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1
Introduction

1.1. Hydrogen
Hydrogen (H2) is a crucial molecule in industry [1–4]. It is widely used
to produce chemicals such as ammonia and pharmaceuticals [2, 4]. H2
is also a promising energy carrier to tackle the intermittency of renewable
energy sources, such as solar and wind [5, 6]. However, less than 1% of
the H2 produced is used for this purpose [5]. This is because large-scale
implementation of H2 as an energy carrier is hindered by several major
challenges. Two of the main challenges are developing cost-effective and
non-polluting production methods for H2, and designing storage systems
with both high volumetric and gravimetric energy densities [5, 6].

For production of H2 using renewable electricity (i.e., the so-called
"Green" H2), water molecules are split into H2 and O2 via water
electrolysis [5, 7, 8]. Different water electrolysis systems include alkaline,
proton-exchange, and solid-oxide electrolyzers [7–9]. Alkaline water
electrolyzers are the most mature green H2 production technology [7, 8],
and operate at ca. 30 wt% KOH, 353 K, and pressures ranging from 1 to
100 bar [10–14]. A schematic of alkaline water electrolyzers is shown in
Figure 1.1.

Large-scale production and reduction of the cost (i.e., with respect to
fossil-based production methods) of green H2 are significant hurdles [5].
The high production cost of green H2 is mainly driven by expensive
electricity and regulatory barriers for safe operation [5, 8]. To
design an efficient and safe production process for H2, knowledge of
the thermodynamic properties (e.g., densities, H2 storage capacities,
and product compositions), and transport coefficients (e.g., diffusion
coefficients and shear viscosities) of H2 in aqueous electrolyte systems is
essential [7, 9]. The solubilities and self-diffusivities of H2 in aqueous
KOH solutions influence the H2 bubble formation rates, which in turn,
influence the ohmic resistance of the aqueous electrolyte and reduce the
active electrode area [15, 16]. The Vapor-Liquid Equilibria (VLE) of H2
in aqueous electrolyte solutions (e.g., the maximum water content in H2
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Figure 1.1. Schematic representation of H2 production using alkaline
water electrolysis. In alkaline water electrolysis, water molecules (H2O)
are split using an electric current to produce H2 (at the cathode) and O2
(at the anode) in aqueous electrolyte solutions (typically aqueous KOH
solutions) [7, 8]. The cathode and the anode departments are separated
by a membrane that allows the transport of hydroxide ions from the
anode to the cathode, and prevents the direct mixing of H2 and O2 [8].
Examples of phenomena that influence H2 and O2 production are shown
in the schematic, i.e., ion transport in alkaline electrolyte solutions, gas
crossover (i.e., the unintended migration H2 or O2 from one electrode to
the other through the electrolyte and membrane), and H2 and O2 gas
bubble formation near the cathode and the anode, respectively [7, 9].

gas) influence the purity of the product gas [7, 9]. The thermophysical
properties of H2 and O2 in alkaline electrolyzers significantly influence gas
crossover (i.e., the unintended migration H2 and O2 from one electrode to
the other through the electrolyte and membrane), as shown in Figure 1.1.
This crossover poses a serious safety concern because hydrogen has a
broad explosive concentration range, spanning from approximately 4% to
94% H2 in O2 [9].

Storage of H2 is another major engineering challenge [17–19]. The
volumetric energy capacity of H2 is significantly lower than the conventional
fuels, such as gasoline, at standard conditions (i.e., H2 is ca. 3000
times less energy dense than gasoline on a volume basis) [20]. To have
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a compact source of energy, H2 is compressed to pressures up to 700
bar or cooled to cryogenic conditions of ca. 20 K [17, 18]. However,
the storage of H2 at high pressures or low temperatures is not energy
efficient (ca. 10-40 % of the stored energy of H2 is lost [21]) and raises
safety concerns, such as H2 embrittlement of the storage medium and
potential for leaks and explosions [17]. Underground H2 storage (i.e.,
in geological formations such as depleted reservoirs and salt caverns)
is also being explored as it provides vast volumes of space [22–24].
Hydrogen stored underground is not meant for immediate use but rather
for seasonal or large-scale energy storage needs [22, 24]. Storage of H2
in materials is another alternative [19, 25]. The interaction of H2 with
materials allows for storage at conditions closer to ambient temperature
and pressure compared to H2 compression or cryogenic cooling [19, 25].
However, none of the existing storage materials have met the conditions
set by the US Department of Energy (DOE) [26] for the price (300 $ /
kg H2), the necessary volumetric (40 g H2 / L system) and gravimetric
capacities (5.5 wt% H2), and the required kinetics for uptake/release of
H2 for onboard storage [25, 26].

Materials store H2 through physical (physisorption, i.e., via weak
electrostatic or Van der Waals interactions) or chemical adsorption
(chemisorption, i.e., via formation of chemical bonds) [17, 25, 27].
Physisorption on porous materials such as Metal Organic Frameworks
(MOFs, i.e., materials consisting of metal clusters linked with organic
ligands [38]), and zeolites generally results in fast H2 release and capture
kinetics, but suffers from low gravimetric and volumetric H2 capacities [17,
25]. Chemisorption on materials such as metal hydrides, allows for larger
H2 capacities but the release of H2 (i.e., the dehydrogenation reaction)
is energy intensive and has slow kinetics [39–41]. To make H2 economy
feasible, designing a suitable and cost-effective material that has a high
H2 capacity and fast release/capture kinetics is essential [25, 26]. The
number of possible new materials that can be potentially synthesized
and used for hydrogen storage is virtually unlimited [25, 42, 43]. Even
when considering specific classes of materials, such as MOFs, the number
of materials that has been theoretically predicted to date reaches up
to half a million [42]. In Figure 1.2, three characteristic examples of
different types of materials for H2 storage are shown. Two-dimensional
(2D) materials and porous structures, such as MOFs and zeolites (as
shown in Figure 1.2), are frequently studied for hydrogen storage [25, 30,
38] and separation [35, 36] due to their high surface-to-volume ratio and
chemical tunability, which allows for optimizing adsorption capacities and
efficiencies [17, 25, 27]. New classes of materials are also being discovered
and synthesized at a rapid rate and investigated for H2 storage (as an
example 2D borophene hydride, which was synthesized in 2017 [28] is
shown in Figure 1.2(a) [28]) [44, 45].

The vast number of materials and conditions (i.e., temperatures,
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(a)

(b) (c)

Figure 1.2. 2D materials and porous structures such as MOFs and zeolites
are often studied for hydrogen storage and separation due to their high
surface to volume ratio [17, 25, 27]. In (a), the front and side view of 2D
borophene hydride, which was synthesized in 2017 [28], is shown. This
material has been shown by both molecular simulations and experiments
to be a promising H2 storage medium [29, 30]. In (b), the Cu-BTC
(MOF) [31, 32] and (c) the MFI-type zeolite structures [33] are shown.
The Cu-BTC MOF structure and MFI-type zeolite structures are widely
investigated for storage [31, 32, 34] and seperation of H2 (from CO, CO2,
and water mixtures) [35, 36], respectively. All structures are rendered
using iRASPA [37].
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pressures, and compositions) relevant to H2 storage and production
makes it costly and time-consuming to rely solely on experiments. Also,
experimental measurements involving H2 require strict adherence to safety
standards [46]. These safety standards involve protocols to prevent leaks
(especially at high-pressures), explosions, contamination, and to ensure
safe handling and storage of H2 [26, 46]. These challenges render computer
simulations (such as molecular simulations) an attractive complementary
tool to experiments in terms of time, budget, and safety [47, 48] for
computing the thermophysical properties and storage capacities of H2 in
materials.

1.2. Molecular simulations of hydrogen
Molecular simulations [49, 50] are a broad class of computational
techniques that predict the macroscopic behavior of materials and fluids
by modeling a system of interacting atoms and molecules (schematic
representation shown in Figure 1.3). These simulations [49, 50] can in
principle be used to discover new catalysts for H2 production, design
materials for H2 storage and seperation, predict thermophysical properties
of H2 mixtures, and optimize production conditions [42, 51–53]. In this
thesis, the emphasis is placed on using molecular simulations to screen
and design materials for H2 storage and to predict the thermodynamic
and transport properties of H2 in aqueous electrolyte solutions, which are
relevant to storage and production of H2 via alkaline water electrolyzers.

Macroscopic properties, such as densities of H2, can be computed from
microscopic configurations (i.e., microstates) [54]. A microstate defines
all positions, velocities, and quantum numbers of all the atoms in the
systems, and can be related to macroscopic properties using the concept
of ensemble averaging [50]. An ensemble refers to the collection of
all microstates of a system, subject to different control parameters or
constraints that define the system (e.g., temperature, volume, and number
of atoms) [50]. The ensemble average of given property 〈A〉 is defined
as [49, 50]:

〈A〉 =
∑



PA (1.1)

where P refers to the probability of occurrence of microstate  and A is the
value of variable A at microstate  [49, 50]. P depends on parameters such
as the energy, temperature, and volume of the microstate. For systems of
interacting atoms and molecules, P is very close to 0 for the vast majority
of microstates [50]. As the total number of microstates  is very large
(with majority having a P ≈ 0), it is inefficient and usually impossible to
obtain 〈A〉 directly based on Eq. 1.1 [50, 54]. Various approaches are
used to approximate 〈A〉, depending on the type of molecular simulation
technique [50].
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Figure 1.3. Given accurate modeling of the interactions between atoms and
molecules, molecular simulations (a snapshot is shown on the right for an
aqueous NaCl solution) can be used to complement experiments. Molecular
simulations can predict thermophysical properties of materials and fluids
for a wide range of temperatures, pressures, and compositions [49, 50].

1.2.1. Molecular dynamics and Monte Carlo simulations
The two most common molecular simulation techniques are Molecular
Dynamics (MD) and Monte Carlo (MC) simulations [49, 50]. In MD
simulations, the time-evolution of an interacting molecular system is
obtained (i.e., trajectories) by numerically integrating Newton’s second
law of motion [49]. MD simulations are usually deterministic, i.e., given
the same particle positions and velocities, the same trajectories will be
obtained [49, 50]. Time averages are often used as approximations of
ensemble averages in MD simulations due to the ergodicity hypothesis,
which states that for long periods of time, the time spent by a system in
each microstate is proportional to the probability of the microstate [50].
To accurately compute the ensemble average 〈A〉, sufficiently long MD
trajectories are required [49, 50]. The length of the trajectories depends
on: (1) the necessary simulation time needed to compute the property
of interest (e.g., transport properties typically require nanosecond time
scales), (2) the system size, and (3) the complexity of the underlying model
used to compute interactions between different atoms and molecules [49,
50]. The choice of the time scale for numerical integration in MD
simulations also depends on the interaction model [49]. Interaction
models with sharper gradients with respect to positions of atoms and
molecules require smaller time steps to accurately capture the rapid
changes in forces and velocities [49, 50].

Unlike the deterministic approach of MD simulations, MC simulations
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(a)

(b)

Figure 1.4. Schematic representations of (a) MD and (b) MC simulations
for an aqueous NaCl solution. In MD simulations, atoms and molecules
are displaced collectively under the influence of interatomic forces, by
numerically integrating Newton’s equations of motion as a function of
time [49, 50]. In MC simulations, a representative collection of microstates
is sampled for computing ensemble averages (Eq. 1.1). Microstates
are sampled using trial moves. Trial moves attempt to change the
configuration of the system so that the system evolves from one microstate
to another. Examples of trial moves include translation or reinsertion,
applied to randomly selected molecules, ions (shown in (b)), or groups
of molecules [50, 55, 56]. In a typical MC simulation (i.e., Metropolis
algorithm [57]), the probability of acceptance of a trial move is proportional
the probability of occurrence of the microstate [50, 57]. MC simulations
can also include collective trial moves [56].
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use a stochastic algorithm [50]. In MC simulations, we consider a
representative collection of microstates, , where P is much larger than the
majority of microstates, which have a P ≈ 0 [50]. Sampling of microstates
is achieved using the so-called "trial moves". Trial moves attempt to
change the configuration of the system so that the system evolves from
one microstate to another [49, 50]. Examples of common trial moves are
displacements of molecules, volume changes, or particle insertions (or
deletions) [49, 50]. Trial moves do not have to be physical, and can include
moves such as identity swaps (switching one atom species by another).
The type of trial moves that is used depends on the ensemble and the
interaction model that is used [50]. In a typical MC simulation (i.e.,
Metropolis algorithm), the probability of acceptance of a trial move is often
proportional the probability of occurrence of the microstate (i.e., P) [50,
57]. This ensures efficient sampling of microstates with high statistical
weights (P), which contribute most significantly to the summation in
Eq. 1.1 [49, 50]. To compute 〈A〉 accurately, typically thousands to millions
of MC cycles are performed, with each cycle referring to N number of trial
moves. In MC simulations, the number of cycles required depends on the
property of interest, the system size, and the complexity of the interaction
model (similar to the length of the trajectories in MD simulations) [49, 50].

The most computationally intensive task in both MC and MD simulations
is computing the interactions between different atoms and molecules in
the system (especially when dealing with long-range interactions such
as electrostatics) [50]. Considering that computational resources (i.e.,
number of cores/nodes and computing time) are limited, there is always
a trade-off between the interaction model complexity, the system size,
and the number of MC cycles or the length of the trajectories in MD
simulations [50]. It is often necessary to find a balance between accuracy
and computationally efficiency (e.g., simplifying the interaction model or
reducing the system size) to complete the simulations within a reasonable
time [49, 50].

MC simulations are effective for studying thermodynamic equilibrium
properties and phase transitions [50, 57], while MD simulations are
particularly effective for investigating dynamic properties such as diffusion
coefficients, viscosities, and thermal conductivities [50, 58]. Dynamic
properties such as transport properties cannot be computed using MC,
as the dimension of time is not introduced in these simulations [49,
50]. To perform MD simulations, different software packages, such as
LAMMPS [59, 60], GROMACS [61, 62], and AMBER [63, 64] are available.
For MC simulations, popular software packages include RASPA [65, 66],
BRICK-CFCMC [55, 56], GOMC [67], and Cassandra [68]. A thorough
description of MD, MC, and other molecular simulation techniques can be
found in Refs. [49, 50, 54, 69, 70].
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1.2.2. Ab-initio simulations
The accuracy and reliability of molecular simulations depend on the
underlying model that is used to compute the interactions between
different atoms and molecules in the system [49, 50]. Ab-initio based
methods use quantum chemical calculations, such as Density Functional
Theory (DFT), to compute the total energy of the system and the forces
between different atoms [71–73]. Ab initio calculations are often limited to
small system sizes (ranging from 10s to 100s of atoms) and time-scales
(typically ranging from 1 to 100 ps) depending on the properties of the
system (e.g., magnetic or non-magnetic) [71, 72]. The accuracy of these
calculations is also strongly influenced by the properties of the system
and the computational approximations that are used (e.g., the choice of
exchange-correlation functional) [73].

DFT is a popular ab-initio technique due to its accuracy and low
computational expense compared to alternative techniques such as the
Hartree Fock (HF) method [73]. DFT can be used to optimize molecular
structures, calculate adsorption energies of H2, and identify material
instability (using phonon dispersion curves) at 0 K [73–75]. Energy barriers
(which influence kinetics) for chemical reactions can be determined using
ab-initio techniques such as Nudged Elastic Band (NEB) calculations [76–
79]. The finite-temperature stability and adsorption/desorption of H2 can
also be simulated using techniques such as Born-Oppenheimer Molecular
Dynamics (BOMD) or Car-Parrinello MD simulations [27, 75]. These
computations are essential for early detection of unsuitable materials for
hydrogen storage and can be used to design novel materials from the
molecular level. This helps avoid unnecessary experiments by providing
early insights, and saves time in the material development process.
Popular software packages for ab-initio simulations are VASP [71, 72],
Quantum-espresso [80, 81], WIEN2k [82], and Gaussian [83].

Ab-initio calculations can be used to model quantum effects (i.e.,
properties that are not described by classical mechanics) [84] in H2
systems. Quantum effects are crucial for light atoms like hydrogen (H), as
the small mass of the H-atom makes its thermal wavelength comparable
to the size of the atom itself (i.e., H-atom can easily exhibit both wave and
particle-like behavior) [54, 84]. At temperatures below ca. 100 K ignoring
quantum effects of H2 can lead to significant errors [38, 85]. As an
example, Bobbitt and Snurr [38] have discussed that at low temperatures
(i.e., ca. 70 K), classical simulations of H2 adsorption in MOFs can
overestimate storage capacities of H2 by up to 20%. Quantum effects
become less significant at higher temperatures (ca. 100 K), as the thermal
wavelength of H2 (and other molecules) is inversely proportional to the
square root of temperature [54, 84]. Also, as temperature increases,
the thermal energy of the system exceeds the energy differences between
discrete quantum states [84]. In this regime, the classical description
becomes an appropriate approximation because the behavior of the
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system can be described by averaging over many quantum states, thereby
smoothing out the quantum effects [54].

Ab-initio calculations are also important when modeling chemical
reactions, as formation and breaking of chemical bonds cannot be
modeled using classical mechanics [70, 84]. Thus, properties that are
dependent on chemical reactions, such as the pH of aqueous systems
(which depends on the self-ionization of water) [86] and self-diffusivities
of H+ or OH– in water (which depend on the proton transfer reaction
mechanism) [87, 88] cannot be simulated classically. For non-reactive
systems at temperatures above ca. 100 K, classical molecular simulations
can often provide an accurate description of the properties of the
system (e.g., densities and self-diffusivities of H2 in water at room
temperature [51]) using simple semi-empirical interaction models [89, 90].

1.2.3. Classical force fields
MD and MC simulations using semi-empirical interaction models, i.e.,
force fields, can be used to simulate larger system sizes (typically ca.
500-10000 atoms) and time scales (ca. 1-100 ns) compared to ab-initio
calculations [49, 50]. These length and time scales are needed for
accurate calculation of thermodynamic and transport properties of H2
systems. A force field refers to a predefined functional form that is used
to approximate atomic interactions, unlike ab-initio approaches, which
compute interactions from fundamental quantum mechanical calculations.
Force fields differ depending on the experimental or ab-initio parameters
that are used for their training [49, 50, 89–91]. Even for a diatomic
molecule such as H2, many different force fields have been developed for
different applications and systems [89–93]. Examples of H2 force fields
are the force fields developed by Wang et al. [94], which are trained on
properties such as the vaporization energy and the hydration free energy
of H2, and the force field of Hirschfelder et al. [89] which is parameterized
based on the second-virial coefficient of H2 gas.

Classical force fields can be categorized as polarizable or non-
polarizable [95–101]. In polarizable force fields, the atomic or molecular
charges or distributions vary depending on the local electrostatic
environment [96, 97, 102]. The physical origin of polarizability in
molecular systems arises from the distortion of the electron clouds
within molecules by nearby charges or electric fields [50, 70]. In
non-polarizable force fields, fixed point charges are used, which do not
account for environmental variations [98, 100, 101, 103, 104]. Despite
this simplification, non-polarizable force fields are capable of accurately
predicting many properties of H2 and aqueous electrolyte systems such
as densities, transport properties, and radial distribution functions
(RDFs) [51, 98, 100, 103, 104]. Non-polarizable force fields are simpler
and often more transferable (i.e., the ability to use the same force
field parameters across different systems) compared to polarizable force
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fields [95–97, 99, 101]. The simplicity of non-polarizable force fields also
allows for a significantly higher computational efficiency (typically by a
factor of ca. 3 to 10) compared to polarizable force fields [95–97]. For
these reasons, non-polarizable force fields are expected to continue being
widely used in large-scale classical molecular simulations [105].

The transferability and computational efficiency of non-polarizable force
fields enables the generation of large data sets of thermophysical properties
of H2 mixtures (e.g., with aqueous systems or gasses such as N2) for a wide
temperature and pressure range [51, 90, 106, 107]. As an example, Köster
et al. [90] have used non-polarizable force fields to compute isothermal
fluid phase diagrams and densities of binary and tertiary H2 mixtures
(with water, N2, O2, and Ar). Mixtures of H2 and water are commonly
considered, due to industrial applications such as water electrolysis [16,
106] and supercritical water gasification [108]. The thermodynamic (e.g.,
densities and solubilities) and transport properties (e.g., self-diffusivities)
of H2 and water mixtures are extensively covered in Refs. [90, 106–110].
Gas molecules such as H2 are sparsely soluble in liquid water (i.e., mole
fractions of ca. 10−5 at 298 K and a H2 pressure of 1 bar [47]), as such,
H2 is often simulated at near infinite dilution [107–109]. Therefore, the
choice of the water force field is crucial in these studies, as the force field
needs to model the properties and molecular structure of liquid water for
a wide temperature/pressure range [51]. Many different non-polarizable
water force fields are available and have been reviewed in Ref. [99]. The
TIP4P/2005 and the SPC/E force fields of water are particularly popular
as these rigid force fields (i.e., with fixed bond lengths and angle) are
computationally efficient and result in accurate predictions for densities,
viscosities, and self-diffusivities of liquid water [98, 100, 109].

Despite prior studies on thermophysical properties of H2 in liquid
water [51, 107, 108], properties of H2 in aqueous electrolyte solutions
(e.g., KOH, NaOH, and NaCl) have not been modeled using molecular
simulations. This is mainly because there are no appropriate non-
polarizable force fields for aqueous ions that have been parameterized
based on the transport properties of the concentrated (above 3 mol
salt / kg water) electrolyte solution [47, 111]. Salts such as NaCl and KOH
are highly soluble in water (solubilities of NaCl and KOH in water at 298 K
is ca. 6 mol NaCl / kg water and 20 mol NaCl / kg water, respectively),
and significantly alter the thermophysical properties of the solution (e.g.,
densities, viscosities, and self-diffusivities) [112–114]. To model the
transport properties of H2 in aqueous electrolyte solutions, it is essential
to accurately model the densities and viscosities of aqueous electrolyte
solution, as this ensures that the drag force (i.e., the resistance that
H2 experiences when it moves through the fluid) is well-described [115].
Despite this, existing force fields for aqueous salts (such as the Madrid-
2019 [103] and Joung-Cheatam [104] force fields) are not parameterized
based on viscosities of concentrated aqueous electrolyte solutions. As
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a result, these force fields significantly overestimate fluid viscosities at
higher salt molalities with respect to the pure solvent (i.e., at 298 K and
4 mol NaCl / kg water, the viscosity computed using the Joung-Cheatam
NaCl force field combined with TIP4P/2005 [100] deviates by ca. 100%
from experiments). Development of new non-polarizable force fields for
salts such as KOH in water (relevant to alkaline water electrolyzers), is
essential for molecular modeling of H2 in aqueous electrolyte solutions [47,
116].

Using non-polarizable force fields, not all thermodynamic or transport
properties of aqueous electrolyte solutions can be simultaneously captured
accurately [98, 99]. Non-polarizable force fields of water such as SPC/E [98]
and TIP4P/2005 [100], which are parameterized based on liquid densities
and transport properties [105], cannot be used to accurately predict the
free energies of liquid water. Already in 1987, Berendsen et al. [98]
discovered a fundamental issue when parameterizing the non-polarizable
SPC/E force field of water, i.e., fitting force fields to the vaporization
energies of water results in excluding the self-polarization energy of water
(i.e., the "missing term" mentioned in the title of the famous paper by
Berendsen et al. [98]). Berendsen et al. [98] showed that the inclusion
of the self-polarization energy of liquid water by enhancing the dipole
moment of water significantly improves predictions of transport properties,
densities, and RDFs, at the cost of less accurate predictions for the
vaporization energy of water (ca. by 10%). Accurate modeling of free
energies is crucial for obtaining the VLE of H2 and aqueous electrolyte
solutions [106]. As such, new methods need to be developed to accurately
model the free energies of aqueous systems without compromising the
liquid phase properties.

1.3. Outline of this thesis
In this thesis, molecular simulations based on ab-initio calculations
are used to assess the suitability of novel 2D materials for hydrogen
storage, and new semi-empirical classical force fields and methodologies
are introduced to obtain thermodynamic and transport property data for
H2 in aqueous electrolyte solutions (relevant to both hydrogen storage and
production).

In chapter 2, the suitability of a novel 2D material, namely borophene
oxide [117], as a hydrogen storage medium is assessed using dispersion
corrected Density Functional Theory (DFT-D2) calculations [71, 72, 118].
To enhance the physical adsorption energy of H2 on the 2D structure and
to allow for higher H2 capacities compared to the pristine 2D structure,
different metal atoms such as Li, Na, and K are introduced to the surface
of borophene oxide. The Li decorated 2D borophene oxide system is shown
to have a high H2 gravimetric capacity of 8.3 wt% H2, which exceeds
the US DOE target of 5.5 wt% H2. The stability of the Li decorated
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2D borophene oxide system and the reversibility of H2 adsorption is
demonstrated using BOMD simulations at 100 K, 300 K, and 500 K. Using
semi-empirical equations, a practical gravimetric capacity of 5.2 wt% H2
is computed for the Li decorated 2D borophene oxide system at adsorption
conditions of 298 K and 30 atm, and desorption conditions of 373 K and 3
atm. These findings indicate that 2D borophene oxide can be a promising
material for reversible storage of H2.

In chapter 3, two different 2D materials, namely borophene [44] and
borophene hydride [28], are considered for hydrogen storage. In this
chapter, the focus is on chemical adsorption of H2 [25]. Chemical
adsorption of hydrogen is usually a highly exothermic reaction with large
energy barriers (i.e., exceeding 1.5 eV) for desorption of H2 [39–41].
This leads to low desorption kinetics and additional cooling or heating
when capturing or releasing H2 from the system [39]. Using DFT and
Nudged Elastic Band (NEB) calculations [77, 119], the hydrogenation and
dehydrogenation reaction of H2 on borophene and borophene hydride are
assessed. It is found introducing Li decorating atoms significantly lowers
the energy barriers for hydrogen desorption compared to the pristine
structure. BOMD simulations at 300 K also demonstrate the weakening of
the chemical bonds with the H atoms in borophene hydride in presence of
Li atoms. A promising Li decorated borophene hydride structure is found
for chemical adsorption of H2, with low energy barriers (below 1 eV) and
enthalpy of hydrogenation (below -0.05 eV / H2).

Classical force fields are more computationally efficient compared to ab-
initio simulations and allow for calculation of thermophysical properties
at a vast number of conditions (i.e., temperatures, pressures, and
compositions). In chapters 4-8, classical force fields are used instead of
DFT interactions to compute thermodynamic and transport properties of
H2 in aqueous electrolyte systems. In chapter 4, the interfacial tensions,
self-diffusivities, and solubilities of H2/H2O/NaCl system are computed
using classical MD and MC simulations for a wide temperature (up to 723
K) and pressure (up to 1000 bar) range. The thermodynamic and transport
properties of H2/H2O/NaCl systems are relevant to underground storage of
H2 and water electrolysis. All the generated data are fitted to engineering
equations, which can be used for modeling underground hydrogen storage
reservoirs or for water electrolysis. In chapter 5, the thermophysical
properties of H2 and O2 in aqueous alkaline (i.e., KOH and NaOH)
solutions are computed. Alkaline water electrolyzers often use aqueous
KOH solutions due to the high electrical conductivity of the solution [7]. A
new non-polarizable force field for OH– is developed to accurately model
(within 2% of experiments) the densities and viscosities of aqueous KOH
and NaOH solutions. The diffusivities and solubilities of H2 and O2 in
aqueous KOH and NaOH solutions are computed at 298-353 K and 1-100
bar and fitted to engineering equations for easy retrieval. In chapter 6,
the diffusivities and solubilities of H2 in aqueous NaB(OH)4 solutions are
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computed. Aqueous NaB(OH)4 solutions are relevant to storage of H2 in
sodium borohydride (i.e., NaBH4). NaBH4 is considered as a promising
H2 storage medium for maritime applications [120–122]. The hydrolysis
reaction of NaBH4 forms H2 and aqueous NaB(OH)4 [120–122]. A new
non-polarizable force field for B(OH)4 – is developed to accurately model
(within 2% from experiments) the densities and viscosities of aqueous
NaB(OH)4 solutions. Using this force field, the activities of water and
self-diffusivities and solubilities of H2 in aqueous NaB(OH)4 solutions are
computed at 0-5 mol NaB(OH)4/kg water at 298-353 K and 1 bar. These
thermophysical data can be used to model NaBH4 hydrolysis reactors and
to improve reactor efficiency.

A new method is devised to accurately model the VLE of aqueous
electrolyte solutions using non-polarizable force fields (chapter 7). Non-
polarizable force fields struggle to accurately model the free energies
(and thereby the VLE) of water and salt systems, without compromising
the predictive ability for densities and transport properties in the liquid
phase [98, 99]. In the new method, (1) the TIP4P/2005 water force field
is used to describe the effective interactions in the liquid phase, and
(2) an additional effective charge surface is used to sample the infinite
salt dilution excess chemical potentials of water and salts. For finite-salt
dilutions a free energy correction term is added to the partition function of
the system. Using this approach, the VLE of water and the free energies of
hydration of salts (i.e., NaCl, KCl, LiCl, MgCl2, and NaCl2) are accurately
computed, without compromising the liquid phase properties such as
densities and viscosities of the solution. In chapter 8, the method that
is devised in chapter 7 is used to compute the VLE of H2 and aqueous
KOH and NaCl solutions. The compositions of H2 and water are computed
from the liquid phase excess chemical potentials using an iterative scheme
in which the gas phase fugacity coefficients are calculated using the
GERG-2008 equation of state [123]. Extensive data are obtained for the
solubility of water in H2 at 298-423 K, 10-400 bar, 0-6 mol NaCl/kg
water, and 0-8 mol KOH/kg water. The VLE data presented in this
chapter can be used for modeling the water content in the H2 stream
of alkaline electrolyzers (for aqueous KOH solutions) and in underground
hydrogen storage systems (for aqueous NaCl solutions). This is essential
for ensuring the purity of hydrogen in these processes.

The results obtained in this thesis show that molecular simulation
can be a powerful tool for predicting the thermophysical properties of
H2 in solid materials and aqueous solutions for wide temperature and
pressure ranges which are relevant to storage and production of H2. For
each chapter, the simulation inputs and outputs are shared in an online
repository. All details and links are provided in appendix A.1. The
conclusions and outlook for this thesis are discussed in chapter 9.
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2.1. Introduction
Within physisorption based H2 storage materials, 2D structures exhibit a
great potential in reaching high H2 capacities due to their large surface to
volume ratios [79, 124, 125]. To have reversible H2 storage, the binding
of H2 on the 2D substrate generally needs to be enhanced. Several
adjustments have been proposed to enhance the binding of H2 with 2D
substrates [52, 75, 125–128]. Examples of such adjustments include
external charge modulation [126, 127] and introduction of decorating
atoms (mainly metals such as Li), which enhance interactions by polarizing
H2 [52, 125, 128]. 2D boron sheets (borophene), which have been recently
synthesized [129–131], have shown a favorable affinity with different
metal decorating atoms, in contrast to graphene for which clustering of
metal atoms can occur [132, 133]. Using a variety of metal decorations,
such as Li [52, 128, 132], Na [134], Ca [135], and Ti [136] on different
borophene polymorphs, impressive H2 gravimetric densities have been
obtained ranging from 6 to 15 wt%, exceeding the US department of
energy (DOE) requirement for onboard storage of 6.5 wt% H2 [26].

