble simulation was conducted to equilibrate the system at room
temperature, yielding stable boxes with lengths 42.5 A, 37.6 A, 372 A, and 29.2 A, for
each of the 4 solvents respectively. This was followed by a 5 ns canonical (NVT) ensemble
simulation to sample the system for statistical analysis. The MD simulations were carried
out using the GROMACS software package [33], employing the General Amber Force
Field (GAFF) [34] for both solute and solvent. Effective charges were calculated using the
restrained electrostatic potential (RESP) fitting method [35,36], using the B3LYP density
functional and the Karlsruhe variant of the triple-( valence polarised def2-TZVP basis
set [31,37]. Electrostatic interactions were treated using the particle-mesh Ewald (PME)
method [38], while Lennard-Jones interactions were cut off at 8 A. Temperature control
was maintained via the Nosé-Hoover thermostat [39,40], and pressure was regulated in
the NPT simulations using the Berendsen barostat [41].

3. Results & Discussion

For xanthione, a dominant leading configuration state function (CSF) of one below the
highest occupied molecular orbital (HOMO-1) to the lowest unoccupied molecular orbital
(LUMO) is observed for the L, state, while for the L, state a dominant HOMO—LUMO
CSF is noted. In the gas phase, there is some level inversion between the non-bonding n7r*
state and a nearby o7t* state, however upon solvation (independent of polarity) the L, state
is of n7t* character. In all cases, the Ly, state is bright, and is of 7r7t* character. These state
assignments agree well with reported chemistry [42] in 3-methylpentane (e = 1.895 [43]).
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Examination of the fluorescence qualities of xanthione in various solvents shows that
for the most part PCMs tend to overestimate vertical excitation energies with respect to
the trends observed from explicit solvation. The absorption energies (Figure 2) of the L,
state show implicit solvent energies to trend upwards from around 2.35 eV and plateaus
at ~2.57 eV. X = 2 explicit solvation trends lower in energy by more than 0.1 eV, with
larger solvent shells of similar quality, but progressively lower. Outliars to this trend are
observable for X = 2, 4 in dichloroethane, X = 2 in acetone, and X = 6 in dimethyl sulfoxide.
Like the L, states, PCM energies are overestimated by 0.8 eV for the L, manifold, but no
large outliars are observable in the data, with a relatively smooth progression in energies.
The emission profiles are significantly more variable compared to the absorption spectra;
while implicit solvents models yield overestimated energies as with the absorption spectra,
the difference is larger: around 0.15 eV on the L; manifold, and up to 0.6 eV on the L,
manifold. Interesting, most of the data points in the lower solvent polarity region appear to
not follow any clear trend. We suspect that this is due to solvent drift (since the solvent is
not frozen between optimisations, small changes may have large impacts on the electronic
structure, and therefore the energies), however of note is a large disagreement for X = 4, 6
in dimethyl sulfoxide on both L, and L; manifolds.
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Figure 2. Xanthione vertical absorption and emission energies (DFT/MRCI) calculated for a polaris-
able continuum model and with X number of explicit solvent molecules in addition to a polarisable
continuum model, as a function of the solvent polarity. Solid lines refer to the L, state, while dashed
lines refer to the L, state.

It is very important to note that for many of these systems, direct absorption to the L,
manifold is more energetically favourable than excitation to the L, state. in other words,
there is no adiabatic level inversion between the L, and L; state in xanthione noted in this
work (Figure 3), however there is a large reorganisation energy in some of these compounds,
likely due again to solvent drift.

A closer inspection of the electronic structure (see ESI) shows that while implicit
solvents show identical electron densities for both L, and L; states, explicit solvation
results in some exciton delocalisation effects through solute-solvent interactions for the L,
state specifically. Indeed, for X = 2 in toluene for example, a small portion of the density
can be observed shunted across to the solvent molecules. This is slightly more pronounced
in X = 2 in acetone, but is most prevalent in X = 6 dimethyl sulfoxide. This behaviour does
not appear in either the n7t* or 7r7t* manifolds. If we note the systems studied in this work
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as snapshots of an aggregate system studied in experiment, we can begin to understand
why some data points in Figure 2 appear erroneous; these geometries can be considered as
lower or upper bounds of an aggregate energetic profile.
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Figure 3. Calculated adiabatic energies (DFT/MRCI) for Xanthione in a polarisable continuum
model and with X number of explicit solvent molecules in addition to a polarisable continuum model,
as a function of the solvent polarity. Solid lines refer to the L, state, while dashed lines refer to the L,
state. Black lines show gas phase energies for the L, (dashed) and L; (dot-dashed) states.

Despite these complications, these results correlate fairly well with experiment. As-
suming L, emission, Bondarev and co-workers [2] for example, for unsubstituted xanthione
in n-hexane (e = 1.882) report absorption and emission energies of 3.08 eV and 2.76 eV,
respectively (2.73 eV and 2.33 eV in this work for toluene), and in acetonitrile energies
of 3.05 eV and 2.73 eV, respectively (2.71 eV and 2.56 eV in this work). Lorenc and co-
workers [44] reported similar energies in acetonitrile, with absorption and emission energies
of 3.02 eV and 2.73 eV, respectively. Maciejewski & Steer [45] report the absorption energy to
be between 2.97-3.65 eV in perfluoro-n-hexane (¢ = 1.76 [46]) depending on the derivative,
and a S, — 57 energy gap between 0.99-1.36 eV (0.40 ev in this work for toluene). This
agrees with Capitanio and co-workers [42] who reported an absorption energy of 2.93 eV
in 3-methylpentane (e = 1.90 (from the Hazardous Substances Data Bank)). Maciejewski
and co-workers [47] also report on absorption and emission characteristics in a myriad of
different mediums; absorption energies of 3.16 eV in perfluoro-n-hexane, 2.91 eV in water
(2.70 eV in this work), and 2.98 eV in micellar sodium perfluorooctanoate, and emission
energies of 2.76 eV in perfluoro-n-hexane, and 2.67 eV in micellar sodium perfluorooc-
tanoate (we are unable to source a dielectric constant for this medium, however as it is a
micellar system we suspect aggregation to play an important role). There is one notable
disagreement with literature, related to the n7t* state: Capitanio and co-workers [42] also
report a 3-methylpentane L; absorption energy of 1.96 eV, which is 0.3 eV lower than any
trends observed in this work. We suspect this is due to aggregation-induced energy level
splitting of xanthione in solution.
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From these results, we can see that concerning how much computational effort is
required for explicit solvent methods, X = 2, 4 is typically enough to yield a good return on
accuracy with respect to computational cost; X = 6 is just not necessary as the quality in
results between X = 4 compared to X = 6 is within 10% of each other. Importantly, one needs
to question whether the additional computational cost is worth that additional resolution.
This data suggests that energies are most strongly influenced by how the solvent interacts
with the xanthione core. Specifically, in the case of the highly polar solvents, hydrogen
bonding can be observed to be commonplace. Accordingly, this behaviour is not captured
by implicit models, but is by explicit models of X = 2, 4. However and as already mentioned,
the configurations studied in this work as snapshots of a dynamic aggregate, and may
not be representative of the molecular ensemble. In terms of some ensemble average, it
is difficult to know for certain how the configurations studied in this work relate to this
ensemble average, and is a very common problem when dealing with solvent sensitive
systems [8]. This is what we mean when we say “outliars can be considered upper/lower
bounds”; a configuration in the centre of the ensemble average would be expected to obey
the general trends, however those configurations found in this study do not. Therefore,
they likely fall within the upper or lower limits of the ensemble average. To further
investigate the reasonable nature of our initial conditions to optimisation (as this may effect
the final result), the bulk configuration can be probed using molecular dynamics. Analysis
of the center-of-mass radial distribution function g(r) for solvent molecules relative to
the xanthione solute (Figure 4a) shows the first solvation shell to manifest at around 2 A,
while beyond 8 A, the system behaves like a bulk solution (g(r) = 1). The region between
2-8 A acts as a buffer, or transition layer. Notably, at 4 A, g(r) deviates from the bulk value
by less than 10%, indicating that the solvation process quickly approaches bulk behavior.
At this distance, the number of nearest neighbour solvent molecules is approximately
four (Figure 4b), true for acetone, toluene and DMSO. For water, a slower shift in the
transition layer is found for the radial distribution function. However, the use of six water
molecules remains a reasonable approximation for the solvation shell, correlating with
previous observations of water in explicit solvent models [8]. This suggests that even with a
relatively small number of solvent molecules, a realistic solvation process can be captured.

Interestingly, while ¢(r) and the first solvation shell exhibit similar behaviour for
all chosen solvents, their effects on xanthione differ significantly. The root mean square
deviation (RMSD) analysis (Figure 4c) reveals two distinct peaks: the first corresponding
to the implicit solvent geometry, and the second representing solvent-induced distortions.
Among the solvents studied, toluene exhibited the largest deviation from its implicit solvent
structure. As the dielectric constant of the solvent increases, RMSD decreases, indicating
that solvent configurations deviate more from their gas-phase geometry in low-polarity
environments. In contrast, solvents with higher dielectric constants lead to geometries
more closely resembling the gas-phase structure. This suggests that low-polarity solvents
may not fully sample the configuration space, instead favouring a limited set of atomic
arrangements, which could introduce fluctuations in the results of quantum chemistry
calculations if the implicit solvent model’s configurations is close to its corresponding ge-
ometry. To address this, more accurate statistical ab initio methods should be incorporated
in future work to improve the reliability of these simulations.

Examination of the radial distribution function of the heteroatoms (Figure 4d) shows
that no strong interaction is observed between xanthione and DMSO. However, a strong
solute-solvent interaction breaks the symmetry of the xanthione core and perturbs the
equilibrium geometry compared to the symmetrical core observed in an implicit solvents;
this interaction serves as a possible explanation for the explicit solvent results (Figure 3). No
clear difference in the radial distribution function between acetone and DMSQO is observable.
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Figure 4. (a) Radial distribution function g(r) of the center of mass of solvent molecules (acetone,
dimethyl sulfoxide, toluene, and water) relative to xanthione. (b) Nearest neighbour solvent count
as a function of distance from the solute. (c) Root mean square deviation (RMSD) distribution of
xanthione over the MD trajectories in solutions with respect to the force field optimized structure in
implicit solvent. (d) Comparison of the radial distribution function of the sulfur atom in xanthione in
acetone and dimethyl sulfoxide.

Further on the solvents stabilisation; using an explicit model one would typically
expect more of a pronounced effect between the solvent molecule and the sulfur-centre.
However, while this work does capture the subtle environmental differences near the
oxygen and nitrogen sites, it does not for the sulfur-centres in terms of the molecular
configurations. Examination of the charge sites (—0.39 au, —0.35 au, and —0.41 au for S, O,
and N, respectively) suggests that the contribution of the sulfur to overall dipole moment
is not distinctive. That being said, even with similar solvent configurations it will likely
still influence the electronic structure. Therefore, we acknowledge that while we observe
no specific contribution due to the sulfur-centre, the electronic structure shows a clear
dependence on explicit solvent interactions at this site.

4. Conclusions

This study provides a comprehensive investigation into the solvent effects on the xan-
thione chromophore, utilising both implicit and explicit solvent models. The use of implicit
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solvation via a PCM was found to significantly overestimate vertical excitation energies;
this discrepancy was effectively corrected by incorporating explicit solvent molecules.
While no inversion of the L, and L; states was detected, the L, state consistently emerged
as the lowest energy manifold in highly polar solvents. Molecular dynamics simulations
further revealed that capturing the essential solvent-induced effects requires only a small
number of explicit solvent molecules, with convergence achieved using 4-6 molecules for
bulk properties, with less than a 10% error margin. Importantly, these results infer that
energy levels as a function of solvent polarity trend towards a plateau once solvent polarity
is beyond 60; while the L; state is largely unaffected by this, the L, state is shown to be
highly sensitive when examining the adiabatic energy, while the L; state is more sensitive
in terms of vertical excitation energies. The energy gap is shown to be minimal for higher
polarity mediums than lower.

This work lays a solid foundation for further exploration into the complex solva-
tochromic behaviour of xanthione, offering key insights into how solvent polarity influ-
ences its photophysical stability. The findings suggest that polar solvents can significantly
stabilise xanthione’s electronic states as well as its implicit solvent geometry, but also
underscores the potential for further refinement in our understanding of solvent-induced
modifications to its electronic structure. These results open avenues for future develop-
ment of more precise quantum chemical models, which will be essential in harnessing
xanthione’s unique properties for applications in emerging quantum technologies.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules29235609/s1, Electronic supplementary information: Simula-
tion of solvatochromic phenomena in xanthione using explicit solvent methods.
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Abstract: In a previous study, we proposed an open quantum network model of a quantum battery
(QB) that possesses dark states owing to its structural exchange symmetries. While in a dark state, the
QB is capable of storing an exciton without any environment-induced population losses. However,
when the structural exchange symmetry is broken, the QB begins to discharge the exciton towards its
exit site. In this article, we start by demonstrating that this QB is not only loss-free with respect to
exciton population during the storage phase, but also with respect to the QB energy. We then explore
the exciton population and energy transfer dynamics of the QB during the discharge phase over a
wide range of site energies, bath temperatures, and bath reorganization energies. Our results shed
light on how to optimize the QB’s population and energy transfer dynamics for different purposes.

Keywords: quantum battery; exciton dynamics; quantum energy storage; dark state

1. Introduction

A quantum battery (QB) is a quantum system that can store and release energy as
needed. Over the past decade, several types of QBs have been proposed, demonstrating
advantages with respect to charging speed [1-9] and work extraction [5,7,10-14] over the
classical analogues. In practice, a QB may interact with an environment, which could lead
to losses that negatively impact its performance. Thus, any theoretical study should treat
the QB as an open quantum system [15-17]. Previously, open quantum network (OQN)
models, in which the network sites (representing quantum systems) may be coupled to each
other and to dissipative/decohering environments, have been used to study the dynamics
of open QBs [5,6,8,18].

Over the years, a number of ways of protecting a quantum system from its environ-
ment have been proposed. One well-known approach is based on the use of a decoherence-
free subspace (DFS) [19,20]—a subspace of the Hilbert space in which the dynamics is
purely unitary. While in a DFS, the system’s dynamics is dissipationless and decoherence-
free despite the coupling to an environment. As has been shown in Refs. [21-23], if there
exists a unitary operator that commutes with all elements in the system’s master equation
exists, then the system will possess invariant subspaces. Among such subspaces, the
one-dimensional subspaces are DFSs because the dynamics maps them onto themselves.
Owing to this property, DFSs have many potential applications in quantum information
and quantum computing [24-29].

Recently, researchers have used dark states living in DFSs for stabilizing and enhancing
the performance of QBs and other OQNss [18,30-32]. In particular, we proposed an OQN
model of a QB with site exchange symmetries that support the existence of dark states
localized on the bulk sites of the network [18]. We showed that it is possible to store an
exciton in one of these dark states, without any exciton population transfer to the two
surface sites which are connected to thermal baths at equal temperatures. In this way, it was
possible to protect the QB from environment-induced excitation energy losses. Moreover,
we showed that by attaching an additional bath to break the exchange symmetry of the
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QB, it is possible to discharge the exciton towards the designated exit site to be ultimately
harnessed by a sink.

Although it was shown that our QB model is capable of operating as an excitonic QB
(i.e., a QB that stores and discharges excitons), the question of whether or not the model
is capable of operating as an energy battery (i.e., a QB whose energy does not decrease
significantly during the storage phase and discharges energy to a sink with minimal loss to
the baths) remained to be explored. Therefore, in this study, in addition to monitoring the
exciton population dynamics, we calculate the various contributions to the total energy
of the system during both the storage and discharge phases for a wide range of bath
temperature gaps, bath reorganization energies, and site energies. The aim of the study is
to identify the conditions which optimize the performance of the QB model for its use as
an excitonic QB, energy OB, or both.

The paper is organized as follows. First, in Section 2, we introduce the open QB
model. In Section 3, we explain how the dynamics of the model are simulated and how
the populations/energies are calculated. In Section 4, we present the time-dependent
populations/energies of the model for different bath temperatures, bath reorganization
energies, and site energies. The performance of the QB under the various conditions is also
discussed. In Section 5, we summarize our findings.

2. Open QB Model

Following Ref. [18], we consider the same six-site para-benzene-shaped OQN (the
numbering of the sites is depicted in Figure 1b). Setting /# = 1, the Hamiltonian of the
closed network is given by

6
Hy =} Enln)(n|+h . [n)(m], @
(nm)

n=1

where |n1) corresponds to a singly excited state localized on site 1, E,, is the energy of site
n, h is the electronic coupling strength between sites n and m, and (n,m) denotes that
a cyclic summation over nearest-neighbour sites is performed. To construct the OQN,
the two para-sites of the network are coupled to thermal baths, each composed of a set
of independent harmonic oscillators. The sum of the bath and network-bath coupling
Hamiltonians is given by

2
. . 1 M . . C F
Hg+Hyg = 5 ) ). P%,j+wﬁ,j<Rn,j_cl;] ”><”|> , (2)

2 neSSs j n,j
where M is the number of harmonic oscillators in each bath, 157,,]' and Rn,]- are the mass-
weighted momentum and position operators, respectively, of the jth oscillator with fre-
quency wy j, and Cy, ; is the network-bath coupling strength between the nth site and the
jth oscillator. The sites coupled to the baths are referred to as surface sites (5Ss) while the
remaining sites are referred to as bulk sites (BSs). In this study, we take the site energies
of all BS to be equal to a value Egg, while considering different values of site energies of
the SS.

The network defined by Hy and the aforementioned site energies possesses the
following unitary symmetry operator [33]

T = [1)(1] + [4)(4] + [2)(6] + |3) (5] + hc., ®)

which satisfies
[ﬁ, HN] =0, [I—AI, HNB] =0 Vn € SSs. (4)
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As a result, I'T shares the same eigenstates as Hy. Due to the existence of this symmetry
operator, the system possesses two DFSs with the following DSs (|1, )) and eigenvalues
(1a) [22,34]

¥1) (15)+16) =12) =3)), w1 =Eps+h

[$2) = S(13)+16) —[2) = 15)), u2=Eps—h ©)

NI = N =

If the system is initialized in the dark state |, ), it will undergo dissipationless dynamics,
i.e., the dark state will be invariant under the effect of the evolution operator of the
composite system and the site populations will be

) 0, Vn eSSs,
(Pun(t)) = (Pun(0)) = { 1, Vn € BSs, ©

where P, = |n)(n| is the projection operator corresponding to site 1 and (-) denotes an
ensemble average. Because an exciton can be stored indefinitely in this state, this phase is
termed the storage phase.

When a symmetry-breaking perturbation (SBP) is connected to the OQN, the symmetry
operator and DSs no longer persist and the QB may begin to discharge a stored exciton. In
this study, this is achieved by attaching a bath of M harmonic oscillators to sites 2 and 3
simultaneously. The sum of the SBP and network-SBP coupling Hamiltonians is

Hp + Hyp =

N =

M 2
Y|+ O (fk - g’;5> , @)
k k

where py, 7x, Q, and 7, are the momentum operator, position operator, frequency, and
network-SBP coupling strength of the kth oscillator, respectively, and $ = [2) (2| + |3)(3].
This phase is termed the discharge phase.
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Figure 1. Time-dependent site populations (upper panels) and energies (lower panels) of the
OQN, SBP, and baths in the storage (left panels) and discharge (right panels) phases. In panel (d),

39



Molecules 2024, 29, 889

energy changes are calculated by subtracting the initial value of the energy from the value at
each time. The results were generated using the following parameter set: E; = 250 em™1,
Eicpoa56) =200em 1 Ey =0cm ™!, h = =60 cm ™!, Ty = Tg = 300K, T, = 300K, A, = 35em ™!,
Ap=10em™ !, we = wp = 106 cm ™!, Wiax = 50w, and M = 100.

3. Simulation Details

Due to the large number of degrees of freedom in the composite system (i.e., QB,
thermal baths, and SBP), a fully quantum dynamical simulation of the composite sys-
tem would be computationally expensive. Thus, following Ref. [18], we use a mixed
quantum-—classical dynamics method known as “Deterministic evolution of coordinates
with initial decoupled equations” (DECIDE) [35,36], which treats the OQN quantum me-
chanically and the baths and SBP in a classical-like way. Previously, the DECIDE method
has been successfully applied to a host of model systems over a large range of parameter
regimes [35,37-40], and is, therefore, expected to produce reliable results in this study. That
being said, DECIDE may yield inaccurate results for systems with very slow thermal baths
(i.e., when the bath cut-off frequency is much smaller than the subsystem energy gaps) or
with very low bath temperatures, neither of which is the case in the present study.

To apply the DECIDE method, we must first apply the Wigner transform [41] to the
bath and SBP degrees of freedom. The resulting partially Wigner-transformed Hamiltonian
of the composite system is

Hy = Hy+ Ang({Ryj}) + He({Py,;}, {Ru;}) + x [Hp({pi}. {ri}) + Hnp({1e})], ()

where {R,,j, P, ;} and {ry, py} are the position and momentum variables of the baths and
SBP, respectively. The parameter x is equal to 1 when the SBP is attached to the OQN and 0
otherwise. The coordinates of the OQN are taken to be Py, = |n) (m|, while the coordinates
of the baths and SBP are their positions and momenta. According to the DECIDE method,
the coupled equations of motion for all of the coordinates are given by [18]

. B
—phr (t) ZVlnle Z Vm”UPI’l’U )

dt” "™ l_l v=1
ch] n] an( ) + ﬁnm(t)Rn,j(t))ﬁﬁl (511,1 =+ 571,4)
+§ Zcm,j(Rm,j(t)ﬁnm(t) + ﬁnm(t)Rm,j(t))ﬁﬁ/ (5711,1 + 5111,4)
]

—X é Y Cr(Re(£) Pramn (£) + Pram () Re(8))PF (82 + 613)
k

+x§ Y Ce(Re(t) P (1) + Prn (1)) Ri(8))PF (82 + O 3),
k

d / /
aiRiy (0 = P,

dt i

d ’

PR =~k R (0) + o PE ()00 + 60),

da Py = p

d / A A /

o) = OB )+ xn P+ P) (1), ©)

_ M ~2 2 M 2 2

where Vi = En + 174 Cn,]-/ (an,]-)(én,l +0na) + X Lioq i/ (2Q%) (0n2 + 6,3), and when
n # m, Vyw = h for [n —m| = 1 and 0 otherwise. Here, B labels an arbitrary ba-
sis state, i.e., the matrix element of P, is given by pEE = (B|Pum|B). In this work,

{1g)} = {11, 12),...,16)}-
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We assume the initial state of the composite system to be factorized, i.e.,
p1ot(0) = Ppn(0)ppw(0)ppw(0), where pn(0) is the initial density operator of the net-
work, and pg w(0) and pp (0) are the initial Wigner-transformed densities of the heat
baths and SBP, respectively (N.B.: pp (0) is omitted when the OQN is not attached to the
SBP). The initial state of the network is taken to be the dark state pn(0) = |i1) (¢ |, where
|¢1) is defined in Equation (5). The initial values of the OQN coordinates are always taken

to be Pﬁ,ﬁ, = 0gn0m,p- The bath oscillators are initialized in the thermal equilibrium state
given by (setting kp = 1) [42]

M tanh(Bw,, :/2) 2tanh(Bwy, i/2) PZ,' wzlsz,,
pon(0) = T] [T B0 | 2Pl (T S0Pt )|

n=1,4j=1 @Wn,j

where § = 1/kpT is the inverse temperature. The oscillators of the SBP are also initialized

in a thermal equilibrium state with an analogous form. The initial positions and momenta

of the bath and SBP oscillators are sampled from Equation (10) and its analog for the

SBP, respectively. The system-bath and system—SBP couplings are characterized by a

Debye-Drude spectral density, i.e., J(wy,j) =24y 5 "] . In this work, the spectral density is
ni T

discretized to yield the following expressions for the Couphng strengths C,, ; and frequencies
wp,j [43,44]:
Wy, = tan(j arctan(wmpax / we) / M)we, (11)

Cpj = 2\/Ab arctan(wyay /we)/ (nM)a)n,]», (12)

where A is the bath reorganization energy and w; is the bath cut-off frequency [45].

Previously, the fourth-order Runge-Kutta method was used to integrate the DECIDE
equations of motion in Equation (9), yielding conserved total populations for the system
under study [18,35]. However, in this work, we found that a combination of a smaller
time step and a higher order integrator is needed for good energy conservation and
more accurate calculations of the various contributions to the total energy. High-order
methods such as the eighth-order Runge-Kutta method [46] can yield accurate results with
a relatively large time step, but it contains many integration stages which increase the
simulation time drastically. Considering the trade-off between time step and number of
integration steps, we employed the sixth-order Runge-Kutta method in this work. Using
this integrator with a time step of 0.16 fs, the total energy drift is less than 1072 cm~! over
a 1 ps trajectory [see Section S1 of the Supporting Information (SI)].

The time-dependent population of site n is calculated via an ensemble average of the
projection operator Py, viz.,

/ ax (0)PEE ()oK F (0)pE,w (0), (13)
13/5’

where X(0) = ({Ry,j}, {Pu;}, {7}, {px}) are the initial coordinates of the baths and SBP.
Similarly, the average total energy of the composite system is

(E(t) = ¥ [ ax (@] (065F 0)pem (0) (14)
ﬁﬁ’

In the above equations, pgw = ppw in the absence of the SBP and prw = ppwpp,w
when the SBP is attached to the QB. Using our numerical results, we have verified that
Y0 (Pun(t)) =1 (i.e., population conservation) and %(Etot(t» ~ 0 (i.e., energy conserva-
tion). For the purposes of our analysis, the total energy of the composite system may be
decomposed into the following contributions: OQN energy (Ey), bath energy (Exg + Eg),
and SBP energy (Exp + Ep). All simulation results are averaged over 10,000 trajectories,
which ensures that the error bars are much smaller than the symbols in the figures.
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4. Results and Discussion
4.1. Exciton Storage and Discharge

We start by considering the time-dependent site populations and energies of the
OQN, baths, and SBP in the storage (x = 0) and discharge (x = 1) phases, using the
parameter values from Ref. [18], viz., E; = 250 cm !, Eici2356) =200 em™ !, Ey =0cm™!
(N.B.: E4 is smaller than the energies of the remaining sites because site 4 is designated
as the exit site, which in practice would be attached to a sink that captures the exci-
ton/energy), h = —60 em 1, Tp = Tr = 300K, T, =300K, A, =35 cm L Ap =10 cm L
we = wp =106 cm™ !, Wyax = 50w, and M = 100.

In Figure 1a, we see that the BS and SS populations remain constant at 0.25 and 0,
respectively, during the storage phase. Simultaneously, as seen in Figure 1c, the OQN,
left-bath, and right-bath energies remain constant (the minor deviations in the bath energies
are attributed to numerical errors). Thus, our QB model is capable of perfectly storing both
population and energy during the storage phase, as predicted by the theory. In addition,
as shown in Section S3 of the SI, the coherences remain constant during the storage phase.

After attaching the SBP, the populations of sites 1 and 4 increase from 0 while the
remaining site populations decrease from 0.25 over the 1 ps time period, as seen in Figure 1b.
Att =1 ps, the population of site 4 (i.e., the exit site) is greater than that of site 1 and the
BS. (The corresponding time-dependent coherences are shown in Figure S2 of the SI). In
Figure 1d, we plot the changes in the OQN, left-bath, right-bath, and SBP energies with
respect to their initial values. As can be seen, the OQN and left-bath energies decrease
while the SBP and right-bath energies increase. Thus, during the discharge phase, energy
flows from the OQN and left bath into the right bath and SBP, with considerably more
energy flowing to the right bath than to the SBP.

To further analyze the OQN energy (Ey) change in the discharge phase, we decompose
it into the on-site energy and exchange energy, corresponding to the terms Y-5_; E,|n) (1]
and h Y, ) |) (m|, respectively, in Equation (1). The change in the exchange energy is
therefore given by

A

AEexch(t) =h 2 [(ﬁnm(t» - <an(0)>] . (15)
()

Att = 0, only (Pp), (Ps2), (Ps), and (Pgs) are non-zero (since the OQN is initialized
in the dark state |¢;)). Their values decrease from 0.25 to ~ 0.07 over the course of 1 ps
(Figure S4), which causes AEq,, to increase. For the dynamics displayed in Figure 1b,d,
AEqych increases by 25.59 cm~! over the course of 1 ps (as calculated by Equation (15)).
In fact, AEqych increases for all of the parameter regimes studied herein. Considering the
values of (P, (0)) and the fact that Y-5_; (P, (t)) = 1, the on-site energy change is (setting
all BS energies to be equal, i.e., Ejc(53561 = Eps)

6 6
AEon—site(t) = ; En(Pun(t)) — ; En(Pun(0))
= (E1—Egs)(Pn(t)) + (E4 — Egs)(Pus(t)). (16)

From this expression, we see that the on-site energy change depends only on the time-
dependent populations of the SS and the energy differences E; — Eps and E4 — Epg (rather
than the absolute values of E; and E;). [Indeed, shifting all of the site energies by the
same constant results in the same dynamics during the discharge phase]. When site 4 is
chosen to be the exit site (i.e., E4 < Eps < Ejp), a higher site 4 population will lead to a
more negative on-site energy change. In fact, for the dynamics displayed in Figure 1b,d,
AEon_site decreases by 50.88 cm ™! over the course of 1 ps (as calculated by Equation (16)),
which is greater than the increase in AE,,. This explains the decrease in the OQN energy
observed in Figure 1d.
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4.2. Effect of Bath Temperature

We next investigate the effect of varying the bath temperature gap on the site pop-
ulations and energy flow in the QB, in an effort to find parameter sets that maximize
the population of the exit site and minimize the energy loss of the OQN. To simplify our
exploration of the parameter space, we vary one parameter at a time while keeping the
remaining parameters fixed. First, we fix the temperature of the left bath at 300 K and
vary the temperature of the right bath, while keeping the OQN, SBP, and remaining bath

parameters unchanged.

In Figure 2a,c, we see that increasing the right bath temperature leads to a decrease in
the population of site 4 and relatively small increases in the populations of the remaining
sites. As for the energy changes (see Figure 2b,d), the OQN and left bath lose energy, but the
energy loss becomes smaller and remains relatively constant, respectively, with increasing
right bath temperature. On the other hand, the SBP and right bath gain energy, but the
energy gain remains relatively constant and becomes smaller, respectively, with increasing
right-bath temperature. When we fix the temperature of the right bath at 300 K and increase
the temperature of the left bath, the behaviours of the site populations are similar to those
observed in the case when the temperature of the right bath is increased, except for that of
site 4 which now exhibits a substantially smaller decrease (see Figure 2c). As for the energy
changes (see Figure 2d), the behaviours of the SBP and OQN energies are similar to those
observed in the case when the temperature of the right bath is varied. However, the bath
energies are significantly different, with the energy changes in the left and right baths
becoming more negative and remaining relatively constant, respectively, with increasing

left-bath temperature.
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Figure 2. Site populations (left panels) and energy changes (right panels) in the discharge (x = 1)
phase for different bath temperature gradients. (a,b) Time-dependent site populations and energy
changes for right bath temperatures of 300 K (solid lines) and 900 K (dashed lines), with Ty = 300 K.
(c,d) Site populations and energy changes after 1 ps for different right bath temperatures and a left
bath temperature of 300 K (denoted by right bath gradient), and different left-bath temperatures and
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Increasing the bath temperature (or decreasing ) will increase the width of the initial
Wigner distribution in Equation (10). This increase is particularly significant for oscillators
with low frequencies. It can be verified both analytically and numerically that the ensemble
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averages of the initial bath kinetic energy, Z]M P,f’ i and bath potential energy, Z;VI w%’ ].Rfl, i
grow linearly with increasing temperature. For example, increasing the temperature of a
bath from 300 K to 600 K to 900 K will increase its kinetic energy from ~1.43 x 10* eV to
~2.38 x 10* eV to ~3.37 x 10* eV.

As seen in Figure 2d, increasing the left bath or right bath temperature will lead to
similar amounts of additional energy transfer out of the bath. This temperature-driven
increase in energy transfer to the OQN is relatively independent of the other parameters.
As seen in Figure 3, for different site 4 energies, increasing the right bath temperature by
a given amount leads to roughly the same increase in energy being transferred from the
bath to the OQN. In this way, one can decrease the OQN energy loss by increasing the
temperature of any bath. Finally, varying the temperature of a given bath has a larger
effect on the site connected to it. For example, if we increase the left bath temperature
while keeping the right bath temperature constant, there will be a larger change in the site
1 population than the site 4 population (see Figure 2). These results suggest that one could
design a QB that minimizes the OQN energy loss while maintaining a relatively large site

4 population.
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Figure 3. (a) Site populations and (b) energy changes after 1 ps in the discharge phase for different
right-bath temperatures and site 4 energies, with E; = 250 cmfl,Eie{zs/Sb} = 200 cm~!, and
T =300 K.

4.3. Effect of Bath Reorganization Energy

Next, we vary the bath reorganization energy A;,. From Figure 4, we see that increasing
the right-bath reorganization energy causes the site 1/4 population to decrease/increase,
the right-bath energy to increase, and the system to lose more energy; the populations
of the remaining sites, left-bath energy, and SBP energy remain relatively constant. On
the other hand, we see that increasing the left-bath reorganization energy does not have a
significant impact on the site population and energy changes.

0304 ___oeemmmmTTTTTT L i

0.25

— OQN

1|— Left Bath ——- Right Bath Variation
—— Right Bath —— Left Bath Variation

-101|— sBP

015 S==meees — ==

Population

o
n
o

o0

Bl

o~

1

|

-

yw

58

25

0 <

52

5E

" 3 o

S

Energy Change (cm™")

o

0.10

4 50 6 70 8 90 100 40 50 60 70 8 90 100
Reoraanization Enerav (cm™1) Reoraanization Enerav (cm™1)
Figure 4. (a) Site populations and (b) energy changes in the discharge phase after 1 ps for different
right-bath reorganization energies and a left-bath reorganization energy of 35 cm~! (denoted by
right-bath variation), and different left-bath reorganization energies and a right-bath reorganization
energy of 35 cm ™! (denoted by left-bath variation).
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As seen in Equation (12), increasing the bath reorganization energy Aj, will increase the
coupling strength C,, ;. For example, if we increase A}, from 35 cm~ ! to 70 cm ™!, the coupling

strength for each oscillator in the bath will increase by a factor of v/2. Increasing the
coupling strengths increases the magnitudes of the coupling terms in the equations of
motion, which translates into faster energy transfer between the system and bath. As seen
in Figure 4b, increasing the energy transfer rate of the right bath results in more energy
transfer out of the bath after 1 ps. On the other hand, increasing the energy transfer rate
of the left bath does not cause any significant changes in the left bath energy and site 1
population. This may be due to the relatively low population at site 1, viz., after 1 ps,
the populations at sites 1 and 4 are ~0.11 and 0.28, respectively (see Figure 1).

4.4. Effect of Site Energy

We now investigate the effects of varying the SS energies on the site populations and
energy changes. Time series and results after 1 ps for different combinations of the SS
energies are shown in Figure 5 and Table S1 of the SI, respectively. As seen in Figure 5a,
setting the SS energies equal to each other leads to roughly equal SS populations, with the SS
populations decreasing when increasing from E; = E; = 100 em ! to E; = E4 =250 cm ™ L.
When the energies of the SS are greater than those of the BSs, the BS are more populated
than the SSs after 1 ps. Conversely, when the energies of the SS are lower than those of
the BS, the SS are more populated than the BS after 1 ps. When the energies of the SS are
equal to those of the BS, we see that the SS and BS populations approach each other over
time, becoming almost equal after 1 ps. With regards to the energy changes (Figure 5b),
setting the SS energies equal to each other leads to roughly equal changes in the left and
right bath energies, with the bath energy changes decreasing and becoming more negative
when increasing from E; = E4; = 100 em ! to E; = E4 = 250 cm™~!. More specifically,
there are energy gains in the baths for E; = E4 = 100 cm~! and energy losses for the larger
SS energies, with the loss increasing with increasing SS energy. Conversely, there is an
energy loss from the system when E; = E; = 100 cm ™! and energy gains for the larger
SS energies, with the gain increasing with increasing SS energy. The SBP energy remains
mostly unchanged for the different SS energies.

In Figure 5¢,d, we plot the results for E; = 250 cm ! and different values of E4. As can
be seen, increasing the energy of site 4 from 0 to 100 cm~! does not cause a significant
change in the site 4 population; however, increasing the energy of site 4 from 100 to 250 cm !
causes a ~250% drop in the site 4 population after 1 ps. Moreover, when the energy of site 4
is smaller than those of the remaining sites, site 4 becomes the most populated site after
1 ps. The populations of the remaining sites do not change significantly after going from
E4 = 0to 100 cm ™!, but they each increase by several percent after 1 ps after going from
E4 = 100 to 250 cm ™. As for the energy changes, increasing the energy of site 4 leads to
more energy transfer from the right bath to the system, which in turn causes the OQN
energy to change from decreasing to increasing. When both E; and E, are greater than Epg
and the SS become populated, AE,,_gite also becomes positive. Thus, when AE,,, is also
positive, the OQN will gain energy from the baths.

Based on the results above, a few general observations may be made. First, higher site
energies are associated with lower site populations. In addition, for a higher site energy,
more energy is transferred from the bath to the OQN. As seen in Figure 5, for the highest
E4, the (positive) OQN energy change increases and the (negative) bath energy changes
decrease, while the magnitude of the SBP energy remains low and relatively constant,
i.e., energy transfer from the bath to the OQN. If one changes the site energy of a particular
site, then the population of that site will be mainly affected. If two sites have the same site
energy, we expect them to eventually have equal populations. Finally, when all sites have
the same site energy, all sites will have the same population after a sufficiently long period
of time, despite starting with different initial populations (see Figure 5a).
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Figure 5. Time-dependent site populations (left panels) and energy changes (right panels) in
the discharge phase (x = 1) for different SS energies. (a,b) Results for E; = E; = 100 cm 1,
Ey = E4 =200 cm ™!, and E; = E4 = 250 cm™ L. (¢,d) Results for E; = 250 cm ™!, and E4 = 0, 100,
and 250 cm~!. The values of the remaining parameters are E;. (2,356} = 200 em~!, Ty = Tp = 300K,
and A, = 35cm L.

5. Concluding Remarks

In this paper, we studied the population and energy transfer dynamics of an open
quantum battery model, originally proposed in Ref. [18], over a wide range of parameter
regimes. In the battery’s storage phase, we demonstrated that, in addition to no population
leakage, there is no energy leakage from the battery into the attached baths. During the
discharge phase, the changes in the populations and OQN energy are influenced by the
bath temperatures, bath reorganization energies, and site energies. When increasing the
temperature of one bath (while keeping the temperature of the other bath constant), we
observed an increase in the energy transferred from that bath to the OQN. We found that
the right bath (i.e., the bath connected to the exit site) exerts a larger influence on the exit
site population than that exerted by the left bath (i.e., the bath connected to site 1) on the
site 1 population. Moreover, when increasing the reorganization energy of the right bath,
we observed an increase in the exit site’s population and a decrease in OQN energy. On the
other hand, varying the reorganization energy of the left bath does not have pronounced
effect on the population and energy. Regarding the site energies, when the energy of the
exit site is lower than those of the BS, the OQN energy decreases in most of the parameter
regimes studied. Lowering a given site energy causes the corresponding site population to
increase. When the site energies are equal, the site populations reach roughly equal values
after 1 ps, despite the different initial populations.

The results of our parameter space exploration show that different parameter sets
render the QB conducive to different applications. In practice, this would amount to
designing the QB in such a way that its properties are consistent with those of the desired
parameter set. For example, for an energy battery, one may desire that the QB gains energy
from its environment during the discharge phase. As we have shown, if one sets the site
energies of the SS to be larger than those of the BS, then the QB gains energy as the SS
populations grow in time. On the other hand, for an excitonic battery, one may desire
to maximize the population of the exit site, regardless of the change in the OQN energy.
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In such a case, one could lower the exit site energy or lower the right-bath temperature
while maintaining the left-bath temperature at its original value. If one would like to
simultaneously reduce the loss in OQN energy and increase the exit site population, one
could either increase the exit site energy or increase the left bath temperature. Overall, our
findings shed light on design principles that could be used to construct different types of
QBs operating between two thermal reservoirs.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /molecules29040889/s1. Total energy drift, effect of varying
surface site energies, time derivative of the bath and network-bath energies, and time-dependent
quantum coherences.
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Abstract: Understanding the spin distribution in FeNy-doped graphene nanoribbons with zigzag
and armchair terminations is crucial for tuning the electronic properties of graphene-supported
non-platinum catalysts. Since the spin-polarized carbon and iron electronic states may act together
to change the electronic properties of the doped graphene, we provide in this work a systematic
evaluation using a periodic density-functional theory-based method of the variation of spin-moment
distribution and electronic properties with the position and orientation of the FeNy4 defects, and the
edge terminations of the graphene nanoribbons. Antiferromagnetic and ferromagnetic spin ordering
of the zigzag edges were considered. We reveal that the electronic structures in both zigzag and
armchair geometries are very sensitive to the location of FeNy4 defects, changing from semi-conducting
(in-plane defect location) to half-metallic (at-edge defect location). The introduction of FeNy defects at
edge positions cancels the known dependence of the magnetic and electronic proper-ties of undoped
graphene nanoribbons on their edge geometries. The implications of the reported results for catalysis
are also discussed in view of the presented electronic and magnetic properties.

Keywords: FeNy-C catalysts; spin; band structure; zigzag graphene nanoribbons; armchair graphene
nanoribbons; DFT

1. Introduction

The past two decades have seen significant attention directed toward controlling
electronic spin moments in graphene nanostructures. It began with the theoretical predic-
tion of spin-polarizable mono-hydrogenated edge states in zigzag graphene nanoribbons
(ZGNRs) [1], paving the way for creating magnetic graphene finite-size structures. These
structures hold promise for applications in spintronics and quantum information technolo-
gies. However, synthesizing magnetic monohydrated ZGNRs remains challenging [2,3],
leading to extensive theoretical [3-11] and experimental efforts [12-18]. The objective is to
understand, modify, and control the spin-density distributions in nanostructured graphene.
Among the strategies for shaping graphene’s magnetic properties, doping with heteroatoms
has emerged as a general method for tuning magnetic, electronic, optical, and transport
properties [9,18-23]. Computational studies using density functional theory (DFT) revealed
that doping GNRs with nitrogen, boron, or transition metal (TM) atoms at specific positions
can induce thermodynamically stable ferromagnetic GNRs with spin-polarized edge car-
bons, depending on the edge geometry (zigzag or armchair), ribbon widths, location, and
density of dopant atoms [9,20,21,24-27]. These studies also agree that GNRs with dopants
at the edges are generally more energetically stable than those doped far from the edge
(in-plane) of the graphene nanoribbons.

The ability of graphene to stabilize various dopants is also used in catalysis by em-
ploying graphene to host a variety of active sites, including non-metal dopants and a
broad range of single metal atoms, from 3d transition metals to heavier elements, such as
Sn and platinum-group metals [28-30]. In particular, co-doped graphene with transition
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metals and nitrogen has been emerging as a promising electrocatalyst for oxygen reduction
reactions (ORR) [22,31-33], CO, conversion [34-36], or nitrate reductions [36]. TMNXx-
graphene has been identified as an efficient catalyst because of its spin polarization [36,37].
In particular, FeN4 moieties that are covalently integrated in carbonaceous matrices have
been established as the most promising precious-metal-free active sites in proton exchange
membrane fuel cell cathodes for ORR [22,32,38—40]. Unrevealing the origins behind the
good reactivity of Fe-N-C catalysts has become an important milestone for a more rational
design of non-precious metal catalysts. The FeNxCy coordination structures and iron,
magnetic, and electronic properties are among the key factors that determine the reactivity
of Fe-N-C catalysts. Experimental techniques, such as extended X-ray absorption fine
structure (EXAFS), X-ray absorption near-edge structure (XANES) spectroscopy, X-ray pho-
toelectron spectroscopy (XPS), and Mdssbauer spectroscopy, are commonly used to discern
the geometrical, electronic, and magnetic properties of synthesized Fe-N-C catalysts. Mean-
while, DFT calculations applied to truncated or extended FeNy-graphene models serve to
provide insights into the local iron environment and its electronic structure [32,41—46].

The pyridinic (FeN4Cyg) and porphyrinic (FeN4Cj) configurations are widely rec-
ognized as the predominant coordination geometries of the active sites in pyrolyzed
Fe-N-C catalysts for the oxygen reduction reaction (ORR). By analyzing the computed
and measured Mossbauer quadrupole splitting data, the presence of high-spin Fe(IlI)-
N4Cjy porphyrinic structures and low- or medium-spin Fe(II)-N4Cyg pyridinic structures
in pyrolyzed Fe-N-C catalysts has been established [42]. DFT studies have revealed the
thermodynamic stability of spin-polarized at-edge TM-C«Ny defects [21,22,31,37,47]. A
high magnetic moment computed in FeN4-AGNR and FeNy4-ZGNR was attributed to paral-
lel spin moments on the localized 3d electrons of Fe atom and 2p electrons of C atoms [47].
More recent theoretical studies have correlated the ORR activity with the iron magnetic
moments in FeNy-graphene, owing to the hybridization between spin-polarized Fe3d and
O2p orbitals in the activated OH complex [22]. The enhancement in the performance of the
FeNjy-graphene catalyst was attributed to an alteration in FeNy-graphene band structure
from metallic to half-metallic [48], meaning that the spin-up bands have isolating character,
whereas spin-down bands have conducting character, or vice versa. In light of these studies,
the spin distribution in FeNy-graphene structures appears to play a pivotal role in their
electrocatalytic activity; however, the concomitant spin polarization of graphene edge
carbons, possibly occurring in truncated FeNy-graphene models, has been considered in
very few cases [47]. Comprehending the spin interactions between co-doped iron—nitrogen
states and carbon edge states remains an open question, yet it is crucial for regulating
the electronic properties and spin density at metal active sites within Fe-N-C materials,
particularly for their application as electrocatalysts.

In this study, we examine the spin distribution between iron and carbon atoms, and
the sub-band profile of both Zigzag Graphene Nanoribbons and Armchair Graphene
Nanoribbons. These ribbons integrate pyridinic-like FeNy4 defects positioned at various
locations between the ribbon’s center and one of its edges. This study explores both
ferromagnetic and antiferromagnetic spin ordering at the edges concerning the FeNy-
GNR'’s thermodynamic stability, and electronic and magnetic properties.

2. Results
2.1. Formation and Stability of Fe(I)N4 in ZGNR and AGNR Models

Initially, we concentrated on the stability of the pyridinic Fe(II)Ny active site, ranging
from bulk sites to edge configurations in the graphene nanoribbons with zigzag and
armchair terminations, shown in Figure 1, on the left and right sides, respectively. The
dangling bonds of the edge carbon atoms are saturated with hydrogen (H).
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ZigZag Edges Armchair Edges

Figure 1. Atomic structure of zigzag (left) and armchair (right) graphene nanoribbons. The labelled
carbon bonds indicate the positions of the vacancies, created by removing two bound carbons. FeNy
active sites are subsequently integrated into the double vacancies (see text). The arrows indicate the
periodicity direction of ZGNRs and AGNRs. The N and M indicate, respectively, the number of edge
atoms and the width of GNR. The atom color code is the following: brown for carbon and white for
hydrogen.

Conventionally, ZGNRs are described by the number of atoms along a row and the
width of the model, denoted by the notation (N x M). Here, ‘N’ represents the number
of atoms on the edge row, and ‘M’ indicates the width of the model. The notation we
employed was first introduced by Cervantes-Sodi et al. [49]. According to this notation, the
ZGNR model shown in Figure 1 was defined as a (6 x 6) ZGNR, and the AGNR model
was designated as an (3 x 11) AGNR. To prevent interactions between an Fe atom and
its periodic image, graphene nanoribbon models were selected with sufficient size: the
distance between the Fe atoms and their periodic images in the adjacent cell was maintained
at 14.83 A for zigzag and 12.83 A for armchair configurations.

The FeNy-GNR unit cells were constructed after the formation of a double vacancy
(DV), by subtracting a pair of C atoms and replacing the four dangling C atoms with
nitrogens. The Fe atom was then embedded in the DV center, coordinated to four N atoms.
We explored five FeN4-ZGNR and eight FeN4-AGNR positions. The DVs were chosen to
represent two different orientations of FeN, with respect to the periodicity axis: orientations
perpendicular or aligned with the periodicity axis are labelled as A1, B, C1, and D1 in
Figure 1, hereafter called “direct”; and orientations tilted at 30° or 60° to the ZGNR and
AGNR periodicity axes are labelled as A, B, C, and D in Figure 1, hereafter called “tilted”.
The energetic and magnetic properties of bare or single-atom-doped GNRs may vary with
the ribbon width. Strong dependence of dopant binding and formation energies were
reported for very thin ribbons with width M = 2 carbons in the row, but going beyond this
limit, the effect of the ribbon widths decreased rapidly. The width of the models considered
here (M = 6 for ZGNR and M = 11 for AGNR) is therefore sufficient to exclude a significant
variation of the computed properties with variations of the ribbon widths.

The reported formation energies (E¢) and binding energies (E},) displayed in Figure 2
confirm the thermodynamically stable integration of FeNy defects at all thirteen examined
positions within both GNRs. This aligns with the previously established good thermo-
dynamic stability of covalently integrated FeN4 moieties in different models of graphene
nanostructures [17-19,22,44]. Note that, in our comparative study, E¢ and E}, were computed
for the lowest energy structures, whose edge spin configurations were with a ferromagnetic
(FM) order. The translocation of the Fe center towards the edge results in the suppression
of spin on one GNR side, thereby rendering the antiferromagnetic (AFM) order at the edge
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untenable. Consequently, to maintain a uniform standard across all models, configurations
derived from ferromagnetic ordering at the edges were used to ascertain energy stability.
The A1 configuration is an exception because the antiferromagnetic spin orientations of the
edges were found to be more stable by 23 meV than the ferromagnetic spin ordering. The
definitions used to compute E; and Ey, are reported in the Methods section.
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Figure 2. Formation and binding energies of FeNy moieties in ZGNR (left) and AGNR (right).