Experimental and theoretical studies on borophene have indicated that
borophene is prone to oxidation when exposed to air [44, 129, 137, 138].
For this reason, the protection of borophene polymorphs from air can be
crucial for applications such as H2 storage [138]. Although uncontrolled
oxidation is undesirable, one can intentionally use the oxidation process
to produce structures that are more chemically stable [117, 139]. For
this reason, researchers have been actively looking into a variety of 2D
boron oxide structures [139, 140]. Inspired by the recent synthesis of
honeycomb borophene on an Al substrate [117, 130], a 2D honeycomb
borophene oxide (B2O) structure has been theoretically proposed [117].
Phonon dispersion and ab-initio molecular dynamics simulations have
shown that the 2D honeycomb B2O structure is stable for temperatures
up to 1000 K [117]. 2D honeycomb B2O has a high capacity for Li/Na
functionalization, thereby being a promising anodic material [141]. In
particular, B2O has been shown to have one of the highest capacities for
Li storage [141]. The high affinity of 2D B2O for metal decorating atoms,
with its high stability hints at the suitability of this material for H2 storage
applications. To the best of our knowledge, despite the potential of this
material, its use for H2 storage has not yet been explored. Similar to other
2D boron-based structures, such as borophene [142], 2D boron-oxides
can form different structural polymorphs [139, 140, 143]. Honeycomb
B2O has a lower formation energy compared to other 2D allotropes such
as B4O, B50, B6O, , B7O, and B8O indicating its stability [117, 139]. Other
2D polymorphs of boron-oxide such as the recently reported B2O3 [143]
may also be suitable for H2 storage applications, however, the study of
these materials is beyond the scope of this chapter.

In this chapter, the use of 2D B2O as an efficient H2 storage material
is investigated using first principles calculations. Three different alkali



2.2. Methodology

2

17

metals (i.e., Li, Na, and K) are considered for enhancing the interactions
of 2D B2O with H2. The addition of these metal decorating atoms is
found to be favorable as evident by negative adsorption energies. All
three metal atom types increase the binding energy of H2 compared to the
pristine structure, and result in binding energies suitable for reversible H2
storage. Our DFT calculations with the Li decorated 2D B2O structure
clearly show that a notable gravimetric density of 8.3 wt% H2 can be
achieved. By performing BOMD simulations we show that the Li-decorated
structure is stable at 100, 300 and 500 K. Finally, we used semi-empirical
calculations to show that at adsorption conditions of 298 K and 30 atm,
and desorption conditions of 373 K and 3 atm, a practical gravimetric
density of 5.2 wt% H2 can be attained. Our findings strongly recommend
further experimental investigation of 2D honeycomb B2O as a potential H2
storage medium.

2.2. Methodology
2.2.1. Density Functional Theory
DFT calculations are carried out using plane wave basis sets, as
implemented in Vienna ab-initio simulation package (VASP 5.3.5) [71,
72]. The projected augmented wave method (PAW) is used and the
generalized gradient approximation (GGA) is applied with the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional [144]. Van der
Waals forces are accounted for by using a dispersion corrected framework
(DFT-D2) [118]. This approach is commonly used in other studies of H2
storage on 2D metal-decorated substrates [52, 75, 125, 136, 145]. An
inter-layer separation of more than 30 Å is used, to prohibit inter-layer
interactions [128]. Nevertheless, a smaller inter-layer spacing may also
be applicable [52, 75, 145]. The cut-off energy is set to 700 eV for
the plane-wave basis set and a Gamma-centered Monkhorts-Pack k-point
mesh of 3 × 9 × 1 is used for the structural relaxations and binding
energy calculations. The energy convergence criteria for the self-consistent
electronic loop is set to 10−6 eV. All lattice parameters and atomic
positions are relaxed until the residual forces acting on each atom are
below 1 meV/Å. Gaussian smearing with a sigma of 0.02 eV is used for
Brillouin-zone integration. A 2 × 2 conventional unit cell of borophene
oxide, containing 16 B atoms and 8 O atoms, is used for the DFT
simulations. The H2 adsorption energies are calculated from [52, 74,
146–148]

Eb = (ES+qH2 − ES − qEH2)/q (2.1)

where Eb is the average binding energy of H2 with the 2D substrate,
ES+qH2 and ES are the energies of the substrate with and without H2
molecules, EH2 is the energy of a H2 molecule in vacuum, and q is the
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number of H2 molecules. All energies in equation 2.1 are computed using
DFT. For simulations in which the 2D structure is functionalized with
metals atoms, the average H2 binding energy is calculated using [52, 74,
146–148]

Eb = (ES+M+qH2 − ES+M − qEH2)/q (2.2)

where ES+M+qH2 , and ES+M represent the energy of the 2D metal decorated
substrate with and without H2, respectively. The single H2 removal energy,
Er, is calculated according to [149]

Er = ES+M+qH2 − ES+M+(q−1)H2 − EH2 (2.3)

where ES+M+qH2 , and ES+M+(q−1)H2 represent the energies of a 2D metal
decorated substrate containing q and (q − 1) H2 molecules, respectively.
In the case of metal-decorated 2D B2O there is an intrinsic dipole in
the direction normal to the 2D plane. For this reason calculations are
carried out to examine if there is a need for dipole corrections in this
system. It is found that for single-metal (Li, Na, and K) decorated B2O
dipole corrections change the total energies by less than 0.02% and the
metal adsorption energies on B2O by less than 2.5 % (most difference for
K-decorated and least for Li-decorated B2O). As the results do not show
considerable change, dipole-corrections were not accounted for the rest of
the computations.

2.2.2. Born-Oppenheimer Molecular Dynamics
To investigate the finite temperature stability of the structure, BOMD
simulations are carried out using VASP [71, 72]. To create the BOMD
simulation box, the DFT supercell is multiplied by a factor of 2 along
its smallest side, thereby creating a 2 × 4 supercell. The stability of
the H2 saturated, and Li decorated B2O structure is examined at three
different temperatures (i.e., 100, 300 and 500 K) using a Nosé-Hoover
thermostat [150, 151]. These simulations are performed in the canonical
ensemble (NVT), and include only the -point. Alternatively, the NPT-
ensemble can be used for the simulations. As the number of H2 molecules
is relatively small (32 in total), large pressure fluctuations are expected
upon adsorption/desorption of H2. Due to this when using the NPT
ensemble caution must be taken to only adjust the volume normal to the
2D plane, to avoid creating artefacts (e.g. artificial wrinkles) on the 2D
structure. For this reason, the NVT ensemble is chosen. The same cut-off
energy and smearing as in the DFT calculations are used. The ’normal’
precision mode is used for the BOMD simulations and the ’accurate’
precision mode is used for the DFT simulations. The BOMD simulations
are carried out with a time-step of 1 fs, for a total time of 10 ps. The
Verlet algorithm is used for integrating the equations of motion [152]. The
variation of free energy (as defined by Kresse et.al [72]) as a function of
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simulation time is shown in Figure S1 of the Supporting Information of
Ref. [27]. In all BOMD simulations, an equilibration period of 5 ps is
initially performed. Production runs of 5 ps are used for sampling the
property of interest. VESTA is used for all atomic visualizations [153].

2.3. Results and discussion
2.3.1. Pristine B2O structure
The planar 2D structure of honeycomb B2O is shown in Figure 2.1. Our
results indicate that the relaxed lattice constants for the conventional unit
cell are 2.76 and 7.37 Å, while the lattice constant for the primitive cell
is 3.93 Å (both sides are equal). The optimal B – O and B – B bond lengths
in our simulations are computed to be 1.34 and 1.71 Å, respectively.
These results agree well with other DFT results from literature [117,
139]. A single H2 molecule is then added to the system to compute the
binding to the 2D B2O structure. According to equation 2.1, a single H2
adsorbs with a binding energy of -0.10 eV/H2 to the 2D B2O structure.
Figure S2 of the Supporting Information of Ref. [27] shows different
initial configurations that are probed and the final relaxed configuration
of H2 on 2D B2O. All the different initial configurations converged to
the same final configuration after relaxing all atomic positions and the
structural parameters. Although the binding energy of H2 with the pristine
borophene oxide structure is higher than that of striped borophene (c.a.
-0.05 eV/H2) [52], this binding energy is not adequate for reversible storage
of H2 [154–157]. This illustrates the necessity for the addition of metal
decorating atoms.

2.3.2. Metal decoration
Three different alkali metal decorating atoms have been probed, i.e., Li,
Na and K. These alkali metal atoms have shown to be particularly adept
at enhancing the interaction with H2, for other 2D structures such as
striped borophene [52], boron-phosphide [75] and boron-hydride [145].
Other metal decorations such as Ca, and Ti have also shown to be suitable
for H2 storage applications on 2D borophene structures [135, 136], but
examining the applicability of these or other metal atoms as dopants
on 2D B2O for H2 storage is beyond the scope of this chapter. Before
assessing the influence of the decorating atoms on the binding of H2, the
adsorption energy of these metal atoms is calculated on the B2O surface
according to [141]:

Eds = ES+M − ES − EM,C (2.4)

where Eds, ES+M, EM,C, and ES are the energy of adsorption, energy
of the substrate plus the metal atom, the cohesive energy of the bulk
crystalline metal, and the energy of the substrate, respectively. A negative
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Figure 2.1. Top and side view of the 2D honeycomb borophene oxide
structure. The lattice constant for the primitive cell (shown with blue
lines) is 3.93 Å, and the lattice constants for the conventional cell (shown
with black lines) are 2.76 Å, and 7.37 Å.

adsorption energy signifies the favorable adsorption of the metal atom
on the 2D substrate, and a positive energy means that the metal atoms
would preferentially cluster together [75]. The results for Eds are -1.00,
-0.71, and -1.11 eV for a single Li, Na and K decorated 2D B2O structure,
respectively. All three metal decorating atoms i.e., Li, Na, and K prefer the
hollow position in the ring of honeycomb B2O (see Figure 2.2a for Li) and
are situated at a distance of 1.40, 2.02 and 2.41 Å, respectively (see Figure
S3 of the Supporting Information of Ref. [27] for different configurations).
The charge density difference plot of a Li decorated system is shown in
Figure 2.2b. This charge density difference plot is calculated using [75]:

Δρ = ρS+M − ρS − ρM (2.5)

where Δρ, ρS, ρM, and ρS+M represent the charge density difference,
charge density of the substrate, the metal atom, and the combined
structure, respectively.

In Figure 2.2b, it can be seen that the addition of the Li atom to the
B2O substrate leads to the formation of a charge depleted region on top of
Li (blue region as indicated in Figure 2.2b), while there is enhancement
of charge density for the boron and oxygen atoms in the vicinity of Li
(yellow region in Figure 2.2b). The Bader charge analysis carried out on
Li, Na and K decorated B2O (see Table S1 of the Supporting Information
of Ref. [27]) illustrates the loss of electronic charge by the decorating
alkali metals to the 2D substrate. A H2 molecule that is added to this
system interacts with the metal atom, and is adsorbed in the charge
depleted region as shown in Figure 2.2c. Figure S4 of the Supporting
Information of Ref. [27] shows different configurations that are considered
for H2 adsorption on Li, Na and K-decorated 2D B2O. For the Li-decorated
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(a)

(b)

(c)

Figure 2.2. Top and side views of (a) a single Li-decorated 2D honeycomb
B2O structure, (b) the charge density difference of the Li-decorated
structure, the isosurface value is set to 0.0015 e Å−3 (blue areas
represent charge density depletion, while yellow areas represent gain), (c)
an adsorbed H2 on the Li-decorated structure, with an H2 orientation
parallel to the B-O-B bond.
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structure, H2 preferentially adsorbs on top of the O-atom, in the vicinity
(top edge) of the Li atom (as seen in Figure 2.2c). The favourability of this
position is attributed to H2 maximizing its attractive interaction with the
Li atom (and its periodic image) and the 2D B2O sheet. Similarly, for the
Na and K-decorated system (see Figure S4) this site is found to be the most
favourable, although the exact positioning of H2 differs due to the different
atomic sizes of Na and K compared to Li. The results for the adsorption
of a single H2 indicate a binding energy of -0.34 eV/H2 in the case of the
Li-decorated structure, and a binding energy of -0.25 and -0.28 eV/H2 for
Na and K decorated structures, respectively. These calculations show that
all the alkali metal (i.e., Li, Na, K) decorated B2O structures have resulted
in an interaction energy in the range suitable for reversible H2 storage
(above -0.10 and below -0.60 eV/H2) [154–157]. For further calculations
of the H2 gravimetric density, the Li-decorated structure is investigated in
more detail because of its higher interaction energy with H2 and the lower
atomic mass of Li compared to Na and K.

2.3.3. H2 gravimetric density
To investigate the suitability of Li decorated honeycomb B2O for H2 storage,
it is important to estimate the maximum theoretical gravimetric density
of H2 in this structure. For this, both the number of H2 and Li atoms
need to be systematically increased. Before increasing the number of Li
atoms it is useful obtain an estimate of the number of H2 molecules one
Li atom can bind to, and how the average binding energy between H2 and
the metal-decorated structure changes with the addition of H2.

To visualise how H2 molecules disperse around the Li atom, a structure
containing five H2 surrounding one Li atom is shown in Figure 2.3a. Out
of the five H2 that are shown in this figure, two H2 have a distance lower
than 2.5 Å from Li, while the other three are positioned at a distance
of more than 2.5 Å away from the Li atom. In Figure 2.3b the average
binding energy per H2 and the H2 removal energy is shown as a function of
the number of H2 molecules per Li atom. In a single Li-decorated system,
when increasing the number of H2 molecules from 2 to 3, a large decrease
in the magnitude of the H2 removal energy is observed from -0.27 eV/H2
to around -0.10 eV/H2. Considering that -0.10 eV/H2 is approximately
the interaction energy of H2 with borophene oxide in the absence of Li, it
can be concluded that the 3rd to 5th H2 molecules interact very weakly
with Li. Based on the findings shown in Figure 2.3, it is evident that each
Li atom can optimally interact with two H2 molecules, with an average
binding energy of -0.30 eV/H2. Considering that H2 preferentially binds to
the top sides of the Li atom, parallel to the B-O-B bond, it is not suitable
to fully cover the structure with Li atoms (i.e., two Li atoms in each
hexagonal hole, one at the top and the other at the bottom). Overloading
the structure with Li atoms will reduce the number of H2 that can be
adsorbed per Li atom, and thus, lead to a lower H2 gravimetric density.
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(a)

(b)

Figure 2.3. (a) Top and side views of a structure containing 5 H2
surrounding one Li atom. Two H2 are within a 2.5 Å radius from Li (shown
in grey), while the other three are further away due to repulsive forces
(shown in pink). (b) The variation of the average H2 binding energy (Eb)
and H2 removal energy (Er) as a function of the number of adsorbed H2
molecules per Li. The lines connecting the points are used to guide the
eye.
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For this reason, a "half-covered" structure of Li atoms (i.e., a structure
containing half as many Li atoms as a fully covered structure) is deemed
optimal.

Different "half-covered" Li configurations are shown in Figure 2.4a-c.
From the three structures shown, structure 2.4a is the most energetically
stable, while structure 2.4b has the highest energy (with a relative
difference of 1.5 % compared to the energy of structure 2.4a). Structure
2.4c has a relative energy difference of only 0.3 % with respect to
structure 2.4a. Considering that structure 2.4a is the most energetically
stable configuration, it is used for further calculations on H2 adsorption.
The addition of two H2 on the top side of each Li atom (as depicted in
Figure 2.4d) resulted in an average binding energy of -0.24 eV/H2. The
weakest H2 binding energy (H2 removal energy from the fully H2 saturated
structure shown in Figure 2.4d) is calculated to be -0.21 eV/H2, while the
strongest H2 binding energy (H2 binding energy for the first H2 added to
structure shown in Figure 2.4a) is -0.27 eV/H2. Each H2 in this structure
is located at a distance lower than 2 Å from a Li atom. The gravimetric
density (GD) of H2 can be calculated using [52]

GD =
qMH2

qMH2 + nMB + MO + kMm
(2.6)

where q, n,  and k represent the number of H2 molecules, B, O and metal
decorating atoms in the simulation box, respectively, while M denotes their
respective molar masses. Using equation 2.6, the H2 gravimetric density
of this structure equals 8.3 wt%, which exceeds the 6.5 wt% target set by
the DOE [26].

2.3.4. Finite temperature stability
To further check the stability and desorption of H2 at finite temperatures,
BOMD simulations are carried out at target temperatures of 100, 300
and 500 K. The results are shown in Figure 2.5. Figure 2.5a-c depict
the BOMD snapshots after 10 ps. From these sub-figures, it can be
seen that at 100 K, all the H2 molecules are bound to the Li-decorated
B2O structure, at 300 K 50%, and at 500 K approximately 85% of the
H2 molecules have distances larger than 2.5 Å from a Li atom. To
obtain a more quantitative measure of the desorption process, the H-atom
distribution in the simulation box is plotted as a function of the distance
perpendicular to the 2D surface. The distribution plot is normalized
such that the area under the curve equates to the number of H-atoms
in the simulation. Figure 2.5d shows two peaks, both at a distance
approximately 3 Å away from the 2D structure, which corresponds to
the perpendicular distance of the H2 adsorption sites (above and below)
from the 2D structure. The adsorption peak gradually decreases with the
increase in the temperature, as H2 molecules begin to distribute evenly in
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(a) (b)

(c) (d)

Figure 2.4. (a-c) Different configurations of the "half-covered" Li structures
shown from the top and the side. (d) Top and side view of H2 adsorption
in structure 4a. Each Li atom can successfully bind to two H2 leading to
a gravimetric density of 8.3 wt% H2. In the top view, the Li and H atoms
that are on the bottom are given a darker shade for better readability of
the figure.

the simulation box. The BOMD simulations also demonstrate that even
at 500K, no clustering of Li-atoms is observed in the 10 ps simulation
time-frame, and the metal-decorated structure is found to be stable. This
confirms the favorable Li adsorption energy as discussed in section 2.3.2.
No chemical reactions have occurred between H2 molecules and the 2D
substrate, so the structure does not undergo irreversible changes and H2
molecules can be released without having to overcome a significant energy
barrier (covalent bond making/breaking). Therefore, the findings from
the BOMD simulations indicate the stability of Li-decorated B2O for H2
storage in the temperature range of 100 to 500 K.
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(a) (b) (c) (d)

Figure 2.5. BOMD simulation snapshots of Li decorated B2O structure at
three different temperatures of (a) 100, (b) 300 and (c) 500K. H2 molecules
that are at a distance exceeding 2.5 Å from the closest neighboring Li
atom are colored in purple while the ones within this range are colored in
grey. The average H-atom distribution is calculated over the last 5 ps of
the BOMD simulations as a function of the distance perpendicular to the
surface as shown in (d).

2.3.5. Adsorption and desorption conditions
In the BOMD simulations the pressure is not controlled and can vary
considerably at different temperatures. In this section, semi-empirical
calculations are used to estimate the practical H2 storage capacity at
finite temperatures and pressures. The occupation number (F), which
represents the expected number of H2 molecules that can be adsorbed on
the structure, can be calculated using [54]

F =

∑Nmx
n=0 ngn exp

�

n(μ−Eb)
kBT

�

∑Nmx
n=0 gn exp

�

n(μ−Eb)
kBT

� (2.7)

where Nmx is the maximum number of H2 molecules that can be
adsorbed, gn is the degeneracy of the state containing n H2. Eb, T,
kB, and μ represent the average H2 binding energy (function of n), the
temperature, Boltzmann constant, and the chemical potential of H2 in gas
phase, respectively. To simplify the expression, it is assumed that each
adsorption site on the structure is independent of its neighboring sites. In
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this case, the situation simplifies to finding the occupation number of a
single site (ƒ ), on which at most a single H2 can be adsorbed. In this case,
the degeneracy of the occupied and unoccupied state are both 1 and the
single site occupation number equates to [125, 149, 156, 158]

ƒ =
1

1 + exp
�−(μ−Eb)

kBT

� (2.8)

where the chemical potential of H2 in the gas phase μ is a function of
temperature and pressure. The total occupation number F and the single
site occupation number ƒ are related by F = Msitesƒ , in which Msites refers
to the total number of H2 adsorption sites on the structure [156]. The
chemical potential μ in our calculations is obtained using the following
empirical relation [149, 156, 158, 159]

μ(T, P)/[eV] = μref(T,P) + 0.00015(T − 186.5)

+ 0.00065
�

(log10
P

P0
− 0.5)2 − 0.25

�

(2.9)

where the temperature (T) is in the unit of K, pressure (P) is in the unit
of atm, and the reference pressure (P0) is 1 atm. μref is the reference
chemical potential and is calculated using [54]

μref(T, P) = −kBT ln





�

2πmH2kBT

h2

�

3
2 kBT

P



 (2.10)

In our calculations, adsorption takes place at a temperature of 298 K
and a pressure of 30 atm, while desorption occurs at 373 K and 3 atm.
These adsorption/desorption conditions are often used in literature for
calculating the practical gravimetric density [125, 145, 149, 156, 158].
At these conditions, the chemical potential (as calculated by equation
2.9) and the reference chemical potential are similar in value [158]. At
adsorption conditions, the reference chemical potential is -0.21 eV, while a
value of -0.22 eV is obtained using equation 2.9. At desorption conditions,
the reference chemical potential gives a value of -0.36 eV, while μ is
obtained as -0.38 eV using equation 2.9 [158]. Calculating ƒ at the
adsorption conditions yields a value of 0.64, while at the desorption
condition ƒ becomes 0.01. This gives a practical gravimetric density of
around 5.2 wt% H2 for the Li-decorated B2O under these capture/release
conditions. Lowering the adsorption temperature and/or increasing the
adsorption pressure can lead to higher gravimetric capacities. These
findings indicate that the Li-decorated B2O structure can be used
for reversible H2 storage, at near-ambient conditions. To obtain the
optimal release/capture conditions and more accurate calculations of H2
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capacity at various temperatures and pressures, further simulations are
encouraged.

2.4. Conclusions
The capability of 2D honeycomb borophene oxide for H2 storage
applications is assessed using DFT and BOMD simulations. This 2D
structure has a favorable affinity with alkali metal atoms such as Li, Na
and K, as indicated by the negative adsorption energy of these metals.
These alkali metal decorated B2O structures have enhanced H2 binding
energies with respect to the pristine B2O structure. In particular, the
Li decorated structure reaches a gravimetric density of 8.3 wt% H2 with
an average binding energy of -0.24 eV/H2, which exceeds the gravimetric
density requirement set by DOE for onboard H2 storage applications [26].
BOMD simulations at 100, 300, and 500 K and calculations of the
occupation number show both the stability and reversible binding of H2
on the Li-decorated borophene oxide structure. Our simulations strongly
encourage experiments on borophene oxide and further simulations to
accurately find the H2 capacity at various pressures and temperatures.
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3.1. Introduction
Chemisorption of H2 can lead to high volumetric capacities, but suffers
from slow kinetics due to large energy barriers that have to be overcome
to build/break H2 bonds [79, 160–165]. The hydrogenation reaction in
chemisorption based materials, such as in metal hydrides, is usually
a highly exothermic reaction [39–41]. Insufficient cooling can lead
to high temperatures at which materials can degrade (e.g. sintering
in metal hydrides), resulting in a lower H2 capacity [39]. For these
reasons, it is important to design materials in which the hydrogenation
(dehydrogenation) reaction can occur reversibly, with little to no heat
release (uptake), and with low energy barriers [160].

2D materials are suitable for both chemisorption or physisorption
alike. The large surface to volume ratio of these materials provides
a large number of adsorption sites, which helps in reaching high H2
capacities [27, 125]. The electronic properties of these materials and their
interaction with H2 can also be tuned in various ways such as strain-
engineering [166–168], addition of dopants [27, 128, 169–171], vacancy
creation [79, 172], or by inducing charge, [126, 127] or curvature [173,
174]. The tuning of these electronic properties can assist in enhancing
the adsorption/desorption kinetics, or the H2 capacity. Galvanized by the
synthesis of borophene (2D boron-sheets) by molecular epitaxy, the field of
2D boron-based materials has rapidly expanded [129–131]. The elaborate
chemistry of boron allows for many different structural allotropes [142],
anisotropic mechanical properties, electrical conductivity and favorable
affinity with metal dopants [132, 133]. Borophene-hydride (also referred
to as 2D hydrogen boride), which has been recently synthesized by a
more facile route of cation-exchange and exfoliation [28, 29], shares many
of these interesting physical and chemical properties [175–177]. Due to
the favorable affinity of 2D boron-based materials with metal dopants,
the addition of metal decorating atoms has been a prominent method for
enhancing the interaction and capacity of H2 for physisorption storage [27,
52, 75, 145]. Li dopants have been extensively considered for this
application, due to their large adsorption energy with 2D boron-based
materials and the low atomic mass of Li, which allows for reaching
high H2 gravimetric densities. Remarkable gravimetric densities in the
range of 7-12 wt% have been reported for Li-doped borophene and
borophene-hydride for H2 physisorption-based storage [52, 128, 145, 178].
The structural stability (including the phonon spectrum) and physical
properties of various borophene-hydride and borophene structures are
discussed in previous studies [176, 179–181].

Prior studies with borophene-hydride have shown that the addition of
charge (by doping or applying a current) to the structure can destabilize
the 3 center 2 electron B – H – B bonds [30, 182]. As metal decorating
atoms lose part of their electronic charge density to the borophene-hydride
structure [145], a similar effect on the B – H – B bond may be observed. In
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other studies, Li has been used at high loadings on borophene-hydride
and borophene structures for Li-anode batteries [175, 177, 183] and for
H2 physisorptive storage applications [128, 145]. Despite these existing
works, the influence of Li dopants on H2 chemisorption is not apparent
in DFT [27, 75], or in time-scales accessible by quantum molecular
dynamics methods (order of 10 ps) [27], even though it may be present
in time scales relevant experimentally. To the best of our knowledge,
the influence of Li dopants on the reversibility and activation energy
barriers associated with H2 chemisorption and dissociation has not yet
been studied for borophene-hydride and striped borophene. In particular
borophene-hydride could serve as a suitable H2 storage medium, as the
structure has ca. 8.5 wt % H-atoms [29], provided that the chemisorbed
H-atoms can recombine with little heat uptake (reversibly) and low energy
barriers (preferably below 1.5 eV [45, 79]).

In this chapter, the H2 chemisorption and dehydrogenation reaction
pathways for Li-doped borophene-hydride and striped borophene are
investigated by DFT calculations and the NEB method [76, 77]. It is
shown that for the pristine borophene-hydride and striped borophene
structures, dehydrogenation reaction is highly endothermic, exceeding
1.5 eV/H2, and has large energy barriers (i.e., exceeding 2.0 eV).
Li-dopants are shown to significantly reduce the relative energy difference
between the chemisorbed and physisorbed state, thereby leading to
more reversible hydrogenation/dehydrogenation reactions. The Born-
Oppenheimer molecular dynamics (BOMD) simulations at 300 K show
that the 3-center-2-electron bond in borophene-hydride weakens in the
presence of Li dopants. The dehydrogenation energy barriers for H2
formation are reduced by over 30% for Li doped striped-borophene
and borophene-hydride. In the case of Li doped borophene-hydride,
a reversible dehydrogenation reaction has been observed with low
desorption/adsorption barriers. This suggests the suitability of this
material for H2 chemisorptive storage. Our findings strongly encourage
further experimental study on Li-doped 2D boron-based materials to
elucidate their influence on dehydrogenation/hydrogenation.

3.2. Methodology
3.2.1. Density Functional Theory
DFT calculations are performed using the VASP 5.3.5 software package [71,
72]. The PAW method and the PBE exchange correlation functional are
used along with the DFT-D2 dispersion corrected framework [118]. The
more recent DFT-D3 approach [184], accounts for the variations in the
local environment of the atoms by considering the coordination number
of each atom. Table S1 of the Supplementary Information of Ref. [78]
shows a comparison between the heats of dehydrogenation computed
using the DFT-D2 and DFT-D3 methods. An inter-layer separation of
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more than 20 Å is used [52, 145]. The cut-off energy is set to 550
eV for the plane-wave basis set and a Gamma-centered Monkhorst-Pack
k-point mesh of 4 × 4 × 1 is used for the structural relaxations and
adsorption energy calculations. The convergence test for the k-point mesh
is shown in Figure S1 of the Supplementary Information of Ref. [78]. The
energy convergence criteria for the self-consistent electronic loop is set
to 10−6 eV. All lattice parameters and atomic positions are relaxed until
the residual forces acting on each atom are below 1 meV/Å. Gaussian
smearing with a sigma of 0.05 eV is used for Brillouin-zone integration. A
3 × 4 conventional unit cell of borophene-hydride, containing 48 B atoms
and 48 H atoms, and a 3 × 6 conventional supercell of striped borophene,
containing 36 B atoms, are used for the DFT simulations. The choice of
the system sizes is justified in tables S2 and S3 of the Supplementary
Information of Ref. [78]. The system size is chosen to limit interactions
between periodic images, while ensuring that the computations do not
become too expensive. For a single Li-decorated borophene hydride and
striped borophene structure, spin-polarized calculations are used, which
converged to their non-magnetic counterparts. As both systems are found
to be non-magnetic, spin-polarized calculations are not further considered
for the rest of the systems studied. The Bader charges are calculated
using the algorithm developed by Henkelman et al. [185–188].

3.2.2. Nudged Elastic Band method
To obtain the energy barrier for formation or dissociation of H2, the
minimum energy path (MEP) is computed using the NEB method, as
implemented in VASP (5.3.5) [71, 72, 77, 119]. The energies and
structures of the initial (chemisorbed) and final (physisorbed) states are
calculated using DFT calculations. For the cases where the physisorbed
and chemisorbed states are separated by a single transition state (no
stationary states present along the reaction pathway), 5 different images
are used to sample the MEP. In cases where stationary states are present
in between the physisorbed and chemisorbed states, the NEB calculation
is broken down into multiple segments with 5 different images connecting
each stationary state. The climbing image method is used to drive the
image with the highest energy towards the saddle point [76]. The same
cut-off energy and k-point mesh is used for the NEB calculations as for
the DFT calculations. For each image, all lattice parameters and atomic
positions are relaxed until the residual forces acting on each atom are
below 10 meV/Å.

3.2.3. Born-Oppenheimer Molecular Dynamics
To investigate finite-temperature (at 300 K) stability of borophene-hydride
(with and without Li-dopants), BOMD simulations are carried out using
VASP (5.3.5) [71, 72]. The simulations include only the -point, and are
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performed in the canonical ensemble (NVT). The same cut-off energy and
smearing as in the DFT calculations are used. The BOMD simulations
are carried out with a time-step of 1 fs. In all simulations, an initial
equilibration period of 2 ps is performed, in which the temperature is
increased from 0 K to 300 K. This is followed by a 10 ps production
run. The variation of free energy (as defined by Kresse et al. [72]) and
temperature for the BOMD simulations, as a function of simulation time
is shown in Figure S2 of the Supplementary Information of Ref. [78]. A
Nosé-Hoover thermostat is used [150, 151]. The choice for the Nosé-
Hoover mass parameter is explained in Figure S2 of the Supplementary
Information of Ref. [78]. For the initial structures, the relaxed (using DFT)
borophene-hydride structures (with and without Li dopants) are used.
The Verlet algorithm is used for integrating the equations of motion [152].
iRASPA is used for all atomic visualizations [37].

3.3. Results and discussion
3.3.1. Borophene-hydride and striped borophene

structures
The pristine borophene-hydride and striped borophene structures are
shown in Figure 3.1. Borophene-hydride is a planar structure with a unit
cell with dimensions of 3.04 Å by 3.04 Å. For this structure the B – H, B – B
(with H at bridge site), and B – B (without H at bridge site) bonds have
lengths of 1.33, 1.82, and 1.72 Å, respectively. For striped borophene, a
corrugated structure with a conventional/unit cell of 2.86 Å by 1.61 Å
is obtained. The corrugation height of the striped borophene structure
corresponds to 0.89 Å. Our structural results show a great agreement
with other DFT and experimental findings for both structures [29, 52,
129, 145].

3.3.2. H2 desorption on borophene-hydride (2D BH)
The pristine structure of 2D BH stores 8.5 wt% chemisorbed H atoms [29].
To investigate the desorption of these H-atoms, different paths for H2
formation are considered. Three different H2 formation routes are shown
in Figure 3.2. To form a H2 molecule, a H-atom can react with its
adjacent (V1), and opposing (up/down (V2), and across the hollow site
(V3)) neighboring H-atoms. Our DFT results indicate that the V1 reaction
route (see Figure 3.2(a)) is the most energetically favorable route with a
heat of dehydrogenation of 1.92 eV/H2, while the V2 and V3 formation
route have a heat of dehydrogenation of 2.11, and 1.94 eV/H2, respectively.
Based on these results, it can be concluded that the physisorbed state is
significantly less energetically stable than the chemisorbed state, leading
to a strongly endothermic dehydrogenation reaction (ca. 2.0 eV/H2).
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(a) (b)

Figure 3.1. Top and side views of relaxed (a) borophene-hydride with a
conventional cell of 5.29 Å by 3.01 Å, and (b) striped Borophene with
a conventional/unit cell of 2.86 Å by 1.61 Å. The conventional cells are
indicated by a grey area for both structures.