The formation energies associated with the FeNy defect varied depending on its
orientation. In the case of ZGNRs, the “tilted” orientations (points B and C in Figure 2, left-
hand side) were revealed to be less stable than the defects with “direct” orientations (points
B1 and C1 in Figure 2, left-hand side). For the armchair configurations, “tilted” orientations
generally exhibited greater stability than their “direct” counterparts (compare A, B, and
C with A1, Bl1, and C1 in Figure 2, right-hand side). The only exception to this trend
was the stronger stability of the “direct” FeNy in D1 position (at the edge) in comparison
with the “tilted” defect in position D (D1 and D points in Figure 2, right-hand side). This
can be associated with the different FeN, environments in the D and D1 locations, which
apparently contributed more strongly to the FeNy stabilization than the specific orientation
of FeNy. In the D-placed defect with “tilted” orientation, one nitrogen became pyrrolic-like
(at the edge) and the other three nitrogens remained pyridinic, whereas in the D1-placed
defect, two nitrogens were pyrrolic-like. The D1 defect had the same carbon environment
as the most stable C1 defect in ZGNR, with two pyridinic and two pyrrolic-like nitrogens.
Thus, increasing the number of pyrrolic-like nitrogen atoms at the edges increased the
thermodynamic stability of FeN4-GNRs. This aligns with Li et al.’s findings [27], where
nitrogen defects near the edges of ZGNRs were energetically favorable, and pyrrole-like
defects possessed even lower formation energies than pyridinic-like defects. Our findings
on Fe-centered defect stabilization in graphene nanoribbons are consistent with Holby
et al.’s observation [28] of preferential edge stabilization of Fe-pyridinic vacancy complexes
(FeN3) in GNRs.

Overall, a relatively small variation (within 15%) in the formation and binding energies
of FeNy from in-plane positions A and Al to the edge positions C1 and D1 was obtained.
Fluctuations in formation energy were a recurrent theme in the study of nitrogen or metal-
substituted graphene nanoribbons [27,28,50,51], underscoring the edge configuration as
the most stable site. These investigations have also considered pyridine-like structures,
such as 3NV and 4N defects, as in our work, which also demonstrates the highest stability
at the edges of zigzag graphene nanoribbons.
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2.2. Ferromagnetic and Antiferromagnetic Spin Ordering at the ZGNR Edges

The ferromagnetic (FM) and antiferromagnetic (AFM) spin orderings were considered
for the minimum energy ZGNRs. For comparison, the magnetic and electronic features of
the pristine ZGNR and AGNR were computed at the same theoretical basis. It was generally
reported from the DFT calculations of ZGNRs that the FM ordering of the spin-polarized
orbitals of the edge carbons was slightly less stable than the AFM phase. Our results are in
line with this finding, reporting AFM ordering as more stable by 59 meV than the FM spin
orientation. The average spin moment localized at every carbon atom at the zigzag edges
was 0.23 pp (Figure Sla). The FM band structure in Figure S1b shows a metallic character
because of the crossing of spin-up and spin-down states at the Fermi level. In this band
diagram, the spin-up states are shifted to the conduction band and the spin-down states
are dominating in the valence band zone. Consistent with earlier findings [1,3,4,7,9,10], the
AFM structure (refer to Figure Slc) demonstrated a semiconductor-like nature, displaying
a band gap of 0.54 eV with degenerate spin-up and spin-down channels that overlapped.
At each edge carbon, the magnetic moment was £0.24 pg, resembling closely those in
the FM ZGNR. Analysis of band-decomposed charge density plots in Figure S2 revealed
that the bands near the Fermi level were primarily composed of spin-polarized p, orbitals
originating from the edge carbons.

Fe(Il)Ny4 defects located at the central DV (position A1 in Figure 1) in ZGNR decreased
negligibly the spin moments at the edge carbons with respect to the pristine GNRs, as
revealed by the results in Figure 3, left- and right-hand sides for the FM and AFM ordering,
respectively. The absolute value of the spin moment at the iron atom was 2.04pg, for both
the AFM and FM ordering of the carbon atoms at the edges (Figure 3). However, the
overall AFM-FeN4-ZGNR structure was energetically more stable by 23 meV compared
with FM-FeNy--ZGNR. The total magnetic moment of FeN4-ZGNRs therefore resulted
from the Fe3d and C p, spin-polarized states and became 4.54 and 2.0y, respectively, for
FM and AFM ordering of the edges.
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Figure 3. Spin density and band diagram of FM- (left) and AFM-ordered (right) carbon edges in
FeN4-ZGNRs. Yellow and turquoise colors represent the spin-up and spin-down distribution over
lattice structure. Blue and dashed red colors represent the spin-up and spin-down states in band
diagram.

Despite the FeNy integration into graphene, the band structures preserved their
character as in the pristine ZGNR (Figure S1). The FM edges determined a conducting
band (Figure 3, left-hand side) and the AFM edges determined a semi-conducting band
structure (Figure 3, right-hand side). Doping with FeNy at the in-plane position in ZGNRs
did not affect the electronic structure and the magnetic distribution on edge carbons, but
only the total magnetic moment of the ribbon.
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2.3. Magnetic and Electronic Properties as a Function of FeNy Location and Edge Termination

The evolution of the spin-density and sub-band structures of FeNy with different
orientations and positions was explored considering the more stable AFM-ZGNR, with
opposite spin-moment orientations at the edges and AGNR with non-magnetic (with zero
spin moments) edges.

The computed spin-density distributions and band diagrams for the five positions of
the FeNy in ZGNRs are presented in Figure 4a,b and those of the four “direct” positions
FeN4-AGNRs are presented in Figure 4c,d. The band-gap values presented in Figure 4b,d
were calculated using the GGA-PBE functional, known to underestimate band gaps for
systems with strong electronic correlations. However, while PBE may not yield precise
absolute band-gap values, it reliably captures trends in the band structures variations with
FeNy location and orientation.

(a) FeN,-centered at A1 FeN,-centered at B FeN,-centered at B1 FeN,-centered at C FeN,-centered at C1
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Figure 4. Spin-density and sub-band diagrams of FeN4-ZGNRs in (a) and (b), respectively, and
FeN4-AGNR in (c) and (d), respectively. The band-gap energies for spin-down (red dash curves) and
spin-up (blue solid curves) channels are in eV. In (b), the blue arrows point to the d,» states and the
green arrows point to the deyz (“direct” orientation) or dxy (“tilted” orientation) states. The Fermi
energy is set to zero. Yellow and turquoise colors represent the spin-up and spin-down distribution
over lattice structure.

The analysis focused first on zigzag edge models. To prevent miscalculation, adjust-
ments were made to the unit cell structure, specifically due to the FeN4 moiety in graphene,
considering potential strain-induced modifications in spin moments and edge direction that
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can influence the transition from antiferromagnetic (AFM) to ferromagnetic (FM) ordering.
To mitigate strain effects, a two-step approach was employed. Initially, geometric cells of
zigzag models were relaxed for unit cell adjustment, seeking an optimal x-axis cell parame-
ter. The final calculation used a fixed cell with the determined unit cell parameter. Notably,
“direct” FeNy defects expanded the unit cell by approximately 0.1 A up to 14.89 A, while
“tilted” FeN4 moieties contracted the unit cell by approximately 0.08 A down to 14.71 A,
with respect to the undoped zigzag nanoribbon model (Figure 1), with an initial unit cell
parameter of 14.79 A. This methodology was not applied to AGNR models, as there is
no effect of strain on spin moments on the non-magnetic armchair models. Discussing
first the FeN4-ZGNR structures, it is worth noting that the spin distribution on the carbon
edges was not affected by the in-plane defects in the baseline A1, B, and B1 locations. The
total magnetic moment of these structures was equal to the magnetic moment at the Fe
3d electrons, because of the opposite spin directions of edge carbons that cancel when
integrating the spin density over all atoms in the unit cell. The situation changed for the
near-edge (C1) and on-edge (C) FeNy locations, for which the carbon spin moments were
quenched. Even more, not only did the spin density at each carbon drop down, but the sign
of the spin moment also changed from —0.20 pg (B1 in Figure 4a) to 0.02 pg (from B1 to C in
Figure 4a). Consequently, the near-edge FeN4-ZGNR entire structure became non-magnetic
because the Fe spin-down moment cancelled the spin-up moment of the carbons at the
opposite edge. On the contrary, the magnetic moment of the on-edge FeN4-ZGNR structure
(FeNy centered at C in Figure 4a) increased up to 4 pg (Table 1), resulting mainly from the
parallel spin moments on the iron and on the opposite edge carbons. Interestingly, the spin
quenching of the carbons at the edge close to the FeNy site did not affect the absolute value
of the Fe spin moment. Previously studied N-doped ZGNRs edges were established as
magnetic [26], different from our findings for FeN-doped ZGNR edges. Other DFT studies
have reported on the spin suppression of edge carbon sites in Ti-, Pt-, and Au-doped ZGNR
edges [52-54].

Table 1. Total magnetic moment (Lpy,1) and Fe magnetic moment (pipe) in 1z of FeNy-ZGNRs with
initial AFM spin ordering at the edges.

FeNy Al B B1 C C1
Position

ol ~2.00 2.02 197 ~0.09 4.00

WFe 2,04 1.99 ~210 —2.02 212

The band structures depicted in Figure 4b also exhibited sensitivity to the FeNy
location, which was especially noticeable in the spin-down channel (red curves in Figure 4b).
Localized flat-band characteristics due to dxz_yz, dxy, and d,. states were observed in the
band structures in all FeN4-ZGNRs, as shown by the blue and green arrows pointing to
these d-bands in Figure 4b. The unoccupied d,. localized band (pointed by a blue arrow in
Figure 4b) shifted downward the Fermi level when moving the FeNy defect from Al to Bl
to C1. The d» unoccupied band localized at energy levels of 0.34, 0.21, and 0.01 eV in the
Al, B1, and C1 configurations, respectively. The contributions of dy, and dx; in the bands
were intertwined with the p, orbital contribution from carbon. This results in hybridization
between the Cp, and Fe dy,/dy; orbitals, as demonstrated for the C1 FeN4-ZGNR structure
in Figure 5.
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Figure 5. Charge-density decomposition of the sub-bands in the at-edge FeNs-ZGNR, showing the
fat bands for the states labelled as C p, and Fe 3d orbitals (left) side. The Fermi level in the sub-band
diagram is set to zero. Spin-down (turquoise color) Fe 3d,. charge density is plotted in the upper
(right) panel and the spin-up (yellow) Cp, charge-density distribution is plotted in the right down
panel.

As the iron dopant was shifted towards the zigzag ribbon edge, the spin-down band
gap diminished and closed entirely in the on-edge FeN4-ZGNR configuration. Conse-
quently, the band structure became half-metallic, displaying a metallic character along the
spin-down channel and a semi-conducting character with a 0.57 eV band gap along the
spin-up channel (see Figure 4b, last column). Pt-doping at the ZGNR edges was also found
to promote the half-metallic state [52]. The charge-density decomposition, presented in fat
band in Figure 5, revealed that the half-metallic character was due to the spin-down Fe dz2
electrons at the Fermi level (the spin-density in the upper-right panel in Figure 5) and the
Cp;, electrons, crossing the Fermi level. The valence band was formed by the occupied p,
electrons with opposite spins and the Fe d,> > electrons with spin down. The Fe3dy, and
3dy, orbitals were in the conduction bands. Assuming the validity of the semi-empirical
rule correlating the smaller distance of the center of the 3d band of transition-metal surfaces
with their enhanced catalytic activity [53] holds also for the half-metallic FeN4-doped
graphene, a high reactivity could be suggested for the on-edge FeN4-ZGNRs, due to the
0.01 eV spacing between Fermi level and the center of the 3d band (see Figure 5).

The total spin moment in the doped structures with armchair termination was carried
out essentially by Fe3d electrons (see Figure 4c for “direct” oriented defects and Figure S3
for “tilted” oriented defects), regardless of the location of the FeNy defect. This result differs
from the previously reported magnetization of AGNR edges due to doping with isolated
transition metal and nitrogen atoms [21]. Nevertheless, the FeN4 dopants did not cause
spin polarization of the armchair carbons, the band structure in the “direct” FeNy-dopants
changes from semi-conducting in the in-plane-doped (position A) AGNR to half-metallic
in the near- and on-edge-doped structures (see Figure 4d). For comparison, a band gap
of 0.2 eV was calculated for the pristine AGNR, shown in Figure 54. The changes from
semi-conducting to half-metallic states were not found for the “tilted” FeN4-AGNRs as
reported in Figure S3. It follows that the FeNy dopant orientation played a role on the
AGNR band-structure features, but did not polarize the spin states.

The validity of the above discussed models and results was verified for a cell with a
double length along the periodicity direction and integrating two FeNy sites, the
(2 x 1 x 1) supercell model, of in-plane “direct” FeN4-ZGNRs and “tilted” FeN4-AGNRs.
This allowed also to explore the anti-parallel orientation of the spin moments on the two
Fe sites, thus the AFM doped zigzag ribbons. Except the changes in the total magnetic
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moment due to the presence of two FeNy defects in the supercell, the charge-densities and
band-diagrams in Figure S5 (FeN4-ZGNRs) and Figure S6 (FeN4-AGNRs) show the same
characteristics as those obtained for the respective unit cells, discussed in detail above.
Moreover, considering two FeNy dopants on the opposite ZGNR edges (see Figure S7) or
two FeNy on-edge defects at the same edgeina (2 x 1 x 1) supercell in Figure S8 always
resulted in spin-quenching of the edge carbons, which is demonstrated with the nearly
zero magnetic moments per carbon atom as reported in the Figure S8.

2.4. Discussion: Implication for Catalysis

Our results demonstrate that the coupling between iron magnetic moment and the
magnetic moments of carbon atoms at the graphene edges significantly modifies the elec-
tronic structure of the materials depending on three factors: (i) graphene edge-geometries,
i.e., zigzag or armchair; (ii) location of FeNy in the graphene nanoribbon; and (iii) orienta-
tion of FeNy with respect to the graphene edges (“direct” or “tilted”). This suggests that
different possibilities exist for tuning the electronic characteristics of FeNy-graphene, which
has been recognized as necessary for improving their catalytic activity in ORR [48].

Discussing the property variations induced by the presence of FeNy at the edges,
we first noted that the spin-unpolarized (non-magnetic) carbon states in the armchair
terminated GNRs remained as such also when interacting with the FeNy defects at the
edges, but the FeN4-AGNR electronic structure changed from semi-conducting for the
FeNy integrated in-plane of AGNR to half-metallic for the “direct” FeNy integrated at the
edge (Figure 4d). Half-metallicity is revealed also by the band structure of the edge-doped
ZGNRs (Figure 4b, last column). The spin suppression caused by the introduction of an
FeNy moiety at the edge of the ZGNR makes its electronic structure comparable with
the spin-unpolarized AGNR edges, therefore suppressing the difference in the electronic
properties between AGNR and ZGNR terminations. This suggests that the at-edge location
of the FeNy active site plays a preponderant role over the edge geometries in the electronic
structure. Half-metallic electronic structure was found to be at the origin of the highest
catalytic activity in FeNy-graphene for ORR [48]. We can therefore anticipate that edge-
doped FeNy-GNRs would be highly catalytically active in ORR. Adding this to the highest
thermodynamic stability of edge-doped ZGNR and AGNR (see Figure 2: points C1, left
hand side and point D1, right hand side), edge-doped FeN, graphene nanoribbons can
be envisioned as the most promising candidates for ORR catalysis. Moreover, since the
edge doping removes the effect of the specific geometrical termination on the graphene
electronic structures, we can also extrapolate the validity of our findings to the pyrolyzed
powder FeNyCy catalysts, regardless of the geometrical organizations of their edge carbons.

Furthermore, the spin-down dz? electrons in the at-edge FeNy-ZGNRs are practically
localized at the Fermi level (see Figure 5), which would enhance their interaction with the
spin-polarized mtp* orbital of O, (the ground state of O; is a triplet spin state) or the doublet
spin-state of OH*. The increase of spin asymmetry (the difference in the population of
spin-up and spin-down states) in the band structure of MeNy-graphene catalysts was also
suggested to improve the catalytic activity in the CO oxidation reaction [54]. Following
the evolution of the band diagrams in Figure 4b,d, we observed that moving FeN, from
the in-plane to the edge resulted in increasing the differences between the populations
of spin-down and spin-up channels close to the Fermi level, thus highlighting again the
edge-doped FeNy graphene GNRs as potentially highly active catalysts. Furthermore, the
interactions between Cp, and Fe3d magnetic moments can significantly modify the total
magnetic moment of the entire FeNy-graphene material, as demonstrated in Table 1. The
spin polarization of the edge carbons in the various FeNy-graphene models need to be
considered in addition to the Fe spin density in the DFT calculations when accessing the
magnetic properties of the active FeNy sites.
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3. Materials and Methods
Computational Details

All DFT calculations were performed using the Vienna Ab Initio Simulation Pack-
age [55,56]. The interactions between electron and nuclei were described within the frame-
work of PAW formalism. The exchange—correlation energy was calculated within the
Perdew, Burke, and Ernzerhof formulation of the generalized-gradient approximation
(GGA-PBE) [57,58]. After the extensive test calculations for the total energy convergence,
the kinetic energy cut-off for plane wave expansion was set to 500 eV. To simulate the
periodic graphene nanoribbons (GNRs), the distance between the graphene layers was
maintained at 15 A for edge-edge and layer-layer distances. Structural relaxation is per-
formed with a converge criteria of 1 x 1072 eV/A on force and a I'-centered k-point grid of
15 x 1 x 1 for ZGNR model and 1 x 15 x 1 for AGNR model. Increasing the k-points up to
20 along the periodicity direction did not significantly change the energy values, confirming
the adequacy of the chosen grid. An electron self-consistency loop was performed with
accurate convergence of the magnetic state by assigning initial spin moments to each atom.
We consistently employed the Fermi-Dirac smearing method across all cases, setting the
smearing parameter to 0.03. The spin moment distribution of the FeN4 motif embedded
GNRs models was calculated using the Bader analysis as described in ref. [59].

To study the formation of the FeNy active sites, the computed formation energies E¢
for Fe-N4-GNR was based on the following equation

Ef = ((EFe-N,~GNR + (Hic X Nsubtracted) ) — (EGNR + (#N X Noubstituted) +Ere)) (1)

where Epe N, GNR is the total energy of the Fe-N4 substituted model; jc is the chemical
potential of carbon, defined as the total energy of graphene per carbon atom; Egnr is the
total energy of pristine (perfect) GNR; py is the chemical potential of nitrogen, taken as
one-half of the total energy of the N, molecule in the gas phase, and Ep, is the energy of
the isolated Fe atom in the gas phase. In the above equation, the number of subtracted
carbon atoms was six (two of them come from double carbon vacancy and the remaining
four carbon atoms are subtracted to be replaced by nitrogen) and the number of substituted
nitrogen atoms was four. Throughout this article, a lower formation energy signifies a
higher probability of FeN4 formation on a selected position.
Fe binding energy was calculated as

Eg = ((EFe-N,~GNR ) — ( EN4—GNR + EFe)) 2)

The binding energies (Eg) were defined as the difference between the energy of the Fe
atom and N4 in the substitutional position of the GNRs and the energy of the reconstructed
with double vacancy and substituted 4 N atoms (Ens—GNR) plus the energy of isolated Fe
atom (Ere).

The different initial spin moments on the two edges were considered to obtain the
energy difference between the AFM and FM configurations for each doped ZGNR; however,
unit cells with a single FeN; motif allowed only for ferromagnetic solution. Thus, we
doubled the unit cell along the x direction (2 x 1 x 1) to explore the energetically competing
antiferromagnetic spin state.

Spin-density distribution analysis was performed using a two-phase computational
approach. Initially, charge-density calculations were performed for both core and valence
electron shells, and these densities were subsequently integrated to yield the total charge
density. Magnetic charge density was derived by subtracting the spin-down charge density
from the spin-up charge density. The final phase involved Bader analysis, which partitions
the magnetic charge density with reference to the total charge density. The partial charge
densities were calculated by taking into account all k-points. Subsequently, using a post-
processing bash script, the spin-up and spin-down charge densities were separated from
these partial charge densities within the fat-band profile.
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4. Conclusions

In this study, we present an evaluation of the thermodynamic stability, electronic,
and magnetic properties as a function of the position and orientation of FeNy, covalently
integrated into graphene nanoribbons with zigzag and armchair terminations in view of
their potential applications as single-atom electrocatalysts. The DFT calculations with
periodic boundary conditions were employed. Our results demonstrate that the cova-
lent integration of FeNy defects in both ZGNR and AGNR results in thermodynamically
stable materials independent of the doping location. Nevertheless, the differences in the
binding and formation energies oscillates within 15%; at-edge doped GNRs are the most
energetically stable structures.

The spin-moment distribution in zigzag graphene nanoribbons that integrate FeNy is
not determined only by the spin polarization of 3d electrons, but also by the spin polariza-
tion of the Cp, electrons. The spin-polarized edge carbons interact with Fe3d spin-polarized
states if FeNy is located near or at the edge of the ZGNR, which results in suppression
of the spin moments of edge carbons. In the latter cases, the Cp, electrons change their
spin orientations, but the Fe3d electrons preserve their spin moments. Consequently, the
total magnetic moment of the FeN4-ZGNRs varies according to the spin orientations on the
carbons at the opposite edge and at iron. The spin-unpolarized states of the edge carbons
in AGNR remain unaffected by the FeN, spin moments.

The spin quench at edge carbons is manifested with the reduction or removal of edge
electronic states from Fermi level in the band gap. The FeNy at-edge location transforms
the electronic structures to half-metallic and increases the spin asymmetry in both ZGNR
and AGNR; therefore, integrating FeNy at the edges removes the effect of edge geometries
on the electronic properties of the catalyst. This suggests that the location of the FeNy
active sites will be determinant not only for the catalyst stability, but also for its reactivity,
being recognized as highly dependent on the FeN,-graphene magnetic and electronic
structures. Since the edge geometries play a minor or non-role in the electronic structure of
at-edge FeNy-graphene, FeN4-GNRs can be considered as relevant models for describing
the magnetic and electronic properties in relation to the reactivity of pyrolyzed Fe-N-C
catalysts.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /molecules29020479/5s1, Figure S1: Spin density distributions and
sub-band diagrams of FM and AFM ordered ZGNRs; Figure S2: Charge density composition of
AFM edges of the undoped ZGNR; Figure S3: Spin-density and sub-band structures in “tilted”
FeN4-AGNR structures; Figure S4: The lattice structure and sub-band diagram of AGNR; Figure S5:
Spin density and band diagram of FM and AFM ordered (2 x 1 x 1) supercell of FeN4-ZGNRs; Figure
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Abstract: Titanium dioxide (TiO,) has been investigated for solar-energy-driven photoelectrical
water splitting due to its suitable band gap, abundance, cost savings, environmental friendliness, and
chemical stability. However, its poor conductivity, weak light absorption, and large indirect bandgap
(3.2 V) has limited its application in water splitting. In this study, we precisely targeted these
limitations using first-principle techniques. TiO, only absorbs near-ultraviolet radiation; therefore,
the substitution (2.1%) of Ag, Fe, and Co in TiO, significantly altered its physical properties and
shifted the bandgap from the ultraviolet to the visible region. Cobalt (Co) substitution in TiO, resulted
in high absorption and photoconductivity and a low bandgap energy suitable for the reduction in
water without the need for external energy. The calculated elastic properties of Co-doped TiO,
indicate the ductile nature of the material with a strong average bond strength. Co-doped TiO,
exhibited fewer microcracks with a mechanically stable composition.

Keywords: optoelectronic; elastic moduli; transition metals; DFT; NHE; water splitting

1. Introduction

Overcoming the energy crisis without affecting the environment is a crucial chal-
lenge for scientists and engineers in the near future. For this purpose, various tech-
niques have been proposed, and the utilization of absorbed sunlight energy through
photo/electrocatalysis is an especially promising solution. Honda and Fujishima achieved
water splitting using a TiO,-based photo/electrocatalyst. TiO, exists in three phases:
anatase, brookite, and rutile [1]. They are all used in photo-electrochemical water-splitting
applications [2]. Among them, TiO, anatase has been hailed as one of the most promising
candidates due to its indirect bandgap [3]. In contrast, brookite and rutile exhibited a
direct bandgap of 3.0 and 3.5 eV [2,4,5]. Photo-excited electrons have a longer lifetime in
indirect bandgap semiconductors than in direct bandgap semiconductors [2,6] because
photo-excited electrons cannot migrate directly from the conduction band (CB) to the
valence band (VB) [2], decreasing the charge carrier recombination rate. Additionally,
due to the rapid migration of charge carriers [2], TiO; anatase had a lower charge-carrier-
recombination rate and the smallest average effective mass [7] of photo-generated electrons,
as compared to the brookite and rutile phases; therefore, the superior photo-electrochemical
water-splitting properties exhibited by TiO, anatase were not surprising.

Semiconductors such as hematite Fe;O3 [8-10], tungsten trioxide WO3 [11-13], and
TiO, [14-16], as well as perovskites including ABX3 [17], SrTiO3 [18], metal oxides [19],
and metal sulfides [20], have been used for this purpose. However, due to its low cost
of production [21], easy availability, non-toxicity [22], and thermodynamic stability, TiO,
anatase has been investigated meticulously [23,24]. Modern industrialization, technological
development, and the rapidly growing global population have caused higher energy
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consumption, which has resulted in severe environmental pollution due to the burning of
hydrocarbons. Clean energy is required to achieve a green environment. Hydrogen is a
renewable source, and water is available in an unlimited supply. Photo-electrochemical
water splitting resulting in hydrogen fuel and oxygen gas by utilizing sunlight through the
application of photo-electrode materials has considerable technological potential [25]. The
nature of the delocalized photo-excited holes and electrons, which are generated because
of the absorption of light photons of appropriate energy, could play a vital role in the
application of water for redox reactions to produce hydrogen and oxygen. The reaction of
water with the photo-anode surface occurs in the following manner.

1
H,O+2e" — 2H' + 502 (1)

After the oxidation of water, the electrons are transferred to the cathode using an
external circuit, while H" moves toward the cathode within the electrolyte, where H" and
e react in the following manner:

2H* +2¢~ — H @)

Pure TiO, anatase absorbs only ultraviolet light (3—-4% of the solar spectrum) due to its
wide (3.2 eV) bandgap [3]. Furthermore, it is extremely easy for photo-generated holes and
electrons to recombine into pure TiO, anatase, which reduces the photo-electrochemical
water-splitting phenomena [26]. Therefore, only two problems have been encountered
during this enhanced photo-electrochemical water splitting: (1) a shrinking of the bandgap
and (2) a reduction in the charge-carrier-recombination rate. Various existing techniques,
such as doping, surface modification, and the construction of heterojunctions, have been
proposed to overcome these flaws [27,28]. Among them, doping techniques have signifi-
cantly improved the optical, electrical, and photocatalytic performance of TiO,. Using the
developed methodology, the aforementioned issues have been addressed with nonmetallic
(N, S, P, B, and C [29,30]) and metallic (Fe, Mo, Au, Rh, and Cu) dopants [31]. Giovanni et al.
investigated the N-doping effect on anatase surfaces using first-principle calculations and
realized enhanced light absorption because of the creation of oxygen vacancy [23]. Xiaoye
et al. studied metal-doped anatase and reported that Cu-doping significantly enhanced
its photocatalytic activity in PEC applications. Furthermore, Anindita et al. performed
thermoelectric mismatching and bandgap calculations for anatase thin films [24]. Illyas
et al. comprehensively studied the optical and electrical properties of TiO, rutile and found
that Co-doped TiO; rutile absorbed a large spectrum of solar light. To obtain sufficient
knowledge regarding the interatomic and other solid-state phenomena, understanding the
elastic properties are crucial. Due to the super-hard nature of TiO, anatase, it has become a
prevalent interest of researchers; therefore, the calculations of the mechanical properties
are as vital as those of the electronic and optical properties [32].

Herein, the anatase phase of TiO, was comprehensively studied using density-
functional-theory (DFT) calculations for PEC water-splitting applications. We thoroughly
investigated the impact of Ag, Fe, and Co dopants on the electronic and optical properties
of pristine anatase using a DFT + U approach. In addition, the elastic constants (Cij), as well
as the shear (G) and bulk (B) moduli, were probed for multifarious fundamental solid-state
physical characteristics, including Young’s modulus (Y), the Poisson coefficient (v), and
anisotropy (AY).

Computational Methods and Details

We performed our calculations using DFT with the base variable as the density of
electrons, instead of the wave function implemented in SIESTA [33-35]. The functionals
of the exchange correlation GGA with exchange correlation of revised the Pardew—Burke—
Ernzerhof (RPBE) [36,37] for geometry relation were used. A 2 x 2 x 1 supercell was
modeled with 48 atoms to perform the calculations. Furthermore, 6 x 6 X 6 k-points
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were used for the optical properties, and 3 x 3 x 1 k-points were used for the geometry
optimization. A cutoff energy of 200 Ry was selected for all structural optimizations as
well as for electronic and optical property calculations. Due to the presence of the strongly
correlated d-orbital of Ti, we used an effective U-value of 3.5 eV of the Hubbard model
(RPBE+U). Herein, a pseudo-atomic orbital (PAO) basis set with a double-zeta potential
(DZP) was assigned to all the atoms in the configuration. In addition, we performed all
the calculations using the GGA+U method. Elastic property calculations were carried
out using the CASTEP code by considering the GGA proposed by PBE with a 340 eV
cut-off plane wave basis set. Additionally, all optical properties’ calculations, including
absorption coefficients, reflectivity, and energy loss functions were obtained from [38—40]
in the interval from 250 to 700 nm.

2. Results and Discussion
2.1. Geometrical Analysis

The effects of doping (Ag, Co, and Fe) on the tetragonal structure of TiO, anatase were
explored using DFT. The defects produced by the dopants in the host supercell matrix were
simulated. The defect geometries were obtained by substituting the Ti atoms with each
dopant individually. The optimized geometries of the doped and pure TiO; anatases are

given in Figure 1.
b C
“_9 ” e b7

o o

Figure 1. Relaxed geometries of (a) TiO,, (b) TiO, /Fe, (c) TiO, /Co, and (d) TiO, /Ag.

The lattice vectors estimated at the lowest energies are listed in Table 1. The bond
lengths of Ti and each dopant with O atoms were calculated and found to be in good
agreement with the experimental data and, therefore, deemed favorable for further study.
The incorporation of Fe and Co resulted in decreased bond lengths, which caused the cell
volume to decrease, as shown in Table 1. Furthermore, the Ag dopant expanded the cell
volume due to the long Ag—O bond length. The thermodynamic stability of each doped
TiO, sample was calculated using the formation energy of pristine and doped TiO,, using
the following equations:

Ep = % (ET - Y. niEi> 3)

i=Ti,0,Ag,Co,Fe
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where Et represents the total energy of the preferred system consisting of N atoms. The
variable E; demonstrates the total energy of an isolated i (Ti, O, Ag, Co, Fe) atom, and #;
is the total number of a specific atom 7 per unit cell. Our estimated formation energy for
pristine and Fe-, Co-, and Ag-doped TiO, were —9.534, —9.444, —9.418, and —9.245 eV,
respectively. Higher negative values of the formation energy indicated their favorable and
easy synthesis in the laboratory; this was consistent with the data in the literature. The
comparative formation energies of doped and pristine TiO, are shown in Figure 2.

Table 1. Lattice parameters, volume, and c/a of pristine and doped TiO, anatase.

Type a(A) c(A) c/a Vv (A)3
TiO,-Pure 3.791 9.510 2.51
DFT [41] 3.737,3.741 9.981, 9.964 2.57,2.66 549.537
Experiment [42] 3.785 9.514 2.51
TiO,/Ag 3.821 9.588 2.51
DFT [43] 3.905 9.825 2.52 559621
TiO, /Co 3.802 9.447 2.48 545.971
TiO, /Fe 3.785 9.496 2.51
DFT [44] 3.771 9.489 2.49 545984
10}
eAshL 9444 -9.245
,s -
£
£ 6f
>
s
Eﬁ
g 4r
=
2t
0

TiO, TiO,/Fe  TiO,/Co  TiO,/Ag
Figure 2. Formation energies per atom of pure and doped TiO;.

2.2. Electronic Properties

To understand the electronic and optical properties of the pristine and doped com-
positions, an investigation of the electronic band structure was of prime importance. The
band structures of pristine and doped TiO, in the SIESTA code were calculated using
the GGA+U approximation. All band-structure calculations were performed using high-
symmetry points along special lines in the k-space. Figure 3 depicts the band structures
of the pristine and doped systems. As shown in Figure 3, TiO; was an indirect bandgap
(3.18 eV) semiconductor, which was in good agreement with the experimental results [41].

Furthermore, TiO, /Ag, TiO, /Co, and TiO, /Fe showed direct bandgaps of 1.50, 2.02,
and 1.58 eV, respectively, along the high-symmetry directions of the Brillouin zones and
were in good agreement with another work, as shown in Table 2 [43,44].
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Figure 3. Band structure of (a) pristine and (b) Ag-, (c) Co-, and (d) Fe-doped TiO,.

Table 2. Comparative bandgaps of pristine and doped TiO, anatase.

Materials This Work Other DFT Experimental
TiO, 3.18 eV 3.3 eV [45] 3.2eV[42]

TiO,/Ag 150 eV 0.9 eV [43] —

TiO,/Co 2.02eV — —

TiO, /Fe 1.58 eV 1.74 eV [44] —

The incorporation of the dopants (Ag, Co, and Fe) in TiO; caused the bandgaps for
each compound to shrink, which resulted in the maximum absorption of the solar spectrum,
tumbling the rate of recombination and increasing the generation of electron-hole pairs for
efficient PEC activity. This reduction occurred in the bandgaps because of the generation of
novel energy states near the Fermi level.

To unravel the composition of the valence and conduction bands, the projected density
of the states (PDOS) for both the pristine and doped TiO, were calculated, as portrayed in
Figure 4. For comparison, the PDOS of pristine TiO; is also shown in Figure 4a, in which
the valance band edge was mostly composed of O-2p states, whereas the conduction band
edge was attributed to the unoccupied Ti-3d atomic orbitals. In the case of the Ag dopant,
the new states generated by the Ag-3d atomic orbital occurred in the valence-band edge
with the overlapping of O-2p states. Similarly, when a Ti atom was substituted by a Co
atom, it induces new states of the Co-3d orbitals mixed in with the O-2p and Ti-3d states
in the valence band. For the Fe substitution of Ti, the Fe-3d states occurred in the valence
band, causing a redshift of absorption and enhancing the photo-response in the visible
region. Conclusively, the substitutional impurities in titania caused the shrinkage of the
bandgap due to the creation of novel states in the mid-gap, thus reducing the energy barrier
in the photon-absorption process, which was the primary condition for high-efficiency
photo-anodes in the PEC process.
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Figure 4. Projected density of states of (a) pristine and (b) Ag-, (c) Co-, and (d) Fe-doped TiO,.

The generation of H; via water splitting has been of great importance [46]. To induce
water splitting without external energy, the positions of the valence and conduction bands
had to be more positive and negative than the oxidation and reduction potentials of the
water, respectively. The oxidation potential of water is +1.23 V while its reduction potential
is +0 V vs. NHE [47]. In photocatalytic processes, charge separation is a vital factor. If
successful charge separation occurs, these charges move to the semiconductor surface and
participate in the oxidation and reduction processes. Figure 5 illustrates the energies of the
VBM and the CBM of pristine and doped anatase for efficient photocatalytic properties [15].
However, Figure 5 shows that the CBM of anatase was more negative than the water
oxidation potential, whereas the VBM edge was more positive, indicating its superiority

for PEC activity.
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The Ag-doped anatase had a suitable conduction-band position for the water reduction
reaction, whereas Co-doped anatase had a suitable valence-band position for the water
oxidation reaction. Specifically, all dopants significantly improved the VBM position,
representing better and promising oxidation reactions for the water-splitting half-reaction.
The shift in the CBM and the VBM occurred because of the transition-metal dopants, which
contributed to the new energy states.

2.2.1. Real and Imaginary Parts of Dielectric Functions

Dielectric functions define the electronic properties of materials under the effect
of incident radiation; they are given by e¢(w) = e1(w) + i ex(w). The real part “eq(w)”
demonstrates the material polarizability, whereas the imaginary part e;(w) describes the
electronic absorption of the material when illuminated by a certain incident photon energy.
The calculated values of the real and imaginary parts of the pristine and doped TiO,
are shown in Figure 6. For pristine TiO,, ¢; had a peak value of 5.11 at 387 nm, and
the incorporation of the dopants increased this value up to 6.14 at the same wavelength,
suggesting the maximum electronic polarization for energy storage devices. Among all the
dopants, Co exhibited a high polarizability near 387 nm, as shown in Figure 6a. In Figure 6b,
the imaginary part e exhibited a first peak at 317 nm for pristine TiO,. The first edge of each
material was associated with the fundamental bandgap Eg, which represents the transition
between the valence-band maximum (VBM) and the conduction-band minimum (CBM).
In the case of pristine TiO,, the transition of electrons occurred from the O-2p-occupied
state (VBM) to the Ti3d unoccupied state (CBM) near the Fermi level in the ultraviolet
region, suggesting a higher energy loss than that of the doped TiO,. Furthermore, for the
Co-doped anatase, the peak value was observed at 300 nm. In general, the substitutional
doping improved the real and imaginary parts of the dielectric functions in the overall
solar spectrum, with considerable advancement in the visible region.

{ % —a—TiO, —a—TiO,

y —o—TiOy/Ag —o—TiOy/Ag
—a—TiO,/Co —a— Ti0,/Co
—&— TiO,/Fe —a— TiO,/Fe

400 500
Wavelength (nm)

Figure 6. (a) Real and (b) imaginary parts of the dielectric function for pure and transition-metal-
doped TiO;.

2.2.2. Optical Absorption and Conductivity

To describe the effect of dopants (Ag, Co, and Fe) on the optical absorption and con-
ductivity, we first calculated the two parameters for pristine and doped TiO,, as portrayed
in Figure 7. Pristine TiO, had a wide bandgap (3.18 eV) and could only absorb ultraviolet
light [42]. The substitutional doping significantly improved the absorption peak in the
visible region, showing much better and more promising material properties for photo-
electrochemical water-splitting applications. The improvements in the absorption edge, as
shown in Figure 7a, were attributed to the narrow bandgap of the pristine TiO,, and the
existence of the new mediator energy states between the VBM and the CBM had decreased
the electronic excitation energy needed. Such states were capable of absorbing low-energy
photons and generating electron-hole pairs, both of which increased the photoconversion
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efficiency of the materials. Our computed optical absorption properties for iron (Fe)-doped
TiO, were consistent with theoretical and experimental data [48]. Among all the dopants,
Co showed a substantially larger absorption than the other dopants due to the high density
of the occupied and unoccupied states, which utilized low-energy photons for the transition
from the VBM to the CBM.

2.0

——TiO, 7o ——TiO,

—o—TiO,/Ag g . ——TiO,/Ag
—a— Ti0,/Co d S (b) —a— Ti0,/Co)
—a—TiO,/Fe 1518 : —a— TiO,/Fe

057 Y,
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00 E 600 700
Wavelength (nm)

300

400 500
Wavelength (nm)

Figure 7. (a) Absorption coefficient and (b) optical conductivity of pure and metal doped TiO,
anatase.

In addition, the enhancements of the optical conductivity played a vital role in water
splitting and opto-electronic devices, which depend solely on the absorption and refractive
index. If a material absorbs greater photon energy than its bandgap, electron-hole pair gen-
eration occurs. These pairs move freely in the crystal, which induces optical conductivity.
Optical conductivity does not contribute to electrical conductivity because of electronic
charge neutrality [49]. For semiconductors and insulators, the electrical conductivity has
always been negligible; however, the optical conductivity had been finite due to the optical
bandgap. Figure 7b illustrates that the incorporation of the dopants in TiO; increased its
conductivity, with the largest (by a considerable margin) peak in Co-doped anatase. This
enhancement would increase the water reduction reactions due to a redshift in the bandgap
energy, which would result in the maximum absorption of the solar spectrum. Optical
conductivity followed the same trend as the absorption coefficient.

The calculated reflectance and refractive index for both pristine and transition-metal-
doped TiO; as a function of the wavelength is shown in Figure 8. The refractive index
determines the speed of light propagation in a medium. For a given material, the maximum
value of the refractive index indicates that the light slowly propagates within the material;
the opposite is true for the minimum refractive index. For doped TiO,, the refractive
index showed a decreasing trend at higher wavelengths and an increasing trend at lower
wavelengths. The decreasing trend was due to the optical dispersion of the materials [50].
Cobalt-doped TiO, exhibited a maximum refractive index value of 2.51 at n = 380 nm, as
portrayed in Figure 8.

Figure 8a demonstrates the estimated values of the reflectance for the materials. The
reflectivity for Co-doped TiO; exhibited a maximum value of approximately 20%. In addi-
tion, the pristine and Fe- and Ag-doped TiO; showed < 15% reflectivity in the visible range,
suggesting their suitability in antireflective-coating applications [51]. All the compositions
with weak absorption and conduction exhibited stronger reflectance.
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Figure 8. (a) Reflectance and (b) refractive index for pure and doped TiO, anatase.

The loss spectrum was another optical parameter that revealed the spectrum loss
during its propagation through the medium. When electrons moved inside the solids,
inelastic scattering occurred, which was related to the energy-loss function. Figure 9
displays the energy-loss spectrum as a function of the wavelength from the VBM to the
CBM. In addition, the loss spectrum indicated the trailing edges of the reflection spectrum.
The highest energy-loss peak characterized the plasma frequency and related resonance.
Furthermore, Co-doped TiO, showed a sharp decrease, as compared to the other dopants,
indicating a rapid decrease in reflectivity.
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Figure 9. Energy loss vs. wavelength for pristine and transition-metal-doped TiO;.

2.3. Elastic Properties

The crystal responses to the external parameters, such as strain and pressure, were
governed by the elastic characteristics of the material, which included its mechanical
stability, the modes of the phonons, and other solid-state phenomena. To understand the
mechanical properties of any solid, the elastic constants (Cj) listed in Table 3 were of great
importance; they could be obtained by the Taylor-series expansion [52].
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Table 3. Elastic constants (Cjj; GPa) for pure and Co-doped TiO; anatase comparison data.

Elastic Constants This Work Other DFT This Work
TiO, [39]2 [53]° TiO,/Co
Ciy 369.140 a399.1, 0336.5 340.595
Cip 153.918 2167.6,2138.6 155.326
Ci3 153.260 2159.9,2136.0 138.609
Ca3 215.389 a250.8,0192.1 196.803
Cu 44.281 270.49, 49 4 60.523
Ceo 58.665 261.28, b58.3 63.446

a Ref. [39]; ? [53].

Due to the symmetry, each crystal had its own specific elastic constant. As TiO,
(anatase) exists in tetragonal symmetry, there were six independent elastic constants: Cyy,
Cqp, Ci3, Cs3, Cy4, and Cgg. These elastic constants correlated the stress (0) and strain (¢)
tensors using Hooke’s law. Table 4 depicts the estimated values of the elastic moduli, could
be derived from the Voigt—Reuss-Hill approximations and were in good agreement with
existing theoretical and experimental results [54]. The mechanical stability was determined
by the strain energy, which had to be positive for any elastic deformation. For tetragonal
symmetry, the crystal had to fulfill the following criteria: C11 > 0, C44 >0, Cg6 >0, C11 —
C1p >0, and C11Ca3 + C12C33 — 2C132 > 0. Our findings revealed that all the conditions
were successfully satisfied, and that all the materials were mechanically stable.

Table 4. Estimated elastic moduli and allied parameters of pristine and Co-doped TiO,.

Elastic Current Work Other Work Current Work
Properties TiO, TiO, [55] Co dope TiO,
By 208.283 221.982 193.675
Br 192.736 204.210 176.590
By 200.510 213.096 185.132
Gy 62.327 51.275 66.595
Gr 55.230 32.085 63.099
Gy 58.779 41.680 64.847
Ev 170.023 142.829 179.241
Er 151.243 91.466 169.152
Eyg 160.640 117.388 174.203
vy 0.363 0.393 0.346
VR 0.369 0.425 0.340
vy 0.366 0.408 0.343
By /Gy 3.342 4.329 2.908
Br/Gr 3.489 6.365 2.799
Bu/Gyh 3.411 5.113 2.855
AV 0.423 0.368 0.374

Bulk modulus (B) is the capability of the material volume to resist elastic deformation.
It indicates the binding energy and average bond strength of atoms in a crystal [52]. Table 3
shows the bulk modulus of pristine and Co-doped TiO, with the values of 192.736 and
176.590 GPa, respectively, indicating a high average bond strength between Ti and O [55].
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Figure 4 shows that the structural properties were attributed to the O-2p and Ti-
3d states, indicating ionic and partially covalent bonds. This spatial arrangement made
it arduous to modify the atomic displacement through the action of an external force.
Meanwhile, the isoionic bond and covalent bond directionality made dislocation almost
impossible and created obstacles to dislocation propagation for the surrounding grains. At
room temperature, the pristine and doped TiO, were sensitive to deformation. Under the
influence of an external force, if breaking occurred in the structure, it indicated brittleness,
poor toughness, and a relatively low shear modulus, as shown in Table 4.

In addition, Poisson’s ratio (v) governs material brittleness and ductility, along with
the expansion capability in the direction normal of the compression. A material with a
Poisson’s ratio less than 0.33 was considered to be fragile; otherwise, it was considered
ductile [39]. Pristine TiO, has a higher Poisson’s ratio than Co-doped TiO;, indicating
a higher ductility. Moreover, a Pugh’s ratio (B/G) greater than 1.75 suggested a ductile
nature, and our estimated results also indicated a ductile nature in both systems, suggesting
consistency with Poisson’s ratio [39].

To understand the directional dependence of physical properties, anisotropy (AY)
is very important. The null value of anisotropy indicates the isotropic nature of the
material. Furthermore, it also determines the nature of the microcracks and the phase
stability of crystal structures. A higher anisotropy value indicates microcracks and stress
concentration. Our calculation revealed that the incorporation of Co produced fewer
microcracks than found in pristine TiO,. Moreover, the Poisson’s ratio and anisotropy
values were in good agreement with the literature data and are listed in Table 4. The elastic
properties were related to the thermal properties, including the Griineisen parameter
and Debye temperature. The corresponding mechanical properties were promising for
energy-associated applications [56].

3. Conclusions

The optoelectronic properties of pristine and doped TiO, were meticulously analyzed
for PEC water splitting using DFT simulations. It was observed that a 2.1% incorporation
of each dopant accentuated the optical absorption and the charge transport capabilities
in a broad range of the solar spectrum. The calculated bandgap was reduced to 1.50 eV,
2.02 eV, and 1.58 eV in the doped variants of silver, cobalt, and iron, respectively, due
to the generation of novel states and the sensitization of the materials to the visible and
infrared region, indicating promising PEC water-splitting activity. Furthermore, a more
negative CBM and a more positive VBM, with respect to the water oxidation and reduction,
respectively, made the materials more efficacious for water splitting. In addition, the
enhancement in the optical absorption due to substitutional doping increased the carrier
concentration, which overcame the electron-hole pair recombination. Because of the
suitable bandgap of TiO;, /Co, we estimated its elastic properties and observed that it had
the highest average bond strength, as well as high ductility. Our calculations also revealed
mechanically stable configurations, fewer microcracks, and lower stress concentrations in
Co-doped TiO;, as compared to pristine TiO,. In general, substitutional doping significantly
altered the optical conductivity, the dielectric function, the reflectance, and the refractive
index of the materials, suggesting their technological potential in PEC water splitting.
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Abstract: Metal oxide perovskite materials show promise for use as hydrogen separation membranes,
but metal oxides can dehydrate in the presence of hydrogen to the point of decomposition. The stabil-
ity of a material in the presence of hydrogen is necessary for an effective hydrogen separation mem-
brane. The stability of a mixed phase metal oxide perovskite (BaCe g5Fe( 1503.5-BaCeq 15Fe 8503.5)
was investigated using first-principles thermodynamics calculations based on density functional
theory to examine the possible reduction processes on the surface of the material. It was found
that for either phase of the material, the loss of Hy becomes thermodynamically favorable over
the formation of oxygen vacancies once oxygen vacancy defects exist on the surface. Additionally,
both phases of the material become more stable with respect to the dehydration or loss of oxygen
with increasing concentrations of surface oxygen vacancies. Under the conditions of commercial
hydrogen production (~400-1100 K), it is more thermodynamically favorable for H, to desorb from
the BaCe g5Fe( 15035 phase. Examination of the atomic-scale structure indicates that the degree
of coordination of surface metal atoms in this material may control the stability of the material in

reducing environments.