In the MEP shown in Figure 3.3, a two-step H2 formation mechanism is
shown for the V1 formation route (see Figure 3.2(a)), with one stationary
state in between the initial (chemisorbed) and final (physisorbed) states.
In the first step, a H-atom initially diffuses from a bridge site towards a B
atom. Subsequently, it forms an H2 molecule by reacting with its closest
neighboring H-atom. The MEP, as obtained from the NEB calculations, is
shown in Figure 3.3(b). For dehydrogenation to occur, two energy barriers
have to be overcome, with an overall barrier (summation of the two
barriers) of 2.87 eV. Other reaction reaction pathways (with a single-step
process) for dehydrogenation have also been investigated (see Figure S3 of
the Supplementary Information of Ref. [78]. It is found that the two step
process as shown in Figure 3.3 has a 12.5% lower overall energy barrier
with respect to the single step process. Overall, It can be seen that in
the pristine 2D BH structure, dehydrogenation is endothermic, with large
activation energy barriers. This finding shows the necessity for addition of
dopants to make 2D BH suitable for H2 chemisorption.

3.3.3. H2 adsorption/desorption on striped-borophene
As striped borophene does not intrinsically contain any H-atoms, unlike
2D BH, a H2 molecule is inserted to assess H2 chemisorption. To examine
the energetic stability of different possible configurations for H-atoms (for
the initial chemisorbed state) and a H2 molecule (for the final physisorbed
state), three different configurations are probed for both the initial and
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(a)

(b) (c) (d)

Figure 3.2. Different H2 dissociation/desorption paths on 2D BH are
shown in structure (a). In the first variation (V1), two adjacent H atoms
react, while in the second (V2) and third (V3) variation, two up/down
and opposing H neighbors react to form H2, respectively. The different
variations, V1, V2 and V3, lead to the H2 physisorbed states, (b), (c) and
(d), respectively. The H atoms that are undergoing reaction are shown in
pink while the rest of H-atoms are colored grey.

final states. These different configurations are shown in Figure S4 of
the Supplementary Information of Ref. [78]. The most energetically stable
configurations are then used to calculate the H2 chemisorption/desorption
energy barrier. Figure 3.4 shows the configurations and the minimum
energy path of H2 desorption or chemisorption for striped borophene. The
hydrogenated state is found to be more energetically favorable than the
dehydrogenated state, leading to an endothermic hydrogen release of 1.41
eV/H2. The energy barrier for H2 release (dehydrogenation) is 2.04 eV,
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(a)

(b)

Figure 3.3. (a) The structural configurations corresponding to the
minimum energy pathway for a single H2 release on 2D BH. The H atoms
that are undergoing reaction are shown in pink while the rest of H-atoms
are colored grey. To reach the final state from the initial state, one of the
H-atoms initially hops to a neighboring boron atom (stationary state) and
consequently the two H-atoms react to form a H2 molecule. The transition
states for each of the two processes are shown. (b) The minimum energy
pathway for a single H2 release for the path depicted in (a) as a function of
a non-dimensional reaction coordinate. The TS1, SS, TS2, and FS states
have energy differences of 1.72, 1.53, 2.68, and 1.92 eV with respect to the
IS state, respectively. The lines connecting the NEB images (constructed
using forced-based cubic splines) are to guide the eye.
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(a)

(b)

Figure 3.4. (a) The minimum energy path for the release of a single H2 on
striped-borophene. The H atoms that are undergoing reaction are shown
in pink. H2 release occurs in an one-step reaction process from the
chemisorbed (initial) state to the released (final) state. The transition state
for the process is shown. (b) The minimum energy path for a single H2
release for the path depicted in (a) as a function of the non-dimensional
reaction coordinate. The TS, and FS states have energy differences of
2.04, and 1.41 eV with respect to the IS state, respectively.
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which is lower than in 2D BH, but larger compared to graphene based H2
chemisorption materials reported (usually ca. 1.5 eV [45, 79]). The results
obtained for the energy barrier of H2 release on striped borophene shows
adequate agreement to similar calculations reported in literature (ranging
from 1.89 eV [189] to 2.21 eV [190]).

3.3.4. Doping with Li
After having established a benchmark for H2 chemisorption and desorption
on the pristine 2D structures, the influence of Li-dopants on the
dehydrogenation reaction has been considered. To assess the stability
of Li-dopants on the 2D structures, the Li-adsorption energy (Eds) is
calculated using Eq. 2.4. Based on prior findings in the literature,
Li-dopants have a higher affinity for borophene-hydride compared to
dopants such as Na, K, Ca and Mg [145, 177]. For this reason, only Li
adatoms are considered here. The study of the influence of other dopants
on the dehydrogenation barriers in borophene and borophene hydride is
beyond the scope of this chapter.

For a single Li-dopant on 2D BH, three different adsorption sites are
considered, namely on top of the B or H atom, or on the vacant site.
It is found that the vacant site is the most favorable position, with
an adsorption energy of -0.66 eV (see Figure S5 of the Supplementary
Information of Ref. [78]. Higher Li-loadings up to 4 Li-atoms are probed,
and their influence on the dehydrogenation of 2D BH is investigated. As
we are interested in the influence of Li-atoms on the dehydrogenation
reaction shown in Figure 3.3(a), the Li-atoms are placed in the proximity
of the H-atoms that take part in the reaction. The different configurations
of Li-doped 2D BH considered (at various Li loadings) are shown in Figure
S6 in the Supplementary Information of Ref. [78]. The initial chemisorbed
configuration for the 3-Li decorated 2D BH is shown in Figure 3.5(a).

Table 3.1 shows for each of the configurations the respective Li
adsorption energies, the average Bader [185] net charge state of the
Li-atoms in the chemisorbed state, and the relative energy difference of
the final (physisorbed) state with respect to the initial (chemisorbed) state
(ΔEFS−S). The mechanism for Li charge transfer on borophene-hydride,
including the electronic structure and charge density difference, is
elaborated in prior studies [145, 175]. The average Bader net charge
state represents the net gain or loss of electronic charge density of an
atom [185] due to its environment, and shows the degree of charge density
loss by the Li-dopant onto the 2D substrate at various Li-loadings. Our
results indicate that the addition of Li-dopants increases the energetic
stability of the final state (physisorbed) with respect to the initial state
(chemisorbed), leading to a transition from endothermic to exothermic
dehydrogenation on 2D BH. Specifically for the structures shown in Figure
3.5(a) and (c) (3Li-2D BH configuration), the initial and final state are
close in energy, thereby making dehydrogenation a much more reversible
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Table 3.1. The Li-adsorption energy (Eds,Li), and the average Li-Bader net
charge state on 2D BH at different loadings of Li. For the Bader net
charge state, the plus sign indicates a gain of electronic charge density
and a minus sign indicates a loss of electronic charge density with respect
to the atomic charge of respective elements (net charge 0). The energy
difference between the final (physisorbed) and initial (chemisorbed) state
(ΔEFS−S) is shown at different Li-doped configuration (see Figure S6 of the
Supplementary Information of Ref. [78] for the structures).

Configuration Eds,Li / [eV] Li Bader net charge / [e] ΔEFS−S / [eV]
2D BH - - 1.94

Li-2D BH -0.66 -0.88 1.11
2Li-2D BH -0.53 -0.87 0.58
3Li-2D BH -0.45 -0.87 0.02
4Li-2D BH -0.30 -0.87 -0.50

reaction when compared to the pristine case. The minimum energy
path for the dehydrogenation reaction on the 3Li-2D BH configuration
is shown in Figure 3.5(d) as a function of the non-dimensional reaction
coordinate. The full schematic of this minimum energy path, including
all the stationary and transition states, is shown in Figure S7 in the
Supplementary Information of Ref. [78]. In the case of pristine 2D BH,
3 center 2 electron bonds (B – H – B) provided the most stable state along
the reaction path way (see Figure 3.3(b)), but in the presence of few
Li-dopants, the state with the minimum energy is a stationary state in
which two B – H bonds have replaced two B – H – B bonds. This may be
due to the charge donating nature of Li-atoms (as shown by the negative
Bader net charges in Table 3.1), which weakens the electron deficient
3-center-2 electron bonds present in B – H – B. This result is supported
by our BOMD simulations at 300 K (simulation snapshots are shown in
Figure 3.6), which show that upon addition of Li, the H atoms in the
vicinity of Li-atoms can escape the bridge site of B-atoms, while in the
pristine case, H-atoms only exhibit vibrations around the bridge site.
By subtracting the energy of the final H2 physisorbed state (see Figure
3.5(c)) from the most stable stationary state (see Figure 3.5(b)), a heat of
reaction (dehydrogenation) of 0.24 eV/H2 can be obtained. This value of
heat of dehydrogenation is 88% lower than for pristine 2D BH (i.e., 1.92
eV/H2). Based on the results of Figure 3.5, it can be concluded that
the energy barriers for dehydrogenation have reduced significantly in the
presence of Li-atoms. The magnitude of the largest activation barrier for
the dehydrogenation reaction (ca. 0.8 eV) is significantly lower than the
activation energy for the pristine case (i.e., 2.86 eV), and the number
of stationary states present along the reaction pathway has considerably
increased in the presence of Li-dopants. Excluding the initial and final



3

40 Hydrogen Dissociation in Borophene and Borophene Hydride

(a) (b) (c)

(d)

Figure 3.5. Top and side views of the (a) initial state, (b) most stable
stationary state (minima), and (c) final state of 3Li-2D BH. The H
atoms that are undergoing reaction are shown in pink while the rest of
H-atoms are colored grey. (d) The minimum energy path for a single
H2 dehydrogenation on 3Li-2D BH. The relative energy with respect to
the initial state is shown as a function of the non-dimensional reaction
coordinate. The SS, and FS states have energy differences of -0.22, and
0.02 eV with respect to the IS state, respectively.
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(a) (b)

Figure 3.6. Top and side views of BOMD simulation snapshots after a 12 ps
run at 300 K for (a) borophene-hydride, (b) 3Li - doped borophene-hydride.
For borophene-hydride, the H-atoms exhibit vibrations around the bridge
site of the boron atoms (3-center-2 electron bonds). In the 3Li-2D BH
configuration two H-atoms (indicated by the black arrows) escape the
bridge bond (one at the top and one at the bottom of the layer).

state, there are 3 stationary states along the reaction pathway for 3Li-2D
BH compared to 1 in the pristine case. This can be attributed to the more
complex potential energy landscape that forms due to the addition of Li.

Overall, it can be seen that Li-dopants can have a significant influence
on both the energy barriers and favorability of the dehydrogenation
reaction on 2D BH. This means that for applications that require large
loadings of Li on 2D BH, such as for Li anode batteries, and physisorptive
storage of H2 by means of Li dopants, both the reconfiguration of
the B – H – B bond and the possibility for dehydrogenation needs to be
considered. Our results further entail that by tuning the Li-loading it may
be possible to release the chemisorbed H-atoms in a reversible manner
with enhanced adsorption/desorption kinetics (lower energy barriers).

Similarly for the case of striped-borophene, Li-dopants are added to
examine their influence on H2 chemisorption and dehydrogenation. The
Li-atoms are positioned in the proximity of (to the sides and below) the
H-atom adsorption sites (shown in Figure 3.7(a) for the 3-Li doped striped
borophene configuration). All different Li configurations that are probed
are shown in Figure S8 in the Supplementary Information of Ref. [78].
Table 3.2 shows the Li adsorption energies, the average Bader net charge
state of Li, and the energetic difference between the final (physisorbed)
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Table 3.2. The Li-adsorption energy (Eds,Li), and the average Li-Bader net
charge state on striped borophene at different loadings of Li. For the
Bader net charge state, the plus sign indicates a gain of electronic charge
density and a minus sign indicates a loss of electronic charge density with
respect to the atomic charge of respective elements (net charge 0). The
energy difference between the final (physisorbed) and initial (chemisorbed)
state (ΔEFS−S) is shown at different Li-doped configurations (see Figure
S9 of the Supplementary Information of Ref. [78] for the structures).

Configuration Eds,Li / [eV] Li Bader net charge / [e] ΔEFS−S / [eV]
B Striped - - 1.41

Li-B striped -1.54 -0.89 1.02
2Li-B striped -1.12 -0.89 0.83
3Li-B striped -1.56 -0.88 0.73
4Li-B striped -1.32 -0.88 0.84

and initial (chemisorbed) state (ΔEFS−S). The mechanism for Li charge
transfer on striped-borophene is elaborated in prior studies [157, 191].

In striped-borophene, Li-dopants have reduced the energy difference
between the chemisorbed (hydrogenated) and physisorbed state by ca.
50% compared to the pristine striped-borophene (1.41 eV). Based on the
minimum energy path shown in Figure 3.7(d), it can be seen that the
dehydrogenation barriers have been reduced by ca. 30 % (1.34 eV) with
respect to the dehydrogenation barrier of the pristine case (2.04 eV based
on Figure 3.3). The full schematic of this minimum energy path, including
all the stationary and transition states is shown in Figure S10 in the
Supplementary Information of Ref. [78]. The reason why in 2D BH, the
influence of Li-dopants on the endothermicity of dehydrogenation is larger
than in striped borophene, may be due to the different bonding type of
H-atoms in the two structures. Overall, it can be seen that Li-dopants have
a significant effect on the chemisorption and dehydrogenation properties
of striped-borophene as well. Further study is needed to optimize the
dopant loadings and to observe these effects experimentally. In a realistic
H2 storage material, the 2D layers have to be stacked on each other
forming a layered 3D structure. The calculation of the optimum layering
distance, gravimetric or volumetric capacity of H2 in these materials is
beyond the scope of our work.
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(a) (b) (c)

(d)

Figure 3.7. Top and side views of the (a) initial state, (b) stationary state,
and (c) final state of 3 Li doped striped borophene. The H atoms that
are undergoing reaction are shown in pink. (d) The minimum energy
path for single H2 dehydrogenation on 3-Li doped striped borophene. The
relative energy with respect to the initial state is shown as a function of
the non-dimensional reaction coordinate for the dehydrogenation reaction.
The SS, and FS states have energy differences of 1.22, and 0.73 eV with
respect to the IS state, respectively.
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3.4. Conclusions
The influence of Li-dopants at various loadings on H2 chemisorption
and desorption barriers of borophene-hydride and striped-borophene are
assessed using first-principle calculations. In the pristine case, it is
found that dehydrogenation of borophene-hydride and striped-borophene
is highly endothermic. The energy barriers for H2 desorption are also large
(2.04 eV for striped-borophene and 2.87 eV for borophene-hydride). Both
of these factors limit the application of this material for H2 chemisorption
applications. With the addition of Li, the relative energy difference between
the chemisorbed and physisorbed states is significantly decreased. In
3-Li doped borophene-hydride and striped borophene, there is ca. 90%
and 50% decrease in the endothermicity of the dehydrogenation reaction,
respectively, with respect to the pristine 2D structures. The BOMD
simulations for 2D BH at 300 K show that the 3-center-2-electron
bond weakens in the presence of Li dopants. The dehydrogenation
barriers are also reduced by more than 30% for both structures in the
presence of Li-dopants. Our findings show that Li-dopants (especially
at high loadings) strongly influence the hydrogenation/dehydrogenation
reaction of borophene-hydride and striped borophene, and may encourage
experimental studies on Li-doped borophene-hydride as a potential H2
chemisorptive storage medium.
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4.1. Introduction
Important technologies in the H2 value chain include underground H2
storage [24, 192–194] and H2O electrolysis [8, 195]. To enable the
design and optimization of these technologies, accurate knowledge of
thermodynamic, interfacial, and transport properties of H2 is essential [7,
16, 22, 194, 196]. More specifically, the diffusivities and solubilities of
H2 in aqueous solutions, and the interfacial tensions of H2 gas in contact
with aqueous electrolyte solutions are crucial properties. The interplay of
these properties determine the efficiency of the technologies, and allow for
accurate predictions of the processes involved, which are e.g., required
for safety. These properties depend on pressure, temperature, and salt
concentration [197]. H2 technologies cover a wide range of operational
conditions. For example, in underground H2 storage sites, the pressure,
temperature, and salt molality can be as high as 300 bar, 333 K, and 5 mol
NaCl/kg H2O, respectively [192]. Typically, H2O electrolysers operate at
atmospheric pressure, temperatures of ca. (348 to 372) K, and molalities
of ca (3 to 4) electrolyte/kg H2O [198]. Other types of electrolysis require
much higher pressures and temperatures, i.e., up to 700 bar and 1400
K, respectively [199–201]. Thus, to cover the conditions for important
H2 applications, the interfacial tensions, self-diffusivities, and solubilities
need to be available for a very wide range of pressures, temperatures, and
salt concentrations.

Traditionally, these thermophysical properties are measured experimen-
tally [202–204]. Nevertheless, only a small number of experimental
studies on the interfacial tension of H2/pure H2O [202, 205–208] is
available, while only two studies report measurements of interfacial
tension of H2/aqueous solutions (with NaCl and NaCl+KCl) [207, 208].
These experiments are performed by using the capillary rise [209] and
the pendant drop [205, 207, 208, 210] techniques. Interfacial tensions
of H2/aqueous solutions are reported for temperatures up to 423 K,
pressures up to 345 bar, and molalities of up to 5 mol (NaCl + KCl)/kg
H2O. As far as the solubility of H2 in aqueous NaCl solutions is concerned,
for an overview of the available experimental data the reader is referred to
the works of Chabab et al. [211], Torín-Ollarves et al. [212], and Ansari
et al. [213]. Although a lot of experimental data are available for H2 in
pure H2O, solubility measurements of H2 in aqueous NaCl solutions are
scarce, and in many cases conflicting [203, 211, 214–218]. The two main
sources of experimental data of solubilities of H2 in aqueous solutions
at concentrations above 1 mol NaCl/kg H2O, at temperatures above 300
K, and at pressures above 10 bar by Torín-Ollarves et al. [212], and
Chabab et al. [211] show conflicting results as the measured solubilities
differ by ca. 30%. For the self-diffusivity of H2 in H2O, experimental
data are available [204, 219–226] but mostly at atmospheric pressure and
for limited temperatures below 340 K. Similarly to the solubilities, the
experimental measurements also differ by up to 70 %. To the best of our
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knowledge, no experimental data are available for the self-diffusivity of H2
in aqueous NaCl solutions.

Based on the available experimental data, it is evident that only a limited
range of the required interfacial tensions, solubilities, and self-diffusivities
of the H2/H2O/NaCl system has been measured, while in some cases,
there are significant discrepancies between the data reported from different
sources. The reason for the scarcity of and deviation in the data may be
that experimental measurements are rather challenging and expensive to
perform, especially at high pressures and temperatures. To this end, a
widely used complementary approach for obtaining thermophysical data
is molecular simulation, especially at conditions which are challenging for
experimental measurements.

Numerous studies have used MD to compute the interfacial tension of
gases (e.g., CO2, CH4) and liquids (e.g., hydrocarbons) in contact with
H2O (pure or saline) [227–236]. However, no molecular simulation studies
on the interfacial tension of H2 and aqueous solutions are available.
MD simulations have also been performed to compute self-diffusivities
of H2 in pure H2O [107–109, 237, 238]. Recently, Tsimpanogiannis
et al. [109] reported such data for pressures in the range of (1 to 2000) bar
and temperatures in the range of (275 to 975) K spanning vapor,
liquid, and supercritical H2O. The Marx [91], Vrabec [90], Buch [93],
Hirschenfelder [89], Cracknell [239], and Silvera-Goldman [240] H2 force
fields were used in combination with the TIP4P/2005 [100] H2O force field.
The Buch [93] and Vrabec [90] H2 force fields were shown to yield the best
agreement with experimental data. In contrast, self-diffusivities of H2 in
aqueous NaCl solutions computed from MD simulations have not yet been
reported, while there are a few studies available reporting computations of
self-diffusivities of CO2 in aqueous NaCl solutions [241–244]. Lopez-Lazaro
et al. [245] have computed solubilities of H2 in aqueous NaCl solutions
using MC simulations for molalities up to a maximum of 2 mol NaCl/kg
H2O. To the best of the authors knowledge, this was the only molecular
simulation study on H2 solubilities in aqueous NaCl solutions. Molecular
simulations have been used for computing solubilities of other gases (e.g.,
CO2, CH4) in water and aqueous NaCl solutions [47, 231, 236, 246, 247].

Despite the urgency and importance of reliable data of interfacial tension
of H2 in contact with aqueous NaCl solutions, self-diffusivity of H2 in
aqueous NaCl solutions, and solubility of H2 in aqueous NaCl solutions,
only very limited experimental and simulation studies are available. The
objective of this chapter is to generate reliable data for these properties
for a wide range of conditions relevant to H2 technologies, such as
underground H2 storage and H2O electrolysis. We present new data
sets of (a) interfacial tensions of H2 and aqueous NaCl solutions for
temperatures, pressures, and molalities of (298 to 523) K, (1 to 600) bar,
and (0 to 6) mol NaCl/kg H2O, respectively, (b) self-diffusivities of H2
in aqueous NaCl solutions for temperatures, pressures, and molalities of



4

48 Thermodynamic and Transport Properties of Hydrogen in Aqueous
NaCl solutions

(298 to 723) K, (1 to 1000) bar and (0 to 6) mol NaCl/kg H2O, respectively,
and (c) solubilities of H2 in aqueous NaCl solutions for temperatures,
pressures, and molalities of (298 to 363) K, (1 to 1000) bar and (0 to 6) mol
NaCl/kg H2O, respectively. The interfacial tensions and self-diffusivities
are computed using MD simulations, and the solubilities are computed
using Continuous Fractional Component Monte Carlo (CFCMC) [248–250]
simulations. Densities and viscosities of the aqueous NaCl solutions are
also computed for a wide range of conditions and are compared to available
experimental data. The TIP4P/2005 [100] force field is used for H2O, the
Madrid-2019 [103] force field for NaCl, and the Vrabec [90] and Marx [91]
force fields are used for H2. A modified version of the Madrid-2019 force
field by Vega and co-workers [111] (i.e., the Madrid-Transport [47, 111]),
optimized for viscosities of aqueous NaCl solutions for salinities up to the
experimental solubility limit, is also used.

The chapter is structured as follows. Details of the force fields used
and the molecular simulation techniques are given in section 4.2. In
section 4.3, the computed interfacial tensions, viscosities, densities,
self-diffusivities, and solubilities obtained are presented and compared
with experimental data when possible. Finally, concluding remarks are
presented in section 4.4. All data computed in this study are provided in
a tabulated format as Supporting Information of Ref. [48].

4.2. Methodology
4.2.1. Force fields
The four-site TIP4P/2005 [100] force field is used to model H2O.
Previous studies have shown that this force field can accurately capture
thermodynamic, transport, and interfacial properties of pure H2O
and H2O/NaCl solutions in contact with gases for a wide range of
conditions [51, 109, 227, 247, 251–255]. For the Na+ and Cl− ions,
the Madrid-2019 [103] force field is used, which is parameterized for the
TIP4P/2005 H2O model [256]. A new version of the Madrid-2019 force field
(i.e., Madrid-Transport force field [47, 111]) is currently being developed by
Vega and co-workers [111], which performs better for transport properties,
especially at high NaCl molalities. The difference of Madrid-Tranport from
Madrid-2019 is that ion charges are scaled by 0.75 instead of 0.85, and the
Lennard-Jones (LJ) parameters are slightly altered. Interfacial tensions
and self-diffusivities are computed using the single-site Vrabec [90] H2
force field, while for the solubilities of H2 in the aqueous NaCl solutions
the three-site Marx [91] model is used. Tsimpanogiannis et al. [51] showed
that the Vrabec [90] H2 force field yields very accurate self-diffusivities
of H2 in pure TIP4P/2005 H2O. The solubilities computed using the
Vrabec [90] force field deviate from experimental data of H2 in pure water
by ca. 50%. In sharp contrast, the solubilities computed using the
Marx [91] force field show excellent agreement with experimental data.
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A comparison of the solubilities computed using the Marx and Vrabec
force fields in pure TIP4P/2005 H2O are listed in Table S1 and shown
in Figure S1 of the Supporting Information of Ref. [48]. All force field
parameters are listed in Tables A.1-A.4 of the Appendix A.2.

4.2.2. MD simulations
The MD simulations are used to calculate (a) the interfacial tensions of
H2 in contact with aqueous NaCl solutions, (b) self-diffusivities of H2 in
aqueous NaCl solutions, (c) densities, and (d) viscosities of aqueous NaCl
solutions. For all MD simulations, the LAMMPS [59] software package is
used (version 29 Sep 2021). For the integration of the equations of motion,
the velocity-Verlet algorithm is used with a time step of 1 fs. The bond
length and bending angle of H2O are fixed using the SHAKE algorithm [59,
257]. The intermolecular interactions are described by Lennard-Jones
and Coulombic interaction potentials. The Lorentz-Berthelot combining
rules [49] are used for interactions between different types of molecules,
with the exception of N+ −H2O, N+ −Cl− , and Cl− −H2O LJ interactions
as specified in Table S5 of the Supporting Information of Ref. [48].
Long-range electrostatic energies are computed using the particle-particle
particle-mesh (PPPM) method [50, 258] with a relative error [60] of
10−5. The temperature and pressure are regulated by the Nosé-Hoover
thermostat and barostat [50]. Initial configurations are created using the
PACKMOL software [259]. Periodic boundary conditions are imposed in
all directions. All MD simulations for a specific set of conditions are
repeated 5 times using different initial velocity distributions from which
the average quantities are calculated. The reported uncertainties are
standard deviations from the results of these 5 simulations.

4.2.3. Computation of interfacial tensions
The following procedure is used for computing the interfacial tensions: An
initial configuration is created by combining separately equilibrated bulk
phases of aqueous sodium chloride solutions and H2 gas. An equilibration
run of 5 ns is carried out in the NPT ensemble using anisotropic pressure
coupling, i.e., only the z-direction of the simulation box is allowed to
fluctuate. The last 2 ns of the equilibration run are used to calculate the
average simulation box dimensions, which are used for an equilibration
run of 3 ns in the NVT ensemble. Next, production runs of 2 ns are
carried out for computing the interfacial tension. In all simulations, 2088
H2O molecules are used. Depending on the pressure, the number of
H2 molecules varied between 64 - 640. 0 - 188 Na+ and Cl− ions are
used, depending on the molality. The exact numbers of species along
with the simulation box sizes for all simulations are listed in Table S6 of
the Supporting Information of Ref. [48]. A cutoff radius of 12 Å is used
for the short-range LJ and short-range electrostatic energies. Because the
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Figure 4.1. Top: Typical snapshot from a Molecular Dynamics simulation
used to calculate the interfacial tension of H2 and an aqueous NaCl
solution (3 mol NaCl/kg H2O) at 343 K and 100 bar. H2 molecules
are represented by red spheres, Na+ and Cl− are represented by purple
and green spheres, respectively, H2O is represented by the transparent
blue surface. Bottom: Density profile in the z-direction of H2 and the
aqueous NaCl solution of the same simulation, averaged over 1 ns. z is
the direction perpendicular to the interface.

system is inhomogeneous, analytic corrections were not used. Instead,
Long-range LJ and electrostatic interactions are computed using the
Particle-Particle Particle-Mesh (PPPM) method [50, 258, 260]. For the real
and reciprocal space computations for the dispersion part of the PPPM
method the desired accuracies are set to 0.0001 and 0.002, respectively.
A relative error of 10−5 is used for the long-range electrostatic energies.
The adequacy of the PPPM method for computing the LJ interactions has
been recently validated by Salehi et al. [261] in interfacial MD simulations
of deep eutectic solvents with water.

Figure 4.1 (top panel) shows a typical MD simulation snapshot at T =
343 K, P = 100 bar, and m = 3 mol NaCl/kg H2O. The bulk liquid H2O
phase containing the Na+ and Cl− ions, which is shown as the transparent
blue surface, occupies a domain of ca. 40 × 40 × 40 Å in the middle of the
simulation box. H2 gas is in contact with the liquid phase from both sides,
in the z-direction. This creates two H2/H2O interfaces perpendicular to
the z-direction. The density profile of this system, averaged over 1 ns, is
shown in Figure 4.1 bottom panel. The interfacial tension γ is calculated
from the principal components of the diagonal elements of the stress
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tensor (Pzz, P, and Pyy) [262]:

γ =
1

2
hz

�

Pzz −
1

2

�

P + Pyy
�

�

, (4.1)

where hz is the simulation cell length in z-direction.

4.2.4. Computation of self-diffusivities and viscosities
The scheme used for computing self-diffusivities and viscosities follows
from Ref. [263]. Initially, energy minimizion of the system is performed,
followed by equilibration runs in the NPT and NVT ensembles for 1 – 2 ns.
Next, production runs in the NVT ensemble for 10 ns are carried out. The
system consists of 700 H2O molecules, 2 H2 molecules, and 0 – 76 Na+
and Cl− ions, depending on the molality. The exact numbers of species
used for every state point are provided in Table S7 of the Supporting
Information of Ref. [48]. A cutoff radius of 10 Å is used for Lennard-Jones
and electrostatic interactions. Analytic tail corrections for energies and
pressures are applied.

To compute the self-diffusivities and the shear viscosities, the OCTP
plugin [263] in LAMMPS is used. In this plugin, the Einstein relations
are used in combination with the order-n algorithm [50] as implemented
by Dubbeldam et al. [264]. The self-diffusivity D of species  is computed
from [53]:

D = lim
t→∞
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where rj,(t) is the position vector of the j-th molecule of species  at time
t and N is the number of molecules of species . All self-diffusivities in
this chapter are corrected for finite size effects using the Yeh-Hummer
equation [265–267]:

D = D +
kBTξ

6πηL
, (4.3)

where D is the finite size corrected self-diffusivity, T is the temperature
in K, ξ is a dimensionless constant equal to 2.837298, η is the shear
viscosity from Equation 4.4, and L is the simulation box length. In
this chapter, the finite size correction magnitude was ca. 5-10 % of the
computed self-diffusivities.

The shear viscosity η is computed from [53]:

η = lim
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where
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∑

k

Pkk

�

, (4.5)

where V is the volume of the system, kB is the Boltzmann constant,
Pos
αβ

denotes the components of the traceless pressure tensor, δαβ is the
Kronecker delta, and 〈..〉 indicates an ensemble average. The computaion
of η does not depend on the size of the system [268–270].

4.2.5. Computation of solubilities
Continuous Fractional Component Monte Carlo [248–250] simulations
in the isobaric-isothermal (CFCNPT) ensemble are used to compute
solubilities and excess chemical potentials of H2 in NaCl solutions.
The open-source Brick-CFCMC software [55, 56, 248] is used for all
simulations. A 10 Å cutoff radius is used for both the LJ and Coulombic
interactions. The Ewald summation with a relative precision of 10−6

is used for the electrostatics. Analytic tail corrections for energies
and pressures are applied [50]. The infinite dilution excess chemical
potential of H2 can be computed using a single "fractional" molecule of H2.
Fractional molecules have their interactions with surrounding molecules
scaled with a continuous order parameter λ [106, 248]. In CFCNPT
simulations, λ ranges from 0 to 1. λ = 0 indicates that the fractional
molecule does not interact with the surrounding molecules/atoms (i.e.,
the fractional molecule behaves as an ideal gas molecule), and λ = 1
corresponds to full interactions. For the specifics regarding the scaling of
the interactions the reader is referred elsewhere [271–273]. To improve the
sampling in the λ-space, a biasing weight function (W(λ)) is created using
the Wang-Landau algorithm [274, 275]. This biasing weight function is
used to ensure a flat probability distribution in the λ-space (pobs(λ)). To
compute the probability of occurrence of each λ value, a histogram with
100 bins is used. The Boltzmann averaged probability distributions of λ
(p(λ)) can be computed using [47, 276]

p(λ) =
〈pobs(λ)exp[−W(λ)]〉

〈exp[−W(λ)]〉
. (4.6)

The Boltzmann sampled probability distribution of λ (p(λ)) can be related
to the infinite dilution chemical potential (μex) using [47, 248, 276]

μex = −kBT ln
p(λ = 1)

p(λ = 0)
, (4.7)

where p(λ = 1) and p(λ = 0) are the Boltzmann averaged probability
distributions of λ at 1 and 0, respectively.

For all simulations, 5× 105 equilibration cycles, and 5× 105 production
cycles are performed. A cycle contains N number of trial moves, with N
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being the total number of molecules, with a minimum of 20. The following
probabilities are used for selecting the trial moves: 35% translations, 29%
rotations, 1% volume changes, 25% λ changes, and 10% reinsertions of
the fractional molecules at random locations inside the simulation box.
The maximum displacements for molecule translations, volume changes,
rotations, and λ changes are adjusted to obtain ca. 50% acceptance.
Another method that can be used to compute μex is the Widom’s Test
Particle Insertion method (WTPI) [49, 50, 277, 278]. In dense fluid
phases WTPI yields inaccurate results compared to the CFCMC method
as successful insertion of test particles is a highly unlikely event due
to the significant potential energy increase in case of overlap with other
particles [248, 279].

The solubilities of H2 in aqueous NaCl solutions are computed at
temperatures in the range (298 to 363) K and at H2 partial pressures of 1,
10, 100, 400, and 1000 bar. At H2 partial pressures of 1 bar and 10 bar,
the H2 solubilities are computed using Henry coefficients (H) [47, 276]:

H = lim
ƒ→0

ƒ

ρH2,L/ρ0
, (4.8)

where ƒ is the fugacity of H2 in the gas phase, ρH2,L is the number density
of H2 in the aqueous solution in units of 1/m3, and ρ0 is a reference
number density in the same unit as ρH2,L (set to 1 molecule per m3) [276].
At H2 partial pressures of 1 bar and 10 bar, the fugacity coefficient of H2
is assumed to be 1 (i.e., the fugacity of H2 is equal to the partial pressure
of H2). From the MC simulations, H can be computed using [276]

H = ρ0kBT exp

�

μexH2,L

kBT

�

, (4.9)

where μexH2,L
is the infinite dilution chemical potential of H2 in the aqueous

solution. A single fractional molecule of H2, 300 H2O molecules, and
varying number of NaCl molecules depending on the molality (ranging
from 0 to 6 mol NaCl/kg H2O) are used to compute μexH2,L

. The exact
numbers of ions used for each molality are listed in Table S8 of the
Supporting Information of Ref. [48]. To calculate solubilities of H2 in
aqueous NaCl solutions at pressures of 100, 400, and 1000 bar, the
chemical potentials of H2 in the liquid and in the gas phase are equated at
constant pressure and temperature. The chemical potential of H2 in the
gas phase (μH2,G) is equal to [50]

μH2,G = μ0H2
+ kBT ln

�

ρH2,G

ρ0

�

+ μexH2,G
, (4.10)

where μ0H2
is the reference state of the chemical potential, ρH2,G is the

number density of H2 in the gas phase in units of 1/m3, and μexH2,G
is the
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excess chemical potential of H2 in the gas phase. At pressures above 100
bar and at temperatures between (298 to 363) K, the gas phase contains
very few H2O molecules (a H2O mole fraction below 0.01) [106]. μexH2,G

is
calculated in separate CFCNPT simulations, containing a single fractional
molecule of H2, and 300 H2 molecules in the gas phase. The chemical
potential of H2 in the liquid phase (μH2,L) is equal to [50]

μH2,L = μ0H2
+ kBT ln

�

ρH2,L

ρ0

�

+ μexH2,L
. (4.11)

ρH2,L can be computed by equating Eq. 4.10 and Eq. 4.11. The mole
fractions of H2 (H2 ) in aqueous NaCl solutions are computed using

H2 =
ρH2,L〈V〉

NH2O + NNCl + ρH2,L〈V〉
, (4.12)

where 〈V〉 is the average volume of the simulation box, computed in
the CFCNPT ensemble. NH2O and NNCl are the numbers of H2O and
NaCl molecules in the simulation box, respectively. For each condition
(concentration, temperature, and pressure), 20 independent simulations
are performed. These 20 simulations are divided into 5 blocks from which
the Boltzmann sampled probability distribution of λ (p(λ)) are averaged.
The averaged distributions (p(λ)) of all blocks are used to compute mean
values and standard deviations for the excess chemical potentials and
solubilities of H2.

4.3. Results and discussion
4.3.1. Interfacial tensions
Figure 4.2 shows the computed interfacial tensions of H2/H2O/NaCl
as a function of pressure (Figure 4.2(a)), molality (Figure 4.2(b)) at
temperatures in the range of (298 to 523) K, and as a function of
temperature (Figure 4.2(c)) for molalities in the range of (0 to 6) mol
NaCl/kg H2O. Tabulated raw data of the interfacial tension along with
their statistical uncertainties are listed in Table S9 of the Supporting
Information of Ref. [48]. Figure 4.2(a) and 4.2(c) also show the available
experimental data from Hosseini et al. [207]. For the whole range of
conditions a close agreement with the experimental results is found. The
MD results differ on average 6.4 % from the experimental values.

The interfacial tensions computed in this chapter are fitted to an
engineering equation:

γ = c1 + c2m + c3T
c4 , (4.13)

where c1, c2, c3 and c4 are fitting parameters, which are listed in
Table 4.1. Eq. 4.13 is valid for temperatures, pressures, and molalities of
(298 to 523) K, (1 to 600) bar, and (0 to 6) mol NaCl/kg H2O, respectively.
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(a) (b)

(c)

Figure 4.2. MD results of interfacial tension γ of H2 and aqueous
NaCl solutions using the NaCl Madrid-2019 [103] force fields, the
TIP4P/2005 [100] H2O force field, and the Vrabec [90] H2 force field (a) as
functions of pressure P for temperatures in a range of (298 to 523) K with
a molality m of 1 mol NaCl/kg H2O in combination with the experimental
results of Hosseini et al. [207], (b) as functions of molality at a pressure
of 200 bar of the solution for similar temperatures, and (c) as functions
of temperature at a pressure of 200 bar and molalities of (0 to 6) mol
NaCl/kg H2O. The statistical uncertainties are comparable to or smaller
than the symbols and can be found in Table S9 of the Supporting
Information of Ref. [48]. The error bars have been omitted for clarity. The
solid lines represent fits using Eq. 4.13 for temperatures in the range of
(298 to 523) K.
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Table 4.1. Parameters of Eq. 4.13 for predicting interfacial tension of
H2 in contact with aqueous NaCl solutions obtained using the NaCl
Madrid-2019 [103] force fields, TIP4P/2005 [100] H2O force field and
Vrabec [90] H2 force field. These parameters are valid for NaCl molalities of
(0 to 6) mol NaCl/kg H2O, temperatures of (298 to 523) K, and pressures
of (1 to 600) bar.

c1 / [mN/m] 89.6
c2 / [(mN·kgH2O)/(m·molNaCl)] 1.44
c3 / [mN/(m·K1.65)] -2.04 ×10−3
c4 / [-] 1.65

The results of this engineering equation are shown as solid lines in
Figure 4.2. Eq. 4.13 is a very good fit to MD results, and can be used
for calculating values at a specific combination of conditions in a fast and
reliable way.

As shown in Figure 4.2(a), no significant pressure dependence of
interfacial tension is observed, which is in line with experimental
studies [202, 205, 207, 208]. In particular, Higgs et al. [208] did not
observe a significant pressure dependence for H2 in contact with aqueous
NaCl solutions, while other studies observed a small decrease in interfacial
tension of H2 and pure H2O [202, 205, 207] and H2 and aqueous
(NaCl+KCl) solutions [207]. Interestingly, the pressure dependence of
H2/H2O interfacial tension is small compared to the CO2/H2O [280–282]
and CH4/H2O [230, 283, 284] systems. This is because the interfacial
tension is related to the density difference between the two phases [197].
The change in density difference between H2 and H2O is very small at
varying pressures because the density of H2 is very low in comparison to
H2O, and H2O is almost incompressible at these pressures.

As shown in Figure 4.2(b), the interfacial tension increases linearly
with solution molalities, in agreement with the available experimental
data [207]. This behavior is also observed for other gases such as CO2
and CH4 [285–287]. This increase is mainly due to the increased density
of saline H2O compared to pure H2O as well as the arrangement of cations
and anions at the interface [286, 288–292]. The hydrogen bond network
of H2O is strengthened by cations [289–291], while anions cause the
opposite effect [289–291]. Therefore, cations are absorbed into the bulk
phase while anions are depleted from the bulk phase. This phenomenon
can be observed in Figure S2 of the Supporting Information of Ref. [48],
where it is shown that the number density of Cl− ions at the interface is
higher than Na+ ions, and Na+ ions are drawn into the bulk phase. The
strengthening of the hydrogen bond network of H2O leads to an increase
in interfacial tension [286, 288].

In Figure 4.2(c), a non-linear decrease of interfacial tension with
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temperature can be observed. This is in line with the experimental data
of Chow et al. [205]. In sharp contrast, Hosseini et al. [207] reported
a linear decrease of interfacial tension with temperature. The fact that
interfacial tension depends non-linearly on the density difference between
the two phases in contact [197] combined with the non-linear effect of
temperature on the density difference between H2 and H2O, results in
the expectation that the interfacial tension is also non-linearly related
to temperature. Therefore, the observed non-linear relationship between
interfacial tension and temperature in our results is expected.

4.3.2. Densities and viscosities
Figure 4.3 shows the computed densities and viscosities of aqueous NaCl
solutions as functions of NaCl molalities at 298 and 343 K. Densities
and viscosities of aqueous NaCl solutions have a weaker dependence on
pressure (in the range of 0 – 1000 bar) compared to temperature and
NaCl molalities. Figure S3 and S4 in the Supporting Information of
Ref. [48]. show the densities, and viscosities as functions of pressure.
The results for the Madrid-2019 [103] and the Madrid-Transport [47, 111]
NaCl force fields are shown in Figure 4.3. The fits to experimental data
for viscosities (Figure 4.3(a)) and densities (Figure 4.3(b)) are obtained
from Laliberté. [113] and Laliberté et al. [112], respectively. The raw
data of these properties, as well as their statistical uncertainties, are
listed in Table S10 of the Supporting Information of Ref. [48]. Both
the Madrid-2019 [103] and Madrid-Transport [47, 111] capture the
experimental data of density very accurately (within 1%). As shown
in Figure 4.3(a), the Madrid-Transport [47, 111] force field yields a
better agreement with the experimental data of viscosity compared to
the Madrid-2019 [103] force field. The discrepancy between the two
force fields starts at molalities above 2 mol NaCl/kg H2O. The viscosities
computed using the Madrid-2019 force field deviate on average ca. 20
% from the experimental data, while this deviation is is only ca. 3%
when the Madrid-Transport force field is used. Based on the excellent
performance of Madrid-Transport in reproducing experimental viscosities,
which is necessary for reliable diffusivity predictions [115], only this force
field was used for computing the self-diffusivities of H2 in NaCl solutions.

4.3.3. Self-diffusivities of H2
Figure 4.4 shows the computed finite size corrected self-diffusivities of H2
in aqueous NaCl solutions as a function of (a) pressure, (b) NaCl molality,
and (c) temperature. These simulation are performed with the Madrid-
Transport [47, 111] force field for NaCl, the TIP4P/2005 [100] H2O, and
the Vrabec [90] force field for H2. All the self-diffusivities of H2 computed
in this chapter are listed in Tables S11 and S12 of the Supporting
Information of Ref. [48]. Simulations using the Madrid-2019 [103] NaCl
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(a) (b)

Figure 4.3. Computed (a) viscosities η and (b) densities ρ of aqueous NaCl
solutions as a function of molality m (mol NaCl/kg H2O) at a pressure of 1
bar and temperatures of 298 and 343 K. The fit to the experimental data is
created by (a) Laliberté. [113] and (b) Laliberté et al. [112]. The statistical
uncertainties can be found in Table S10 of the Supporting Information of
Ref. [48]. The error bars are smaller or comparable to the symbol size and
have been omitted for clarity.

force field are performed for comparison. These data are shown in
Table S12 of the Supporting Information of Ref. [48]. The self-diffusivities
of H2 shown in Figure 4.4 are fitted to an engineering correlation:

D = c1 exp
�

c2m + c3

�

1

T

�

+ c4P

�

, (4.14)

where c1, c2, c3, and c4 are fitting parameters, which are listed in
Table 4.2. As shown in Figure 4.4, this correlation provides an excellent
fit for the MD results. Note that Eq. 4.14 is only valid for conditions where
H2O is in the liquid phase, and therefore data points for temperatures of
723 K or higher and pressures of 400 bar or higher (supercritical phase)
are excluded from the fit.

In Figure 4.4(a) a weak pressure dependence of the self-diffusivities of
H2 is observed . The logarithm of the self-diffusivities decays linearly
with respect to variations in pressure, similarly to what is reported
by Tsimpanogiannis et al. [51]. The pressure dependence of the self-
diffusivities of H2 is more significant at 723 K (Figure 4.4(a)) as the solution
is more compressible at these conditions. As shown in Figure 4.4(b),
the logarithm of the self-diffusivities is also found to decay linearly with
respect to variation in the NaCl molalities. Laliberté. [113] has shown
that the viscosities of aqueous NaCl solutions increase exponentially with
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(a) (b)

(c)

Figure 4.4. Computed finite size corrected self-diffusivities (D) of H2 in
aqueous NaCl solutions (a) with a molality (m) of 5 mol NaCl/kg H2O
solution as a function of pressure P for temperatures of (298 to 723) K,
(b) at a pressure of 400 bar as a function of m of the solution for the
similar temperatures, and (c) as a function of the reciprocal temperature
at a pressure of 100 bar. The results are obtained using the NaCl
Madrid-Transport [47, 111] force fields, TIP4P/2005 [100] H2O force field,
and Vrabec [90] H2 force field. The statistical uncertainties are comparable
to or smaller than the symbols and can be found in Table S11 of the
Supporting Information of Ref. [48]. The solid lines are fits calculated
using Eq. 4.14 for temperatures of (298 to 523) K. Data points at a
temperature of 723 K and a pressure of 400 bar are excluded from the fit
because H2O is supercritical at these conditions.
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Table 4.2. Parameters of Eq. 4.14 for predicting the computed finite
size corrected self-diffusivities D of H2 in aqueous NaCl solutions
obtained using the NaCl Madrid-Transport [47, 111] force fields, the
TIP4P/2005 [100] H2O force field, and the Vrabec [90] H2 force field.
These parameters are valid for NaCl molalities of (0 to 6) mol NaCl/ kg
H2O, temperatures of (298 to 523) K, and pressures of (1 to 1000) bar.
Note that Eq. 4.14 should only be used at conditions in which water is in
the liquid state.

c1 / [m2/s] 1.24 ×10−6
c2 / [(molNCl/kgH2O)

−1] -7.29 ×10−2
c3 / [K] -1.70 ×103
c4 / [bar−1] -1.84 ×10−4

respect to NaCl molalities. As the self-diffusivities of gases dissolved in
liquids are inversely proportional to the viscosities of the solution [115,
197], the self-diffusivities of H2 are expected to decay exponentially with
respect to the NaCl molalities. The computed self-diffusivities of H2 follow
an Arrhenius-type [50] relation with respect to variations in temperature
(D ∝ exp[ cT ]) as shown in Figure 4.4(c). This behavior is also observed in
literature for gases (e.g., O2, H2) dissolved in aqueous solvents [109, 253,
293–295].

4.3.4. Solubilities of H2
In Figure 4.5, the solubilities of H2 computed using CFCMC are shown
as a function of (a) NaCl molality, (b) temperature, and (c) pressure. The
computed solubilities are compared to the experimental measurements of
Chabab et al. [211], Torín-Ollarves et al. [212], and their corresponding
experimental correlations (also shown in Figure 4.5). The correlation of
Torín-Ollarves et al. [212] is based on the experimental measurements for
NaCl molalities of 0 and 2.5 mol NaCl/kg H2O, the experimental data by
Wiebe et al., Wiebe et al. [297], Kling et al. [298], and Choudhary et al. [299]
for H2 solubility in pure H2O, and the experiments by Crozier et al. [217]
and Gordon et al. [218] for solubility of H2 in saline solutions. Chabab
et al. [211] provide an extensive experimental data set and a correlation
for H2 solubilities at temperatures of (323 to 373) K, and NaCl molalities
in the range of (0 to 5) mol/kg H2O. Lopez-Lazaro et al. [245] obtained
the Henry constants of H2 in aqueous NaCl solutions for molalities up to
2 mol NaCl/kg H2O using excess chemical potentials computed using the
WTPI method [49, 50, 277, 278]. Using the Henry constants reported by
Lopez-Lazaro et al. [245], the solubilities of H2 at a partial pressure of 100
bar are computed and shown in Figures 4.5(a) and 4.5(b). The simulations
of Lopez-Lazaro et al. [245] show large error bars (ca. 10-20%). This
may be due to the use of the WTPI method [49, 50, 277, 278], which
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(a) (b)

(c)

Figure 4.5. Computed solubilities of H2 in aqueous NaCl solutions using
the NaCl Madrid-2019 force field [103], TIP4P/2005 [100] H2O force
field, and Marx [91] H2 force field as functions of (a) NaCl molality (m)
in units of mol NaCl/kg H2O for a H2 partial pressure of 100 bar, at
323 K, (b) temperature for a H2 partial pressure of 100 bar, and (c) H2
partial pressure at 323 K. The dashed lines represent the experimental
correlation provided by Torín-Ollarves et al. [212], and the dotted lines
represent the experimental correlation results of Chabab et al. [211] The
experimental data of Chabab et al. [211], and Torín-Ollarves et al. [212],
and the simulation results of Lopez-Lazaro et al. [245] (converted from
Henry constants) are also shown.
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requires a large number of MC cycles to obtain low standard deviations for
excess chemical potentials in the liquid phase [245, 248]. The solubilities
computed in this chapter using CFCMC simulations [55, 56, 249, 250]
have uncertainties of less than 5 %.

Figure 4.5(a) shows the decrease of the solubilities of H2 at increasing
molalities of NaCl (i.e., salting-out effect). The salting-out of non-polar
gases (e.g., H2, O2, and CO2) in presence of salts such as NaCl, KCl,
and KOH is a well observed phenomenon [47, 236, 292]. As shown in
Figure 4.5(a), the models by Torín-Ollarves et al. [212] and Chabab et
al. [211] agree for H2 solubilities in pure H2O and at NaCl molalities
below 0.5 mol NaCl/kg H2O. For NaCl concentrations higher than 0.5
mol NaCl/kg H2O the two models predict different H2 solubilities. The
salting-out effect of H2 observed in this chapter using the Madrid-
2019 [103] Na+ and Cl– , TIP4P/2005 [100] H2O, and the Marx [91]
H2 force fields show better agreement to the salting-out effect observed
by Torín-Ollarves et al. [212], especially at higher NaCl molalities of 3
and 5 mol NaCl/kg H2O as shown in Figure 4.5(a). The correlation of
Torín-Ollarves et al. [212] also shows agreement with our simulations at
H2 partial pressures ranging from (1 to 400) bar in the temperature range
(298 to 363) K, as shown in Figures 4.5(b) and 4.5(c). Our simulation
results also agree with the MC simulations by Lopez-Lazaro et al. [245]
both for different NaCl molalities, and for different temperatures in the
range of (298 to 523) K, even though the choice of the force fields for Na+,
Cl– , and H2 is different. Lopez-Lazaro et al. [245] have used the OPLS
force field [300] for Na+, and Cl– , combined with the model by Darkim et
al. [301] for H2.

In Table S13 of the Supporting Information of Ref. [48], we provide an
extensive database for solubilities of H2 at temperatures of (298 to 363) K,
H2 partial pressures of (1 to 1000) bar, and at NaCl molalities of (0 to 6)
mol/kg H2O. The solubilities of H2 at partial pressures up to 100 bar
are computed for a wider temperature range i.e., (298 to 523) K. These
data can be further used to test and train existing machine-learning
models [213] or equations of state [302] for predicting H2 solubilities in
saline solutions at conditions relevant to geological H2 storage.

4.4. Conclusions
Molecular simulations are used to compute (a) interfacial tensions of H2
and aqueous NaCl solutions for temperatures, pressures, and molalities of
(298 to 523) K, (1 to 600) bar, and (0 to 6) mol NaCl/kg H2O, respectively,
(b) self-diffusivities of H2 in aqueous NaCl solutions for temperatures,
pressures, and molalities of (298 to 723) K, (1 to 1000) bar and (0 to 6)
mol NaCl/kg H2O, respectively, and (c) solubilities of H2 in aqueous NaCl
solutions for temperatures, pressures, and molalities of (298 to 363) K, (1
to 1000) bar and (0 to 6) mol NaCl/kg H2O, respectively. The simulations
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for computing H2 self-diffusivities are also used to yield predictions for
densities and viscosities of the NaCl solutions. The interfacial tensions and
self-diffusivities are computed using MD simulations, and the solubilities
are computed using CFCMC simulations. The H2O TIP4P/2005 [100]
force field, the NaCl Madrid-2019 [103] force fields, and H2 Vrabec [90]
and Marx [91] force fields are used. In addition, a modified version of
the Madrid-2019 force field (i.e., the Madrid-Transport [47, 111] force
field) is used, which is optimized for transport properties of aqueous
solutions. Our results are validated against the available experimental
data, models, and simulations. Excellent agreement between the results
and experimental data is found with deviations smaller than 10% for the
vast majority of the data points. The results of the NaCl Madrid-Transport
force field were in better agreement with experimental data for transport
properties, while the Madrid-2019 force field was sufficiently accurate for
interfacial tensions and solubilities. The new data are used to develop
engineering equations for interfacial tension and self-diffusion capturing
the effect of pressure, temperature, and solution molality.
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5.1. Introduction
Modelling aqueous alkaline solutions is of interest for a broad array of
manufacturing and separation processes [303, 304]. Aqueous alkaline
solutions containing KOH and NaOH are often used for electrolysis and
in fuel cells due to their high ionic conductivities and low cost [12,
13, 305–307]. NaOH and KOH have solubilities exceeding 18 mol/kg
in water at 293 K (and above) [308, 309], and significantly influence
the thermophysical properties of the solution [310]. The interplay
between different thermophysical properties (e.g. densities, viscosities,
ionic conductivities) of aqueous NaOH and KOH solutions influences
the product gas purity, and the energy (and Faradaic) efficiency of
alkaline-water electrolyzers [7, 16, 311]. Knowledge of the thermodynamic
and transport properties of H2 and O2 gas in aqueous NaOH and KOH
solutions is therefore highly relevant for optimization and process design
of electrolyzers [15, 16].

Modelling electrolyte systems is a challenging endeavor because of
the strong long-range ionic interactions, which make the solutions
highly non-ideal [303, 312–314]. Electrolyte solutions are commonly
modelled using semi-empirical equations of state and molecular based
simulations [303, 312–323]. Semi-empirical equations provide a rapid and
convenient method for the prediction of thermophysical properties [312].
The quality of these equations depends on the availability of accurate
experimental and simulation data [315–319]. For aqueous alkaline
solutions, experimental data for self-diffusivities and solubilities of H2
and O2 at high concentrations (above 4 mol/kg), temperatures (323-373
K), and pressures (above 50 bar) is lacking, especially in the case of
aqueous NaOH solutions [15, 324]. These temperatures (ca. 353 K) and
concentrations (4-12 mol/kg electrolyte solution) are especially relevant
for alkaline electrolyzers [10–14]. MD and MC simulations can be used
as a complementary approach to experiments [109] to provide insight at
conditions for which experimental data are limited, and difficult to obtain
due to high temperatures, pressures, and the corrosivity of the solution
(in case of strong alkaline solutions).

Molecular simulations of electrolyte systems can be studied using
either ab-initio simulations or force field based methods [303, 325, 326].
Ab-initio simulations have the potential to more accurately describe the
structure and solvation of the ions [88, 325], but these simulations
are computationally expensive and are limited to systems comprising
hundreds of atoms for timescales of the order of pico-seconds. To
precisely calculate transport properties of fluids, long simulations of
several nanoseconds are essential [321, 327]. To account for ion-ion and
ion-water interactions at high electrolyte concentrations, water molecules
need to be modelled explicitly [328, 329], which makes the computations
more costly. To overcome both the time and system-size restrictions of
ab-initio calculations, force field-based methods are usually preferred for
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large-scale production of thermophysical data.
Force fields for aqueous electrolytes can be polarizable or non-

polarizable [101–103]. The non-polarizable TIP4P/2005 water model [100]
has proven to be quite suitable for predicting densities, viscosities and
self-diffusivities of water [51, 100, 330]. In an attempt to model the
effective charge screening that occurs in electrolyte solutions, ions are
modelled as scaled charges in non-polarizable force fields [303]. Prior
research has demonstrated that the use of scaled charges significantly
helps in capturing the correct dynamics of ions [103, 111, 331, 332].
Scaled charge models for ions such as Na+, K+, and Cl– have been
developed by Zeron et al. (the so-called Madrid-2019 force field) [103, 111]
and used in combination with the TIP4P/2005 water model [103]. These
force fields yield reasonable predictions for densities, dynamic viscosities,
and self-diffusivities of aqueous electrolytes with a scaled charge of 0.85 for
concentrations up to 4 mol/kg salt [103]. However, the dynamic viscosities
computed using the Madrid-2019 force field deviate from experiments at
higher molalities. To address this, Vega and co-workers have developed
a new force field called the Madrid-Transport with a scaled charge of
0.75 [111]. This force field can accurately predict dynamic viscosities of
aqueous NaCl, and KCl solutions up to their solubility limit [111]. Despite
the importance of alkaline systems, there is no Madrid-force field for OH–

to accurately predict densities and dynamic viscosities of aqueous NaOH
and KOH systems. Existing OH– force fields are often used to simulate
the solvation energy [333–335] and structure [336–341], and cannot be
used directly in combination with the TIP4P/2005 water model and the
Madrid-force fields [103, 111] for Na+ and K+ ions as they do not use
scaled charges of 0.85 or 0.75.

Here, we propose several non-polarizable two-site OH– force fields
with scaled charges of -0.85 and -0.75, respectively. One of the newly
proposed OH– force fields with a scaled charge of -0.75, yields accurate
predictions for both densities and dynamic viscosities of aqueous NaOH
and KOH solutions for concentrations ranging from 0 to 8 mol/kg,
at temperatures ranging from 298 to 353 K. We use this force field
to compute the self-diffusivities of H2 and O2 in aqueous NaOH and
KOH solutions using MD. Solubilities of these gases as functions of
concentrations, and temperatures, and pressures are computed using
CFCMC simulations [248–250]. Our data, obtained from molecular
simulations, are compared to available experimental data on H2 and
O2 in KOH solutions. Our simulations can adequately describe the
trends observed in experiments for variations in both concentration and
temperature. The self-diffusivities and solubilities of H2 and O2 in NaOH
and KOH solutions are then fitted to semi-empirical engineering equations.
These engineering equations can be used for process modelling, and for
optimizing electrolyzers and fuel cells [16].

This chapter is organized as follows. In section 5.2, details on the force
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fields are provided, and the molecular simulation (MD and MC) techniques
are explained. In section 5.3, force field optimisation of OH– is discussed,
and the results for viscosities, H2 and O2 self-diffusivities and solubilities
at temperatures ranging from 298-353 K are provided. Our conclusions
are summarized in section 5.4.

5.2. Methodology
5.2.1. Force fields
The four-site TIP4P/2005 water model is used in all simulations [100] in
this chapter. The two-site Bohn model [342] is used for modelling O2. For
H2, the single-site Vrabec model [90], and the three-site Marx model [91]
are used similar to Chapter 4. These force fields for H2 and O2 have
shown to accurately describe gas diffusivities in pure water at various
pressures and temperatures [109]. The single-site H2 Vrabec model is
less computationally demanding (no bonds or angles) than the three-site
Marx model and yields similar self-diffusivities in pure TIP4P/2005
water (see Figure S1 of the Supporting Information of Ref. [47]). This
force field is used for computing self-diffusivities of H2 in NaOH and
KOH solutions. The Marx model yields significantly more accurate H2
solubilities than the Vrabec model in pure TIP4P/2005 water (see Figure
S1 of the Supporting Information of Ref. [47]), and is used for computing
H2 solubilities in NaOH and KOH solutions. For the K+ and Na+ ions, the
Madrid-Transport (+0.75) [111] and Madrid-2019 (+0.85) [103] force fields
are used (parameters listed in Table A.4). For OH– , several force fields
are proposed in this chapter. The details for OH– force field are discussed
in Section 5.3.1. All force fields considered in this chapter are rigid.
All interaction parameters for the TIP4P/2005 water, H2, and O2 models
are provided in Appendix A.2. The Lennard-Jones (LJ) and Coulombic
interactions are considered for modelling the intermolecular interactions.
The Lorentz-Berthelot mixing rules [49, 50] are applied with the exception
of [N/K − H2O] LJ interactions as specified in Table A.4.

5.2.2. MD simulations
The same software (LAMMPS) and methodology used to compute the
transport properties in Chapter 4 (i.e., section 4.2.4) is used for the
MD simulations [59]. For H2O, O2, and OH– , the SHAKE algorithm in
LAMMPS [59, 257] is used to fix the bond lengths (and the bond angle of
H2O). Analytic tail corrections for energies and pressures are applied to
the LJ part of the potential. The cut-off radius for both LJ and Coulombic
potentials is set to 10 Å. The particle-particle particle-mesh (PPPM) [50,
258] method is used for long-range electrostatic interactions with a relative
error of 10−5.

The simulations are initially equilibrated in the NPT and NVT ensembles
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Table 5.1. Force field parameters for the Na+, and K+ models used
(Madrid-2019 [103] and Madrid-Transport [111]). ε and σ are the
Lennard-Jones parameters and q is the atomic partial charge. Ow refers
to the O-atom of water (TIP4P/2005 [100] model). The Lorentz-Berthelot
mixing rules [49, 50] are applied for all mixtures, with the exception of
[N/K − H2O] LJ interactions as specified in this table.

Madrid-2019 Madrid-Transport
Na+ K+ Na+ K+

qM/[e] 0.85 0.85 0.75 0.75
εMM/kB / [K] 177.08 238.83 177.08 238.83
σMM / [Å] 2.21737 2.30140 2.21737 2.30140
εMOw/kB / [K] 95.42 168.43 95.42 168.43
σMOw / [Å] 2.60838 2.89040 2.38725 2.89540

for a period of ca. 2 ns. Production runs (in NVT) of 10-50 ns are used to
calculate dynamic viscosities and self-diffusivities. To obtain an ensemble
mean and a standard deviation, each calculation is repeated 5 times
with a different random seed for the initial velocity. The densities and
transport properties are calculated in a simulation box containing 700
H2O molecules. The corresponding numbers of NaOH and KOH molecules,
in combination with the respective molarities are provided in Table S4 and
S5 of the Supporting Information of Ref. [47]. All initial configurations are
created using the PACKMOL software [259]. Two gas molecules (H2 or O2)
(corresponding to infinite dilution) are used to calculate self-diffusivities of
the gasses in the aqueous NaOH and KOH solutions. All self-diffusivities
shown in this chapter are corrected for finite size effects using the
Yeh-Hummer equation [265–267, 343] (as shown in Eq 4.3). To ensure
no precipitation takes place and to calculate RDFs, simulations are also
carried out for a larger box size with 4200 H2O molecules for 10 ns.