Keywords: hydrogen; stability; DFT; membrane; perovskite oxide; separation

1. Introduction

As humanity moves away from fossil fuels as a primary energy source, hydrogen
is widely seen as a clean alternative energy carrier. Consequently, hydrogen demand is
predicted to outpace production over the next decade [1,2]. A fundamental bottleneck in
current commercial methods of hydrogen production, steam reforming or dehydrogenation
of hydrocarbons, is the energy- and time-intensive process of hydrogen isolation from
the resulting product mixtures [3]. Membrane reactor systems are an attractive solution
to remediate this process bottleneck. Membrane reactors have not yet seen widespread
commercial adoption because current metallic membrane materials are prohibitively costly
and have short cycle lives [4,5]. Metal oxide ceramics that can function as hydrogen
separation membranes are a class of materials that have the potential to address the issues
with current commercially viable hydrogen separation membranes [6,7]. Many metal oxide
materials decompose via dehydration in hydrogen rich environments—a consequence of
reduction by hydrogen resulting in the dehydration of the material [8,9]. For a material to
properly function as a hydrogen separation membrane, the material must be stable with
respect to both reduction and oxidation in hydrogen-rich environments so that hydrogen
gas can repeatedly adsorb at the retentate surface and desorb from the permeate surface
without damaging the membrane. Additionally, for hydrogen gas to be collected from
the permeate surface of a hydrogen separation membrane, desorption of hydrogen gas
must be thermochemically preferred over dehydration. Dehydration here only refers to the
evolution of water as a product, not the loss of absorbed water. Structurally stable materials
are paramount for the development and manufacture of commercial hydrogen separation
membranes. In order to design improved ceramic oxide hydrogen separation membranes,
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it is necessary to ensure the materials will be stable in the harsh chemical environments of
commercial hydrogen production.

Some metal oxide perovskite materials appear to be stable under desorption of hy-
drogen over a wide temperature range, and exhibit hydrogen flux rates comparable to
metal membranes [6,10]. Stability combined with unique optical, electronic, and catalytic
properties gives materials with the perovskite structure wide-ranging applications [11].
Cheng et al. [10] reported an investigation of a ternary metal oxide ceramic as a hydro-
gen separation membrane material. The material investigated by Cheng et al. [10] was
reported to be a mixed-phase material composed of two complimentary defect perovskite
structures, BaCe g5Fe( 1503.5 and BaCey 15Fe( g505.5 (BCF8515 and BCF1585, respectively),
in a 50/50 stoichiometric ratio. Cheng et al. [10] did not report the detection of water in
the permeate gas sweep. Only Hp, N bleed over from the retentate side of the membrane,
and the argon permeate sweep gas were reported [10]. Similar results were reported by
Xia et al. [12]. Many metal oxides reduce and desorb water in the presence of H, due to
the thermodynamic stability of water [8,13,14]. The apparent lack of dehydration at the
permeate surface upon reduction by Hj indicates that BCF8515-BCF1585 may be stable
with respect to reduction in hydrogen atmospheres. Stability in the presence of hydrogen
is necessary for commercially viable materials. Understanding what material properties
lead to stability in reducing hydrogen atmospheres is fundamental to designing improved
hydrogen separation membrane materials.

A theoretical investigation of the stability of BCF8515-BCF1585 to reduction at the
permeate surface was performed. To do so, the thermodynamics of several possible
competing and sequential reactions at the surface of BCF8515 and BCF1585 crystals were
determined from first principles with density functional theory (DFT) calculations, the
results and interpretation of which are reported here.

2. Methods
2.1. Computational Details
2.1.1. Software Parameters

All electronic structure calculations were performed with density functional theory
using the PW91 [15] approximation to the exchange-correlation and were carried out with
the Vienna ab initio Simulation Package (VASP) [16-18]. All calculations employed a
plane-wave basis subject to a cutoff energy of 400 eV. The pseudopotentials used were
all the standard VASP-provided projector augmented wave (PAW) pseudopotentials for
use with general gradient approximation (GGA) exchange-correlation functionals [19]. All
geometry optimizations were performed using either the conjugate gradient relaxation
algorithm, or the RMM-DIIS relaxation algorithm [16]. The RMM-DIIS algorithm was only
utilized in cases where the conjugate gradient algorithm resulted in a bracketing error due
to the nuclear geometry being very near a minimum energy configuration. All structural
relaxations were terminated when the change in the forces was less than 0.02 &. The
k-point sampling density for all calculations was determined by VASP’s built-in automatic
k-point grid selector. All k-point grids utilized can be found in S1-54 of the Supplementary
Materials. Gaussian smearing with a smearing width of 0.2 eV was used for all calculations.
The 0K total electronic energy values were utilized for all free energy calculations in the
standard approximation [20,21].

2.1.2. Structural Models

The initial bulk unit cell structures for all three materials investigated were built
by modifying an undoped perovskite material (BaCeO3 or BaFeO3) having the desired
symmetry (cubic or orthorhombic). A supercell of the undoped material was built, such
that a B-site metal cation could be substituted for a dopant atom to yield the desired
stoichiometry. All bulk structures can be found in S1 of the SI. All dopant defects were
substitutional only. All structures had 1 dopant atom per 7 atoms of the element being
substituted. This yielded slab stoichiometries of BajsCej4Fe;Oug (to represent BCF8515)
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and BajsCeyFe 4045 (to represent BCF1585) for materials containing no oxygen vacancy
defects. Oxygen vacancy defects were added to the surface of each material sequentially by
removing a single oxygen atom per surface supercell at each stage of decomposition. All
oxygen vacancies were added on the surface of the respective slab models. The ratios of Ce
to Fe used were selected to achieve the closest ratio to 15% dopant (15% by atom count, not
mass percent) with unit cells sufficiently small to remain computationally tractable. For
all structures investigated, all dopant defects were located within the bulk of the material
or on the bottom exposed surface, not the surface interacting with adsorbed species and
containing oxygen defects.

The preferred surface exposure for each material investigated was determined by
finding the surface structure that minimized the surface energy. Each surface energy
calculation was obtained by performing a geometry relaxation on a slab with the desired
Miller index surface exposed and calculating the surface energy by

Eglap — n o Epyiic 1)

Surface Energy = YN
slab

where Eg,p is the total energy of the slab, Ep i is the total energy of a unit cell of the
bulk material, n is a scaling factor to adjust the total energy of the bulk to the number
of unit cell equivalents in the slab, and A}, is the surface area of the exposed surface.
Every slab utilized for surface energy calculations was cleaved from 2 bulk unit cells
(n = 2). The bottom two layers of atoms were frozen for each surface energy calculation
to simulate the bulk material that exists between two exposed surfaces. In asymmetric
cases, a dipole correction was applied along the vector normal to the exposed surface.
For all slab calculations symmetric slabs were utilized wherever possible. The surface
energies were calculated for the lowest and second-lowest order Miller index surfaces for
each material. The lowest energy surfaces identified for each material were (010) surface
for cubic BCF8515, (101) for cubic BCF1585, and (011) surface for orthorhombic BCF8515.
All stability calculations were performed on the respective lowest energy surface for each
material. All slab structures can be found in S2-54 of the SI. Zhu et al. [13] reported that
the structure of BCF1585 remains in the cubic space group for temperatures below 1200 °C.
Since the cubic structure of BCF1585 presented by Cheng et al. [10] is unambiguous, no
investigation of an orthorhombic phase of BCF1585 was performed.

2.1.3. Selection of Crystal Structures

Selection of the crystal structure for BCF1585 was accomplished by comparing the
crystal structure presented by Cheng et al. [10] with the common cubic space groups
of BaFeO3. BCF1585 was identified as being derived from BaFeOj; in the cubic pm3m
space group.

For the BCF8515 phase, Zhu et al. [13], Cheng et al. [10], and Xia et al. [12] all reported
an orthorhombic structure; however, none reported a possible space group. Cheng et al. [10]
reported BCF8515 as having an orthorhombic symmetry that results from an elongation of
one axis from the BaCeO3 pm3m cubic structure. For BaCeOj3, elongation of one axis results
in an orthorhombic structure having symmetry in the pnma space group. Cheng et al. [10]
reported that both phases (Fe or Ce dominant) form structures with the same symme-
try as the corresponding undoped materials (BaFeO3; and BaCeQOj3, respectively). As per
Knight [22], BaCeO3 undergoes 3 temperature-dependent phase transitions. According to
Knight [22], BaCeOj transitions to the cubic pm3m space group at 900 °C. Cheng et al. [10]
reported calcining both BCF8515-BCF1585 samples at 1370 °C. The subsequent hydro-
gen permeation testing was performed from 850 to 950 °C. The temperatures at which
the BCF8515-BCF1585 samples were treated and tested were high enough to facilitate a
transformation to the cubic phase, assuming BCF8515 behaves similarly to BaCeOs.

In an effort to determine the most probable structure of BCF8515, three possible
structures were compared: two orthorhombic structures derived by doping the pnma
phase of BaCeO3 with an iron defect (Fe substitution at each of the two possible Ce sites)
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Intensity / 1000

and a cubic phase derived from the pm3m phase of BaCeOs. Each bulk structure was
relaxed as per the method described in Sections 2.1.1 and 2.1.2 for unit cells of the same
stoichiometry. The lower energy of the two orthorhombic phases was identified from
total energy calculations and selected for stability investigation. The cubic structure had
the highest total energy. In an attempt to resolve the ambiguity in the results presented
by Cheng et al. [10], and the contradiction with the preferred phase under the reaction
conditions, based on the results of Knight [22], the predicted 26 plots for the orthorhombic

and cubic structures were compared. The calculated 20 plots can be found in Figure 1.

From the 20 plots, it can be seen that the only noticeable peak shifts that occur between the
two structures can be found at 20 > 80°. The orthorhombic structure does have some peak
broadening compared to the cubic structure; however, this feature is not pronounced until
20 > 80°. Since the ambiguity between the lowest energy structure and the structure likely
to exist under the reaction conditions could not be resolved, both the orthorhombic and
cubic phases of BCF8515 were investigated, and the results for both are presented herein.
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Figure 1. (a) Simulated X-ray diffraction patterns for orthorhombic (pink) and cubic (black)
BCF8515 for 20 from 0° to 180°, overlayed with data extracted from Zhu et al. [13] (green). (b) Sim-
ulated X-ray diffraction patterns for orthorhombic and cubic BCF8515 for 20 from 0° to 180°,
stacked. Simulated data generated using CrystalDiffract®, CrystalMaker Software Ltd. (Oxford, UK),
(www.crystalmaker.com accessed on 26 December 2022).

2.2. Stability Study Model
2.2.1. Protonation: Decomposition or Desorption

The goal of this study was to examine the thermodynamics of forming reduction prod-
ucts from the protonated surface of barium cerium iron oxides to investigate the stability of
these materials in the chemical environment of a hydrogen-generating membrane reactor.
Three possible reactions yielding gas-phase products were considered: 1. The desorption of
Hj. 2. The desorption of HyO and the formation of an oxygen vacancy. 3. The spontaneous
formation of an oxygen vacancy. These reactions are represented by reactions (I)—~(III) below,
where S denotes the slab model and V© an oxygen vacancy.

2H/S — Hy +S(I)
2H/S — H,0 + VO/S (1)

2H/S — %02 +2HVO /S (1II)

The enthalpy and entropy changes were calculated for each of the reactions (I)—(III)
and were used to predict the temperature at which the Gibbs free energy for each process
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becomes negative (passes equilibrium to become spontaneous). This was repeated for
surfaces with an increasing number of oxygen vacancies for each material. The thermo-
dynamically favored processes for each possible reaction on each possible surface were
determined by calculating the temperature-dependent Gibbs free energy change for each re-
action and comparing across the reactions to determine the thermodynamically preferential
reaction on each surface.

2.2.2. Enthalpy Change Calculations

The total change in enthalpy for each representative reaction was calculated by first
performing an electronic total energy calculation on each reactant and product. The change
in enthalpy was calculated as

AEnthalpy = X total energy products — X total energy reactants (2)

since PV work is negligible for the systems of interest due to the low pressure (380 pascal)
of products at the surface. The total energy calculations for each gas-phase molecule (Hj,
O,, H,0) were performed by placing a single molecule in the center of a 10 x 10 x 10 A
unit cell and performing a full geometry optimization of the molecule. For all calculations
that utilize 1 O,, the total enthalpy of O, was multiplied by a factor of 1.

2.2.3. Entropy Change Calculations

Calculation of the change in entropy from reactants to products in the representative
reactions began with the following assumptions: All the “reactant” species for all the
representative reactions were bound to periodic solids, so there could only be vibrational
degrees of freedom (movement of atoms in the desorbing species relative to the surface
slab, i.e., no rotation or translation). The products in the representative reactions included
gas-phase species, which have vibrational, rotational, and translational degrees of freedom.
All reactions were assumed to be in the electronic ground state, so electronic degrees
of freedom were not considered in the canonical ensemble. The change in entropy was
taken as the entropy difference between the vibrational degrees of freedom for the atoms
constituting the gas-phase species when bound to the solid surface and the total entropy of
the gas-phase species. The entropy change of the remainder of the surface was neglected
because it was assumed to be an insignificant change in relation to the entropy change due
to the formation of product gas [23]. This yielded a change in entropy for the formation of
a gas-phase molecule from the surface of interest.

The absolute entropies were calculated in the standard way,

S= kg In(Q) ®)

where kg is Boltzmann’s constant and Q is the canonical partition function representing all
the accessible states. For the gas-phase species, the canonical partition function was taken
as the product of the q,, and q;, (rotation and vibration, respectively) partition functions
under the rigid rotor and harmonic oscillator approximations,

ans: Qvib X 9rot (4)

since the electronic partition function was assumed to be in the ground state (qjectronic = 1)-
The vibrational and rotational partition functions were calculated in the standard way:

exp— v
Qvib= H?:l 1e>§9<kih;)’f>

©)
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where v; is the ih vibrational frequency, kg is Boltzmann’s constant, h is Planck’s constant,
T is the temperature in kelvin, and

1
27. 2
8m IlkBT> (6)

1
72 n
Qrot= o Hi:l ( h2

where [; is the ith rotational moment of inertia, kg is Boltzmann’s constant, h is Planck’s
constant, o is a factor correcting for degenerate rotations, and T is the temperature in
kelvin. All vibrational frequencies were obtained by performing a vibrational eigenvalue
calculation restricted to the atoms of interest with VASP. All moments of inertia were calcu-
lated from the equilibrium nuclear coordinates as calculated with VASP. The translational
entropy was approximated using the Sakur-Tetrode equation for translational entropy [24],
and was added to the total entropy of the gas-phase species, in the same manner as Cai

and Sohlberg [25].
kgT 3 2mmkgT 5
sous=ta- (n(557) +30(F52) +2) ®

where kg is Boltzmann's constant, T is the temperature in Kelvin, P is the partial pressure
of the gas in pascals, and m is the mass of the gas.

For the solid-phase reactants, Q was taken as just the vibrational partition function
for the atoms that become gas-phase species in the specific reaction under investigation.
The total entropy change was calculated as the difference in the entropy of the reactants
and products:
ans
Qsolid

where Qq,; is the canonical partition function for the product gas, Qgjiq is the partition
function for the reactants on the surface.

The entropy change for each reaction was calculated at a pressure of 380 pascal, the
permeate pressure as reported by Cheng et al. [10], while allowing temperature to remain
an independent variable. The temperature-dependent entropy change was substituted
into the equation for the Gibbs free energy. The temperature-dependent Gibbs free energy
change for each reaction was plotted on the same set of axes for each respective surface
and compared. From the changes in Gibbs free energy, the most thermodynamically
favorable reactions were identified for each surface. The process was continued stepwise
by sequentially increasing numbers of oxygen vacancies until the free energy change for
the formation of an oxygen vacancy was greater than that for the desorption of H;, over all
relevant temperatures.

AStOtalz kB hl( > + Strans (8)

3. Results
3.1. Results of Free Energy Change Analysis

The method prescribed in Section 2 (Methods) was applied to the three structures of
interest: orthorhombic BCF8515, cubic BCF8515, and cubic BCF1585. Reactions (I)—(III)
(see Section 2.2.1) were modeled on the lowest energy surface for each respective material,
and each relevant oxygen-vacancy-containing derivative structure. The change in free
energy was compared across reactions (I)-(II). For each of reactions (I)-(II) from each
surface examined, the enthalpy change was found to be positive, demonstrating that all
three reactions are endothermic. The entropy change was found to be positive over all
temperature ranges for all three reactions considered. Thus, at elevated temperatures, the
reactions reach equilibrium (AG = 0), and eventually became spontaneous (AG < 0). At
relevant temperatures, the relative free energy changes were found to be dominated by the
enthalpy changes.
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3.1.1. Orthorhombic BCF8515

Cheng et al. [10] reported that the BCF8515 they synthesized had an orthorhombic
structure. The orthorhombic structure utilized in this work was found to be the lowest
energy structure of BCF8515. A symmetric slab was cleaved, exposing the (011) surface, as
discussed in Section 2.1.2. The free energy change, AG, was calculated for reactions (I)—(IlI)
occurring from the (011) surface of orthorhombic BCF8515 with zero, one, and two oxygen
vacancy defects, respectively. AG vs. temperature for each of these nine cases can be found
in Figure 2. All the equations of the lines plotted in Figure 2 can be found in S5 of the SI.
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Figure 2. Surface of orthorhombic BCF8515 for (a) oxygen-vacancy-free surface, (b) surface with
1 oxygen vacancy, (c) surface with 2 oxygen vacancies. Plots were generated in Maple™.

From Figure 2, it can be seen that starting from the (011) surface containing no oxy-
gen vacancies (“reactant” slab stoichiometry BajcCej4FeyHyOgg), the smallest free energy
change over all temperatures is that of reaction (II) (formation of HyO(g)). Thus, reaction (II)
is the most thermodynamically favorable reaction for a surface with no oxygen vacancy
defects. Since reaction (II) generates an oxygen vacancy, the free energy changes for re-
actions (I)—(III) were calculated for a surface containing one oxygen vacancy (“reactant”
slab stoichiometry Ba;4Ce4FepHyO47). From Figure 2b it can be seen that the formation
of Hy from the surface with one oxygen vacancy becomes spontaneous (AG < 0) at the
lowest temperature, though at high temperatures the free energy change for reaction (II)
crosses that for reaction (I) (approximately 1200 K). For this reason, reactions (I)-(Il) were
investigated for the surface containing two oxygen vacancies (“reactant” slab stoichiometry
BajsCe14FepHyOy6). From Figure 2c it can be seen that again reaction (I), formation of
Hj, is more thermodynamically favorable than reactions (II) or (III) and is spontaneous
over all temperature ranges. These results demonstrate that the surface of orthorhombic
BCF8515 becomes stable to reduction once 0.0215 oxygen defects per A2 exist on the surface
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of the material. (This value and other surface oxygen vacancy threshold concentrations
reported here are upper limits. The actual threshold may be lower. Investigating lower
vacancy concentrations would involve calculations employing computationally demanding
larger supercells).

In summary, these results indicate that if orthorhombic BCF8515 exists with surface
oxygen vacancy defects at a concentration exceeding 0.0215 oxygen vacancy defects per
A2, the loss of H; from the protonated surface becomes the dominant reduction process. It
was found that the spontaneous formation of oxygen vacancies via a loss of % O, does not
occur, except at physically irrelevant temperatures. This indicates that all oxygen vacancies
in the material will form either intrinsically upon crystallization, or via the dehydration of
a protonated surface.

3.1.2. Cubic BCF8515

Cubic BCF8515 was examined in the same manner as orthorhombic BCE8515. Figure 3
shows the free energy change of reactions (I)—(III) with respect to temperature for the cubic
BCF8515 surface containing no oxygen vacancies and for the surface of cubic BCF8515 con-
taining one oxygen vacancy. All the equations of the lines plotted in Figure 3 can be found

in S6 of the SI.
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Figure 3. Surface of cubic BCF8515 for (a) surface with no oxygen vacancy defects, (b) surface with
1 oxygen vacancy defect. Plots were generated in Maple™.

From Figure 3a it can be seen that for the surface containing no oxygen vacancies (“re-
actant” slab stoichiometry BajsCej4FeyHyOug), reaction (II) is thermodynamically favored
over reactions (I) and (III) over all relevant temperatures. This indicates that the preferred
product from the surface containing no oxygen vacancies is HpO. Since the preferred prod-
uct from a surface with no oxygen vacancy defects generates an oxygen vacancy defect, the
free energy change for reactions (I)—(IIl) were investigated for a surface containing a single
oxygen vacancy (“reactant” slab stoichiometry BajsCe14FepHyO47). From Figure 3b it can
be seen that the formation of H; is thermodynamically preferred over reactions (II) and (III)
and is spontaneous over all temperatures. This result indicates that the surface of cubic
BCF8515 with an oxygen vacancy defect concentration of no greater than 0.0130 vacancies
per A2 begins to stabilize to reduction in the presence of hydrogen.

3.1.3. Cubic BCF1585

Cheng et al. [10] reported that only BCF8515 transports atomic hydrogen through
the binary phase material BCF8515-BCF1585. Cheng et al. [10] and Xia et al. [12] also
reported that the surface of BCF8515-BCF1585 was composed of a homogeneous mixture
of BCF8515 and BCF1585 grains. The stability of cubic BCF1585 was investigated in the
same manner as BCF8515. The results obtained can be found in Figure 4. All the equations
of the lines plotted in Figure 4 can be found in S7 of the SL
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Figure 4. Surface of cubic BCF1585 for (a) surface with no oxygen defects, (b) surface with 1 oxygen

vacancy, (c) surface with 2 oxygen vacancies. Plots were generated in Maple™.

From Figure 4a, it can be seen that the formation of an oxygen vacancy from the
oxygen-defect-free surface (“reactant” slab stoichiometry BajcFe14CeyH,Oyg) via the loss
of % O, is thermodynamically preferred over the other possible reductions, i.e., reactions (I)
and (II). At elevated temperatures, reduction via reaction (II) becomes the thermodynami-
cally favored reaction; however, this does not occur until approximately 1350 K, just above
the standard operating temperatures of membrane reactors of 1100 K [26,27]. Since the
thermodynamically preferred reaction from the oxygen-defect-free surface generates an
oxygen vacancy, reactions (I)—(III) were analyzed from a surface containing one oxygen
vacancy (“reactant” slab stoichiometry BajsFe4CepHyO47). Figure 4b shows the thermo-
dynamically preferred reaction over all temperatures to be reaction (II). From Figure 4c, it
can be seen that once a second oxygen vacancy exists on the surface of BCF1585 (“reactant”
slab stoichiometry BajsFe14CeyHyOy4), the formation of Hy becomes thermodynamically
preferred, indicating that the surface is stable to reduction once a surface concentration of
at least 0.0222 oxygen vacancies per A? exist on the surface.

The results presented here for BCF1585 indicate that once sufficient oxygen vacancies
exist on the surface (a surface vacancy concentration of 0.0222 oxygen vacancies per A2), the
loss of H, becomes the dominant process. The desorption of H, from the Ba;gFe14CeyHyO4q
surface of BCF1585 becomes spontaneous (AG < 0) above 859 K. Since it was found that
from stabilized surfaces of either BCF8515 the structure desorption of Hj is spontaneous
over all temperatures, H; is expected to more readily desorb from BCF8515 crystallites than
from BCF1585. In Figure 5 can be found the oxygen defect free structure and structure with
the number of oxygen defects where stabilization was found to begin to occur, for each
material investigated.
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(b) (c)

Figure 5. (a) Right: orthorhombic BCF8515 with 3 oxygen vacancies on the surface, 3-unit cells in
the x-direction. Left: Oxygen-vacancy-defect-free orthorhombic BCF8515 surface, 3-unit cells in
the x-direction. (b) Right: Cubic BCF8515 with 2 oxygen vacancies on the surface. Left: Oxygen-
vacancy-defect-free cubic BCF8515. (c) Right: BCF1585 with 3 oxygen vacancies on the surface.
Left: Oxygen-vacancy-defect-free BCF1585. Images generated using CrystalMaker®, CrystalMaker
Software Ltd., (Oxford, UK), (www.crystalmaker.com, accessed on 26 December 2022).

3.2. Electron Transfers in the Bulk Due to Reductions

Reactions of a metal oxide with diatomic hydrogen are colloquially referred to as
reductions, because often the transformation results in a decrease in the formal charge of
the metal in the material upon decomposition via dehydration [8,9]. The observed stability
of the materials examined in this work implies that the reactions of the surface with
hydrogen may not simply be reductions. Bonding in solids can be more complicated than
the general definitions of covalent and ionic bonds [28], so the chemical transformations
of the materials investigated will herein be discussed in terms of changes in coordination
number of the metal sites in the material.

The three possible gas-phase products of reactions (I)=(Ill) are: Hy(y), H2Og), and
% Ox(g), respectively. H is formed from H atoms on two surface hydroxyl groups. Upon
formation of Hj, the coordination number of each of the associated surface O atoms is
reduced by one, provided there is no change in the metal-oxygen coordination for any
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of the nearest neighbor metal atoms. The loss of 1 O, is equivalent to ejection of a single
oxygen atom. The coordination number of each metal atom that the ejected oxygen was
coordinated to is reduced by one, provided the metal coordination number does not
further change due to surface reconstruction. When a water molecule is lost from the
surface, as with the ejection of a single oxygen atom, the metal coordination number of
each metal atom that was coordinated to the lost oxygen will decrease in the absence of
surface reconstruction.