5.2.3. CFCMC simulations
The solubilities in this Chapter are calculated using the same approach
described in Section 4.2.5, with the exception that 4 × 105 equilibration
cycles are carried out followed by 4 × 105 production. All the raw data for
the MD and MC simulations are shown in Tables S6-S11 of the Supporting
Information of Ref. [47].
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5.3. Results and discussion
5.3.1. Force field optimization
To construct accurate models for aqueous NaOH and KOH solutions, four
different two-site OH– (i.e. Oδ− , Hδ+ ) force fields are considered (FF1-FF4)
combined with the TIP4P/2005 water [100], and the Madrid-2019 [103],
or Madrid-Transport [111] force fields for Na+ and K+. These force fields
and their corresponding parameters are listed in Table 5.2. For all OH–

models, the O – H bond length is set to 0.98 Å, similar to the works of
Ref [337, 338]. FF1, FF3 and FF4 have a total scaled charge (qOH) of
-0.75 on OH– , while FF2 has a total scaled charge of -0.85. These force
fields are used in combination with the Madrid-Transport (+0.75) [111]
and Madrid-2019 (+0.85) [103] Na+ and K+ models such that the total
charge of NaOH and KOH clusters becomes 0. The charge of OH– is
distributed on the O (qO) and H (qH) atom. For FF1 and FF2, the charges
on the O and H atoms have the same ratios as in the work by Botti et
al. on the structure of concentrated NaOH solutions [337]. The charge
distributions of the FF3 and FF4 models are based on Quantum Theory
of Atoms in Molecules (QTAIM) calculations for OH– , which have indicated
that the O atom can have an unscaled charge of -1.4 to -1.3 [344]. For this
reason, for the FF3 and FF4 models, the charge on the O atom are set to
−1.4× 0.75 and −1.3× 0.75, respectively. The charge on the H atom (qH)
is set such that qO + qH = qOH. For each force field, the Lennard-Jones
σ parameter of the O atom (σOO) is adjusted based on the experimental
densities of aqueous NaOH and KOH solutions [114, 310, 345].

Figure 5.1 shows the variation of densities as functions of electrolyte
concentrations for both NaOH and KOH. By adjusting the value of σOO,
it is possible to obtain an excellent agreement for all the different models.
All the densities obtained deviate less than 2% from experimental fits
found in literature. A larger negative charge on O (qO) results in a larger
optimum σOO parameter, to counteract the strong attractive Coulombic
interactions. The experimental fits of Olsson [345] (for densities and
viscosities of aqueous NaOH), Gilliam [114] (densities of aqueous KOH),
and Guo [346] (viscosities of aqueous KOH) are used and shown as lines
in Figure 5.1.

The dynamic viscosities of aqueous NaOH and KOH solutions calculated
using FF1-FF4 are shown in Figure 5.2. It can be observed that the choice
of the total charge (qOH), and the resulting σOO has a significant influence
on the viscosities, especially at higher concentrations in which the
influence of ion-ion interactions become more important. The influence
of ion size on the viscosities and densities is shown in Figure S2 of the
Supporting Information of Ref. [47]. In case of FF2 (with qOH = −0.85),
the dynamic viscosity is overestimated by more than a factor 3 compared
to the experimental fit for the highest concentration of NaOH. For aqueous
KOH, the FF2 model overestimates the dynamic viscosity by around 40%
at the highest concentration of KOH. The FF1, FF3, and FF4 models
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Table 5.2. Force field parameters for OH– . The bond length of O – H is set
to 0.98 Å. For all models, the sigma for H (σHH) is set to 1.443 Å [337]. The
Lennard-Jones ε parameters for O and H (εOO/kB, εHH/kB) are based on
Refs. [337, 341] and are set to 30.19, and 22.13 K, respectively, for all the
models. The FF1 force field for OH– is recommended.

Model qO / [e] qH / [e] qOH σOO/[Å] εOO/kB/[K]
FF1 -1.2181 +0.4681 -0.75 3.65 30.19
FF2 -1.3805 +0.5305 -0.85 3.85 30.19
FF3 -1.0500 +0.3000 -0.75 3.55 30.19
FF4 -0.9750 +0.2250 -0.75 3.45 30.19

(a) (b)

Figure 5.1. Densities (ρ) at 298 K and 1 bar as functions of the electrolyte
concentrations (C) for (a) NaOH, (b) KOH. Four different OH– force fields
are considered (FF1-FF4) and compared to experimental fits (shown as
lines) of Olsson [345] (for NaOH), and Gillam [114, 310] (for KOH). The
different parameters used for all the force fields are listed in Table 5.2.

with qOH = −0.75 show a much better agreement with the experimental
fit. The findings of the Madrid-Transport model for aqueous NaCl and KCl
solutions [111], also show that a scaled charge of 0.75 leads to better
predictions of transport properties (especially at concentrations above 4
mol/kg salt) compared to a scaled charge of 0.85. Overall, the FF1 model
shows the best agreement with the experimental viscosities and densities.
For this reason, only the results of the FF1 model will be used and
discussed further in this chapter.

The RDFs for the anion−OW (O of water) and cation −OW are shown
in Figure 5.3. The RDFs for the anion-anion, anion-cation, and
cation-cations are shown in Figure S3 of the Supporting Information of
Ref. [47]. Based on the RDFs, the hydration numbers (nhyd) are calculated
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(a) (b)

Figure 5.2. Dynamic viscosities (η) at 298 K and 1 bar as functions of the
electrolyte concentrations (C) for (a) NaOH, and (b) KOH. Four different
OH– force fields are considered (FF1-FF4) and compared to experimental
fits (shown as lines) of Olsson [345](for NaOH), and Guo [346] (for KOH).
The different parameters used for all the force fields are listed in Table 5.2.

using [47, 103]

nhyd = 4πρw

∫ rmin

0
gw(r)r2dr (5.1)

where gw is the anion/cation−OW RDF, r is the radial distance, rmin is the
position of the first minimum in the RDF, and ρw is the number density
of water in the solution. Our results show a first peak at approx. 2.13
and 2.79 Å for Na+−OW and K+−OW, respectively. The cation hydration
numbers are 4.9 and 7.2 for Na+ and K+, respectively, at a molality of 5
mol/kg (corresponding to a molarity of 4.98 mol/L for NaOH, and 4.68
mol/L for KOH). Crystallization of ions is not observed for all our MD
simulations of 10-50 ns based on the RDFs. Experimental and simulation
results in literature suggest a first RDF peak at approx. 2.4-2.5 Å [326,
337, 340] for Na+−OW and a peak at approx. 2.7-2.8 Å for K+−OW [338].
The reported hydration numbers (in the first shell) are in the range of 4-8
and 6-8 for Na+ and K+, respectively [347]. For OH– , the results show
a first peak at approx. 2.75 Å for OH–−OW, with hydration numbers of
4.8 and 5.9 for KOH and NaOH, respectively, at a molality of 5 mol/kg.
Other molecular simulations in literature report a first peak ranging from
2.3Å to 2.7Å for the first OH–−OW peak [326, 337, 340]. The combined
Car-Parrinello MD and x-ray diffraction studies of Megyes et al. for
aqueous NaOH report a OH–−OW distance ranging from 2.65Å to 2.70Å,
with hydration numbers ranging from 3 to 5 [326]. Overall, our force field
results show agreement with other studies, albeit slightly over-predicting
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Figure 5.3. Radial distribution functions (g(r)) for (a) O(KOH)−Ow (O of
water) and O(NaOH)−Ow, and (b) K+(KOH)−Ow and Na+(NaOH)−Ow, as
a function of radial distance r (Å), at 298 K, 1 bar, and a concentration
of 5 mol/kg (corresponding to a molarity of 4.98 mol/L for NaOH, and
4.68 mol/L for KOH). The FF1 OH– model, in combination with the
TIP4P/2005 water model [100], and the Madrid-Transport Na+, and K+

models [111] are used for the MD simulations.

the first OH–−OW peak and the hydration.
The self-diffusivities of NaOH and KOH are listed in Table 5.3. Even

though for Na+ and K+ the self-diffusivities at infinite dilution are close,
this is not the case for OH– (underestimated by a factor ca. 5). For
reasonable values of σOO, εOO, and qO, we could not obtain OH–

self-diffusivities close to the values reported by experiments [348] without
causing significant deviations from experimental densities and viscosities.
This result is expected as classical OH– models cannot capture the details
of the solvation of OH– in water and the proton transfer mechanism, which
lead to anomalously high OH– mobilities as discussed by Tuckerman
et al. [87, 88]. As such, our model, similarly to other classical force
fields, is not suitable for predicting OH– diffusivities of NaOH and KOH.
Since electrical conductivities vastly depend on the mobility of the OH–

ions in the solution, the new OH– model presented here is unable to
accurately predict electrical conductivities of aqueous NaOH and KOH
solutions. Although our classical force field cannot capture the proton
transfer mechanism, it can correctly predict the dynamic viscosities of the
electrolyte solutions. As the aim of this study is to study the transport
properties and solubilities of H2 and O2 gas in aqueous NaOH and KOH
electrolytes, correct predictions of densities and viscosities are sufficient.
Developing an OH– force field by taking into account the proton transfer
mechanism and accurate OH– mobilities is beyond the scope of this
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Table 5.3. Finite size corrected (using Equation 4.3) self-diffusivities (in
units of 10−9m2s−1) of cations (Dction) (Na+, K+), and OH– (DOH− ) at
different molalities of 1.99 and 0.48 mol/kg calculated using MD. A
comparison is made with experimental diffusion coefficients at infinite
dilution of ions [348]. The FF1 OH– model, in combination with the
TIP4P/2005 water model [100], and the Madrid-Transport Na+, and K+

models [111] are used for the MD simulations.
Dction/[10−9m2s−1] DOH− /[10−9m2s−1]

MD Expt MD Expt
Molality (mol/kg) 1.99 0.48 0 1.99 0.48 0

NaOH 1.02 1.36 1.33 0.90 1.17 5.27
KOH 1.59 1.95 1.96 1.09 1.23 5.27

chapter as quantum mechanical based force fields will be required.

5.3.2. Densities and viscosities
It is important that the NaOH and KOH models (FF1 OH– model, and the
Madrid-Transport models of Na+, and K+ [111]) can accurately predict the
temperature-dependence of densities and viscosities. Figure 5.4 shows
the densities and viscosities at different temperatures for both NaOH and
KOH solutions. The agreement between MD simulations and experimental
fits is excellent for aqueous KOH. For aqueous NaOH solutions, the results
of densities are overestimated by ca. 2% and for dynamic viscosities
by ca. 20% at the highest concentration (molality 8 mol/kg). Despite
this, the trends of densities and viscosities for variations of electrolyte
concentration and temperature are well-predicted by the MD simulations
using the new force fields. Densities and viscosities show a much weaker
dependence on pressure (in the range of 1 to 100 bar) compared to
temperature (in the range of 298 to 353 K) due to the incompressibility of
the liquid phase. The variations of densities and viscosities as a function
of pressure are shown in Figure S4 of the Supporting Information of
Ref. [47].

5.3.3. Self-diffusivities of H2 and O2
The finite size corrected self-diffusivities (using Equation 4.3) of H2 and O2
in aqueous NaOH and KOH solutions calculated using MD simulations at
various temperatures are shown in Figure 5.5. The results obtained by our
MD simulations for the KOH solution are compared to the experimental
data of Tham et al. [324, 349] at different temperatures, i.e, 298 K, 333
K, and 353 K. For H2 self-diffusivities, our results are in quantitative
agreement with the results of Tham et al. [324, 349] The increase in
H2 and O2 diffusivities at higher temperatures are well-predicted. These
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(a) (b)

(c) (d)

Figure 5.4. Densities (ρ) (a)-(b) and dynamic viscosities (η) (c)-(d) as
functions of concentrations (C in units of mol salt / L solution) for
aqueous NaOH (a)-(c) and KOH (b)-(d) at 1 bar. The simulations results
at temperatures 298 (red), 323 (green), 333 (blue), 343 (black), and 353
(purple) K are shown. The lines represent experimental correlations.
For densities, the Olsson [345] and Gilliam correlations [114] at 298
(red) and 353 (purple) K are shown. For viscosities, the Olsson [345]
(NaOH) and Guo [346] (KOH) correlations are plotted for all temperatures
with the same color scheme as the simulation points. The FF1 OH–

model, in combination with the TIP4P/2005 water model [100], and
the Madrid-Transport Na+, and K+ models [111] is used for the MD
simulations.
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(a) (b)

(c) (d)

Figure 5.5. H2 (a)-(c) and O2 (b)-(d) self-diffusivities (D) as functions of
KOH (a)-(b) and NaOH (c)-(d) concentrations (C) at different temperatures
(298, 333, and 353) K at 1 bar. For diffusivities of H2 and O2 in the KOH
solution, the experimental data of Tham et al. [324, 349] at 298 (red),
333 (blue), and 353 K (purple) are fitted using Equation 5.4 and shown
in (a) and (b) as lines. The fitting coefficients of these data are shown in
Table 5.4. The experimental diffusivities of O2 in NaOH solution at 296 K
(black) provided by Zhang et al. [15] are plotted as points. The FF1 OH–

model, in combination with the TIP4P/2005 water model [100], the Bohn
O2 model [342], the Vrabec H2 model [90], and the Madrid-Transport Na+,
and K+ models [111] is used for the MD simulations.
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Table 5.4. Fitting parameters for Equation 5.2 for H2 and O2 self-
diffusivities in aqueous NaOH and KOH solutions. The values for 0 (in
units of 10−11m2/s), 1 (in units of 10−12m2/s(L/mol)), 2 (in units
of 10−13m2/s(L/mol)2), 3 (in units of 10−14m2/s(L/mol)3), and 4 (in
units of 10−2K−1) are shown for both the MD simulations obtained in this
chapter (range of validity: 0-8 mol/L, 298-353 K), and the experimental
work of Tham et al. [324] (at 298, 333, and 353 K) for H2 and O2 diffusion
in KOH solutions (range of validity: 0-14 mol/L). The FF1 OH– model,
in combination with the TIP4P/2005 water model [100], the Bohn O2
model [342], the Vrabec H2 model [90], and the Madrid-Transport Na+,
and K+ models [111] is used for the MD simulations.

0 1 2 3 4
H2−KOH (Expt) 0.4066 -0.5903 0.4748 -0.1421 2.288
O2−KOH (Expt) 0.2625 -0.5124 0.4345 -0.1278 2.201
H2−KOH (MD) 3.844 -5.006 3.686 -1.511 1.606
O2−KOH (MD) 1.511 -2.092 2.483 -1.743 1.701
H2−NaOH (MD) 3.344 -5.725 4.649 -2.103 1.648
O2−NaOH (MD) 1.313 -2.105 1.604 -0.7482 1.743

trends are linked to the decrease of the dynamic viscosities of the
solutions, which the MD simulations capture correctly. In our simulations
for O2, the decay in the self-diffusivities with respect to variations of KOH
concentrations are underpredicted with respect to the experimental data.
Zhang et al. [15] report experimental O2 diffusivities in aqueous NaOH
at 296 K. Although the results of Zhang et al. [15] for O2 diffusivity at
1 mol/L NaOH is in agreement to ours, at 2 mol/L their results show a
sharp decrease of the O2 diffusivities by approximately a factor 1/3 with
respect to diffusivities at 1 mol/L NaOH [15]. This sharp decline is not
observed in our calculations. However, the current force field models have
managed to qualitatively predict the trends for a wide concentration (0-8
mol/kg) and temperature (298-353 K) range. For H2 self-diffusivities in
aqueous NaOH no experimental data at these different temperatures are
found. Thus, our simulations serve as a first prediction for these data.

The simulations results (at 298, 323, 333, 343, 353 K) in this chapter
(shown in Figure S5 of the Supporting Information of Ref. [47]), and the
experimental data of Tham et al. (at 298, 333 and 353 K) [324, 349] are
fitted to an engineering equation:

D = (0 + 1C + 2C
2 + 3C

3)exp [4T] (5.2)

where D is the self-diffusivity of H2 and O2 in NaOH and KOH solutions,
0 − 4 are fitting constants, C is the electrolyte concentration (in mol/L),
and T is the temperature (in K). All fitting parameters for H2 and O2 in
the aqueous NaOH and KOH solutions are listed in Table 5.4. Equation
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5.2 provides an excellent fit for both the simulation results found in this
chapter and the experimental data of Tham et al. [324] as shown in Figure
S5 of the Supporting Information of Ref. [47].

5.3.4. Solubilities of H2 and O2
In Figure 5.6, the H2 and O2 solubilities obtained using CFCMC
calculations are shown as functions of NaOH and KOH concentrations. In
this figure, only the results at 298 K and 333 K are shown as solubilities
(especially at higher electrolyte concentrations) vary only weakly in the
temperature range of 298-353 K. The solubilities of H2 and O2 at 298,
323, 333, 343, and 353 K are shown in Figure S7 of the Supporting
Information of Ref. [47].

As a comparison the experimental data provided by Walker et al. [349]
on the solubilities of H2 and O2 in aqueous KOH are fitted and plotted
in Figure 5.6(a)-(b). This experimental data are also in agreement with
the experiments of Davis et al. [351] for O2 solubilities (at 298 and 333 K)
and with the Sechenov model [292]. The Sechenov model [350] (with the
parameters provided by Weisenberger et al. [292]) is an empirical model,
which predicts the salting out effect [352, 353] at different temperatures
(273-363 K) and electrolyte concentrations [292]. For NaOH, our data
are compared to the Sechenov model as direct experimental data at
these two temperatures are not available. Zhang et al. [15] report
solubilities of O2 in aqueous NaOH at 296 K. Our simulations show
agreement with data and experimental fits for both H2 and O2. Both the
salting out phenomena and the temperature trends are captured by our
simulations. At low electrolyte concentrations (below 2 mol/L), increasing
the temperature from 298 to 333 K leads to slightly lower H2 and O2
solubilities. At higher molarities, the solubilities become less dependent
on the temperature and the concentration of the salts dominate the
solubilities. The simulations results and experimental data of Walker et
al. [349] for H2 and O2 solubilities in aqueous KOH and NaOH are fitted to
a Sechenov-based [292] engineering equation:

ln
�

SG

SG,0

�

= (ƒ0 + ƒ1T)C (5.3)

where SG and SG,0 are the solubility of the gas in the electrolyte and pure
water at 1 bar, respectively. ƒ0 − ƒ1 are fitting constants. The temperature
dependence of the parameter CG,0 can be fitted as:

SG,0 = ƒ2 + ƒ3T + ƒ4T
2 (5.4)

where ƒ2 − ƒ4 are additional fitting parameters. The optimized fitting
parameters for MC simulations in this chapter and the experimental data
of Walker et al. for H2 and O2 solubilities are shown in Table 5.5. Equation
5.3 provides an excellent fit for both the simulation results found in this
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(a) (b)

(c) (d)

Figure 5.6. H2 (a)-(c) and O2 (b)-(d) solubilities (S) as functions of KOH
(a)-(b) and NaOH (c)-(d) concentrations (C) at different temperatures of
298, and 333 K at H2 and O2 partial pressures of 1 bar. For solubilities of
H2 and O2 in KOH solutions, the experimental data of Walker et al. [349]
at 298 (red), and 333 K (blue) is fitted using Equation 5.3 and shown
in (a) and (b) as lines. The fitting coefficients are shown in Table 5.5.
For H2 and O2 solubilities in NaOH solutions, the Sechenov model [292,
350](using the parameters provided by Weisenberger et al. [292]), and
the experimental solubilities in pure water [349] are used to obtain the
experimental fits, which are shown as lines. The FF1 OH– model,
in combination with the TIP4P/2005 water model [100], the Bohn O2
model [342], the Marx H2 model [91], and the Madrid-Transport Na+, and
K+ models [111] is used for the MC simulations.
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Table 5.5. Fitting parameters for Equation 5.3 for the H2 and O2 solubilities
(mol/L) in NaOH and KOH solution. The values for ƒ0 (10−1(L/mol)),
ƒ1 (10−4(L/mol)K−1), ƒ2 (10−3(mol/L)), ƒ3 (10−5(mol/L)K−1), and ƒ4
(10−8(mol/L)K−1) are shown for both the MC simulations obtained in this
chapter (range of validity: 0-8 mol/L, 298-353 K), and the experimental
work of Walker et al. [349] (at 298, 333, and 353 K) for H2 and O2
solubilities in KOH solutions (range of validity: 0-14 mol/L). The FF1 OH–

model, in combination with the TIP4P/2005 water model [100], the Bohn
O2 model [342], the Marx H2 model [91], and the Madrid-Transport Na+,
and K+ models [111] is used for the MC simulations.

ƒ0 ƒ1 ƒ2 ƒ3 ƒ4
H2−KOH (Expt) -1.944 -3.167 9.517 -5.337 8.078
O2−KOH (Expt) -5.712 5.854 16.961 -8.993 12.494
H2−KOH (MC) -5.468 10.077 4.874 -2.526 3.773
O2−KOH (MC) -5.670 8.889 13.935 -7.331 10.218
H2−NaOH (MC) -4.749 7.241 4.874 -2.526 3.773
O2−NaOH (MC) -4.093 4.057 13.935 -7.331 10.218

chapter and the experimental data present in the literature, as shown in
Figure S7 of the Supporting Information of Ref. [47].

5.4. Conclusions
The self-diffusivities and solubilities of H2 and O2 in aqueous NaOH and
KOH solutions are modelled using MD and CFCMC simulations. A new
two-site non-polarizable OH– force field (FF1 model) is proposed with a
scaled charge of -0.75, which matches with the TIP4P/2005 water and the
Madrid-Transport models for Na+ and K+. Although our classical force
field cannot capture the proton transfer mechanism, which influences the
OH– diffusivities, it can predict the densities, dynamic viscosities and the
salting out of H2 and O2 in aqueous NaOH and KOH solutions. Excellent
agreement is observed between simulation and experimental data for both
densities and dynamic viscosities of NaOH and KOH for a concentration
range of 0-6 mol/kg and a temperature range of 298-353 K. This model
is used to generate self-diffusivity and solubility data for H2 and O2 in
aqueous NaOH and KOH solutions for a temperature range of 298-353 K
and a concentration range of 0-8 mol/kg. The computed data and existing
experimental results are used to fit engineering equations. The obtained
data and engineering equations can be used for process modelling and
optimizing electrolyzers and fuel cells.
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6.1. Introduction
Aqueous borate ions are of relevance to a wide array of industrial
applications ranging from nuclear electric power to flame retardants [355–
360]. The potential use of NaBH4 for H2 storage in applications such
as maritime shipping, due to its high gravimetric capacity of 10.7
wt%, [120–122, 361–368] has increased the interest for aqueous borate
ion chemistry. The hydrolysis reaction of NaBH4 produces H2 and sodium
metaborate (NaBO2) according to [369, 370]:

NBH4 + 2H2O −−→ NBO2 + 4H2 (R1)

Sodium metaborate dissolves in water forming aqueous NaB(OH)4 [370–
372]:

NBO2 + 2H2O −−→ N+(q) + B(OH)4−(q) (R2)

Other hydroxyl-hydrate borates such as B(OH)3 and B3O3(OH)4 – can also
be present in the aqueous phase [370, 371, 373, 374], however, previous
experimental and theoretical studies of aqueous NaBO2 solutions suggest
that more than 95% of borate ions in water are in the form of B(OH)–

4 [371,
373]. Aqueous B(OH)–

4 ions are also formed when boric acid (H3BO3),
which acts as a Lewis acid, dissolves in water [375–377]. The dissolution
of borates in water is discussed in detail in Refs. [373–375, 378]. In this
chapter, only hydroxyl-hydrate borate ions of B(OH)–

4 are considered.
The solubility limit of NaBO2 at 298 K is 4.25 mol NaBO2/kg water [379–

381], which corresponds to a solubility of 5.02 mol NaB(OH)4/kg water.
At the solubility limit (at 298 K), the viscosity of the aqueous NaB(OH)4
solution is ca. 6 times higher than that of pure water [372]. The
presence of NaB(OH)4 has a significant influence on the thermophysical
properties (e.g., ionic conductivities, viscosities, and densities) of the
solution [372] and influences the reaction rates of NaBH4 hydrolysis [382–
384]. Uncontrolled crystallization of NaB(OH)4 is one of the major concerns
in NaBH4 hydrolysis reactors [380, 385, 386]. Detailed knowledge of the
thermophysical properties of aqueous NaB(OH)4 will help in modelling the
crystallization rates and the design of NaBH4 hydrolysis reactors.

The densities, viscosities, and ionic conductivities of aqueous NaB(OH)4
solutions (0-5 mol NaB(OH)4/kg water) at 298 K and 323 K have been
measured experimentally by Zhou et al. [372]. To the best of our
knowledge, thermophysical properties of aqueous NaB(OH)4 solutions
at temperatures higher than 323 K are not available, despite being
relevant for NaBH4 hydrolysis reactors, which usually operate at 298-363
K [387–389]. Data on the solubilities of H2 and the self-diffusivities of H2,
Na+, and B(OH)–

4 in NaB(OH)4 solutions are also not available, even though
H2 mass transfer [382] and NaB(OH)4 crystallization [380, 385, 386] are
crucial for optimizing the performance of NaBH4 hydrolysis reactors. MD
and MC simulations, provide a complementary approach to experiments
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for investigating thermophysical properties that are difficult to measure
experimentally [47, 48, 109, 390, 391] (i.e., self-diffusivities of ions and
H2) at elevated temperatures (ca. 353 K) and salt molalities (ca. 5 mol
NaB(OH)4/kg water). MD or MC simulations of aqueous NaB(OH)4 require
force fields that are either based on ab-initio calculations or parameterized
based on existing experiments [49, 50]. Zhou et al. [371] have used
ab-initio simulations and empirical potential structure refinement (EPSR)
to investigate the structure and hydration of aqueous NaB(OH)4. The
EPSR potential of Zhou et al. [371] can accurately model RDFs and
the hydration numbers of the ions, however, it is not parameterized
for viscosities and ionic conductivities of the solution. In fact, despite
the significant influence of the NaB(OH)4 concentration on the transport
properties of the solution [372], no attempts have been made to develop a
classical B(OH)–

4 force field that can describe and predict the densities,
viscosities, and ionic conductivities of NaB(OH)4 solutions.

We propose a new classical force field for B(OH)–
4 (the so-called Delft

Force Field for B(OH)–
4 , which is going to be referred to hereafter as

DFF/B(OH)–
4 ), which combined with the TIP4P/2005 water model [100]

and the Madrid-2019 Na+ model [103] can accurately model densities and
viscosities of NaB(OH)4 solutions with a maximum deviation of 2.5% from
experimental results up to the solubility limit at 298 K. B(OH)–

4 is modelled
as a tetrahedral structure with a scaled charge of −0.85. The OH group in
B(OH)–

4 is modelled as a single interaction site. DFF/B(OH)–
4 is an addition

to the Delft Force Field family (see DFF/OH– [47]). The computed ionic
conductivities of aqueous NaB(OH)4 solutions using DFF/B(OH)–

4 at 298 K
and 323 K are within 10% of available experimental data. The densities,
viscosities, and self-diffusivities of H2, Na+, and B(OH)–

4 in aqueous
NaB(OH)4 solutions at 298-353 K and 0-5 mol NaB(OH)4/kg water are
computed using MD simulations. The solubilities of H2 and activities
of water in aqueous NaB(OH)4 solution for the same temperature and
concentration range are computed using CFCMC [248–250] simulations.
To allow for simple extraction of the computed properties, engineering
equations are developed by us [47, 48]. All the computed viscosities,
self-diffusivities for H2, Na+, and B(OH)–

4 , and the solubilities of H2
are fitted to empirical equations, which can be used to model NaBH4
hydrolysis reactors.

This chapter is organized as follows: In section 6.2, the force fields
used for H2O, Na+, and H2 are presented, and the details for the MD and
CFCMC simulations [248–250] are explained. In section 6.3.1, a force field
for B(OH)–

4 is developed based on experimental densities, viscosities, and
RDFs of aqueous NaB(OH)4 at 298 K and 1 bar. The computed densities
and viscosities for a temperature range of 298-353 K are discussed in
section 6.3.2. The ionic conductivities and the self-diffusivities of ions are
reported in section 6.3.3. The self-diffusivities of H2, solubilities of H2,
and activities of water in aqueous NaB(OH)4 solutions are discussed in
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sections 6.3.4 and 6.3.5. Our conclusions are outlined in section 6.4.

6.2. Methodology
6.2.1. Force fields
H2O is modelled using the four-site rigid TIP4P/2005 [100] force field.
For Na+ ions, the Madrid-2019 [103] and Madrid-Transport [111] force
fields are used. The three-site Marx [91] model is used for computing the
H2 solubilities and self-diffusion coefficients. A cutoff radius of 10 Å is
used for LJ and the real space contribution of electrostatic interactions.
Analytic tail corrections for the LJ interactions are applied for computing
energies and pressures. The B(OH)4 – force field is developed in this
chapter and is discussed in section 6.3.1. All force field parameters for
H2O, Na+, and H2 are listed in Appendix A.2. All molecules are considered
rigid. The Lorentz-Berthelot mixing rules [49, 50] are used, with the
exception of [N+ /B(OH)4− −H2O] LJ interactions as specified in Table 6.1
and in Table A.3.

6.2.2. MD simulations
MD simulations are carried out using LAMMPS (version August, 2018) [59]
and the same methodology used in Section 4.2.4 is used to perform MD
simulations and compute transport properties. The OCTP plugin [53] is
used to compute RDFs, self-diffusion coefficients of all species (i.e., H2O,
Na+, B(OH)4 – , and H2), Onsager coefficients [392], and the viscosities of
the solutions using Einstein relations. For all details of the OCTP plugin
the reader is referred to Ref. [53]. For each state point (temperature,
pressure, and salt molality), the volume of the simulation box is obtained
using a 5 ns equilibration run (NPT ensemble) and a consequent 5 ns
production run (NPT ensemble), in which the average volume is computed.
The averaged volume computed in NPT simulations is used in subsequent
NVT simulations to compute transport properties and RDFs. In the NVT
ensemble, an equilibration run of 1 ns, and a production run of 20-50 ns
is used. All self-diffusivities shown here are corrected for finite size effects
using the Yeh-Hummer equation [265–267, 343]. The ionic conductivities
(κ) in this chapter are computed using the Einstein-Helfand relation [393]:

κ =
e2N

VkBT

∑

,j

zzjΛj (6.1)

where e is the elementary charge, N is the total number of molecules, V
is the volume of the simulation box, kB is the Boltzmann factor, and T
is the absolute temperature. z and zj are the charges of ions of type 
and j, respectively. It is important to note that z represents the ionic
charge of the component, e.g., for Na+ it would be 1. This means that if
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scaled charges are used in the force field, z remains unaffected. Λj is the
Onsager coefficient between ions of type  and j [295, 394, 395], which is
defined here as [392]:

Λj =
1

N
lim
t→∞

1

6t

�� N
∑

k=1

Nj
∑

=1

[rk,(t) − rk,(0)] · [r,j(t) − r,j(0)]
��

(6.2)

where t is time, N is the number of ions of type , Nj is the number of ions
of type j, and rk,(t) is the position vector of the k−th ion of type  at time t.
The exact ionic conductivities including ion-ion correlations, are computed
using Eq. 6.1. For dilute electrolyte solutions, the ionic conductivities
can be approximated using the Nernst-Einstein (NE) equation (κNE), which
neglects ion-ion correlations [396]:

κNE =
e2

VkBT

∑



Nz
2

D (6.3)

where D is the self-diffusivity of ion .
MD simulations are carried out in systems consisting of 1000 H2O

molecules and 0 – 90 Na+ and B(OH)4 – ions, depending on the molality.
2 H2 molecules are added to these systems to compute self-diffusivities
of H2 in aqueous NaB(OH)4 solutions. The exact number of species used
for every state point is provided in Table S4 of the Supporting Information
of Ref. [354]. The simulations are carried out at 298 K, 323 K, 343 K,
and 353 K and 1 bar. For each temperature and molality, 5 independent
simulations are carried out each starting with a different set of initial
velocities. Based on these 5 independent simulations a mean and a
standard deviation for densities, viscosities, self-diffusivities, and ionic
conductivities are obtained. All initial configurations are created using
the PACKMOL software (v20.3.1) [259]. All the raw data for densities,
viscosities, and self-diffusivities of H2, Na+, and B(OH)–

4 in aqueous
NaB(OH)4 solutions are listed in Table S6 of the Supporting Information of
Ref. [354]. The DelftBlue supercomputer [397] is used for performing MD
simulations.