In the following discussion, the metal coordination changes are tracked for each
transformation resulting from reactions (I)—(III) for each of the three structures considered.
The coordination changes are used to qualitatively analyze the structural stability of the
surface as a whole. This is accomplished by comparing the relative thermodynamic stability
of the surface resultant from reactions (I)—(IlI) with the change in metal coordination on
each surface. The thermodynamic ranking for each of reactions (I)—(III) is well represented
by the enthalpy change for each respective reaction. Surface reconstruction was observed
for some of the resultant surfaces, so the net change in metal coordination was compared to
the thermodynamic stability for each surface. The relevant results can be found in Table 1.

Table 1. Enthalpy change and net metal coordination change for each reaction. Bold values indicate
the dominant reaction.

No Oxygen One Oxygen Two Oxygen
Vacancies Reactant Vacancy Reactant Vacancy Reactant
Material Product Net AH Net AH Net AH
AM-O  (Kcal/mol) AM-O  (Kcal/mol) AM-O  (Kcal/mol)
Orthorhombic
BCF8515 H, +1 82 0 31 +2 13
H,O -1 60 +1 26 -3 36
302 -1 89 -1 72 -5 128
Cubic
BCFS515 H, 0 47 +1 6 N/A N/A
H,O -1 34 -2 37 N/A N/A
30y +1 88 -3 91 N/A N/A
BCF1585 H, 0 84 0 94 +2 53
H,O -3 50 -2 38 -2 71
30y -3 16 -7 45 -1 85

3.2.1. Structural Changes of Orthorhombic BCF8515

Analyzing the structural changes resulting from reactions (I)-(III) on the protonated,
defect-free surface of the orthorhombic phase of BCEF8515 (BajsCe14FepHyOug), it was
found that reaction (I) results in a net increase in metal coordination of one, reaction (II)
results in a net decrease of one metal coordination, and reaction (III) results in a net metal
coordination decrease of one due to the loss of an oxygen. Reaction (II) was identified
as the transformation with the smallest enthalpy change. Reaction (I) was determined to
have the second largest enthalpy change and reaction (III) was found to have the largest
enthalpy change. The most negative free energy change was found to be for the reaction
that yielded the smallest enthalpy change, as reactions (I)—(IlI) were endothermic from all
surfaces. Comparison of the structural changes caused by each respective reaction to the
stability of the resultant structure indicates a decrease in the metal coordination and the
loss of a water from the surface yielded the most thermodynamically favorable reaction.
The most likely resultant surface starting from a protonated, oxygen-defect-free surface,
was found to contain one oxygen vacancy, no surface hydroxyl groups, and a decrease of
one metal coordination.

For reactions (I)—(III) from the orthorhombic BCF8515 surface containing one oxygen
vacancy (BajCe14Fe;HpOy7), reaction (I) results in no net change of surface metal coordina-
tion, reaction (II) results in an increase of one metal coordination, and reaction (III) results
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in a net decrease of one metal coordination. Reaction (II) was found to have the smallest en-
thalpy change. Reaction (I) was found to have the second largest enthalpy change. Reaction
(IIT) was found to have the largest enthalpy change. The most thermodynamically favorable
resultant surface due to reactions (I)—(III) from orthorhombic BCF8515 with stoichiometry
BajsCe14FeyHyO47 was found to be the surface with stoichiometry BajsCej4Fe;Os6, the
surface with two oxygen vacancies and no hydroxyl groups, and an increase in metal
coordination of one.

Starting from a protonated surface containing two oxygen vacancy defects
(BajgCe14FerHpO44), reactions (I)—(III) yield a net increase in metal coordination of two
for reaction (I), a net decrease in metal coordination of three for reaction (II), and a net
decrease of five metal coordinations for reaction (III). Reaction (I) was determined to
have the smallest enthalpy change. Reaction (II) was found to have the second largest
enthalpy change. Reaction (III) was found to have the largest enthalpy change. Thus, the
thermodynamically preferred resultant surface is the result of deprotonation of the two-
oxygen-vacancy-containing surface by the formation of Hy, which results in an increase in
the metal coordination. In Figure 6 the transformations that result in the thermodynamically
preferred resultant surface can be found.

Figure 6. The reaction sites are indicated by black circles. The lefthand structure stoichiometry is

BajsCeq4FepHyOyy. The righthand structure stoichiometry is BajgCe4FeyHyOg6. The center structure
stoichiometry is BajsCe14Fe;Oy4. Images generated using CrystalMaker®, CrystalMaker Software
Ltd., (Oxford, UK), (www.crystalmaker.com, accessed on 26 December 2022).

3.2.2. Structural Changes of Cubic BCF8515

Analyzing structural changes associated with reactions (I)—~(III) for the surface of
cubic BCF8515 with no surface oxygen vacancies (BajsCej4Fe;HyOyg), it was found that
reaction (I) results in no net change in metal coordination, reaction (II) results in a net
decrease in metal coordination of one, and reaction (III) results in a net increase of one
metal coordination. Reaction (II) was found to have the lowest enthalpy change. Reaction (I)
had the second lowest enthalpy change and reaction (Il) had the highest enthalpy change.
The most thermodynamically favorable reaction resulted in the generation of an oxygen
vacancy and a net decrease in the metal coordination of the surface.

Starting from the protonated surface containing one oxygen vacancy (BajsCej4Fe;HyOuy),
reaction (I) results in a net increase of one metal coordination, reaction (II) results in a
net decrease in metal coordination of two, and reaction (III) results in a net decrease in
metal coordination of three. Reaction (I) was found to have the smallest enthalpy change.
Reaction (II) was found to have the second highest enthalpy change, and reaction (III) was
found to result in the largest enthalpy change. The most thermodynamically favorable
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reaction from the protonated surface with one oxygen vacancy resulted in a net increase in
metal coordination and the deprotonation of the surface. In Figure 7 the transformations
that result in the thermodynamically preferred resultant surface can be found.

Figure 7. The reaction sites are indicated by black circles. The lefthand structure stoichiometry is
BajsCe14FeyHpOug. The righthand structure stoichiometry is BajsCejaFe;HyOy7. The center structure
stoichiometry is BajsCe4FeyOy7. Images generated using CrystalMaker®, CrystalMaker Software

Ltd., (Oxford, UK), (www.crystalmaker.com, accessed on 26 December 2022).

3.2.3. Structural Changes of BCF1585

Analyzing the structural changes that result from reactions (I)—(III) from the protonated
defect-free surface of BCF1585 (Baj¢Fe14CeyH,Oyg), it was found that reaction (I) results in
no net change in the number of metal coordination, reaction (II) results in a net decrease in
metal coordination of three, and reaction (III) results in a net decrease in metal coordination
of three. Reaction (III) was found to have the smallest enthalpy change. Reaction (II) was
found to have the second smallest enthalpy change and reaction (I) was found to have the
largest enthalpy change. The thermodynamically most favorable reaction results in the
ejection of an oxygen atom, generating an oxygen vacancy on a still-protonated surface,
and a net decrease in the metal coordination.

Starting from a protonated surface with one oxygen vacancy (BajsFe14CepH,0O47), the
following structural changes were determined: Reaction (I) results in no changes in the
metal coordination. Reaction (II) results in a net decrease in metal coordination of three.
Reaction (III) results in a net decrease in metal coordination of seven. The smallest enthalpy
change was determined for reaction (II). The second smallest enthalpy change was deter-
mined for reaction (III), and the largest enthalpy change was determined for reaction (I).
The thermodynamically most favorable reaction generates a deprotonated resultant surface
with an additional oxygen vacancy and a net decrease in metal coordination.

Starting from a protonated surface with two oxygen vacancies (BajgFe14CeyHyOg0),
the structural changes resulting from reactions (I)—(III) are as follows: Reaction (I) yields
a net increase in metal coordination of two. Reaction (II) results in a net decrease in
metal coordination of two. Reaction (III) results in a net decrease in metal coordination
of one. Reaction (I) was found to have the smallest enthalpy change, while reaction (II)
had the second largest, and reaction (III) had the largest enthalpy change. The most
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thermodynamically favorable reaction results in a structure that is deprotonated, with no
additional creation of oxygen vacancies and results in a net increase in metal coordination.
In Figure 8 the transformations that result in the thermodynamically preferred resultant
surface can be found.

Figure 8. The reaction sites are indicated by white circles. Lefthand structure stoichiometry is

BajsCej4FeyHyOyy. The righthand structure stoichiometry is BajsCeyFe14HyOg6. The center structure
stoichiometry is BajsCeyFej4044. Images generated using CrystalMaker®, CrystalMaker Software
Ltd., (Oxford, UK), (www.crystalmaker.com, accessed on 26 December 2022).

4. Discussion

All three structures investigated were found to begin to stabilize once a sufficient con-
centration of oxygen vacancy defects existed on the surface. Both cubic and orthorhombic
BCF8515 structures were determined to lose oxygens from pristine (oxygen-defect-free)
surfaces via dehydration. The formation of oxygen vacancies via the loss of % O, from the
pristine surfaces of BCF8515 was found to not be spontaneous within relevant tempera-
tures. Cubic BCF8515 was found to begin to stabilize at a stoichiometry no richer in oxygen
vacancies than BajsCeq4FeyHyOy4y. Orthorhombic BCE8515 was found to begin to stabilize
at a stoichiometry no richer in oxygen vacancies than Ba;sCe14Fe;HyO46. BCF1585 was
found to preferentially form oxygen vacancies via the loss of % O, from a pristine surface.
From a surface containing one oxygen vacancy per surface cell, the dominant reduction
process was found to be the loss of a water. From a surface cell containing two oxygen
vacancies, the dominant reduction process for BCF1585 was found to be the loss of H,.
Thus, BCF1585 was found to begin to stabilize at a stoichiometry no richer in oxygen
vacancies than BajgFe14CeyHyOyg.

It is well known that perovskite oxides often form with intrinsic oxygen vacancy
defects [6,7,10,13,29-31], including BCF8515-BCF1585. For this reason, the stoichiometry
for this material is written as BaCeyFeq_,O3_5, where x is between 0 and 1, and 9§ is between
0 and 0.5. From the slab stoichiometries for the stable structures presented above, the
minimum & for each structure was found to be 0.063 for cubic BCF8515, and 0.125 for both
orthorhombic BCF8515 and BCF1585. The values for 6 calculated here represent an upper
limit on the minimum number of oxygen vacancies required for the surface to begin to
stabilize. From all three surfaces examined, further loss of water is a spontaneous process
at elevated temperatures, but the loss of H, was found to become the dominant process
for the 6 values presented. The value of 6 determined here for BCF1585 is nearly half the
value of 6 = 0.22 reported by Zhu et al. [13] for the as-synthesized BCF1585, indicating the
material formed with a concentration of oxygen vacancies above the minimum required
for stabilization to begin.
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In all three materials investigated, it was found that while reactions (II) or (III) are
the initially dominant processes (reactions that generate oxygen vacancies) the structural
changes all result in a decrease in metal-oxygen bonding, and thus a decrease in the
metal coordination in the material. Without surface reconstruction, processes that result
in the loss of an oxygen reduce the metal coordination in the material. Once the loss of
H, becomes the thermodynamically preferred process, an increase in metal coordination
(an increase in metal-oxygen bonds) was found to occur in all the materials investigated.
These results demonstrate that for a material where the number of oxygen defects is less
than the minimum required concentration for stabilization, the metals in the material
are electron-poor. Stabilization begins to occur once the metals in the material are in a
more favorable (reducing) electronic environment. At the degree of oxygen unsaturation
where H; desorbing results in an increase in metal coordination, the enthalpy difference
between the protonation and deprotonation becomes small enough that Hy desorption
becomes dominant. At an oxygen vacancy concentration where protonation decreases
metal coordination, deprotonation increases metal coordination, and loss of an oxygen
decreases metal coordination, which is more energetically costly than deprotonation. Once
this occurs, deprotonation becomes the dominant process, and the material stabilizes.

A common explanation for the intrinsic oxygen-defect nature of this class of materials
is the preferred oxidation state of the B-site metals being 3+ [6,13] (oxygen vacancy defects
reduce the Ce or Fe to 3+ from 4+). In BaCexFe; O35, reducing a significant amount of
the Fe or Ce to 3+ would result in a significant loss of oxygen from the material, thus
the material would not stabilize as rapidly as determined here. This was observed by
Zhu et al. [13] in BCF1585. Clearly, the results presented here indicate that the cause of
the stability is not entirely due to the complete reduction of all the B-site metals, or a
significantly higher oxygen vacancy concentration would be required before the energy
required to remove an oxygen becomes greater than that required for deprotonation. These
results encourage further investigations into the specific electronic environment that leads
to the perovskite oxide stability observed in reducing atmospheres.

From the results obtained for both BCF1585 and BCF8515, water should be observed
desorbing from the permeate surface of the binary material as oxygen vacancies form,
provided the material as synthesized has a pristine surface with no oxygen defects (an
unlikely real-world scenario). Considering the temperatures utilized in the synthesis
methods (for calcination and sintering), and the observation that the material contained
oxygen vacancy defects prior to testing in the membrane reactor setup [10,12], it is probable
that the dehydration of BCF8515-BCF1585 occurs during synthesis, yielding an already-
stabilized material prior to use in a membrane reactor system, providing a plausible
explanation for why no water was detected by Cheng et al. [10] or Xia et al. [12] in the
permeate sweep gas.

5. Conclusions

This theoretical investigation of the stability of the mixed-phase defect perovskite,
BCF8515-BCF1585 in the presence of hydrogen reveals that this materials stability is highly
dependent on surface structure and the existence of oxygen vacancies on the surface. For
each surface investigated, it was found that upon the formation of surface oxygen vacancies,
the surfaces begin to stabilize to reduction in a hydrogen-rich environment. The formation
of gas-phase species from the protonated surfaces investigated were all entropy-driven
processes, while thermodynamic stability was determined largely by the enthalpic changes
for each respective reaction. The stability observed arises from the increasing energy
required for the removal of successive oxygens. The energy required to reorganize the
surface to mitigate the decrease in metal coordination due to the removal of surface oxygens
becomes greater than the entropic benefit gained from removing oxygen or water from the
surface. Once surface metal coordination decreases enough to make reconstruction too
energetically costly, the loss of diatomic hydrogen from the surface becomes the dominant
process. This is further supported by the observation that loss of H, from the surface
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leads to an increase in metal coordination for all the structures investigated. This trend is
observed for both the cerium- and iron-dominant phases of the material.
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/ /www.mdpi.com/article/10.3390/molecules28031429/s1, S1: Bulk Structures and k-points; S2: Or-
thorhombic BCF8515 slab structures and k-points; S3: Cubic BCF8515 slab structures and k-points,
S4: BCF1585 slab structures and k-points, S5: Free energy equations for orthorhombic BCF8515, S6:
Free energy equations for cubic BCF8515, S7: Free energy equations for BCF1585.
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Abstract: One of the primary methods for bitumen and heavy oil recovery is a steam-assisted gravity
drainage (SAGD) process. However, the mechanisms related to wettability alteration under the
SAGD process still need to be fully understood. In this study, we used MD simulation to evaluate the
wettability alteration under a steam injection process for bitumen and heavy oil recovery. Various oil
droplets with different asphaltene contents were considered to determine the effect of an asphaltene
content on the adsorption of the oil droplets onto quartz surfaces and wettability alteration. Based
on the MD simulation outputs, the higher the asphaltene content, the higher the adsorption energy
between the bitumen/heavy oil and quartz surfaces due to coulombic interactions. Additionally, the
quartz surfaces became more oil-wet at temperatures well beyond the water boiling temperature;
however, they were extremely water-wet at ambient conditions. The results of this work provide
in-depth information regarding wettability alteration during in situ thermal processes for bitumen
and heavy oil recovery. Furthermore, they provide helpful information for optimizing the in situ
thermal processes for successful operations.

Keywords: heavy oil; contact angle; porous media; molecular dynamics; thermal recovery

1. Introduction

The world’s primary and vital energy resources are still fossil fuels, including con-
ventional and unconventional oil and gas reservoirs [1,2]. Heavy oil and bitumen have
a large share of fossil fuels, but due to their high viscosity, their recovery needs more en-
ergy to be injected compared to conventional oil [34]. In situ thermal recovery methods,
especially steam-assisted gravity drainage (SAGD), are used to extract heavy oil and bitu-
men [5-7]. Although the SAGD process is a typical and mature recovery method for them,
its mechanisms related to wettability alteration still need to be fully understood [8].

Modern research uses molecular dynamics (MD) simulations to assess complex inter-
actions from an atomistic perspective, providing in-depth knowledge of static and dynamic
features of such phenomena at the atomic level [9-20]. For example, Zhong et al. [21] used
MD simulations to study the adsorption of crude oil molecules onto water-wet quartz
surfaces. They showed that more polarized components can infiltrate a water layer and
subsequently adsorb to the quartz surfaces. On the other hand, nonpolar components can-
not behave like polar components. They further suggested a two-step adsorption approach
in light of their findings. Their concept states that polar oil contents adhere to a rock surface
in the first stage, creating space and acting as an anchor for polar and nonpolar elements to
attach.

Additionally, adsorption and desorption processes in porous media can be explained by
specific mechanisms using MD simulations [22]. MD simulations were used by Du et al. [23]
to describe how a cationic surfactant interacts with talc. They demonstrated how the
hydrophobicity of a talc surface might be enhanced by a DTAB surfactant, creating a bridge
to an edge of the surface. To assess the interactions between the cationic, anionic, and
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muscovite surfaces of a surfactant combination, Wang et al. [24] employed MD simulation.
According to their findings, the key elements in the binding interactions between muscovite
and the surfactant mixture are the hydrophobic contacts between surfactant tails and the
electrostatic interactions between polar head groups. To grasp how silica nanoparticles’
wettability can improve gas recovery from nanopores, Sepehrnia and Mohammadi [25]
used MD simulations. As a result of nanoparticles adhering to a pore wall, their simulated
results showed that hydrophobicity increased. It then had an effect of diminishing liquid
bridges within nanopores.

To explore the underlying processes influencing the oil recovery from calcite rock during
low-salinity water injection, Zhao et al. [26] performed MD simulations. Non-equilibrium
MD (NEMD) simulations were also performed to focus on dynamic oil characteristics.
They discovered that increasing water’s salt content had no effect on wettability when an
environment was oil-wet, but when the environment was partially water-wet, it stimulated
wettability toward fully water-wet. They revealed that decane molecules had a propensity
to cluster and travel through nanopores as a group. Guo et al. [27] used MD models and
laboratory investigations to understand how the quantity and concentration of hydrophilic
groups in non-anionic surfactants impacted lignite wettability. According to the findings
of their simulations and experiments, they concluded that a linear polyoxy-ethylene ether
surfactant has weaker hydrophilic groups than a more effective polyhydroxy surfactant,
which allows for a reduction in the hydrophilicity of a lignite surface.

To the best of the authors” knowledge, no work has been published in the literature
using MD simulations to evaluate the effect of asphaltene content on the wettability alter-
ation during in situ thermal recovery processes. Contact angle calculations and adsorption
energy of heavy oil droplets onto quartz surfaces were employed to analyze MD trajectories.
The subsequent sections explain the MD workflow and details of different simulation con-
figurations. The output of this work provides fundamental information about the impact
of heavy oil composition and asphaltene content on the wettability alteration during in situ
thermal recovery methods.

2. Results and Discussion

Figure 1 compares the contact angles calculated for each system at 298 K and 498 K
along with some snapshots of heavy oil droplets on the quartz surface. As shown in this
figure, at a temperature of 298 K, the contact angles are well beyond 105°, which reveals a
water-wet condition of the quartz surface; however, increasing the asphaltene content of
the heavy oil, the contact angle reduced. In other words, increasing the asphaltene content
resulted in slight wettability alteration toward oil-wet at 298 K. On the other hand, at a
higher temperature (498 K), the contact angle became much less than 75°, which shows a
higher tendency of the quartz surface toward oil-wet conditions. Additionally, as illustrated
in Figure 1, increasing the asphaltene content can intensify the wetness of the quartz surface
toward oil-wet. This observation is attributed to higher adsorption energy between heavy
oil droplets and the quartz surface. Our MD simulation outputs are in agreement with
experimental observations reported by Naser et al. [28]. It is worth highlighting that
the contact angles for heavy oil with 8% and 12% asphaltene contents are similar, which
uncovers that at a steam chamber temperature of 498 K, increasing asphaltene content to
a specific concentration can reduce the contact angle of the oil significantly, but beyond
that concentration, there is no meaningful difference in terms of the contact angle with the
quartz surface. The size and structure of asphaltene and resin molecules play a significant
role in the colloidal and adsorption behavior of asphaltene molecules in an oil droplet.
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Figure 1. Comparison between the contact angles in each system and different temperatures (for the
clarity purposes, water molecules in snapshots are hidden).

The van der Waals interactions are largely determined by the surface area of a molecule
and its electronic polarizability. The larger the surface area of a molecule, the more likely it
is to have the van der Waals interactions. Electronic polarizability, which describes how
easily an electron cloud around an atom can be distorted, is affected by the number of
electrons and the size of an atom. Generally, larger molecules have more electrons and are,
therefore, more polarizable. The coulombic potential energy is influenced by the polarity
of interacting molecules, which can be represented by their dipole moment. The greater
the difference in electronegativity between the atoms in a molecule, the larger the dipole
moment will be. The presence of heteroatoms can also significantly increase the polarity of
a molecule [29-31]. Thus, due to the presence of heteroatoms in the molecular structures of
asphaltene and resin, these molecules are more polar than saturates and aromatics. It is also
worth noting that the numbers of heptane, toluene, and resin molecules for all the three
samples are the same and only the number of asphaltene molecules is different. Hence,
the changes in both the van der Waals (VdW) and coulombic interactions between heavy
oil droplets and a quartz surface mainly come from asphaltene content variations of the
three heavy oil samples. Table 1 reports the adsorption energies between the oil droplets
and quartz surface for each scenario at different temperatures. It also reports the VAW and
coulombic interaction components of the adsorption energy in each scenario. This table
illustrates that the adsorption energy between the heavy oil droplets and quartz surface
increased by increasing the system’s temperature. Additionally, the coulombic interaction
between the heavy oil and quartz is much higher than the van der Waals interaction, which
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reveals that the polar molecules inside the heavy oil are contributing to the adsorption
process of heavy oil droplets onto the quartz surface. In other words, due to the presence
of heteroatoms in the molecular structure of asphaltene and resin, these molecules are
more polar than saturates and aromatics and interact with the quartz surface via coulombic
interactions.

Table 1. Adsorption energy between heavy oil droplets and quartz at 298 K and 498 K.

Temperature (K) Eadsorption (Kcal/mol) E 4w (Kcal/mol) Ecoulombic (Kcal/mol)

Heavy Oil with 4% Asphaltene

298 —1308.71 —285.65 —991.33

498 —2430.74 —419.99 —1929.02
Heavy Oil with 8% Asphaltene

298 —1423.86 —306.18 —1096.85

498 —2580.69 —488.59 —2061.27
Heavy Oil with 12% Asphaltene

298 —1484.39 —320.82 —1144.11

498 —2762.26 —533.33 —2239.47

Figure 2 demonstrates the percentage of interaction energy difference due to increasing
the temperature from 298 K to 498 K. As shown in this figure, increasing the temperature
resulted in increasing the adsorption energy by more than 80% due to the extensive
contribution of coulombic interactions since asphaltene molecules are polar. Moreover,
increasing the asphaltene content can also increase VAW interactions, but the contribution
of the VAW interactions is significantly lower than that of the coulombic interactions.

120.00

100.00 +

80.00

60.00

40.00

Adsorption Energy Difference Percentage (%)

20.00

0.00

Heavy Oil-Asphaltene 4% Heavy Oil-Asphaltene 8% Heavy Oil-Asphaltene 12%

Total Interaction Energy = VdW Interaction Energy = Coulombic Interaction Energy

Figure 2. Comparison between the percentage of adsorption energy difference relative to the ambient
temperature for each system due to the temperature change from 298 K to 498 K.

The understanding of the mechanism of wettability alteration under the SAGD process
can help to optimize the in situ thermal processes for successful operations. The current
study has practical and industrial ramifications in heavy oil recovery, as rock wettability
can greatly affect the efficiency of these processes. The results of this study can benefit the
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optimization of the SAGD process and reservoir simulation in several ways. Firstly, the
study provides insights into the mechanisms of wettability alteration during the SAGD
process, which can be used to optimize the process and improve recovery efficiency. Sec-
ondly, the study found that the asphaltene content in oil droplets affects the adsorption
energy between the droplets and the quartz surfaces. This information can be used to opti-
mize the SAGD process for different types of heavy oil reservoirs with varying asphaltene
contents. Thirdly, this study revealed that the quartz surfaces became more oil-wet at high
temperatures, which can be used as input for reservoir simulation to predict an oil recovery
rate and optimize the SAGD process. Lastly, the understanding of the wettability alteration
during the SAGD process can be used to design a better SAGD process and improve its oil
recovery rate in the field. Additionally, the results of this study are specific to the quartz
surfaces, and further research may be needed to understand the wettability alteration on
different rock types and fluid types. Overall, this work provides valuable information on
the effect of thermal recovery processes on the wettability of quartz surfaces, which can be
used to optimize the SAGD process and improve heavy oil recovery.

3. Methodology
3.1. Force Field and Simulation Initialization

The Materials Studio software [32] is used to carry out all MD simulations, and the
COMPASS 111 [33-35] force field is applied. Various publications in the literature confirm
the COMPASS force field’s [33,36—40] ability to represent complicated systems made up
of different materials [34,41-45]. For instance, solvation of asphaltene in supercritical
water, oil detachment from quartz nanochannels [46-48], and carbon dioxide capturing by
nanotube-asphalt composite [49]. The typical average temperature in a steam chamber in
thermal heavy oil recovery is about 225 °C or 498 K [50,51]. Thus, to evaluate the impact of
temperature on the wettability of a quartz surface, two temperatures, 298 K and 498 K, were
employed in MD simulations for each system. Table 2 reports the composition of the heavy
oil droplets in terms of the numbers of heptane, toluene, resin, and asphaltene molecules.
Oil molecules were randomly placed in a4 x 4 x 4 nm simulation box to create oil droplets.
A total of 7000 water molecules were also added to the created oil droplet to generate an oil
droplet in a slab filled by water molecules. Then, geometry optimization was performed on
the generated oil and water system. The smart method for 2.0 x 10 steps with the energy
cutoff of 2.0 x 1075 kcal/mol and cutoff displacement of 10> A was employed during
the geometry optimization process. Then, 2 x 10° steps of an NPT ensemble with one
femtosecond (fs) time step were applied to the simulation box filled by the water molecules
and oil droplet to achieve a reasonable density. It is worth noting that this process was
performed for each temperature (298 K and 498 K), and the pressure was set to 1 MPa.
The generated oil droplet and water molecules were placed onto the quartz surface. In
the next step, geometry optimization was applied to the entire simulation box to achieve
the minimum energy level. It is worth noting that the geometry optimization setting was
similar to the previous stage. In the equilibration stage, we conducted 5 x 10° steps of
an NVT ensemble with one fs time step to ensure that the simulation box is equilibrated.
Sampling was performed after every 5000 steps of simulation for both the equilibration and
production stages. Finally, in the MD production stage, we used 5 x 10° steps of the NVT
ensemble with a similar time step to analyze the trajectories and calculate the contact angles
and adsorption energies. Figure 3 demonstrates the variables, functions, ensembles, and
duration of MD simulations, along with their corresponding values. Figure 4 depicts the
schematic of creating an MD simulation box to measure a contact angle between a droplet
of heavy oil and a water-wet quartz surface. To figure out the precision of the calculated
mean values of contact angle and adsorption energy, error bars as the standard errors were
employed, which are calculated as the standard deviation of the sample divided by the
square root of the sample size.
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Table 2. Composition of the heavy oil droplets for each system.

Heptane Toluene Resin
Heavy Oil ID ‘9
(92
4% Asphaltene 120 120 30
8% Asphaltene 120 120 30
12% Asphaltene 120 120 30
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Figure 3. Parameters and MD simulation functions.
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Hydrophilic Quartz Surface

hydroxyl group

Quartz (a)

Figure 4. Schematic of simulation box creation to measure a contact angle between a heavy oil droplet

on a water-wet quartz.

3.2. Contact Angle Calculations

The wettability of a mineral surface can be quantitatively characterized by a contact
angle between a fluid and the mineral surface. Since the parameter of the contact angle
cannot be directly obtained in the Materials Studio software, the calculations of the contact
angle in this study refer to the Hautman and Klein method [52] through Perl scripting.
The Perl Script code is available on request. Moreover, its solution idea is to calculate a
microscopic contact angle by comparing the average height of the centroid of an oil droplet
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<Zcom> with the average height of an ideal spherical droplet intersecting the surface of a
calcite. Figure 5 is a schematic diagram of calculating the microscopic contact angle in a
molecular simulation. Here, assume that the density of the ideal droplet is homogeneous
and equal to the bulk density of oil; that is, the volume of a sphere in the half-space on the
surface is equal to the volume of the equivalent water droplet, and the position of the center
of mass determines the position of the sphere relative to the plane. Therefore, the angle
between the surface of the ideal spherical droplet in Figure 5 and the plane is the contact
angle (0) of the water droplet, and the relationship between it and the average height of the
droplet centroid <Z;> can be expressed as follows:

1
_4 1 —cosf\ 3 (3 + cosf
(Zeom) = (2) 3R°<2+cos€> (2+cos€> @

where the average height of the droplet centroid <Z,;,> is the height based on the surface
of a slab, and the radius of a droplet can be calculated by the total number of molecules (N)

1
in the water droplet, which can be expressed as R, = (%) * . Based on the above method,
the microscopic contact angle of water droplets on a calcite surface can be obtained in MS
software. It should be noted that a rock surface is predominately water-wet/steam-wet
when the contact angle is between 105° and 180°. The rock surface is predominantly oil-wet
between 0 and 75 degrees. The contact angle for intermediate-wet rock is between 75° and

105° [28,53].

w2y fe S e

" -_—e— = =m == =
Mol a2 L s

Figure 5. Graphical illustration of the contact angle measurement between heavy oil droplets and a

quartz surface.

3.3. Adsorption Energy (AE)

Adsorption energy and interaction energy are closely related but different concepts in
MD simulations. Adsorption energy is the energy required for a molecule to adhere to a
surface and is a measure of the strength of the interaction between the adsorbate (a droplet
of heavy oil) and the adsorbent (a quartz surface). If the energy required is negative, it
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means the adsorbate is stable on the surface, while a positive energy means the adsorbate is
not stable. On the other hand, the total potential energy is the sum of the potential energy
of each atom in the system, whereas the interaction energy is the sum of the potential
energy of each adsorbate—adsorbent pair. In MD simulations, the process of determining
the adsorption energy of a molecule on a surface involves a few key steps. First, the initial
configuration of a system must be established such that an adsorbate is in contact with the
surface of an adsorbent. The total energy of the system, including both the adsorbate and
adsorbent, must then be calculated utilizing a chosen force field. Next, the interactions
between the adsorbate and the adsorbent must be quantified by summing up the potential
energy of each atom in the system. By subtracting the potential energy of the isolated
adsorbate and adsorbent from the total energy, the adsorption energy can be determined.
The system must be equilibrated for a sufficient period of time before the adsorption
energy is calculated to ensure that the system is in thermodynamic equilibrium. After
that, a production run should be performed, and the data collected during this time can be
processed to calculate the adsorption energy. It is worth noting that this approach assumes
that the system is in thermal equilibrium and that the adsorbate-adsorbent interactions are
represented by classical potentials, and it may not be able to capture quantum mechanical
effects that can influence the adsorption process. To analyze an adsorption process of heavy
oil onto a quartz surface, we used the interaction energy between heavy oil droplets and
the quartz surface inside a simulation box. The following equation determines our system’s
adsorption energy between oil and quartz [54]:

EAdsorption = Eqptal — (Eheavy oil T ESilica) (2)

where E ggsorption (keal /mol) stands for the adsorption energy between the heavy oil droplets
and quartz, Eqy, (kcal/mol) represents the total energy of the heavy oil droplets and quartz,
Epeavy oit (keal/mol) denotes the energy of the heavy oil droplets inside the system, and
Esitica (kcal/mol) represents the energy of the quartz inside the system [54].

4. Conclusions

In this work, we used MD simulations to assess how the wettability of a quartz
surface can change under SAGD operation conditions. Additionally, to figure out the
effect of asphaltene concentration on the adsorption of heavy oil droplets onto the quartz
surface and a wettability change, several heavy oil droplets with varying concentrations of
asphaltene were considered. The following conclusions can be drawn from the findings of
this study’s MD simulations:

e Increasing the temperature from the ambient temperature (298 K) to a typical steam
chamber temperature (498 K) can significantly increase the adsorption energy between
heavy oil droplets and the quartz surface. In other words, heavy oil droplets tend to
adsorb onto the quartz surface at higher temperatures than ambient conditions.

e Increasing the asphaltene content of the heavy oil can also increase the adsorption
energy significantly, and this behavior was intensified at a higher temperature. How-
ever, the rate of change of the adsorption energy is not linearly correlated with the
asphaltene content of the heavy oil.

e  According to the adsorption energy calculations, a coulombic interaction was the main
contributor to an adsorption process due to the polarity of the asphaltene and resin
molecules since they have heteroatoms in their structures.

e Based on the contact angle calculations, at ambient temperature, a quartz surface
tends to be water-wet due to the lower adsorption energy of the heavy oil at that
temperature; however, at temperatures well beyond the water boiling temperature,
the quartz surface became more oil-wet thanks to higher energy adsorption.

e  The results of this study are specific to the quartz surfaces and one type of asphaltene
and resin; further research may be needed to understand the wettability alteration on
different rock types and various types of asphaltenes and resins.
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Abstract: In silico screening of 10,143 metal —organic frameworks (MOFs) and 218 all-silica zeolites
for adsorption-based and membrane-based He and N, separation was performed. As a result of
geometry-based prescreening, structures having zero accessible surface area (ASA) and pore limiting
diameter (PLD) less than 3.75 A were eliminated. So, both gases can be adsorbed and pass-through
MOF and zeolite pores. The Grand canonical Monte Carlo (GCMC) and equilibrium molecular
dynamics (EMD) methods were used to estimate the Henry’s constants and self-diffusion coefficients
at infinite dilution conditions, as well as the adsorption capacity of an equimolar mixture of helium
and nitrogen at various pressures. Based on the obtained results, adsorption, diffusion and membrane
selectivities as well as membrane permeabilities were calculated. The separation potential of zeolites
and MOFs was evaluated in the vacuum and pressure swing adsorption processes. In the case of
membrane-based separation, we focused on the screening of nitrogen-selective membranes. MOFs
were demonstrated to be more efficient than zeolites for both adsorption-based and membrane-
based separation. The analysis of structure—performance relationships for using these materials for
adsorption-based and membrane-based separation of He and N, made it possible to determine the
ranges of structural parameters, such as pore-limiting diameter, largest cavity diameter, surface area,
porosity, accessible surface area and pore volume corresponding to the most promising MOFs for
each separation model discussed in this study. The top 10 most promising MOFs were determined
for membrane-based, vacuum swing adsorption and pressure swing adsorption separation methods.
The effect of the electrostatic interaction between the quadrupole moment of nitrogen molecules and
MOF atoms on the main adsorption and diffusion characteristics was studied. The obtained results
can be used as a guide for selection of frameworks for He/N, separation.

Keywords: helium recovery; adsorption-based separation; membrane-based separation; metal —organic
frameworks; zeolites; in silico screening; molecular simulation

1. Introduction

Helium is widely used in aviation, space and electronic industries, science and
medicine due to its unique physical properties [1-3]. Today helium is mostly recovered
from natural gas by the cryogenic distillation method. The traditional process used for
helium separation [3-5] consists of the following stages: preliminary purification (sep-
aration from C,, hydrocarbons, water, H,S and CO,), cryogenic separation of methane
followed by cryogenic separation of nitrogen in a nitrogen rejection unit (NRU) yielding
feedstock with helium concentration 1-3%, separation of the N, /He mixture in a helium
recovery unit yielding 50-70% crude helium vapor stream, purification of crude helium in
a helium upgrade unit producing outcoming gas with helium concentration about 90%,
deep purification in a helium purification unit producing helium with 99.995% purity and
liquefaction of commodity helium. Membrane-based separation, vacuum swing adsorption
(VSA) and pressure swing adsorption (PSA) processes are alternatives for the cryogenic
distillation method [3,6,7]. Specific feature of these methods is that they can be used both
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as independent technological processes for helium recovery directly from the natural gas
or as intermediate stages at existing factories using cryogenic distillation. According to
the existing estimates [8,9], adsorption-based and membrane-based technologies are most
expedient to be used at the stages of crude helium separation from the N, /He mixture and
deep purification. The efficiency of these processes is mostly determined by the physical
properties of sorbents and materials used to produce membranes. In the case of the swing
adsorption separation method, the sorbent must have high adsorption selectivity and work-
ing capacity. In the case of membrane-based separation, the material should possess high
membrane selectivity and permeability [10-13]. Therefore, the search and development of
novel efficient materials for both membrane-based and adsorption-based separation of the
N, /He mixture is an important problem.

Due to the diversity of the framework types, varying cation composition, high adsorp-
tion capacity, thermal stability and relatively low cost, zeolites are widely used in industry
as sorbents in adsorption-based gas separation processes. Commercial zeolites potentially
applicable for N, /He separation are ZSM-5, HISIV 3000 (UOP), 5A (UOP, Sigma, St. Louis,
MO, USA) and 13X (UOP) [3]. It is very difficult to estimate the adsorption selectivity of
porous materials in separation of He and N, under ambient conditions because helium
is poorly adsorbed on them. We are aware of only one paper [14] reporting an experi-
mental estimation of helium sorption on zeolites 13X, 5A and 4A at room temperature
and atmospheric pressure. Using these data as well data on nitrogen adsorption on these
materials [15], it is possible to estimate their adsorption selectivity as 221, 458 and 54 for
zeolites 13X, 5A and 4A (Table S1), respectively. For membrane-based separation, zeolites
with framework types of DDR, MFI, STT and CHA are used. High membrane selectivity to
helium can be achieved using porous frameworks with effective pore diameter close to the
kinetic diameter of the nitrogen molecule. Polycrystalline membranes always have defects
in the crystallite packing resulting in the loss of selectivity and increase of permeance. For
example, a membrane based on zeolite STT [16] having strong size-exclusion effect for ni-
trogen demonstrated the He /N selectivity equal to 11 at the average thickness of 2 um and
59 at the average thickness of 6.6 um. Zeolite 4A has weaker size-exclusion effect resulting
in lower membrane He/Nj selectivity ranging from 1.4 to 3.7 [17-20]. Membranes from
zeolite DDR have selectivity close to 3 [21,22]. At low temperatures, zeolites membranes
are nitrogen selective, since adsorption selectivity dominates over diffusion selectivity. The
dependence of the membrane selectivity on temperature for ultrathin MFI membranes was
evaluated in a wide temperature range by Yu et al. [23]. It was shown that the N, /He
membrane selectivity reaches 52 at 174 K for equimolar CH4 /N, /He mixture at 3 bar feed
pressure and 0.2 bar permeate pressure.

Metal—organic frameworks form a promising class of crystalline porous materials that
can be used in the adsorption-based and membrane-based gas separation. The great variety
of available organic and inorganic building blocks makes it possible to tune their adsorption
properties, surface area, pore sizes and pore volume. Compared to zeolites, in the literature
there are not as many experimental data on the selectivity and permeance of MOF membranes
for the He/N, separation. MOF that is most widely used for synthesis of membranes is
ZIF-8. According to the literature data [24-26], polycrystalline membranes made of ZIF-8 with
the thickness varying from 17.5 to 80 pm are characterized by the He/Nj selectivity in the
range of 4.22-5.45 and He permeability between 3137 and 11354 Barrer. ZIF-8 single crystals
with the size of 500 um were used as membranes [27]. The He/Nj selectivity of two studied
single-crystal membranes was equal to 74.5 and 77.7 with the He permeability of 1935 and
2309 Barrer. Note that ZIF-8 has channels with an aperture of 3.4 A, which is smaller than the
kinetic diameter of the nitrogen molecule. The N, diffusion in the framework is possible due
to the structural flexibility of ZIF-8. Hindered N diffusion is reflected in low N permeability
equal to 26.0 and 29.7 Barrer for two different single-crystal membranes. Another studied
MOF is HKUST-1. A polycrystalline membrane made of this material with the thickness of
40 pm was prepared on x-Al,O3 support [28]. Such membrane had the He/Nj selectivity
of 3.7. In the literature, there are also data on the He/Nj selectivity of a membrane made of
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IRMOF-1, which was equal to 2.4 [29]. Another representative of the IRMOF family IRMOF-3
demonstrated the selectivity of 2.5 [29]. In addition, the He/Nj selectivity of membranes made
of MIL-53 [30] and [Cuy(bza)4(pyz)]n [31] was reported to be equal to 2.4 and 3.9, respectively.

If the experimental measurement of the selectivity, adsorption capacity and permeabil-
ity is not possible, simulation of adsorption and diffusion characteristics can give valuable
information for estimation of the suitability of different materials for the He/N, separation.
The development of zeolite database IZA [32] and MOF databases CSD MOF [33] and CoRE
MOF [34] containing the unit cell parameters and atomic coordinates initiated in silico screen-
ing of efficient materials for adsorption-based [35-39] and membrane-based [40—42] separation.
For example, Zarabadi-Poor et al. carried out in silico screening of almost 500 MOF structures
from the DFT-optimized CoRE MOFs database [43] for helium separation from natural gas
via N, /He separation [44]. The API (Adsorbent Performance Indicator) metric [45] and mem-
brane selectivity were used to determine the top performing MOF structures in the case of
adsorption-based and membrane-based separation, respectively. We used the results obtained
in this work as a reference for comparison. Most of the studies are focused on the screening
of materials for membrane-based helium recovery from natural gas [10,46]. Kadioglu et al.
screened 139 MOF structures for He/CH4 membrane-based separation [47]. It was shown
that the top performing MOF structures had a pore limiting diameter in the range of 3.8—4 A.
Qiao and coworkers predicted gas permeability and selectivity of MOFs for membrane-based
separation of He/CH, and He/N; at infinite dilution condition [48]. Based on the obtained
results, the Top 5 MOF structures for He/N; separation show selectivity in the range of 3.02
to 3.53 and permeability in the range of 8.72 x 10 to 8.72 x 103 Barrer. Daglar et al. studied
incorporation of MOF fillers into polymers to obtain mixed matrix membranes (MMM) for
11 different gas separations processes [49]. It was shown that all MOF fillers improve He
permeability with slight changes in He/N, membrane selectivity. Helium permeability and
He/N; selectivity of such MMM varied from 39.2 to 1.13 x 10* Barrers and from 0.8 to 622,
respectively. Gas permeabilities and selectivities for covalent organic frameworks (COFs)
from the CURATED COF database [50] and COF/polymer MMM s for helium separation
were predicted in two studies by different groups (Aydin et al. [51] and Feng et al. [52]). It was
shown that COFs had a linear correlation between He permeability and He/Nj selectivity.
For He/N, separation, the selectivity of COF structures varies from 5.8 x 1072 to 8.7. In both
studies it was shown that the addition of COF fillers improved the He permeability of MMMSs
without significantly changing the He/Nj selectivity. Based on the results of these studies,
we think that MOF/COF membranes have low He selectivity at room temperature, while
polymer membranes with high He/Nj selectivity have low He permeability. Thus, two strate-
gies are possible for creating efficient membranes for the He/N, separation: incorporation
of porous fillers into the polymers to obtain MMMs with high He/N, selectivity and He
permeability, or the use of nitrogen-selective porous medium membranes. Since the first
approach has been extensively studied in the literature, we have focused on the screening of
nitrogen-selective membranes. The goal of this study was to perform screening of zeolites
and MOFs for search of relationships between their structural parameters and performance
characteristics for adsorption-based and membrane-based He/N, separation.

2. Results and Discussion
2.1. Adsorption-Based Gas Separation

To test the force field models used in this study, calculated N, adsorption isotherms for
a number of well-known MOFs at 295-298 K and pressure up to 20 bar were compared with
the corresponding literature data [53-59]. Figure 1 (left) demonstrates that the suggested
force field model can be used to predict the nitrogen adsorption in various MOFs with good
precision. Several force fields were used to simulate the nitrogen adsorption in zeolites:
Dreiding [60], TraPPE [61] and the force field developed by Vuji¢ and Lyubartsev [62]. For
each force field model, N, uptake values at 303 K and 1 bar pressure were calculated for five
different pure silica frameworks, and the obtained results were compared with the corre-
sponding experimental data [63] (Figure S1). The model by Vuji¢ and Lyubartsev was used

107



Molecules 2023, 28, 20

hereafter because it predicts the experimental data with the best precision. Figure 1 (right)
demonstrates that this force field makes it possible to predict nitrogen adsorption isotherms
with good precision both on pure silica zeolites and on several aluminophosphates [64,65].
The experimental conditions used to measure the nitrogen adsorption isotherms and the
corresponding references are reported in Tables 52 and S3. Testing the used force field
models for helium adsorption simulation is very difficult because the value measured in
the adsorption experiment is excess adsorption. However, before the experiment, dead
space is measured using the same helium. So, it is not possible to measure the helium
adsorption isotherm by traditional methods.

a b
104 13 i i
@ Silica Chabazite (CHA)
@ Silicalite-1 (MFI)
@ Siliceous Ferrierite (FER)
@ Pure silica zeolite Beta (BEA)
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Figure 1. Comparison of experimental and molecular simulation data for N, adsorption in MOFs (a) and
zeolites (b).

The performed screening of MOFs demonstrated that Henry’s constants for He adsorp-
tion are in the range from 1.25 x 1078 to 6.89 x 107® mol/kg/Pa, and for N, adsorption
they vary from 7.08 x 1078 to 1.21 x 1073 mol/kg/Pa. The N,/He adsorption selectiv-
ity at infinite dilution exceeds one for all the studied frameworks reaching a maximum
value of 13,829. The highest Henry’s constants for N, adsorption (Figure S4) and nitro-
gen adsorption selectivity (Figure S5) were observed at PLD about 4.5 A and LCD about
6 A. This result can be explained by the fact that the intermolecular interaction potentials
overlap in small cavities leading to an increase in the heats of adsorption and Henry’s
constants. The analysis of the relationship between structural parameters and Henry’s
constants for He adsorption (Figure $4) revealed a trend to the K, growth with an increase
in accessible surface area, porosity and accessible pore volume. Meanwhile, a trend to
the KY,, decrease with an increase in the framework density was observed. In the case of
KY,,, these trends were less evident due to the presence of an additional contribution from
electrostatic interaction between the quadrupole moment of the nitrogen molecule and
partial atomic charges of the MOF atoms. The analysis of the correlation between the struc-
tural parameters and Ny adsorption selectivity (Figure S5) showed a trend of the decrease
in Sgds,Nz /1. With an increase in accessible surface area and porosity, and a decrease in
density. Similar relationships between the structural parameters and adsorption selectivity
to nitrogen were also observed for zeolites (Figure S5). The highest adsorption selectivity
to nitrogen calculated at infinite dilution for zeolites was as high as 26. A large variety of
the MOFs chemical composition leads to a greater variety of their structural parameters
compared to zeolites (Figure S3). As a result, the selectivity of the most promising MOFs in
adsorption-based separation of nitrogen—helium mixtures exceeds the best of the zeolite
frameworks by several orders of magnitude.

To move from the estimation of ideal adsorption properties of MOFs and zeolites at infi-
nite dilution to gas mixtures, adsorption of an equimolar mixture of helium and nitrogen was
simulated at 0.01, 0.1, 0.3 and 1 Mpa and 298 K. The obtained results (Figure S6) demonstrate
that at low adsorption selectivity Sg ds, N/ He and Szg;f N,/ He are almost equal. However, when

. PR . mix 0 .
the adsorption selectivity increases, the S7i"y, /1y o/ Sha 5N,/ He Fatio becomes less than one.
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When the pressure increases, the difference between the two selectivity values grows as well.
So, the higher the pressure in the system, the greater the effect of competitive adsorption.

Two models of He/N, adsorption-based separation at room temperature were con-
sidered in this study. In the first model, corresponding to the conditions of vacuum swing
adsorption, the adsorption pressure was equal to 0.1 Mpa and the desorption pressure
was equal to 0.01 Mpa. In the second model, corresponding to conditions of pressure
swing adsorption, the adsorption pressure was equal to 1 Mpa and the desorption pressure
was equal to 0.1 Mpa. As regenerability tended to decrease with the APS increase, only
frameworks with regenerability above 80% were considered. The highest APS values were
observed for frameworks with high nitrogen AN and Sggs’f Ny/He+ Top 50 best MOFs have
APS > 57 mol/kg and APS > 70 mol/kg for the VSA and PSA gas separation models,
respectively. (Figure 2a,b). In the case of PSA, the APS metric of the most promising
MOFs is higher by more than an order of magnitude than that of the most efficient zeolites
(Figure 2d). In the case of VSA, this difference reaches two orders of magnitude (Figure 2c).
This result clearly demonstrates how promising MOFs are for adsorption-based separation
of helium and nitrogen. In addition to the APS metric, sometimes a more complex API (Ad-
sorbent Performance Indicator) metric [45], which additionally takes into account enthalpy
of adsorption, is used in the literature:

mix 4 B
(Sads,Nz/He - 1) -ANN2

API = c
|AHuds,N2|

)

Here, AH, 45 N7 is enthalpy of nitrogen adsorption; constants A, B and C are equal to 0.5,
2 and 1 [45]. As adsorption is an exothermal process, for large-scale industrial installations
for separation based on vacuum swing adsorption, the use of an adsorbent with high
adsorption enthalpy of results in an increase of the adsorber temperature leading to the
decrease of the target component adsorption. On the other hand, heat is absorbed during
the adsorbent regeneration leading to the decrease in the adsorber temperature, which
makes the adsorbent regeneration more difficult. So, the higher the enthalpy of adsorption,
the greater the difference of regenerability from the ideal model value. Therefore, an
efficient adsorbent should have high adsorption capacity, high selectivity and low enthalpy
of adsorption. In this study the API metric was calculated for all the studied MOFs and
zeolites with regenerability above 80%. Figure S7 demonstrates a linear correlation between
API and APS for both VSA and PSA. So, the use of both metrics leads to the same set of the
most promising frameworks.