6.2.3. CFCMC simulations
The solubilities in this chapter are calculated using the same approach
described in Section 4.2.5, with the exception that 5 × 105 equilibration
cycles are carried out followed by 1.5× 106 production cycles. The activity
coefficient of H2O (γm) at a molality m of NaB(OH)4 is computed using the
excess chemical potential of pure H2O (μexH2O,0

) and in solution (μexH2O,m
)

according to [398]:
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Figure 6.1. B(OH)–
4 is modelled as a rigid tetrahedral structure (OH – B – OH

angle of 109.5 degrees) with a single interaction site for OH. The B – (OH)
bond length in this model equals 1.49 Å, which is the computed bond
length between B – O reported in a prior Density Functional Theory study
of aqueous NaB(OH)4 by Zhou et al. [371]. iRASPA is used for this
visualization [37].

γm =
〈ρw〉

w〈ρw,0〉
exp

�

μexH2O,m
− μexH2O,0

kBT

�

(6.4)

where 〈ρw〉 and 〈ρw,0〉 are the number density of H2O molecules in a
solution with a molality m NaB(OH)4 and in the pure H2O solution,
respectively. w is the mole fraction of H2O in the aqueous solution.
μexH2O,m

and μexH2O,0
are the excess chemical potentials of H2O in a solution

with a molality m NaB(OH)4 and in the pure H2O solution, respectively.
The activity of water (w) can be computed by multiplying the activity
coefficient and mole fraction of water, i.e., w = γm × w. To compute
[μexH2O,m

− μexH2O,0
] accurately, long simulations are required [106]. For

each state point (concentration, temperature, pressure), 100 independent
simulations are performed. The final Boltzmann probability distributions
of λ are averaged in blocks of 20 simulations to obtain 5 independent
averaged distributions. For all averaged distributions, the excess chemical
potentials, activities of H2O, and solubilities of H2 are calculated to obtain
a mean value and the standard deviation of the 5 independent blocks. All
the raw data for excess chemical potentials of H2 and H2O, the solubilities
of H2, and the activities of H2O in aqueous NaB(OH)4 solutions are listed
in Table S7 of the Supporting Information of Ref. [354].
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6.3. Results and discussion
6.3.1. B(OH) –

4 force field development
To compute the diffusivities of H2 and ions (Na+, B(OH)–

4 ) in aqueous
NaB(OH)4 solutions, a force field for B(OH)4 – is required, which can
accurately model the densities and viscosities of the solution. To the best
of our knowledge, no B(OH)–

4 force field is available for this purpose. In
this chapter, the OH group of B(OH)–

4 is modelled using a single interaction
site (i.e., H is modelled implicitly, contrary to the DFF/OH– model in
which O and H are two distinct sites [47]). B(OH)–

4 is a tetrahedral
structure with B in the center (OH – B – OH angle of 109.5 degrees), as
shown in Figure 6.1. The bond length between B and OH is set to 1.49 Å,
which equals the bond length between B and O reported in a prior Density
Functional Theory study of aqueous NaB(OH)4 [371].

This B(OH)–
4 force field is parameterized based on the TIP4P/2005 water

model [100]. There are two distinct interaction sites in B(OH)–
4 (i.e, (OH)δ−

and Bδ+ ) and the total charge is equal to qB(OH)4 = qB+ 4× q(OH). The total
charge of B(OH)–

4 matches the charge of Na+ such that qB(OH)4 + qN = 0.
The B atom in B(OH)4 is not a LJ site as it is surrounded by four
OH groups. Two different Na+ models are considered, i.e., the Madrid-
2019 [103] (qN = 0.85) and the Madrid-Transport (qN = 0.75). For each
Na+ model, ca. 900 different B(OH)–

4 models are created with varying LJ
parameters for the OH group and charge distributions (i.e., different values
of qB and qOH). As shown in Figure S1 of the Supporting Information of
Ref. [354], for all these models the deviation of computed density versus
the experimental density is evaluated at 5 mol NaB(OH)4/kg water at
298 K and 1 bar. Based on these simulations, four different versions of
the B(OH)–

4 force field are probed (e.g., V1-V4) and listed in Table 6.1,
which accurately model experimental densities with a maximum deviation
of 2.5%. Different charge distributions (i.e., q(OH) and qB) are used for
the V1-V4 models. These different charge distributions are probed to
investigate which B(OH)–

4 model can accurately model both the densities
and viscosities of aqueous NaB(OH)4 solutions. V1, V2, and V4 have a
total charge of −0.85 and are based on the Madrid-2019 Na+ model [103].
V3 has a total charge of −0.75 and is combined with the Madrid-Transport
Na+ model [111]. Details of the four different versions of the B(OH)–

4 model
during the force field development phase are listed in Table 6.1.

Figure 6.2 shows the computed densities and viscosities as functions
of the NaB(OH)4 molality for the V1-V4 models at 298 K and 1 bar. The
experimental data of Zhou et al. [372] at the same conditions are also
shown in Figure 6.2 as dashed lines. Based on Table 6.1, it can be
observed that B(OH)–

4 models with larger absolute values of qOH and qB
(comparison between V1, V2, and V4) require larger values of σ(OH)(OH)
and σ(OH)(Ow) to reach similar densities as shown in Figure 6.2(a). Despite
the accurate density predictions of all models, the viscosities of the V1-V4
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Table 6.1. Force field parameters for B(OH)4 – . OH is modelled as a single
site with a charge of qOH. The B atom has a charge of qB and is not
a LJ site as it is surrounded by four OH. qB(OH)4 is the total charge
of B(OH)–

4 and is based on the scaled charges used in Madrid-2019
(0.85) [103] and Madrid-Transport (0.75) [111]. ε(OH)(OH) is the LJ energy
parameter for OH−OH interactions and is equal to ε(OH)(OH)/kB = 50.32
K. σ(OH)(OH) and σ(OH)Ow are the LJ size parameters for OH−OH and
OH−Ow (O of water) interactions. For all other LJ interactions with B(OH)–

4
the Lorentz-Berthelot mixing rules [49, 50] are used. The V4 model is
recommended as it leads to the best agreement with experimental densities
and viscosities of aqueous NaB(OH)4 solutions compared to the V1-V3
models. The parameters of the new DFF/B(OH)–

4 model are the ones of V4 ·
Model qOH / [e] qB / [e] qB(OH)4 / [e] σ(OH)(OH)/[Å] σ(OH)(Ow)/[Å]
V1 -0.65 1.75 -0.85 2.75 2.91
V2 -0.75 2.15 -0.85 2.85 2.96
V3 -0.85 2.65 -0.75 2.95 3.01
V4 -0.85 2.55 -0.85 2.95 3.01

models differ by more than 50 %. As shown in Figure 6.2(b), reducing the
absolute value of the charge on (OH)– (q(OH)) (comparison between V1, V2,
and V4) and/or the total charge on B(OH)–

4 (qB(OH)4 ) (comparison between
V3 and V4) leads to lower viscosities.

Overall, the V4 model with a charge scaling of 0.85 leads to optimal
agreement with experimentally measured viscosities at 298 K (within 2 %
deviation). Zeron et al. [103] have also shown that by applying a charge
scaling of 0.85 the viscosities of Na2SO4 and K2SO4 can be computed
accurately (less than 1% deviation from experiments). The recent works
by Blazquez et al. [111] and Habibi et al. [47] have shown that the 0.75
charge scaling is optimal for computing the viscosities of aqueous NaCl,
KCl, NaOH, and KOH solutions. This indicates that there is a different
optimal charge scaling for computing viscosities of electrolyte solutions,
depending on the system. Since the V4 model has the best agreement
with experimental densities and viscosities, the final parameters of the
DFF/B(OH)–

4 model are the ones of V4 (see Table 6.1).
The RDFs (g(r)) for B (B of B(OH)–

4 )−Ow (O of water), B−B, Na+−Ow,
and Na+−Na+ are shown in Figure 6.3. The first RDF peak for B−Ow
is at ca. 3.80 Å (Figure 6.3(a)). For Na+−Ow, a first peak at 2.31 Å is
found (Figure 6.3(b)). These results agree with the atomistic simulations
of aqueous NaB(OH)4 of Zhou et al. [371]. The authors indicated a first
peak of 3.72 Å and 2.34 Å for B−Ow and Na+−Ow, respectively. The first
hydration number (nhyd) of B and Na+ can be computed using Eq. 5.1.
The computed hydration numbers of B and Na+ at 5 mol NaB(OH)4 are
10.9 and 5.6, respectively. Zhou et al. [371] report hydration numbers
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(a) (b)

Figure 6.2. Computed (a) densities (ρ) and (b) viscosities (η) as functions
of NaB(OH)4 molality (m) at 298 K and 1 bar. The V1-V4 models (details
in Table 6.1) are combined with the TIP4P/2005 water model [100], and
the Madrid-2019 [103] and the Madrid-Transport [111] Na+ model. The
experimental correlation for densities and viscosities of Zhou et al. [372]
are shown as dashed lines.

in the ranges from 12.9-15.6 and 3.7-5.4 for B and Na+, respectively. A
prior diffraction study of aqueous NaB(OH)4 solutions by Zhou et al. [399]
reports hydration numbers in the ranges from 6-12 and 5.8-6.0 for B and
Na+, respectively. In general, the location of the computed first peaks
for RDFs of B−Ow and Na+−Ow are in excellent agreement with previous
works in literature [371, 399], while a reasonable agreement is found for
the hydration numbers of B and Na+ [371, 399]. These results for the
structure of aqueous NaB(OH)4 indicate that the hydrodynamic radius of
the B(OH)–

4 and Na+ are modelled reasonably and that no crystallization
occurred during the MD simulations.

From this section onwards, the DFF/B(OH)–
4 model is used to compute

densities, transport properties (e.g., viscosities, ionic conductivities),
solubilities of H2, and activities of water in aqueous NaB(OH)4 solutions.
The B(OH)–

4 model developed in this chapter may also be used to study
other systems such as aqueous KB(OH)4 or LiB(OH)4 systems, as K+ and
Li+ force fields have been developed in Madrid-2019 [103]. Studying the
performance of the B(OH)–

4 force field for different cations is beyond the
scope of this chapter.

6.3.2. Temperature dependence of viscosities and
densities

Figure 6.4 shows the temperature dependence of computed densities
and viscosities of aqueous NaB(OH)4 solutions at different molalities
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(a) (b)

Figure 6.3. Radial distribution functions (g(r)) for (a) B(B(OH)4 – )−Ow (O
of water) and B(B(OH)4 – )−B(B(OH)4 – ), and (b) Na+−Ow and Na+−Na+, as
a function of radial distance r (Å), at 298 K, 1 bar, and a concentration of
5 mol NaB(OH)4/kg water. The DFF/B(OH)–

4 model is used and combined
with the TIP4P/2005 [100] water and Madrid-2019 [103] Na+ force fields.

of NaB(OH)4. The densities and viscosities shown in Figure 6.4 are
computed from MD simulations using the DFF/B(OH)–

4 model of B(OH)–
4 ,

the TIP4P/2005 water model [100], and the Madrid-2019 Na+ model [103].
The experimental data of Zhou et al. [372] at 298 K and 323 K are also
plotted in Figure 6.4. As shown in Figure 6.4(a), the computed densities
in this chapter are in excellent agreement (within 2.5% deviation) with
the experimental results of Zhou et al. [372] for both temperatures. The
viscosities computed in this chapter at 298, 323, 333, 343, and 353 K are
fitted to an empirical correlation of the form:

η = η0 exp
�

A1m +
A2

T

�

(6.5)

where η0, A1, and A2 are fitting constants. The values of these fitting
constants are listed in Table 6.2. The results of this empirical correlation
are shown as solid lines in Figures 6.4(b) and 6.4(c). The viscosity of
pure water as a function of temperature is reproduced using Eq. 6.5 with
a maximum deviation of 10% for a temperature range of 298-353 K as
shown in Figure S2 of the Supporting Information of Ref. [354].

As shown in Figure 6.4 (b), the computed viscosities at 323 K agree with
the results of Zhou et al. [372]. The viscosities deviate by 2% up to a
molality of 3 mol NaB(OH)4/kg water, and by ca. 10% at a molality of 5
mol NaB(OH)4/kg water at 323 K. Overall, it can be concluded that the
MD simulations can accurately model both the densities and viscosities at
323 K even though the B(OH)–

4 force field is only fitted to data at 298 K.
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Table 6.2. Parameters of Eq. 6.5 for the computed viscosities of aqueous
NaB(OH)4 solutions. The viscosities are computed from MD simulations
using the DFF/B(OH)–

4 model combined with the TIP4P/2005 [100] water
and Madrid-2019 [103] Na+ force fields. These parameters are valid at a
concentration range of 0-5 mol NaB(OH)4 – /kg water at 298-353 K.

η0 / [mPa s] 1.018 × 10−3
A1 / [(molNB(OH)4 /kgH2O)

−1] 3.379 × 10−1

A2 / [K] 2.030 × 103

In Figure 6.4(c), an exponential increase in the viscosities is observed as
a function of the reciprocal temperature (η ∝ exp [A2/T]). This behavior
has also been observed in other experimental and simulation studies of
aqueous electrolyte solutions (e.g., NaCl, NaOH) [47, 48, 320, 321].

6.3.3. Ionic conductivities and self-diffusivities of ions
The computed ionic conductivities of aqueous NaB(OH)4 solutions are
shown in Figures 6.5(a) and (b). The finite size corrected [265, 270, 343]
self-diffusivities of Na+ and B(OH)–

4 in aqueous NaB(OH)4 solutions are
shown in Figures 6.5(c) and (d), respectively. The computed finite size
corrected self-diffusivities (Ds) of Na+ and B(OH)–

4 are fitted to an empirical
function with a functional form of

Ds = Ds,0 exp
�

−B1m −
B2

T

�

(6.6)

where Ds,0, B1, and B2 are fitting constants. m is the molality of NaB(OH)4
in units of mol NaB(OH)4/kg water and T is in units of K. The values of
these fitting constants for Na+ and B(OH)–

4 are listed in Table 6.3. The
results of the fitting equation are shown in Figures 6.5(c)-(d) as solid lines.
The experimentally measured infinite dilution diffusion coefficients at 298
K for Na+ and B(OH)–

4 are 1.33 × 10−9 m2/s and 0.96 × 10−9 m2/s,
respectively [103, 371]. The infinite dilution self-diffusivities at 298 K
obtained in this chapter by fitting the computed self-diffusivities (Ds,0) for
Na+ and B(OH)–

4 are 1.2× 10−9 m2/s and 0.94× 10−9 m2/s, respectively.
These values are in excellent agreement with the experimentally measured
infinite dilution diffusion coefficients for Na+ and B(OH)–

4 in water [103,
371].

In Figure 6.5(a), the ionic conductivities at 298 K computed using the
Nernst-Einstein approximation (Eq. 6.3) and the exact expression (Eq. 6.1)
are compared to the experimental results of Zhou et al. [372]. Consistent
with what is found for other aqueous electrolyte solutions [393, 396],
the NE equation overestimates ionic conductivities with respect to the
exact expression (Eq. 6.1). The ion-ion correlations, which are ignored
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(a) (b)

(c)

Figure 6.4. Computed (a) densities (ρ) and (b) viscosities (η) as functions
of molality m in units of mol NaB(OH)4/kg water at 298 K and 323 K at 1
bar. In (c), η is shown as a function of the reciprocal temperature (T−1) at
1 m, 3 m, and 5 m at 1 bar. The experimental densities and viscosities
of Zhou et al. [372] at 298 K and 323 K are shown in (a) and (b). The
dashed lines are the experimental fits for densities and viscosities based
on the results of Zhou et al. [372] The solid lines represent Eq. 6.5 based
on the parameters shown in Table 6.2. The densities and viscosities are
computed from MD simulations using the DFF/B(OH)–

4 model combined
with the TIP4P/2005 [100] water and Madrid-2019 [103] Na+ force fields.
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(a) (b)

(c) (d)

Figure 6.5. Computed ionic conductivities of aqueous NaB(OH)4 as
functions of NaB(OH)4 molality (m) are shown in (a) and (b). In (a) the ionic
conductivities computed using the exact (Eq. 6.1) and the Nernst-Einstein
(Eq. 6.3) equation at 298 K and 1 bar are shown. In (b), the computed
exact ionic conductivities are shown at 298 K and 323 K. The experimental
fit of Zhou et al. [372] for ionic conductivities at 298 K and 323 K are
shown in (a) and (b) as dashed lines. The computed finite size corrected
self-diffusivities of (c) Na+ (DN) and (d) B(OH)–

4 (DB(OH)4 ) are shown as
functions of m at 1 bar and different temperatures (298-353 K). The solid
lines represent Eq. 6.6 with the fitting parameters listed in Table 6.3.
The DFF/B(OH)–

4 model is used and combined with the TIP4P/2005 [100]
water and Madrid-2019 [103] Na+ force fields.
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Table 6.3. Parameters of Eq. 6.6 for the computed finite size corrected
self-diffusivities of Na+ and B(OH)–

4 in aqueous NaB(OH)4 solutions.The
finite size corrected self-diffusivities are computed from MD simulations
using the DFF/B(OH)–

4 model combined with the TIP4P/2005 [100] water
and Madrid-2019 [103] Na+ force fields. These parameters are valid at a
concentration range of 0-5 mol NaB(OH)4 – /kg water at 298-353 K.

B(OH)–
4 Na+

Ds,0 / [m2/s] 1.998 × 10−6 2.736 × 10−6
B1 / [(molNB(OH)4 /kgH2O)

−1] 2.820 × 10−1 2.642 × 10−1

B2 / [K] 2.283 × 103 2.303 × 103

in the Nernst-Einstein approximation and accounted for in the exact
expression, lower the ionic conductivities, and play an important role in
accurate predictions of ionic conductivities [396]. This is also observed
in literature for other systems such as aqueous NaCl [393, 396]. At
the limit of low NaB(OH)4 molalities (m → 0), the NE expression and
the exact expression (Eq. 6.1) are identical by definition. As shown
in Figure S3 of the Supporting Information of Ref. [354], this is not
the case for exact expression (Eq. 6.1) and the NE expression with
Yeh-Hummer corrected [265, 343] ionic diffusivities. At the limit of low
NaB(OH)4 molalities (m → 0), the exact expression (Eq. 6.1) is expected
to have the same finite size effects as the NE expression without the
Yeh-Hummer corrected diffusivities. As shown in Figure S3 of the
Supporting Information of Ref. [354] and briefly discussed in its caption,
the finite size effects of the exact ionic conductivities are within the error
bars of the values computed with MD simulations (ca. 10%). Thus, no
definite conclusion regarding the precise magnitude of these effects can
be made here. Also, the derivation of an analytic expression for correcting
the finite size effects of ionic conductivities computed using (Eq. 6.1) is
beyond the scope of this chapter.

In Figure 6.5(b), the exact ionic conductivities at 298 K and 323 K are
compared to the experimental results of Zhou et al. [372]. The computed
ionic conductivities initially increase as a function of salt molality and
then decline at higher concentrations. The initial increase in ionic
conductivities is due to the increase in the number of charge carriers,
while the subsequent decline is attributed to the increase in the viscosity
(and decrease in ion diffusivities) at higher salt molalities [393]. The
decrease in the self-diffusivities of Na+ and B(OH)–

4 as a function of salt
molality can be observed in Figures 6.5(c) and 6.5(d), respectively. Overall,
the infinite dilution diffusivities of the ions and the ionic conductivities
(and their temperature variations) are accurately modelled by the newly
fitted DFF/B(OH)–

4 force field developed here, despite the force field being
trained only on density, viscosity, and RDF data.
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(a) (b)

Figure 6.6. Self-diffusivities (D) of H2 as a function of (a) NaB(OH)4
molality (m in mol NaB(OH)4/kg water) and (b) reciprocal of temperature
(T−1 in K−1). The DFF/B(OH)–

4 model is used and combined with the
TIP4P/2005 [100] water, Madrid-2019 [103] Na+, and the Marx [91] H2
force fields. All self-diffusivities are corrected for finite size effects using
the Yeh-Hummer equation [265, 343].

6.3.4. Self-diffusivities of H2
The computed self-diffusivities of H2 (DH2 ) in aqueous NaB(OH)4 solutions
are shown in Figure 6.6. To the best of our knowledge, no experimental
data are available for diffusivities of H2 in aqueous NaB(OH)4 solutions.
Therefore, our simulations are the first predictions of this property. Similar
to the self-diffusivities of Na+ and B(OH)–

4 , the self-diffusivities of H2 are
fitted to Eq. 6.6. The fitting constants of Eq. 6.6 for the self-diffusivities of
H2 are listed in Table 6.4. This empirical correlation has also been used to
model the self-diffusivities of H2 in aqueous NaCl solutions [48] for a wide
range of temperatures (298-523 K) and concentrations (0-6 mol NaCl/kg
water). In Figure 6.6(a), an exponential decay of the self-diffusivities of
H2 as a function of NaB(OH)4 molalities is observed. This is consistent
with the increase of viscosities as a function of NaB(OH)4 molalities as
the self-diffusivities of gasses and viscosities of the solution are inversely
related [47, 48]. As shown in Figure 6.6(b), the self-diffusivities of H2 have
an Arrhenius relation with respect to the temperature (DH2 ∝ exp [−A/T]).
These findings are consistent with other simulations and experiments for
gas diffusion in aqueous solutions [47, 48].

6.3.5. Solubilities of H2 and activities of water
Figure 6.7 shows the computed solubilities of H2 and activities of water
in aqueous NaB(OH)4 solutions at 1 bar. The ratio between the solubility
of H2 (expressed as a mole fraction) in the aqueous solution over the
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(a) (b)

(c)

Figure 6.7. Computed (a)-(b) solubilities of H2 and (c) activities of water
(w) in aqueous NaB(OH)4 solutions at a H2 partial pressure of 1 bar. In
(a), the mole fractions of H2 in the solution at 298 K (H2 ) divided by the
computed H2 solubility in pure water (H2,0) are shown as functions of
concentration in units of mol salt/L solution. H2 /H2,0 of H2 in aqueous
NaCl, NaI, NaNO3, and NaClO4 is plotted in (a) using the correlations
provided by Weisenberger et al. [292]. The computed solubilities of H2
at 298 K, 323 K, and 353 K is shown as a function of molality (m) in
units of mol salt/kg water in (b). The computed solubilities are fitted
to an engineering equation (Eq. 6.7) and are shown as solid lines in (b).
The DFF/B(OH)–

4 model is used and combined with the TIP4P/2005 [100]
water, Madrid-2019 [103] Na+, and the Marx [91] H2 force fields. In (c),
the computed activities of water (w) are plotted as a function of m at 298
K and 353 K. The experimental activities of water at 298 K in aqueous
NaCl solutions are plotted in (c) using the correlation provided by Tang
et al. [400].
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Table 6.4. Parameters of Eq. 6.6 for the computed finite size corrected
self-diffusivities of H2 in aqueous NaB(OH)4 solutions. The finite size
corrected self-diffusivities of H2 are computed from MD simulations using
the DFF/B(OH)–

4 model combined with the TIP4P/2005 [100] water,
Madrid-2019 [103] Na+, and Marx [91] H2 force fields. These parameters
are valid for a concentration range of 0-5 mol NaB(OH)4 – /kg water at
298-353 K.

Ds,0 / [m2/s] 4.503 × 10−6
B1 / [(molNB(OH)4 /kgH2O)

−1] 2.240 × 10−1

B2 / [K] 2.084 × 103

computed solubility in pure water (H2 /H2,0) is plotted as a function of
NaB(OH)4 concentration in Figure 6.7(a). The reduction of H2 solubilities
in aqueous solutions due to addition of salts (i.e, salting-out effect)
is a well-established phenomenon [47, 48, 292]. To the best of our
knowledge, no experimental data are available for the solubilities of H2 in
aqueous NaB(OH)4 solutions. The salting-out of H2 in aqueous solutions
is commonly modelled using the Sechenov relation [292]. The Sechenov
relation and constants provided by Weisenberger et al. [292] are used in
this chapter to compute H2 /H2,0 for aqueous NaCl, NaI, NaNO3, and
NaClO4 as shown in Figure 6.7(a). Similarly to B(OH)–

4 , Cl– , I– , NO3
– , and

ClO4
– are monovalent and do not have a dipole moment. The computed

salting out of H2 in aqueous NaB(OH)4 solutions shown in Figure 6.7(a)
is in qualitative agreement with other aqueous electrolyte solutions and
in quantitative agreement with the salting out of H2 in aqueous NaCl
solutions.

All the computed solubilities of H2 (H2 ) at a H2 partial pressure of 1 bar
(298 K, 323 K, and 353 K) are fitted to an empirical equation inspired by
the Sechenov relation [292]:

ln
�

H2

H2,0

�

= (ƒ0 + ƒ1T)m (6.7)

where ƒ0 and ƒ1 are fitting constants. m is the molality of NaB(OH)4 in
units of mol NaB(OH)4 / kg water and T is in units of K. H2,0 is the
computed solubility of H2 in pure water at a H2 partial pressure of 1 bar
and is fitted to:

H2,0 = ƒ2 exp
�

ƒ3

T
+ ƒ4 ln(T)

�

(6.8)

where ƒ3, ƒ4, and ƒ5 are additional fitting parameters to capture the
temperature dependence of H2 solubilities in pure water. Eq. 6.8 is
also used by Young. [401] to model the experimental solubilities of H2
in water. The simulated solubilities of H2 in water using the Marx [91]
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Table 6.5. Parameters of Eqs. 6.7-6.8 for the computed solubilities of H2
in aqueous NaB(OH)4 solutions. The solubilities of H2 are computed from
CFCMC simulations using the DFF/B(OH)–

4 model combined with the
TIP4P/2005 [100] water, Madrid-2019 [103] Na+, and Marx [91] H2 force
fields. These parameters are valid for a concentration range of 0-5 mol
NaB(OH)4 – /kg water at 298-353 K.

ƒ0 / [(molNB(OH)4 /kgH2O)
−1] −5.473 × 10−1

ƒ1 / [(K moNB(OH)4 /kgH2O)
−1] 1.195 × 10−3

ƒ2 / [-] 5.844 × 10−5
ƒ3 / [K] −1.145 × 101
ƒ4 / [ln(K)] −2.624 × 10−1

H2 force field and the TIP4P/2005 water force field deviate by ca. 10%
from experimental solubilities [401]. The comparison of the experimental
H2 solubilities in water from 298-353 K with the solubility of Marx H2
force field in the TIP4P/2005 water model is discussed in more detail in
Refs. [47, 48]. All the fitting constants for Eqs. 6.7-6.8 are shown in Table
6.5. The results of Eq. 6.7 for the solubilities of H2 in aqueous NaB(OH)4
solutions at 298 K, 323 K, and 353 K are shown as solid lines in Figure
6.3.5(c).

The computed activities of water in aqueous NaB(OH)4 – solutions at
298 K and 353 K are compared to the activities of water in aqueous
NaCl solutions (based on the activity correlation of Tang et al. [400]) in
Figure 6.7(c). It can be observed that the computed activities of water
in this chapter are not strongly dependent on temperature. This is also
observed in other works for activities of water (in the liquid phase) in
aqueous NaCl solutions [402]. At lower salt molalities (below 3 mol
salt/ kg water), both NaB(OH)4 – and NaCl lead to similar changes to
the water activities. At higher salt molalities (5 mol salt/kg water), the
water activities start to deviate. Similar to the solubilities of H2, there are
no experimental values for the activities of water in aqueous NaB(OH)4
solutions. The values computed in this chapter can be used as a first
estimate for this property, to predict vapor pressures of water in aqueous
NaB(OH)4 solutions. All H2 solubilities and activities of water at 298 K,
323 K, and 353 K computed in this chapter are shown in Table S7 of the
Supporting Information of Ref. [354].
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6.4. Conclusions
In this chapter, the transport and thermodynamic properties of
H2/H2O/NaB(OH)4 mixtures are investigated. The Delft Force Field
for B(OH)–

4 (DFF/B(OH)–
4 ) is proposed and parameterized based on the

TIP4P/2005 water model [100] and the Madrid-2019 [103] Na+ models.
The combination of the DFF/B(OH)–

4 model with the Madrid-2019 [103]
Na+ model in TIP4P/2005 [100] water can accurately predict the densities
and viscosities of aqueous NaB(OH)4 solutions up to the solubility limit at
298 K with 2.5% deviation from experimental results. These force fields are
used to compute the viscosities, ionic conductivities, and self-diffusivities
of H2, Na+, and B(OH)–

4 for a concentration range of 0-5 mol NaB(OH)4/kg
water at 298-353 K and 1 bar. CFCMC simulations are used to compute
the solubilities of H2 and activities of water in NaB(OH)4 solutions in the
same temperature and concentration ranges as the MD simulations. The
salting-out of H2 in aqueous NaB(OH)4 solutions is observed similar to the
salting out of H2 in other aqueous electrolyte solutions. The viscosities,
self-diffusivities of the ions and H2, and the solubilities of H2 in aqueous
NaB(OH)4 solutions are fitted to engineering equations. These engineering
equations can be used for modelling the crystallization of NaB(OH)4 in the
aqueous solution and for designing NaBH4 hydrolysis reactors.

An interesting future outlook for expanding this chapter would be to
validate the performance of DFF/B(OH)–

4 for different cations and in
combination with other water force fields. Such a transferability check
may be important because although TIP4P/2005 can accurately model the
densities and transport coefficients of water, it is less accurate in capturing
properties such as the experimental saturated vapor pressures. [110]
When considering the Vapor Liquid Equilibrium of water/salt/H2 systems,
the hydrogen phase will contain a small amount of water [110]. A
recent modification of TIP4P/2005 was developed by Rahbari et al. [110]
(denoted here as TIP4P/μ). TIP4P/μ can accurately model the saturated
vapor pressures of water, and thus, it would be interesting to investigate
the performance of DFF/B(OH)–

4 + TIP4P/μ. Finally, a possible future
extension of this chapter would be to investigate the exact magnitude of
the finite size effects of ionic conductivities using the exact expression
(Eq. 6.1) in MD simulations.
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7.1. Introduction
Modeling aqueous electrolytes is a significant challenge due to long-range
electrostatic interactions that make solutions highly non-ideal [303, 313].
Significant efforts are made to develop analytical models (i.e., EOS) for
aqueous electrolytes [312, 314, 318, 403, 404]. Although these models
are computationally efficient, they rely on existing thermophysical data for
parameterization and do not offer atomistic insight [313, 314]. Molecular
simulation is a powerful tool for atomistic modeling and predicting
thermodynamic and transport properties of aqueous electrolyte solutions
at different temperatures, pressures, and electrolyte concentrations [47,
48, 51, 405]. The accuracy of molecular simulations depends on the
Potential Energy Surface (PES) that is used to compute the interactions
between different species [49, 50, 99, 406]. The PES of aqueous electrolyte
solutions can be computed from ab-initio calculations or semi-empirical
force fields [49, 50, 87].

For this purpose, many classical force fields for water have been
developed [95, 96, 98, 100, 110, 407, 408]. TIP4P/2005 [100] is a
computationally efficient and popular water force field, which accurately
predicts many properties of water such as shear viscosity, diffusivity,
density, the temperature of maximum density, and surface tension, despite
being rigid and non-polarizable [51, 100, 406, 409]. Clearly, the effective
interactions of TIP4P/2005 (dictated by the relative energy differences in
the PES [99]) in the liquid phase are well-described [99, 409]. Despite
this, the TIP4P/2005 force field does not yield accurate predictions of the
VLE of water, as predictions for vaporization enthalpies and saturated
vapor pressures are poor [110, 410, 411]. Describing the VLE of water
requires accurate modeling of (1) effective interactions between water
molecules, and (2) the excess chemical potential (with respect to the ideal
gas reference state) of the liquid phase (μexw ) [110] (dictated by the absolute
value of the PES [99]), as the coexistence pressures have an exponential
dependency on μexw [412]. TIP4P/2005 consistently underestimates μexw
compared to experiments (e.g., by ca. 10% at 300 K), resulting in a
significant underestimation of experimental saturated vapor pressures
(by a factor of ca. 4 at 300 K) [110]. The second virial coefficients
of TIP4P/2005 are also inaccurate compared to experimental data [413,
414].

Rigid non-polarizable water force fields that accurately capture the
experimental μexw and the vaporization enthalpy of water, e.g., SPC [98],
TIP4P [100], and TIP4P/μ [110, 354] (defined in the Supporting Information
of Ref. [110]), poorly predict other important properties of the liquid phase
(e.g., transport properties) compared to TIP4P/2005 [98–100, 110, 354].
It becomes clear that modeling both transport properties of water and
μexw is not possible using available non-polarizable force fields [98, 99].
Already in 1987, Berendsen et al. [98] discussed this issue: to obtain
effective interactions between water molecules in the liquid phase (thereby
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capturing experimental transport properties), the absolute value of the
charges in the water force field needs to be enhanced to account for the
polarization energy of water (i.e., "The Missing Term" in non-polarizable
force fields mentioned in the title of the famous paper by Berendsen
and co-workers [98]). Explicitly accounting for "The Missing Term" in
non-polarizable force fields automatically results in an overestimation of
the heat of vaporization and hence poor predictions of the VLE of water [98,
99, 410]. Some polarizable force fields (e.g., BK3 [95] and HBP [96])
capture the VLE of water without compromising the transport properties
of the liquid phase but at the cost of higher complexity, significantly higher
computational time (usually by a factor of ca. 3-10) [96, 97, 410, 415],
and lack of transferability [95–97]. Therefore, non-polarizable force fields
will likely remain popular for large-scale classical molecular simulations.

Based on TIP4P/2005 water, different force fields for salts (e.g., NaCl,
KCl, and KOH) have been developed [47, 103, 111, 354, 416]. The
charges of ion force fields are commonly scaled down (usually by a
factor of 0.85 [103] or 0.75 [47, 111]) to account for the effective charge
screening that occurs in the aqueous medium [103, 417, 418]. Charge
scaling follows from the electronic continuum correction and accounts for
polarisability of ions in a mean-field way [417, 418]. Using the "scaled
charge" force fields of Madrid-2019 [103] (scaled charges of +0.85/-0.85),
Madrid-Transport (scaled charges of +0.75/-0.75) [111], and the Delft
Force Field of OH– (DFF/OH– ) [47] (scaled charge of -0.75), many of
the properties of aqueous NaCl, KCl, NaOH, and KOH solutions such
as densities, viscosities, and interfacial tensions and their temperature
dependence can be accurately computed [47, 48, 103, 111, 405]. Force
fields with integer charges of ions (e.g., +1/-1 for Na+/Cl– ), such as the
Joung-Cheatam force field [104], significantly overestimate the change
in liquid phase viscosities and ion-diffusivities in concentrated solutions
(i.e., close to the solubility limit) with respect to the pure solvents [103].
The infinite dilution free energies of hydration of salts can be accurately
captured using available integer charge force fields, whereas scaled charge
force fields of ions deviate by ca. 20-30 % compared to experiments [236,
256].

Recently, Han et al. [409] have successfully simulated the dielectric
constant of water using non-polarizable force fields. This study shows
that the charges used in TIP4P/2005 water should only be used to
model the PES, from which effective interactions between molecules
are computed, and a different set of charges (derived from quantum
mechanical simulations) should be used to model the dipole moment of
the aqueous system, from which the dielectric constant is computed [405,
409]. Similarly Blazquez et al. [405] reproduced the experimental electrical
conductivities of aqueous NaCl and KCl solutions up to the solubility limit
by (1) using non-polarizable scaled charge force fields to describe the PES
of ions, and (2) using integer charges to compute the dipole moment of the
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aqueous solution from which electrical conductivities are calculated.
Here, we introduce a new approach to accurately compute free energies

of aqueous electrolyte solutions using non-polarizable force fields without
compromising the predictive ability for transport and thermodynamic
properties of the liquid phase. The PES is modeled using the
TIP4P/2005 [100] force field and the Madrid-2019 [103] scaled charge
ions, whereas a different set of charges, hereafter referred to as the
Effective Charge Surface (ECS), are used to compute excess chemical
potentials in the liquid phase. The ECS corrects for the effect of both
polarization energy (i.e., "The Missing Term" of Berendsen et al. [98])
and charge scaling [417, 418] on the computed free energies. We show
that using an ECS trained for TIP4P/2005 [100] water at 350 K, the
experimental excess chemical potential of water along the liquid-vapor
coexistence line can be reproduced within ca. 1% at a temperature range
of 300-500 K, thereby, yielding accurate predictions for the saturated
vapor pressures. Similarly, a single parameter ECS trained on the free
energy of hydration of Madrid-2019 NaCl in water at 298 K corrects the
free energies of hydration for the Madrid-2019 family of both monovalent
and divalent salts such as LiCl, KCl, MgCl2, CaCl2 with ca. 5% accuracy
from the experimental data of Marcus. [419]. Based on the computed
excess chemical potential of pure water using the ECS, we correct the
excess chemical potentials of water/salt mixtures by applying a free energy
correction to the partition function of the system. Using this, we compute
liquid/vapor coexistence densities of the water/NaCl system at 350 K up
to 6 mol NaCl/kg water. Our simulations show an excellent agreement
(within error bars) with experiments, in sharp contrast to simulations
which do not have this correction (e.g., ca. a factor 4 deviation for
saturated vapor densities at 350 K).

7.2. Methodology
The workflow of our method is shown in Figure 7.1. CFCMC [248–250]
simulations in the isobaric-isothermal (NPT) ensemble are performed to
simulate pure water and aqueous electrolyte solutions (i.e., NaCl(aq), KCl
(aq), MgCl2(aq), and CaCl2(aq)) using the BRICK-CFCMC open source
software [55, 56]. We define charge-neutral "fractional groups", which
contain one or more ions or molecules [55]. For water, the fractional group
contains a single molecule of water. For salts, it contains all ions in the
molecule (e.g., for MgCl2 the fractional group consists of one Mg2+ and two
Cl– ions). Details of CFCMC simulations can be found in the Supporting
Information of Ref. [105] and in Refs. [55, 248]. We first simulate pure
water in the absence of ions. With the exception of the single fractional
molecule, all water molecules interact via the TIP4P/2005 [100] force field.
The fractional H2O molecule is a new species (i.e., ECS-TIP4P/2005 with
parameters listed in Table S1 of the Supporting Information of Ref. [105])
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with the LJ parameters of TIP4P/2005, but with a different set of charges
(i.e., q+ECS and q−ECS, which are obtained by multiplying the charges of
TIP4P/2005 by a factor of 0.965). This ensures that bulk properties of
liquid water (i.e., densities and transport properties) are computed using
the TIP4P/2005 water force field, while the ECS charges are used when
calculating the excess chemical potential of pure water (μexw,ECS,m=0, i.e.,
at molality of the salt: m = 0 mol salt/kg water). To compute the excess
chemical potential of water at finite salt concentrations, μexw,ECS,m=0 is
used to compute a free energy correction (εw) for water:

εw = μexw,ECS,m=0 − μ
ex
w,PES,m=0 (7.1)

where μexw,PES,m=0 refers to the excess chemical potential of pure water
computed using the PES charges (i.e., TIP4P/2005). εw depends only
on temperature (T) as it is calculated along the liquid branch of the
vapor-liquid coexistence curve (i.e., when evaluating Eq. 7.1, the pressure,
P, should be fixed to the saturated vapor pressure). εw is applied as a
background energy in the isolated molecule partition function of water
and changes the partition function (QNPT ) of the system (here shown for
the isobaric-isothermal ensemble):

QNPT =
P

kBT
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(7.2)

where V, N, sN, kB, Λ, and nt refer to the system volume, total
number of molecules, the scaled coordinate vector of all molecules, the
Boltzmann constant, the thermal wavelength of species , and the total
number of species types, respectively. q0,, N, and ε refer to isolated
molecular partition functions (excluding the translation part), the number
of molecules of species , and the free energy correction for species ,
respectively. The derivation of Eq. 7.2 after applying the free energy
correction ε to the isolated molecule partition function of species  is
shown in the Appendix A.3. ε is not a function of V and sN, and therefore
it does not influence the density, virial pressure, liquid structure, or
transport properties at a given temperature or pressure. The chemical
potential of species  (μ) can be computed using:

μ = −kBT
�

∂ ln(QNpT)

∂N

�

T,p,Nj,j ̸=

= μid

+ μex

,PES + ε (7.3)

where μid is the ideal gas contribution and μex,PES is the excess chemical
potential computed from the PES. The chemical potential, μ at m = 0
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Figure 7.1. Schematic representation of the workflow used in this work [55,
248, 249]. Excess chemical potentials (with respect to the ideal gas
reference state) are computed using the BRICK-CFCMC software [55, 56].
The details for computing excess chemical potentials are discussed in the
Supporting Information of Ref. [105]. The excess chemical potential of
pure water (μexw,ECS,m=0) at various temperatures (300-500 K) is computed
using a single fractional molecule of water, with the same Lennard-Jones
parameters as TIP4P/2005, but with different temperature-independent
charges (i.e., q+ECS and q−ECS). The computed (μexw,ECS,m=0) is used to
construct a temperature-dependent free energy correction (εc,) with
which μexw of water at different salt concentrations can be computed.
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is shifted to equal the values obtained using the ECS. After applying
the free energy correction, the charges of TIP4P/2005 [100] can be used
to compute excess chemical potentials at finite salt concentrations, as
changes in the chemical potential as a function of m can be computed
accurately using the PES [416]. Activities (w = γww, where γw and w
refer to the activity coefficient and mole fraction of water, respectively) of
water at different molalities of salts are computed using [398]:

w =
〈ρw,m〉

〈ρw,m=0〉
exp

�

(μexw,PES,m + εw) − (μexw,PES,m=0 + εw)

kBT

�

=
〈ρw,m〉

〈ρw,m=0〉
exp

�

μexw,PES,m − μ
ex
w,PES,m=0

kBT

� (7.4)

where 〈ρw,m=0〉 and 〈ρw,m〉 are the ensemble averaged number densities of
water at molalities m and 0, respectively. μexw,PES,m is the excess chemical
potential of water computed using the PES at a molality m [398]. εw does
not depend on m (at constant T), therefore, εw cancels out for all m (as
shown in Eq. 7.4), when computing w (i.e., w only depends on the PES).

7.3. Results and discussion
To correct the excess chemical potential of the TIP4P/2005 [100] water
force field the ECS approach is used. Figure 7.2(a) and 7.2(b) show the
computed liquid densities and excess chemical potentials of water at the
simulated vapor-liquid coexistence line at 300-500 K for TIP4P/2005 [100],
TIP4P/μ [110], and the ECS approach of this chapter. As shown in
Figure 7.2(a) and 7.2(b), TIP4P/2005 [100] accurately predicts the liquid
densities at coexistence, but it overestimates the attractive electrostatic
interactions of water leading to lower excess chemical potentials (and
higher vaporization enthalpies) [99]. The overestimation of attractive
electrostatic interactions is required to obtain correct intermolecular
interactions, as polarization of water can then be modeled in a mean-field
way as described by Vega. [99] and Berendsen et al. [98].

At 300 K, the excess chemical potential of TIP4P/2005 [100] water
in the liquid phase is -30.0 kJ/mol [110], while the experimental
value is -26.37 kJ/mol (REFPROP version 10 [420], computed based on
IAPWS-95 [421]). This underprediction of the excess chemical potentials
for TIP4P/2005 [100] leads to a saturated vapor pressure that is ca. 4
times smaller than experimental value at 300 K [110, 420, 421]. Saturated
vapor pressures (Pst) are related to the excess chemical potential of liquid
water using [106, 412]:

Pst =
kBTρL

ϕw
exp

�

μexw
kBT

�

(7.5)
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where ϕw is the fugacity coefficient of water vapor at a given T and Pst.
Eq. 7.5 can be solved iteratively to obtain consistent Pst and ϕw. The
derivation of Eq. 7.5 and the iterative scheme for a multi-component
mixture is discussed in Section S2 of the Supporting Information of
Ref. [105] and Appendix A.4. When calculating Pst using Eq. 7.5, it
is assumed that the liquid phase is incompressible (i.e., ρL and μexw
computed in the liquid phase are not influenced by pressure in the range
of 1-50 bar). The TIP4P/2005 force field cannot accurately model the
virial coefficient of water in the gas phase [413, 414], and hence, it does
not correctly describe deviations from the ideal gas behavior, leading to
an inaccurate relation between T, Pst, and ϕw. In this chapter, the
Peng-Robinson equation of state (PR-EOS) for water vapor [422, 423],
is used to relate T, Pst, and ϕw. From the PR-EOS, the saturated
vapor densities (ρG as shown in Figure 7.2(c)) are computed for the ECS
approach, TIP4P/2005 [100], and TIP4P/μ. The following parameters are
used for the PR-EOS of water in the gas phase: critical temperature
of 647.3 K, critical pressure of 221.2 bar, and an acentric factor of
0.344 [197]. For TIP4P/2005 [100] and TIP4P/μ, the results provided in
Ref. [110] are used for ρL and μexw .

The TIP4P/μ force field [110] accurately describes the excess chemical
potentials of liquid water (and thereby the saturated vapor pressures
and densities), yet it underestimates the liquid densities at T > 300 K
(as shown in Figure 7.2) as it cannot correctly capture the interactions
between liquid water molecules. This also explains the ca. 30% lower
viscosities for TIP4P/μ at 298 K and 1 bar compared to experiments [354].
Using the ECS approach for TIP4P/2005, we accurately model the
excess chemical potentials of pure liquid water compared to experiments
for a wide temperature range (i.e., 300 to 500 K). The ECS charges
are computed by multiplying the charges of TIP4P/2005 [100] by a
temperature-independent charge scaling parameter equal to 0.965. This
charge scaling parameter is obtained by only fitting the simulated excess
chemical potential of liquid water at 350 K to the experimental value.
As shown in Figure 7.2, the ECS approach leads to accurate modeling
of the VLE of pure water without compromising liquid phase densities,
and at the same computational expense as TIP4P/2005. The heat of
vaporization computed using the ECS at 298 K and 1 bar is 45 ± 2 kJ
mol−1 (obtained as explained in Section S1 of the Supporting Information
of Ref. [105]), and has a much closer agreement with experiments (44.01
kJ mol−1) [251] than the TIP4P/2005 force field (i.e., 50.2 kJ mol−1) [251].

After obtaining the infinite dilution excess chemical potentials of water
using the ECS, we compute the free energy correction (εw) for TIP4P/2005
as a function of temperature. εw is fitted as a linear function temperature
using:

εw = μexw,ECS,m=0 − μ
ex
w,PES,m=0 = A0 + A1T (7.6)



7.3. Results and discussion

7

109

(a) (b)

(c) (d)

Figure 7.2. Computed (a) liquid densities (ρL) and (b) liquid phase excess
chemical potentials (μexw ), and (c) gas densities (ρG) as functions of
temperature T along the vapor-liquid coexistence line of H2O. In (d), the
saturated vapor pressure (Pst) of H2O on the Vapor-Liquid coexistence line
is shown as a function of T. The computed results using the ECS developed
in this chapter are compared to the results of the TIP4P/2005 [100] and
TIP4P/μ [110] water force fields and the experimental data obtained from
REFPROP [420, 421]. For TIP4P/2005 [100] and TIP4P/μ, the results
provided in Ref. [110] are used for the values of ρL and μexw .
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where A0 (5.00 kJ mol−1) and A1 (−4.36 × 10−3 kJ mol−1 K−1) are the
fitting parameters. Eq. 7.6 provides an excellent fit for εw (within the error
bars) as shown in Figure S2 of the Supporting Information of Ref. [105].

Figure 7.3 (a) and 7.3 (b) show the computed water activities and
densities for TIP4P/2005 [100] combined with the Madrid-2019 [103],
Madrid-Transport [111], and the Joung-Cheatam [104] NaCl force fields at
298 K and 1 bar. Activities of water at a molality m () are computed
using Eq. 7.4 and do not depend on εw. As shown in Figure 7.3, activities
of water are predicted best using scaled charge force fields, especially for
concentrations higher than 4 mol NaCl/kg water, despite all force fields
having accurate density predictions (within 1% agreement with the data of
Ref. [112] as shown in Figure 7.3 (b)). The Madrid-2019 [103] NaCl force
field combined with TIP4P/2005 [103] predicts the activities of water with
deviations smaller than ca. 3 %. Accurate predictions of water activities
indicate that the mean activity of the salt is correctly described, due to the
Gibbs-Duhem relation (binary mixture) [425]. As the Madrid-2019 [103]
NaCl and TIP4P/2005 [100] water combination has the best agreement
with the experimental activities of water, these force fields are used with
the ECS approach (i.e., using εw) to simulate the coexistence vapor
densities at 350 K at various NaCl molalities. The chemical potential of
liquid water at molality m is equal to μw(m) = μw(m = 0) + kBT ln(w),
where μw(m = 0) is the chemical potential at m = 0. In the ECS approach,
the value of μw(m = 0) is shifted by εw (Eq. 7.3), thereby changing Pst
(as computed by Eq. 7.5) and ρG. As shown in Figure 7.3(c) and 7.3(d),
the ECS approach results in perfect agreement (within the error bars) with
the data of Clarke et al. [424] for the vapor phase coexistence pressures
and densities of water/NaCl mixtures, while TIP4P/2005 [100] at 350 K
underpredicts the vapor densities of water/NaCl by a factor of ca. 4.
The saturated vapor pressures and densities of aqueous NaCl and CaCl2
solutions are computed at 300-350 K and shown in Figure S3 of the
Supporting Information of Ref. [105]. As shown in this figure, the ECS
approach combined with TIP4P/2005 and the Madrid-2019 force fields
can accurately capture the experimental saturated vapor pressures and
densities for aqueous NaCl and CaCl2 solutions (within 5% deviation).

The computed free energies of hydration of several aqueous salts
(i.e., NaCl, KCl, LiCl, MgCl2, and CaCl2) in TIP4P/2005 water are shown
in Figure 7.4. The free energy of hydration of a salt refers to the
free energy change associated with bringing an ion-pair (ions infinitely
apart) from a dilute gas phase to the aqueous phase [427]. Even
though scaled charge force fields can accurately predict experimental
activities in aqueous electrolyte solutions (as shown in Figure 7.3(a)),
the free energies of hydration computed using the scaled ion force fields
of Madrid-2019 [103](0.85 charge scaling for Na+, K+, Li+, Mg2+, Ca2+,
and Cl– ) underestimate the experimental values by ca. 20-30 %. The
Joung-Cheatam [104] NaCl force field with integer charges of +1/-1
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(a) (b)

(c) (d)

Figure 7.3. Computed (a) activities of water (w) and (b) liquid densities
(ρL) at 298 K and 1 bar as a function of molality (m, in units of
mol NaCl/kg water). The Madrid-2019 [103], Madrid-Transport [111],
and the Joung-Cheatam [104] NaCl force fields are combined with the
TIP4P/2005 [100] water force field. The experimental correlation of Tang
et al. [400] is used for the activities of water at 298 K and the experimental
correlation of Laliberté et al. [112] is used for the densities. Computed
coexistence (c) vapor densities (ρG) and (d) saturated vapor pressures
(Pst) of water at 350 K as a function of m. The liquid densities and
excess chemical potentials used to calculate ρG and Pst from Eq. 7.5 are
computed at 1 bar. The ECS approach combined with TIP4P/2005 [100]
water and Madrid-2019 NaCl force fields are used to compute ρG and the
results are compared to the data of Clarke et al. [424]. The computed
coexistence vapor densities of TIP4P/2005 and Madrid-2019 NaCl force
fields without the ECS approach are shown for comparison in (c).
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Figure 7.4. Computed infinite dilution excess chemical potentials (μex) (i.e.,
free energies of hydration) at 298 K and 1 bar for aqueous NaCl, KCl, LiCl,
MgCl2, and CaCl2 solutions at infinite dilution. μex is normalised with
respect to the integer cation charge (zc) (i.e., 1 for Na+, K+, and Li and 2 for
Ca2+ and Mg2+). The ion force fields of Madrid-2019 [103] (scaled charge of
0.85: qc = 0.85 for Na+, K+, Li+, Mg2+, Ca2+, and Cl– ) are considered. The
TIP4P/2005 [100] water force field is used for all calculations. In the ECS
approach, a single fractional group of cations and anions are used, with
the same LJ parameters of Madrid-2019 [103] force fields. ECS charges of
+0.95/-0.95 for monovalent ions and +1.90/-1.90 for divalent ions is used
to sample the free energies of hydration (fitted only to the free energy of
hydration of an aqueous NaCl solution at infinite dilution at 298 K and
multiplied by the valency, i.e., 2, for divalent ions). The experimental data
of Marcus. [419] are shown in black. All the raw data are listed in Table S6
of the Supporting Information of Ref. [105] (along with the experimental
free energy of hydration data of Marcus. [419] and Schmid et al. [426]).
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reproduces the free energies of hydration within 5% from experimental
values [104, 256], however, it largely overestimates the change in viscosities
at higher molalities with respect to the pure solvent (i.e., at 298 K and
4 mol NaCl / kg water, the viscosity computed using the Joung-Cheatam
NaCl force field combined with TIP4P/2005 [100] deviates by ca. 100%
from experiments [103]). The ECS approach can be used to correct the
free energies of hydration of these scaled charge ion force fields without
influencing the predictive ability for transport properties and activities of
salt/water mixtures. For this, a single fractional group (i.e., consisting
of a cation and an anion) molecule is introduced to a system with 300
TIP4P/2005 [100] water molecules. This fractional group uses the same
LJ parameters as the Madrid-2019 [103] ion force fields, but with different
ion charges (i.e., +0.95/-0.95 for monovalent ions and +1.90/-1.90 for
divalent ions). This ECS for the ion pair is trained at 298 K based
on the free energy of hydration of an aqueous NaCl solution at infinite
dilution using a single charge scaling parameter. For divalent ions such
as Mg2+ , the ECS obtained for Na+ is multiplied by 2 (i.e., the ion
valency). Figure 7.4 clearly shows that the ECS approach leads to free
hydration values that deviate by ca. 5% or less from the experimental
data provided by Marcus. [419] for all ionic species considered. The free
energies of hydration of Madrid-Transport [111] ions (scaled charges of
+0.75/-0.75) and the DFF/OH– (scaled charge of -0.75) [47] can also be
corrected using the ECS as discussed in Figure S4 and Table S7 of the
Supporting Information of Ref. [105]. This shows the applicability of the
ECS approach to different ion force fields. It is important to note that
these free energies of hydration of salts are computed at infinite dilution.
To simulate the excess chemical potential of salts at finite concentrations,
the free energy correction for the salt (εs) needs to be computed using the
same workflow followed for water (values of εs = μexs,ECS,m=0 − μ

ex
s,PES,m=0 at

298 K are listed in Tables S6 and S7 of the Supporting Information of
Ref. [105]). This ensures that only the initial free energy offset is corrected
while energy differences (i.e., related to activities) are computed using the
PES.

7.4. Conclusions
We have shown that TIP4P/2005 can accurately model the vapor-liquid
properties of aqueous electrolyte solutions, provided that an additional
charge surface, the so-called Effective Charge Surface (ECS), is used to
correct the infinite dilution excess chemical potentials of water and salt.
The excess chemical potential of water is corrected using the new ECS,
and excellent agreement with experiments is obtained for both gas and
liquid coexistence densities. A temperature-independent ECS trained at
350 K using a single charge scaling parameter (scaling factor of 0.965
with respect to the charges of TIP4P/2005 [100]) can be used to model
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the infinite dilution excess chemical potentials of water from 300-500 K
with differences smaller than 1% with respect to experiments. The
excess chemical potentials of water at infinite dilution computed using
the ECS are used to obtain a free energy correction, which corrects the
saturated vapor densities of water/NaCl systems. An ECS with charges of
+0.95/-0.95 [e] for monovalent ions and +1.90/-1.90 [e] for divalent ions,
trained only on an aqueous NaCl solution at infinite dilution (for divalent
ions the ECS is multiplied by the valency 2), successfully corrects the free
energies of hydration of Madrid-2019 [103] force fields for aqueous KCl,
LiCl, MgCl2, and CaCl2 solutions with deviations of ca. 5% or less from the
experimental data of Marcus. [419]. The ECS approach enables accurate
computation of free energies and VLE in large-scale molecular simulations
using simple non-polarizable force fields, without compromising the
predictive ability for thermodynamic and transport properties of the liquid
phase. This method is transferable and can also be used for other
non-polarizable water and ion force fields. An interesting future direction
would be to investigate if the same approach can be used to accurately
compute free energy differences between water (combined with salts) and
ice as these have a profound impact on computed nucleation rates of
ice [428].
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8.1. Introduction
The accurate prediction of the VLE of H2 and aqueous electrolyte systems
(e.g., aqueous NaCl and KOH solutions) is crucial for the design and
optimization of environmental and industrial processes such as water
electrolysis [7, 12, 16, 305], electrochemical compression of water [106,
110], and underground hydrogen storage [22, 194, 196]. For example,
the VLE of H2 and aqueous KOH solutions influences the product gas
purities in alkaline water electrolyzers [7, 9, 10] and the presence of water
in compressed hydrogen affects the thermophysical properties (e.g., the
Joule-Thompson coefficients) of the gaseous mixture [106]. Excess water
can also block porous membranes in PEM fuel cells [430, 431]. All of
these factors are relevant for production, storage, and subsequent use of
H2 [10, 16, 106, 430, 431].

The VLE of H2 and aqueous systems are traditionally measured in
experiments [211, 212, 432]. Nevertheless, such experiments at high
pressures (up to ca. 700 bar) are costly and time consuming considering
the vast range of conditions of interest (i.e., type of aqueous salts,
salt molality (m), and temperature) [7, 10, 23, 198]. Alkaline water
electrolyzers typically operate at ca. 360 K, 2-8 mol KOH / kg water,
and at pressures of 1-100 bar [7, 10, 198]. For underground storage of
H2, H2 gas is in contact with brine solutions with molalities up to 5 mol
NaCl / kg water, pressures up to 300 bar, and temperatures ranging from
348 K to 372 K [23]. As an alternative to experiments, MC simulation,
can be used to compute the VLE of H2 with aqueous electrolyte solutions
(i.e., KOH and NaCl) for a wide range of temperatures, pressures, and salt
concentrations [47, 48, 411, 422, 433].

Two-body force fields with point chrages (non-polarizable) are widely
used for computing the VLE of H2 and aqueous electrolyte systems due to
their computational efficiency, small number of parameters, and accuracy
in predicting various thermophysical properties of aqueous solutions [47,
48, 105, 106]. Rahbari et al. [106] computed the VLE of H2 and pure
water systems using MC simulations for a temperature range of 298-423
K and pressures up to 1000 bar. Rahbari et al. [106] showed that the
TIP4P/2005 [100] water force field (which is parameterized based on liquid
densities, transport properties, and the temperature of maximum density)
can accurately model the solubilities of H2 in water but fails in predicting
the water content in compressed H2 gas due to incorrect predictions of the
saturated vapor pressure of water. Other non-polarizable water force fields
such as TIP3P (which is trained on the vaporization energy of water) [99,
255] do not predict the solubilities of H2 in water, but correctly capture
the water content in H2 gas [106]. TIP4P/2005 and TIP3P also cannot
correctly predict the second virial coefficient (and hence the non-idealities)
of water in the gas phase [413, 434]. In other molecular simulation
studies in literature (such as in Refs. [47, 48, 245, 354, 422, 433]) the
solubilities of H2 in the aqueous phase are calculated, without computing
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the solubility of water in compressed H2. This is done by either assuming
an ideal H2 gas phase (for pressures below 100 bar) and computing the
Henry constants of H2, or by neglecting the water content in the gas
phase at higher pressures (as the experimental water content is below 1%
for temperatures below 363 K and pressures above 100 bar) [47, 48, 106,
245, 354, 422, 433].

Despite the importance of the VLE data for H2 and aqueous electrolyte
(i.e., KOH and NaCl) solutions, none of the existing molecular simulation
studies have reported both the equilibrium water composition in H2 and
the solubilities of H2 in aqueous solutions at different KOH and NaCl
concentrations. In this chapter, the excess chemical potentials (i.e., with
respect to the ideal gas reference state [248]) of H2 and water in the liquid
phase are computed using CFCMC [248–250] simulations. As derived in
Ref. [105], a temperature-dependent free energy correction is used to shift
the excess chemical potential of the TIP4P/2005 water force field (at a
molality of 0 mol salt / kg water). A constant free energy correction for
the infinite dilution excess chemical potential of Marx H2 force field [91] in
TIP4P/2005 [100] is also applied. This results in an accurate prediction
of H2 solubilities in water (and the temperature of minimum H2 solubility
in water) for 298-363 K at a H2 fugacity of 1 bar (within 5% deviation
from experiments [212]). The Madrid-Transport K+ [111] and the Delft
Force Field of OH– (DFF/OH– ) [47] are used to model KOH, and the
Madrid-2019 force fields [103] of Na+ and Cl– are used to model NaCl.
These ion force fields are shown to accurately model the densities and
activities of water (and their temperature-dependence) with respect to
experiments (within 2% deviation). The equilibrium compositions of H2
and water are computed from the liquid phase excess chemical potentials
and densities using an iterative scheme in which the gas phase fugacities
and densities are computed using the GERG-2008 Equation of State
(EoS) [123]. This approach accurately predicts the scarcely available
experimental equilibrium compositions of water and H2 for H2/aqueous
NaCl systems [212, 432] (within 5%) without any refitting of force fields
or modifying the Lorentz-Berthelot [50] (LB) mixing rules. The CFCMC
simulations are then performed for a wide range of conditions to simulate
the VLE of H2 and aqueous electrolyte solutions at 298-423 K, 10-400
bar, 0-8 mol KOH / kg water, and 0-6 mol NaCl/kg water.

This chapter is organized as follows. In Section 8.2, details are provided
for force fields, the CFCMC simulations, the free energy correction, and
the iterative scheme for computing the VLE of H2 and aqueous KOH/NaCl
solutions. In Section 8.3, the computed densities and activities of water
(and their temperature dependence) for aqueous KOH and NaCl solutions
are shown, the influence of the free energy correction on the saturated
vapor pressure of water and solubility of H2 in pure water is discussed,
and the VLE data for H2 and aqueous KOH and NaCl solutions are
provided. Conclusions and recommendations are outlined in Section 8.4
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8.2. Computational methods
8.2.1. Force fields
Water is modeled using the four-site rigid TIP4P/2005 [100] force field. For
aqueous NaCl solutions, the Na+ and Cl– force fields of Madrid-2019 [103]
are used. For aqueous KOH solutions, the K+ ions are modeled using
the Madrid-Transport force field [111] and OH– ions are modeled using
the Delft Force Field of OH– (DFF/OH– ) [47]. H2 is modeled using the
three-site Marx [91] force field. The combination of Marx [91] H2 and
TIP4P/2005 water has performed accurately in prior studies in predicting
the diffusivities and solubilities of H2 in water [47, 48, 109, 354, 433].
The force field choices are justified in the Results section of this chapter.
Ion charges are commonly scaled in non-polarizable models [103, 111,
418]. In Madrid-2019 [103], the unit charge of ions is scaled by a
factor of 0.85, and in the Madrid-Transport [111] and DFF/OH– [47],
charges are scaled by a factor of 0.75. Charge scaling leads to accurate
density, viscosity, electrical conductivities, and water activity predictions
for aqueous electrolyte solutions (e.g., NaCl and KOH) compared to using
unscaled charges [47, 48, 103, 354, 405]. Charge scaling is discussed in
detail in Refs. [103, 111, 303]. All force field parameters for H2O, Na+, Cl– ,
K+, OH– , and H2 are listed in Tables S1-S5 of the Supplementary Material
of Ref. [429] and Appendix A.2. The LB mixing rules [49, 50] are used in
all simulations, with the exception of [N+ /K+ /Cl− − H2O] and [N+ − Cl− ]
Lennard-Jones (LJ) interactions as specified in Appendix A.2. The Ewald
summation [50] is used for electrostatic interactions (relative precision of
10−6). A cut off radius of 10Å is used for the LJ interactions and the real
space contribution of the Ewald-Summation. Analytical tail corrections
for energies and pressures are applied for the LJ part of the interactions.