In this study, structure—adsorption performance relationships were investigated. Two
databases with Top 50 MOFs based on the APS metric were constructed for the VSA
and PSA separation processes. Then, smoothed probability density distributions (PDF)
were built for several structural parameters for the database of all studied MOFs and
for the databases of Top 50 MOFs for the VSA and PSA separation processes. These
structural parameters included pore limiting diameter, largest cavity diameter, accessible
surface area, accessible pore volume, density and porosity. The range of effective structural
parameters was determined using a criterion that this range included more than 90% of
Top 50 MOFs. The importance of each structural parameter was estimated by comparing
PDFs for all studied MOFs and Top 50 MOFs. If PDFs were about the same for both
databases, this structural parameter was considered to have little effect on the adsorption
performance. Meanwhile, if PDFs were very different and PDF for TOP 50 MOFs had
a narrow distribution, it was possible to claim that certain range of optimal parameters
existed. For instance, Figure 3 demonstrates that for the VSA separation process there is
a narrow range 3.75 A < PLD < 4.8 A corresponding to more than 90% of Top 50 MOFs,
and PDF for them is different from PDF for all MOFs. So, the following optimal structural
parameters were determined for VSA (Figure S8): 375 A <PLD <48 A, 44 A <1L.CD <6
A, 100m?/g < ASA <700 m?/g, 0.02 cm®/g < AV < 0.09 cm?/g, 1300 kg/m? < density < 2500
kg/m?, 0.04 < VF < 0.15. For PSA the optimal ranges are wider (Figure S9): 3.75 A < PLD < 6.3 A,
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42 A <1CD <71 A,300 m2/g < ASA < 1400 m?/g, 0.03 cm®/g < AV < 0.18 cm®/g, 900 kg/m®
< density < 2500 kg/m?3, 0.05 < VF < 0.2. To determine the chemical composition-adsorption
performance relationships, the probabilities of finding certain metal atoms in the MOF structure
were calculated for all the studied MOFs and the database of Top 50 MOFs for the VSA and PSA
separation processes (Figure 4). Ga, Ru, V, Er, Gd, La, U and Ca were found to be the most suitable
metals for the VSA separation model based on the probabilities of their presence among Top 50
MOFs and all studied MOFs. Meanwhile, the most widespread metal atoms Zn, Cu, Cd, Co and
Mn (present in 54.7% of all MOFs) were scarcely present among Top 50 MOFs (less than 10%)).
In the case of the PSA model, U, Al, Er, Be and Mg were found to be the most suitable metals.
Characteristics of the most promising MOFs (Top 10) for the VSA and PSA separation processes
are reported in Tables S6 and S7. As the pressure increase leads to a much more significant
selectivity decrease than the adsorption capacity increase, the best MOFs for VSA have higher
APS than the most promising MOFs for PSA.

b
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Figure 2. Dependence of the working capacity (AN) on adsorption selectivity (ngii;‘ Ny/He) and APS
in the case of vacuum swing adsorption (a) and pressure swing adsorption (b). Dependence of the
regenerability (R) on APS for MOFs (blue) and zeolites (red) in the case of vacuum swing adsorption

(c) and pressure swing adsorption (d).
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Figure 3. Comparison of the smoothed probability density distribution (PDF) of pore limiting diameter
(PLD) for the best 50 MOFs and for all MOFs considered in this study for the VSA separation process. At
the bottom of the figure is the PLD range that comprises over 90% of the Top 50 MOFs database.
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Figure 4. Chemical composition distribution of MOF structures by metal type. The outer pie chart
corresponds to the Top 50 best MOFs, the inner one corresponds to all MOFs considered in this study.

It is interesting to compare the results of the MOF screening obtained in this study
with earlier literature data. A total of 213 MOFs were studied for VSA gas separation
with very similar operational conditions (equimolar mixture of helium and nitrogen, gas
pressure during the adsorption cycle 1.2 bar, pressure during the adsorbent regeneration
0.1 bar) [44]. UVEXAV was found to be the most promising MOF with API = 680 and
adsorption selectivity S;”d"; N,/ He = 222.7. In our study we discovered 24 MOFs with superior
API metric and 34 MOFs with higher nitrogen selectivity. Additionally, in the same earlier
study [44] it was demonstrated that the electrostatic contribution for most MOFs was
negligible. Despite the fact that a nitrogen molecule has a relatively a low quadrupole
moment, we believe that it is important to consider the electrostatic interactions between
nitrogen molecules and the framework atoms during the screening. To estimate their
contributions, Henry’s constants and nitrogen enthalpies of adsorption were calculated
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with the account of electrostatic interactions and without them (Figure S10). The account of
electrostatic interactions results in the growth of the median value of Henry’s constants
and nitrogen adsorption enthalpies by 10.5% and 3.4%, respectively. Due to the great
variety of the MOFs chemical composition, larger spread in Henry’s constants and nitrogen
adsorption enthalpies was observed for them in comparison with zeolites. In this study, it
was found that the account of electrostatic interactions results in the increase of the Henry’s
constants by at least a factor of 1.5 for 15% of all considered MOFs. Meanwhile, the analysis
of Top 50 MOFs for VSA and PSA revealed a similar increase in Henry’s constants for 80%
and 58% of MOFs, respectively. So, the contribution of electrostatic interactions between
quadrupole moments of nitrogen molecules and the MOF atoms is significant for the most
promising MOFs.

Since the chemical composition of both Top 50 MOFs includes a large number of differ-
ent metal atoms with different atomic weights and partial charges, it can be assumed that
metal atoms affect the adsorption performance primarily through the structure topology
rather than through their contribution to the intermolecular interaction. Therefore, MOF
screening for adsorption-based separation of N, /He should be based primarily on the
search for MOFs with optimal structural parameters. Thus, an ideal adsorbent should have
uniformly narrow pores without pockets or cavities and a significant density in order to
provide high nitrogen adsorption enthalpy and N,/He selectivity. As a result, such an
ideal structure will have low porosity, pore volume and accessible surface area.

2.2. Membrane-Based Gas Separation

To test the force fields used in this study for prediction of diffusion properties of MOFs
and zeolites, calculated He and N, permeances in the temperature range of 298-301 K were
compared with the corresponding literature data [22,26,29,30,66-71]. Figure S2 demonstrates
that the models used in this study can be applied only for estimation of the membrane
permeance. In addition to the lack of ideality in the used force field models, there are
several additional reasons leading to deviation of the calculated permeance values from the
experimental ones. First, most polycrystalline membranes based on MOFs and zeolites have
low selectivity and high permeance due to the presence of defects both inside their framework
and in the packing of crystals. The majority of membranes demonstrate selectivity close
to that of the Knudsen diffusion model, which indicates that the size of pores between the
crystallites can exceed 2 nm. Second, only permeability can be calculated by simulations. To
connect this value with permeance, it is necessary to know the membrane thickness. Except
for single-crystal membranes [27], the thickness of the MOF or zeolite layer on the support
can be substantially varied resulting in deviation between the calculated and experimental
values. Third, an ideal model imitating the adsorbate behavior at infinite dilution was used to
calculate permeability in this study. Such a model does not take into account the effects of
competitive adsorption and gas mixture composition on the diffusion properties. As helium
is weakly adsorbed, and its concentration determined by GCMC is substantially lower than
the N, concentration, it is necessary to consider much larger framework fragments than for
simulation of adsorption to obtain correct values of self-diffusion coefficients. In turn, this
leads to a significant increase in the simulation time. Therefore, it is rational to use the ideal
model at the first screening stage with the following correction of the membrane permeability
and selectivity for Top 10 frameworks using Equations (10) and (11).

At the first stage of screening for the most promising materials for membrane-based
separation of He and N, diffusion coefficients were calculated at infinite dilution con-
ditions. The analysis of the dependence of self-diffusion coefficients on the structural
properties of the studied MOFs (Figure 512) demonstrates a natural trend towards an
increase in self-diffusion coefficients with increasing pore size (PLD and LCD) and porosity.

The greatest difference between D?\Iz and DY, was observed in the PLD range under 6 A

and LCD range under 8 A. The diffusion selectivity s, £ He/N, I such small pores can reach
several orders of magnitude (Figure S13a,b). This result can be explained by the difference
in the kinetic diameters of helium and nitrogen molecules. Similar relationships between
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structural parameters and diffusion selectivity were also observed for zeolites (Figure S13).
Similar to the adsorption-based separation, the screening demonstrated that great variety
of MOFs makes it possible to find MOFs with much higher diffusion selectivity than that of
zeolites (maximum SY, £ He/ N for MOFs is equal to 1197 compared to 29 for zeolites).

The analysis of the screening results showed that the membrane selectivity 521 em He/Ny

varies from 2.4 x 1073 to 4.6. Most of MOF membranes (79.9%) are N, selective. The
upper part of the MOF “cloud” in Figure 5 with the membrane selectivity S?n em He/Ny > 118

characterized by predomination of the diffusion selectivity SJ, £ He/N, OVer the adsorption
selectivity SO, /N, The reverse ratio characterizes the bottom part of the MOF “cloud”

in Figure 5. Helium permeability P};, is in the range from 2864 to 2.9 x 10° Barrer, whereas
Pz%z is in the range of 4034-1.4 x 107 Barrer. The highest permeabilities are observed for
wide-pore frameworks. For examples, in Figure 5 one can see a “tail” consisting of 50 MOFs
with P% ¢ > 9 X 10° Barrer. MOFs in this “tail” have PLD from 6.9 to 70.8 A and LCD from 7
to 70.9 A. Diffusion in these MOFs either follows the Knudsen diffusion model or is close
to it. The diffusion selectivity in this diffusion mode is determined as SdKir}‘;‘}?en =4 /M]' /M.
For separation of He and Ny, this value is equal to 2.65.
log10(LCD)

18

2

mem He/N

0

S

10 10 10° 10 10
0
F’He [Barrer]

Figure 5. Dependence of membrane selectivity (S?n em He/ Nz) on helium permeability (P% .) determined

at infinite dilution and PLD.

In addition, the effect of electrostatic interaction on self-diffusion coefficients and
nitrogen permeability as well as membrane selectivity to helium was studied (Figure S10).

The account of electrostatic interaction results in a minor decrease in D?\]Z (charged) relative
to DY

Ny (non—charged) * As electrostatic interaction has a more significant effect on Henry’s
adsorption constants compared to self-diffusion coefficients, on the average the nitrogen
permeability grows after the account of electrostatic interaction. As a result, the membrane
selectivity to helium decreases. So, electrostatic interactions between the quadrupole
moment of nitrogen molecules and the framework atoms should be taken into account
during both adsorption-based and membrane-based screening.

The perspectives of using MOFs and zeolites as membrane materials for separation
of He and N can be estimated by comparing calculated selectivity and permeability with
the upper bonds obtained in different years for polymeric membranes. Upper bond is
an empirical relation P; = kS,e,, i/;" where constants k and n are determined from the
selectivity vs. permeability graph for experimental data on He/N, separation over various
polymeric membranes. Figure 6 presents upper bonds obtained by Robeson in 1991 [72]
and 2008 [12] and by Wu et al. in 2019 [73]. The upper bonds for polymeric membranes
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demonstrate that the best MOFs and zeolites trail polymeric membranes in selectivity
S0 o He /N, but have higher permeability PY,,. Based on this fact, several variants of using
MOFs and zeolites for separation of He and N; are possible: creation of materials from
a combination of polymers and MOFs/zeolites or using MOF/zeolite materials selective
to nitrogen. In the former case, combination of materials can result in the growth in
permeability (in comparison with polymeric membranes) and increase in helium selectivity
(in comparison with MOFs/zeolites). In several publications [49-51] it was shown that
such an approach makes it possible to obtain more efficient materials for separation of
different gas mixtures than using MOFs along as the membrane materials. However,
due to the low membrane selectivity of MOFs and zeolites to helium, apparently, any
other mesoporous materials with the membrane selectivity close to the Knudsen diffusion
selectivity can be used for separation of helium and nitrogen. In the second case, if MOFs
or zeolites selective to nitrogen are used as the membrane, the retentate will be enriched
with helium and the permeate will be enriched with nitrogen. As using MOFs and zeolites
as membrane materials is more promising in the second case, Top 50 frameworks most
selective to nitrogen (5%, Ny/He > 22.6) were identified. Not a single zeolite was included

in this list.

3 _
A SRR © MOFs
‘O N e Zeolites
1 SO AN = = = Polymeric Upper Bond 1991
102 4 AN AN = = = Polymeric Upper Bond 2008
3 AESIUEN - = = Polymeric Upper Bond 2019
S N
10" 5 gKnudsen
. dif He/N,
Z R B e Tk y o+ oncEEEEEEEEEEEEEY
T 10° |He Selective
€ E .
ol iN, Selective
107" 4
107 5 .
] 4
103 T — T —

10" 102 10° 10* 10° 10° 107 108
P, [Barrer]

0
mem He/

at infinite dilution. Lines correspond to the upper bonds for polymeric materials.

Figure 6. Dependence of membrane selectivity (S N,) on helium permeability (PIQI .) determined

Structure-membrane separation performance relationships were also studied. Their anal-
ysis was performed using the same technique that was used for adsorption-based separation
and was described above in Section 3.1. The following optimal structural parameters were
determined for membrane-based separation (Figure S14): 3.75 A < PLD <4.65 A, 4 A < LCD <
58 A, 100 m?/g < ASA <450 m?/g, 0.01 cm®/g < AV < 0.06 cm® /g, 1100 kg/m° < density <
2400 kg/ m3, 0.02 < VF < 0.1. Note that the PDF functions for Top 50 MOFs and all the studied
MOFs are substantially different, and the range of optimal structural parameters is much
narrower than for adsorption-based separation. Similarly, chemical composition-membrane
separation performance relationships were analyzed. Top 50 MOFs include 22 metals. It
means that the membrane properties are primarily determined by its structural parameters
rather than by chemical composition. Still, based on the ratio of probabilities of the presence
among Top 50 MOFs and in all the studied MOFs, Ga and Al were found to be the most
promising metals for membrane-based separation.
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The characteristics of the most promising MOFs (Top 10) for membrane-based separation
are reported in Table S8. All MOFs from Top 10 demonstrate high adsorption selectivity
predominating over their diffusion selectivity and high N, permeability exceeding the He
permeability by more than an order of magnitude. At the second stage of screening, these
MOFs were used in simulation by GCMC and MD using an equimolar mixture of He and N,
at 298 K and 3 bar, which corresponds to the conditions of real membrane-based separation of
gases. The simulation results (Table S8) indicate that the switch to the equimolar mixture leads
to simultaneous decrease of the nitrogen adsorption selectivity, He/N; diffusion selectivity
and permeability. Nevertheless, the values of SY N,/ He and SZZ(H N,/ He are very similar
indicating that the suggested technique used for the initial screening makes it possible to
predict promising frameworks while using minimum computer power. Earlier [44], based on
the results of in silico screening of 500 MOFs, the highest membrane selectivity S?n em N/ He
= 4491 was found for LIFWOO. In this study, we determined 16 MOFs with even higher
membrane selectivity. Thus, highly nitrogen-selective membranes are characterized by the
predominance of the N, /He adsorption selectivity over N, /He diffusion selectivity. Therefore,
as in the case of adsorption-based separation, an ideal membrane should have narrow uniform
pores and a significant density. The membrane properties are primarily determined by its
structural parameters rather than by chemical composition.

3. Computational Methods
3.1. MOF and Zeolite Databases

“Computation Ready, Experimental Metal —Organic Framework Database” (CoRE
MOF 2019) [34] was used as the parent MOF database. At the first step only ordered
frameworks where all solvent molecules were removed were selected from this database.
The resulting database consisted of 10143 MOFs. Then, the Zeo++ algorithm [74] was used
to calculate density, porosity (VF), accessible surface area (ASA), pore limiting diameter
(PLD) and largest cavity diameter (LCD) for each framework. Additionally, Zeo++ was
used to identify MOFs with pockets not accessible both for helium and nitrogen molecules.
In the following computations, such pockets were blocked. The accessible pore volume
(AV) was determined using RASPA-2.0 software package [75] with helium molecule used
as a probe. Further, only MOFs with non-zero ASA and PLD > 3.75 A were selected from
the database. These conditions would allow both gases to penetrate through the membrane
(the kinetic diameter is equal 3.64 A for N, and 2.56 A for He). So, the number of analyzed
MOFs was shortened to 5156.

IZA database [32] implemented in iRASPA visualization package [76] was used as the
parent database of all-silica zeolites and zeolite-like materials. Structural parameters were
determined for all frameworks from this database using a procedure similar to the one
used earlier for MOFs. After removing frameworks with PLD below 3.75 A, the number of
analyzed zeolite frameworks was reduced to 110.

3.2. Simulation Details

The adsorption and diffusion properties of the studied frameworks were simulated using
equilibrium molecular dynamics (EMD) and Grand canonical Monte Carlo (GCMC) methods
in the RASPA-2.0 package. The interactions were described by the sum of Lennard-Jones 6-12
(L]) and Coulomb interaction potentials. The nitrogen molecule was simulated according to the
TraPPE [77] force field as a dumbbell with a rigid bond between the atoms with the length of 1.1
A. The LJ interaction parameters for each atom were en/kp = 36.0 K and o = 3.31 A. The N,
quadrupole moment was described by three charges: two — charges where g = 0.482e that were
located at the centers of the nitrogen atoms and +2¢ charge located at the molecule center of
masses. The helium molecule was simulated by a single-charge model [78] with parameters
e = 2.64 A and ep5,/kg = 10.9 K. The constants of the L] 6-12 potential for atoms in MOFs were
simulated according to the Dreiding [60] force field. If the necessary parameters were missing,
the required data were retrieved from the UFF [79] force field. The force field developed by
Vuji¢ and Lyubartsev [62] was used for simulation of adsorption and diffusion in zeolites. Cross
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constants of the L] interaction were calculated using the Lorentz-Berthelot mixing rule. The L]
interaction was cut at the distance R = 12.8 A Tts potential was shifted to zero starting from
the distance 0.9 R0 Determination of partial atomic charges by REPEAT [80] or DDEC [81]
methods that have high precision requires periodic DFT calculations for each studied structure.
A detailed and systematic analysis of the effect of the choice of framework partial atomic charges
on CO; adsorption in six different widely studied MOFs predicted by molecular simulations
was performed in the study [82]. It was shown that the partial charges obtained by both DDEC
and REPEAT methods yielded isotherms that were in good agreement with each other. In our
previous studies, it was shown that partial charges obtained by DDEC and REPEAT methods
lead to similar results for modeling hydrogen adsorption in SAPO-11 (zeolite-like material) at
77 K [83] and water adsorption in CAU-10-H (MOF) at 298 K [84]. Thus, it can be expected that
the use of the DDEC or REPEAT methods for calculating atomic partial charges will lead to
similar results in the case of modeling nitrogen adsorption in MOFs and zeolites. A reasonable
alternative is to use pre-trained models obtained by machine learning based on the CoRE
MOF DDEC [43,85] containing 2932 optimized structures with partial atomic charges calculated
by the DDEC method. So, partial atomic charges of the framework atoms were determined
using pre-trained Random Forest model in the PACMOF code [86]. Long-range Coulomb
interactions were calculated using the Ewald summation technique. The size of the MOF and
zeolite structure fragments was selected to ensure the minimum distance in each direction
exceeded 2R 1. In each simulation, we assumed that the MOF or zeolite structure was rigid
and did not contain any defects.

Henry’s constants were calculated using the Widom particle insertion method. Henry’s
constants were calculated at infinite dilution conditions for 10° cycles at 298 K. The adsorption
selectivity at infinite dilution Sg ds,i/j Was determined as the ratio of Henry’s constants K? [10]:

0 0 /70
Saasisj = Ki /K; 2)

The adsorption selectivity for separation of gas mixtures S;’gg‘ i/j was calculated for
0.01, 0.1, 0.3 and 1 MPa pressures at 298 K as follows [10]:
mix NZ/N]
ads,i/j X; /x]

®)

Here, N; is the adsorption of the i-th component determined from GCMC, x; is the
molar fraction of the i-th component. For a gas mixture, the adsorption values N; were
simulated using the following GCMC moves: translation, rotation, insertion, deletion,
reinsertion, identity exchange of He and N; molecules. The fugacity coefficient was
calculated from the Peng—Robinson equation of state.

Adsorbent Performance Score (APS) used to estimate the adsorbent efficiency was
calculated as follows [87]: ‘

APS = ANN2Su45 N2/ He 4)

The sorbent regenerability was calculated as [10]:

R = ANN2/ Nggs N2 ©)

Self-diffusion coefficient was determined by equilibrium molecular dynamics from
the root-mean-square particle displacement using the following formula [88]:

0101 X = \2
Duas = fim ' & (5 -7)) ©)

Here, N is the number of molecules, Z(t) is the position of the j-th particle at the
moment ¢, d is the dimension of the system. Self-diffusion coefficient at infinite dilution
DY was simulated by positioning 30 adsorbate molecules in the MOF fragment with all
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interactions between the gas molecules switched off. The simulation was performed in
the NVT ensemble (at constant number of particles, volume and temperature) using the
Nosé-Hoover thermostat. These conditions simulate the properties of the adsorbate at
infinite dilution. After the initial position of the adsorbate in the framework was generated,
for the first 50 ps the system was subjected to equilibration before the data collection. The
MD simulation time was 20 ns. The diffusion selectivity at infinite dilution SY. £,i/j Was
calculated as follows [42]:

Saifisj = Di /D] )

Permeability P? was determined using Equation (7) [42]:

P = DYK? ®)
Membrane selectivity 521 em,i/j Was estimated as follows [42]:
0 0/ p0
Smem,i/j:Pi /Pj )

For selected Top 10 frameworks, self-diffusion coefficient Ds,;; was calculated for each
component of the gas mixture at the adsorbate concentrations determined by GCMC. As
helium is weakly adsorbed, and its concentration determined by GCMC is significantly
lower than that of Ny, the framework fragment used in the EMD method was 27 times
larger than during the initial screening at infinite dilution. Five independent EMD runs
were performed to collect statistics. Diffusion selectivity for a mixture of gases S%jﬁfi /j Was
determined as the ratio of self-diffusion coefficients [42]:

mix Dself,i
aifil Dselfj

(10)

Permeability of the i-th mixture component P"/* was calculated according to Equation (10) [42]:

q)'Dself,i'Ci
fi

Here, ¢ is the adsorbent porosity, c; is the concentration of the i-th mixture component
at the feed side of the membrane determined by GCMC, f; is the fugacity of the i-th mixture
component before the membrane. This model assumes vacuum permeating pressure. The

membrane selectivity for the mixture of gases SZ’K’I‘n i/j was determined as follows [42]:

(11)

mix __

mix _ Pimix /ijix (12)

mem,i/j

4. Conclusions

In silico screening of 10143 MOFs and 218 all-silica zeolites for adsorption-based and
membrane-based separation of He and N, was performed. GCMC and EMD methods
were used to calculate Henry’s constants, adsorption at different pressures and self-diffusion
coefficients for He and N,. These values were used to calculate major metrics, such as
adsorption, diffusion and membrane selectivity, regenerability and permeability. Dependence
of adsorption selectivity S[’;g;‘ N, /He in an equimolar mixture of He and N on the pressure in
the system was studied. The effect of electrostatic interaction between the quadrupole moment
of nitrogen molecules and framework atoms on the main adsorption and diffusion metrics was
studied. MOFs were demonstrated to be more efficient than zeolites in both adsorption-based
and membrane-based separation. Top 10 most promising MOFs for membrane-based, VSA
and PSA separation methods were determined. The analysis of structure-adsorption and
membrane performance relationships made it possible to determine the ranges of structural
parameters, such as pore limiting diameter, largest cavity diameter, surface area, porosity,
accessible surface area and pore volume, corresponding to the most promising MOFs for
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each separation model considered in this study. A similar analysis was performed to find
out the optimal MOF chemical composition. The screening performed in this study can be
called topological because the structural flexibility, possible presence of structural defects or
modification of linkers with functional groups were not taken into account. Similarly, in the
case of zeolites possible changes of the Si/ Al ratio, variation of the cation composition or
modification of their structure by isomorphous substitutions were not considered. Despite
these limitations, one can expect that the ranges of optimal structural parameters and trends
of adsorption and membranes metrics determined in this study will be correct even if all these
factors are taken into account. The obtained results can be used as a guide for selection of
frameworks for He/N, separation.
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