8.2.2. MC simulations
A schematic of our computational methodology is shown in Figure 8.1.
To compute the VLE of H2 and aqueous electrolyte solutions of NaCl
and KOH, the chemical potentials of H2O and H2 in the liquid phase
are equated to the gas phase chemical potentials at constant T and
P. The liquid phase chemical potentials are computed using CFCMC
simulations [248–250], which are carried out using the open-source
BRICK-CFCMC software package [55, 56] in the Continuous Fractional
Component isobaric-isothermal (CFCNPT) ensemble [248–250]. The gas
phase is modelled using the GERG-2008 EoS [123] as the TIP4P/2005
water force field is a poor EoS of water in the vapor phase [413]. For
all CFCNPT simulations, periodic boundary conditions are applied in all
directions of the cubic simulation box. The simulations consist of 300
water molecules and 0-43 molecules of KOH (corresponding to 0-8 mol
KOH/ kg water) or 0-32 molecules of NaCl (corresponding to 0-6 mol
NaCl/ kg water), depending on the molalities of the solution. The exact
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numbers of KOH and NaCl molecules and the corresponding molalities
are provided in Table S6-S7 of the Supplementary Material of Ref. [429].
The VLE of H2 and aqueous NaCl/KOH solutions are calculated at the
following temperatures: 298 K, 323 K, 363 K, 393 K, and 423 K. The
pressures considered are 10 bar, 50 bar, 100 bar, 200 bar, and 500 bar.

To compute the chemical potentials of H2O and H2, the excess chemical
potentials of H2 and H2O (i.e., with respect to the ideal gas reference
state [248]) in the aqueous phase are required. The excess chemical
potentials of H2 and H2O are computed by introducing a single fractional
molecule of H2 and H2O. The same methodology used in Section 4.2.5
is used in this Chapter to compute excess chemical potentials of H2 and
water.

The computed excess chemical potentials of water and H2 at a salt
molality of 0 mol salt / kg water are corrected using a free energy
correction ε. Details on this free energy correction are given in Ref. [105].
The TIP4P/2005 force field can accurately model the change in the free
energy as a function of pressure or salt molality but not the absolute
values of the excess chemical potentials [105]. To correct for the initial
offset of the excess chemical potentials of water and H2 at m = 0, the
computed excess chemicals are shifted using:

μexL, = μexL,MC, + ε (8.1)

where μexL, refers to the corrected excess chemical potential of species  in
the liquid phase. The free energy correction for TIP4P/2005 [100](εH2O) is
derived in Ref. [105] and is a weak function of temperature:

εH2O = A0 + A1T (8.2)

where A0 = 5.00 kJ mol−1 and A1 = −4.36 × 10−3 kJ mol−1 K−1. A0 and
A1 are fitted parameters (i.e., for TIP4P/2005 [100]) and differ for different
water force fields [105]. Using the free energy correction term εH2O, the
computed excess chemical potentials of water in the liquid phase using
the TIP4P/2005 [100] force field match the experimental values [105]. The
free energy correction for the infinite dilution excess chemical potential of
Marx H2 (εH2 ) in TIP4P/2005 water is independent of temperature and is
equal to εH2 = −0.27 kJ mol−1 (computed in this chapter based on the
solubilities of H2 in water at 298 K and a H2 fugacity of 1 bar).

Equating the chemical potential of water in the liquid phase with the
gas phase results in [105]:

yH2O =
kBTρL,H2O

PϕH2O
exp

�

μexL,H2O

kBT

�

(8.3)

where yH2O is the gas phase mole fraction of water, ϕH2O is the fugacity
coefficient of water, and ρL,H2O is the number density of water in the
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Figure 8.1. Schematic representation of the methodology used in this
chapter. To compute the Vapor-Liquid Equilibrium of H2 and aqueous
electrolyte (i.e., KOH and NaCl) systems, the chemical potentials of water
and H2 in the liquid phase are equated with the gas phase chemical
potentials at constant temperature and pressure. Continuous Fractional
Component Monte Carlo [248–250] simulations are used to compute the
excess chemical potentials (μexL,MC,i for species ) of water and H2 in the
liquid phase. These excess chemical potentials are then shifted using the
free energy correction, ε, (as described in Ref. [105] and Eq. 8.1 in this
chapter) to yield the final μexL,i. The compositions of water and H2 are
computed using an iterative scheme as discussed in Section 8.2, in which
the gas phase excess chemical potentials (μexG,i) and fugacity coefficients
(ϕ) are obtained from the GERG-2008 equation of state [123].
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liquid phase (in units of molecules / m3). Eq. 8.3 is derived in the
Supplementary Material of Ref. [105]. Here, the gas phase consists of
only H2 and H2O (i.e., yH2 + yH2O = 1) since salts such as NaCl and KOH
are not volatile. yH2O, yH2 , and ρL,H2 (i.e., solubility of H2 in the liquid
phase) are unknowns. Eq. 8.3 is solved iteratively by initially assuming
that ϕH2O = 1. Starting from an initial value of yH2O (and yH2 as we
have a binary gas mixture), the value of ϕH2O is updated at the given
composition, T, and P using the GERG-2008 EoS [123]. The new value of
ϕH2O is then used to update yH2O. This is repeated until yH2O is changed
by less than 0.1 %. The non-ideality of gaseous H2-H2O mixtures are
captured using GERG-2008 EoS [123] instead of using the TIP4P/2005
water and Marx H2 force fields, as TIP4P/2005 cannot accurately model
the virial coefficients of gaseous water [413, 414] and hence neither the
non-idealities of the gas phase. After obtaining yH2O and yH2 , the number
density of H2 in the liquid phase ρL,H2 can be computed using:

ρL,H2 =
PϕH2yH2

kBT
exp

�

−
μexL,H2

kBT

�

(8.4)

Eq. 8.4 is a rearrangement of Eq. 8.3 for H2. Eq. 8.4 assumes that the
excess chemical potential of H2 in the liquid phase μexL,H2

is independent of
the H2 density in the aqueous phase i.e., that μexL,H2

is equal to the infinite
dilution excess chemical potential, computed using a single fractional
molecule of H2 plus the correction term εH2 . This assumption is valid,
as the mole fraction (i.e., solubility) of H2 in the aqueous phase is well
below 1% for all the conditions considered in this chapter [106]. ρL,H2 is
converted to the unit of mole fraction in the aqueous phase using:

H2 =
ρL,H2 〈V〉

nH2O + ns + ρL,H2 〈V〉
, (8.5)

where 〈V〉 is the ensemble averaged volume of the simulation box,
computed in the CFCNPT ensemble. nH2O and ns are the number of moles
of H2O and salt (i.e., NaCl or KOH) in the simulation box, respectively.
The activity of water (H2O) can be computed using Eq. 7.4 (as discussed
in chapter 7).

In all simulations, 2 × 105 equilibration cycles are carried out followed
by 1 × 106 production cycles. A cycle refers to N trial moves, with
N corresponding to the total number of molecules, with a minimum
of 20. Trial moves are selected with the following probabilities: 29%
rotations, 35% translations, 1% volume changes, 25% λ changes, and
10% reinsertions of fractional molecules at random locations inside
the simulation box. The maximum displacements for volume changes,
molecule translations, rotations, and λ changes are adjusted to obtain
an acceptance probability of ca. 50%. For a detailed discussion on
the CFCMC simulations the reader is referred to Refs. [55, 56]. For
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each pressure, temperature, and salt concentration, 100 independent
simulations are performed. The Boltzmann probability distributions
are averaged from blocks of 20 simulations to obtain 5 independent
distributions for the order parameter λ of water and H2, from which the
uncertainties are computed. For all averaged distributions, the excess
chemical potentials, activities of water, and solubilities of H2 are calculated
to obtain a mean value and the standard deviation of the 5 independent
blocks. All raw data are listed in Table S8-S13 of the Supplementary
Material of Ref. [429].

8.3. Results and discussion
8.3.1. Liquid phase densities and activities of water
Before computing the VLE of aqueous KOH/NaCl solutions and H2, the
densities and activities of water in the liquid phase are validated with
respect to experimental data. Figure 8.2(a) and 8.2(b) show the liquid
densities as functions of the salt molality for aqueous KOH and NaCl
solutions, respectively, at 298 K and 363 K at 50 bar. The experimental
correlations of Laliberté et al. [112] for aqueous NaCl and KOH solutions
are used for comparison. These correlations can accurately model the
densities of various aqueous salts (e.g., NaCl, KOH, LiCl, and AlCl3)
with average deviations of 0.1 kg m−3 compared to experiments. As
shown in Figure 8.2(a) and 8.2(b), the MC results computed using the
Madrid-Transport K+ [111], the DFF/OH– [47], and Madrid-2019 Na+/Cl–

force fields [103] combined with TIP4P/2005 [100] can accurately model
the variations of the liquid density with respect to KOH/NaCl molality
and temperature compared to the experimental correlations (deviations
smaller than 1%).

Figure 8.2(c) and 8.2(d) show the computed activities of water as
functions of KOH/NaCl molalities at 298 K and 363 K at 50 bar.
The experimental correlation of Balej. [435] and Clarke et al. [424] for
activities of aqueous KOH and NaCl solutions are shown as solid lines
in Figure 8.2(c) and 8.2(d), respectively. As shown in Figure 8.2(c),
the activities of aqueous KOH solutions can be computed accurately
with respect to experiments (within error bars) using the non-polarizable
Madrid-Transport K+ [111], DFF/OH– [47] (with scaled charges of +0.75
[e] / -0.75 [e]), and TIP4P/2005 water. To the best of our knowledge, this
is the first time that the activities of water in aqueous KOH solutions have
been computed using molecular simulations. The experimental activities
of water in aqueous KOH solutions show a small temperature dependence
(i.e., ca. 3% deviation between H2O at 298 K and 363, at 8 mol KOH
/ kg water). The slight increase of H2O as a function of temperature
is also observed in the MC simulations (Figure 8.2(c)), despite the fact
that the error bars are of the same order of magnitude as the variations
in temperature. As discussed by Resnik et al. [436] for aqueous NaCl,
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(a) (b)

(c) (d)

Figure 8.2. Computed liquid densities (ρ) in units of kg / m3 solution for
aqueous (a) KOH and (b) NaCl solutions as functions of salt molality (m) in
units of mol salt / kg water. Computed activities of water for aqueous (c)
KOH and (d) NaCl solutions as functions of m. ρ and H2O are computed
at 298 K and 363 K at 50 bar. The experimental correlation of Laliberté
et al. [112] for densities of aqueous KOH and NaCl solutions is shown in
(a) and (b) at 298 K and 363 K as solid lines. The experimental correlation
of Balej. [435] and the data of Clarke et al. [424] for H2O of aqueous KOH
and NaCl solutions are used, respectively.
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LiCl, and H2SO4 solutions, the temperature dependence of water activities
depends on the specific salt type, and are mainly present at higher salt
concentrations (i.e., up to 4 mol salt/kg water barely any temperature
dependence is experimentally observed).

As shown in Figure 8.2(d), the non-polarizable Madrid-2019 Na+/Cl–

force fields (with scaled charges of +0.85 / -0.85 [e]) combined with the
TIP4P/2005 force field can accurately capture the experimental activities
of water in aqueous NaCl solutions. These results are in line with the
findings of Ref. [105]. Accurate modeling of the activities of water entails
that the change in the chemical potential of water (i.e., μexH2O,m

− μexH2O,0
)

and the liquid densities as a function of m are well-captured in the MC
simulations. This also ensures that the variation of the water content in
the gas phase (yH2O) as a function of KOH/NaCl can be correctly predicted.

8.3.2. Gas phase fugacity coefficients
Accurate calculations for the VLE of water and H2 systems require
models that can model both the densities and excess chemical potentials
of the liquid phase and the fugacity coefficients of the gas phase (as
shown in Eq. 8.3 of the methodology section). Figure 8.3(a) shows
the computed (using CFCMC simulations) excess chemical potentials
of gaseous TIP4P/2005 (μexG,H2O

) at 350 K as a function of P. The
MC simulations are compared to data from REFPROP [421] and the
GERG-2008 EoS [123]. μexG,H2O

is also approximated using the second
virial coefficients of both gaseous water (experimental) and TIP4P/2005
water force field reported by Harvey et al. [437] and Rouha et al. [413],
respectively. The relation between the fugacity coefficient of water, excess
chemical potentials of water, and the second virial coefficient are shown
in Appendix A.5. As shown in Figure 8.3(a), TIP4P/2005 overestimates
the non-ideality of the gas phase (i.e., more negative excess chemical
potentials) compared to the data of REFPROP [421]. The results of
Figure 8.3(a) show that the TIP4P/2005 force field, which is trained on the
liquid phase properties, should not be used to make predictions for the
gas phase (e.g., for fugacities and μexG,H2O

).
Instead of using classical non-polarizable force fields to model the gas

phase, the GERG-2008 EoS [123] is used to model the relation between
composition, T, P, ϕ, and the gas phase densities. The GERG-2008
EoS [123] is the ISO-standard for natural gasses and is trained based
on 21 natural gasses (including H2 and water vapor) and their binary
mixtures. This EoS can model the excess chemical potentials of pure
gaseous water with deviations of ca. 0.005 kJ/mol at 350 K and 0.3
bar (shown in Figure 8.3(a)). The computed fugacity coefficients (using
the GERG-2008 EoS [123]) of water and H2 as functions of pressure are
shown in Figure 8.3(b) and 8.3(c). As shown in Figure 8.3, at pressures
of already ca. 100 bar the fugacity coefficients of water and H2 deviate by
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(a)

(b) (c)

Figure 8.3. Computed (a) excess chemical potentials (i.e., μexG,H2O
with

respect to the ideal gas reference state) of pure gaseous TIP4P/2005
water [100] as a function of pressure (P) at 350 K. The computed μexG,H2O
values are compared to the data from REFPROP [421] and GERG-2008
equation of state [123] for pure water. μexG,H2O

can be estimated from
the second virial coefficients (B2V ) of water vapor (derivation is shown
in Appendix A.5). Values of B2V for water vapor (experimental) and
TIP4P/2005 at 350 K are obtained from Harvey et al. [437] and Rouha
et al. [413], respectively. Computed fugacity coefficients of (b) water (ϕH2O)
and (c) H2 (ϕH2 ) in the gas phase as functions of total pressure (P) at 363
K, 383 K, and 403 K. The fugacity coefficients are computed at a water
mole fraction (yH2O) of 0.001 and a H2 mole fraction (yH2 ) of 0.999 using
the GERG-2008 equation of state [123].
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more than 5% from ideality in a binary gas mixture with a water mole
fraction of 0.001. Simple cubic EoS such as Peng-Robinson [423] (without
optimizing the mixing rules) are not suitable for water and H2 mixtures
due to the polar nature of water as discussed by Rahbari et al. [106].

8.3.3. VLE of pure water and solubilities of H2 in water
In this section, the computed VLE of pure water and solubilities H2 in
water are validated against experiments. Figures 8.4(a) and 8.4(b) show
the computed saturated vapor pressures of water (PH2O) and solubilities
of H2 (H2O) in water, respectively, as functions of temperature. The
experimental correlation of Sako et al. [438] for the saturated vapor
pressure of water and the correlation of Torín-Ollarves et al. [212] for the
solubilities of H2 in water are also shown in Figure 8.4(a) and 8.4(b),
respectively. The results obtained with and without the free energy
correction (as introduced in Eq. 8.1 and in Ref. [105]) are compared in
Figure 8.4 . The free energy correction shifts the excess chemical potentials
of water at infinite salt dilution, and allows for accurate modeling of the
saturated vapor pressures of water using TIP4P/2005 [100]. Without the
free energy correction, the saturated vapor pressures of TIP4P/2005 are
underpredicted with respect to the experiments as shown in Figure 8.4(a)
(i.e., by a factor of 4 at 298 K).

As shown in Figure 8.4(b), the solubilities of H2 in water for a
temperature range of 298-363 K can be accurately modeled using the
Marx H2 force field combined with TIP4P/2005 [100] water provided that
a constant (temperature-independent) free energy correction (trained at
298 K) is applied to the infinite dilution excess chemical potential of H2 in
water. Kerkache et al. [433] have also accurately modeled the solubilities
of H2 in water using the Marx- TIP4P/2005 combination by modifying
the LB [50] mixing rules. Kerkache et al. [433] state that deviating from
LB [50] mixing rules (by a factor 1.05) indirectly corrects the influence
of polarizability on the free energies leading to accurate excess chemical
potentials of H2. The Marx H2 force field combined with the TIP4P/μ [110]
water force field can accurately model the solubilities of H2 in water
at 298 K as shown in Figure S1 of the Supplementary Material of
Ref. [429]. However, the variation of the H2 solubilities with respect to
temperature is not correctly captured (no minimum in H2 solubility as
observed experimentally [212]), resulting to an inaccurate prediction of H2
solubilities in water at 363 K (by ca. 20%). As shown in this section,
applying a free energy correction for H2 and water is an alternative method
to account for polarizability when using non-polarizable force fields which
can lead to an accurate computation of both PH2O and H2 , and their
temperature dependence.
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(a) (b)

Figure 8.4. Computed (a) saturated vapor pressures of pure water (PH2O)
as a function of temperature T at 1 bar, and (b) solubilities of H2 (H2 )
in units of mole fraction in the liquid phase at a H2 fugacity of 1 bar.
The experimental correlation of Sako et al. [438] is used for the saturated
vapor pressures of water and the correlation of Torín-Ollarves et al. [212]
is used for the solubilities of H2 in water. The results computed using
the free energy correction (as discussed in Eq. 8.1 and Ref. [105])) for
both water and H2 are compared with the results without the free energy
correction.

8.3.4. VLE of aqueous KOH and NaCl solutions and H2
Figure 8.5(a) and 8.5(b) show the equilibrium compositions for water vapor
(yH2O) in H2 and solubilities of H2 (H2 ), respectively, for H2/H2O/salt
(i.e., KOH and NaCl) systems at 323 K. At m = 0 mol salt / kg water, the
experimental data for yH2O in H2 of Bartlett. [432], which are listed in
the Supplementary Material of Ref. [106] are plotted for comparison. The
experimental correlations of Torín-Ollarves et al. [212] for H2 in aqueous
NaCl (for m = 0 and m = 6 mol NaCl / kg water) solutions are shown in
Figure 8.5(b).

Obtaining both yH2O and H2 accurately for H2/H2O systems using
molecular simulations is a difficult endeavour. As discussed by Rahbari
et al. [106], the TIP4P/2005 water force field (without the free energy
correction defined in Eq. 8.1]) cannot accurately capture yH2O because
the saturated water vapor pressures are inaccurate, but can capture the
experimental values of H2 . Other water force fields such as TIP3P can
accurately predict yH2O and the saturated water vapor pressures but fail
to yield precise H2 because the liquid water interactions are not correctly
captured [106]. For this reason, prior studies [47, 48, 245] on molecular
simulations of H2/H2O/salt (e.g., NaCl) systems mainly focus on the
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(a) (b)

(c) (d)

Figure 8.5. Computed Vapor-Liquid Equilibrium (VLE) composition of (a)
water vapor (yH2O) in H2 and of (b) H2 (H2 )in aqueous NaCl and KOH
solutions as functions of pressure at 323 K. The experimental data listed
in Ref. [106] at 323 K for yH2O of pure water (i.e., salt molality of m =
0 mol salt / kg water)-H2 system are also shown (a). The experimental
correlation of Torín-Ollarves et al. [212] for H2 in aqueous NaCl solutions
is shown in (b) for m = 0 and m = 6 mol NaCl / kg water. The VLE
composition of water vapor in H2 as functions of m for (c) aqueous KOH
and (d) NaCl solutions at 50 bar are shown for 298 K, 393 K, and 423 K.
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solubilities of H2 in the aqueous phase and do not consider the amount of
water in the gas phase. Here, both yH2O and H2 are modeled accurately
with respect to the experiments. As shown in Figure 8.5(a), the computed
yH2O as a function of P shows an excellent agreement with the available
experimental data at m = 0 and 323 K. The computed values of H2 at
m = 0 and m = 6 mol NaCl/kg water also show an excellent agreement
with respect to the experimental correlation (within 5% deviations).

As shown in Figure 8.5(a), the values for yH2O at m = 6 mol NaCl/kg
water are quantitatively in line with the values computed at m = 8 mol
KOH/kg water (both lower by ca. 20% from the data at m = 0). This is
consistent with the fact that the activities of water for aqueous KOH at
m = 8 mol KOH/kg water, and for aqueous NaCl at m = 6 mol NaCl/kg
water are both ca. 0.80 (as shown in Figure 8.2(c) and 8.2(d)). The
solubility of H2 in the aqueous solution exhibits a stronger decrease as a
function of the salt molalities (Figure 8.5(b)). This decrease of H2 (which
is a non-polar gas) solubilities is due to the salting-out effect [292] and
is discussed in Refs. [47, 48, 212, 352, 433] for aqueous KOH and NaCl
solutions.

Figure 8.5(c) and 8.5(d) show yH2O as a function of m for aqueous
KOH and NaCl solutions, respectively, at 323 K, 393 K, and 423 K at 50
bar. Temperature has the strongest influence on yH2O (as discussed in
Eq. 8.3, there is an exponential dependence to 1/T). The salt molality
changes the computed values of yH2O by ca. 10 − 25% for a molality
of 4-8 mol salt / kg water as shown in Figure 8.5, with NaCl having a
stronger effect on yH2O values at a given molality compared to KOH. To the
best of our knowledge, no other molecular simulation result is available
for yH2O for H2/H2O/salt (i.e., KOH and NaCl) systems. The computed
yH2O values for H2/H2O/salt systems can be used to model alkaline
electrolyzers, electrochemical compression processes, and underground
hydrogen storage. All raw data for the computed yH2O and H2 values for
aqueous KOH / NaCl solutions at 10-500 bar and 298-423 K are shown
in Tables S8-S13 of the Supplementary Material of Ref. [429].

8.4. Conclusions
In this chapter, for the first time the VLE of H2 and aqueous KOH/NaCl
solutions are computed at 298-423 K, 10-400 bar, 0-8 mol KOH/kg
water, and at 0-6 mol NaCl/kg water using molecular simulations. The
excess chemical potentials of water and H2 are computed using CFCMC
simulations. Free energy corrections are applied to the computed excess
chemical potentials of water and H2 to accurately model the experimental
saturated vapor pressures of water and solubilities of H2 in water using
the TIP4P/2005 water force field and the Marx H2 force field. Applying
a constant free energy correction to the excess chemical potentials of
Marx H2 in TIP4P/2005 water (at salt molality of 0) results in accurate



8

130 Effect of dissolved KOH and NaCl on the solubility of water in
Hydrogen

predictions for H2 solubilities for a temperature range of 298-373 K. The
densities and activities of water (and their temperature dependence) in
the aqueous phase for aqueous KOH and NaCl solutions are modeled
accurately using the non-polarizable Madrid-2019 force field of Na+/Cl– ,
Madrid-Transport force field of K+, and the DFF/OH– force field combined
with TIP4P/2005 water (2% deviation with respect to experimental
densities and water activities). The compositions of water and H2 are
computed using an iterative scheme from the liquid phase excess chemical
potentials and densities, in which the gas phase fugacities are computed
using the GERG-2008 EoS. For the first time, the equilibrium compositions
of both water and H2 (and their pressure dependence) for systems of H2
and aqueous KOH/NaCl solutions are modeled with excellent agreement
with respect to the available experimental data (within 5%) without any
additional refitting of force fields or changing the LB mixing rules. The
VLE data provided in this chapter can be used to model the water content
in the H2 stream of alkaline electrolyzers (for aqueous KOH solutions) and
for underground hydrogen storage (for aqueous NaCl solutions).
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Conclusions&Outlook

Molecular simulations are a versatile tool for screening of new materials
for hydrogen storage and for predicting the thermophysical properties of
H2 in aqueous systems at high pressures and temperatures.

In this thesis, we use Density Functional Theory (DFT), Born-
Oppenheimer Molecular Dynamics (BOMD), and Nudged Elastic Band
(NEB) calculations to optimize H2 storage capacities and adsorp-
tion/desorption kinetics for hydrogen storage in 2D boron based materials.
We show that in their pristine form (i.e., without any addition of metal
dopants or structural engineering), borophene, borophene hydride, and
borophene oxide based materials are not suitable for H2 storage. The
physical adsorption energy of H2 with the 2D substrate is too weak
(i.e., ca. -0.10 eV / H2) to allow for any practical H2 capacity at
ambient conditions. Different metal atoms such as Li, Na, and K
enhance the adsorption energy of H2 with the 2D substrate. Li atoms
are particularly promising as dopants due to their low mass and strong
adsorption energy (with respect to the cohesion energy in bulk Li) on
the 2D boron based substrate. A Li doped borophene oxide structure
is designed, which has a theoretical gravimetric capacity of 8.3 wt% H2
(exceeding the US DOE target of 5.5 wt% H2). Li decorating atoms are
shown to also influence the chemisorption properties (i.e., hydrogenation
and dehydrogenation reaction pathways) of H2 in 2D boron structures.
In this work, a Li doped borophene hydride structure with low energy
barriers for hydrogenation and dehydrogenation was designed, suitable for
chemisorption of hydrogen.

A major shortcoming of DFT and NEB calculations is that predictions
are made at 0 K. To optimize the adsorption and desorption conditions, it
is essential to compute the storage capacity of H2 at finite temperatures
and pressures. In this thesis, empirical equations are used to calculate
H2 capacities under adsorption conditions of 298 K and 30 atm, and
desorption conditions of 373 K and 3 atm. For this calculation, it is
assumed that the average adsorption energy of H2 with the 2D substrate

131



9

132 Conclusions & Outlook

(computed at 0 K) is the same at 298-373 K and is independent of site-site
interactions for the adsorption/desorption processes. To calculate the
adsorption and desorption capacities at finite temperatures and pressures
without these assumptions, the computational expense of ab-initio based
MD simulations needs to be reduced to simulate longer time scales. This
is because the length scales and time scales achievable with ab-initio MD
(typically around ca. 100 atoms for 5-50 ps) are insufficient for modeling
adsorption and desorption processes. To accelerate ab-initio calculations,
further simulations are encouraged using machine-learned interaction
potentials trained using DFT simulations. Experimental studies are also
required to validate the H2 capacities in Li-decorated boron structures and
to find low-cost synthesis routes.

To calculate thermodynamic and transport properties of H2 in aqueous
electrolyte systems, non-polarizable force fields are used here. The
simplicity and computational efficiency of non-polarizable force fields
allows to reach time scales required for computing thermodynamic
and transport properties. We show that the interfacial tensions of
H2/H2O/NaCl systems and the salting out of H2 in aqueous NaCl
solutions can be accurately computed (i.e., with respect to experiments)
using the Madrid-2019 Na+ and Cl– force fields (with ion charges of +0.85
and -0.85 [e]) combined with the TIP4P/2005 water force field. The same
force field combination results in ca. 100 % deviation from experiments
when computing the shear viscosities of aqueous NaCl solutions at 298
K and 5 mol NaCl/kg water. To accurately compute the shear viscosities
and self-diffusivities of H2 in concentrated aqueous NaCl solutions (i.e.,
above 2 mol NaCl/kg water), a different Na+ and Cl– model, namely the
Madrid-Transport force field, with charges of +0.75 and -0.75 [e]) force field
is required. This entails that the simplicity of non-polarizable force fields
introduces a fundamental inaccuracy that results in requiring different
force fields depending on the property of interest. This limitation can
affect the coherence of simulation results, particularly when generating
comprehensive data sets for both thermodynamic and transport properties.

The thermophysical properties of H2 in aqueous electrolyte solutions
such as aqueous KOH, NaOH (for alkaline electrolyzers) and NaB(OH)4 (for
NaBH4 hydrolysis) solutions are also computed. We parameterized new
non-polarizable force fields for OH– and B(OH)4 – , which can accurately
(within 5% deviation from experiments) predict densities and viscosities of
aqueous KOH, NaOH, and NaB(OH)4 solutions. The new classical OH–

force field cannot describe the unusually high self-diffusivity of OH– ,
which originates from the proton transfer mechanism in the aqueous
solution. To capture this proton transfer mechanism, reactive force fields
or machine-learned potentials based on quantum chemical calculations
could be used. Despite this, the newly parameterized OH– force field (with
an overall charge of -0.75 [e]) can be used to predict self-diffusivities and
solubilities of H2 in aqueous KOH and NaOH solutions at molalities up



9

133

to 8 mol salt / kg water, as the viscosities and densities of the solutions
are accurately modeled. For B(OH)4 – , an ion charge of -0.85 [e] resulted
in more accurate estimations of both viscosities and ionic conductivities
compared to an ion charge of -0.75 [e]. This indicates that depending
on the type of salt (e.g., NaOH or NaB(OH)4), a different optimum charge
scaling can be found for modeling the transport properties of the aqueous
solution, and that the charge scaling remains a ’fitting’ parameter that
changes depending on the type of system that is modeled. The need for
different force field combinations for different mixtures emphasizes the
importance of consistently validating simulations with experimental data,
as scaled charge ion force fields are not fully transferable. Development of
machine-learned force fields based on ab-initio simulations [439, 440] can
potentially mitigate these issues, as these force field can naturally capture
the polarizability of aqueous systems, thereby addressing the inaccuracy
of simpler non-polarizable force fields.

Another fundamental issue of non-polarizable force fields is that force
fields fitted to the free energies cannot accurately predict transport
properties of aqueous electrolyte solutions as these force fields exclude
the self-polarization energy of water (i.e., the "missing term" mentioned
in the title of the paper by Berendsen et al. [98]). Force fields of water
such as the TIP4P/2005 and scaled charge ion force fields such as
Madrid-2019 and Madrid-Transport, which are trained on liquid phase
transport properties, cannot accurately describe the free energy of water
in the liquid phase and the second virial coefficients of water vapor.
This leads to inaccurate predictions for the Vapor-Liquid Equilibria of
H2/H2O/salt systems. In this thesis, we developed a new approach in
which an additional temperature-independent charge surface is used to
correct the free energy of liquid water in the absence of salts, to obtain a
free energy correction which can be used in the presence of salts. The
compositions of water and H2 at equilibrium are accurately computed
from the liquid phase free energies using an iterative scheme in which the
gas phase non-idealities are described using the GERG-2005 EoS instead
of using the TIP4P/2005 water force field (as the same dipole moment
used to model liquid water cannot describe water vapor). Similar issues
are observed in literature for modeling the free energy difference of the
liquid water-ice phase transition [428, 441]. Further research is required
to investigate if a similar approach can be used to accurately compute free
energy differences between water (combined with salts) and ice as free
energy differences have a significant influence on computed nucleation
rates of ice.
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A.1. Sample simulation input and output files
Sample simulation input and output files for each chapter in this thesis
(except the Introduction and Conclusions) are available in the 4TU
data repository to ensure clarity and reproducibility of the data. The
corresponding DOI link for each chapter is provided below:

• Chapter 2: https://doi.org/10.4121/19391945.v1

• Chapter 3: https://doi.org/10.4121/19391960.v1

• Chapter 4: https://doi.org/10.4121/22211650.v1

• Chapter 5: https://doi.org/10.4121/21941327.v1

• Chapter 6: https://doi.org/10.4121/55e208e7-32e
a-4beb-9234-596086884092.v1

• Chapter 7: https://doi.org/10.4121/00da62fc-920
4-435c-a627-1ba2bde58bc1.v1

• Chapter 8: https://doi.org/10.4121/79ef09f1-b5c
4-45ff-8bc7-648426be6e7b.v1

https://doi.org/10.4121/19391945.v1
https://doi.org/10.4121/19391960.v1
https://doi.org/10.4121/22211650.v1
https://doi.org/10.4121/21941327.v1
https://doi.org/10.4121/55e208e7-32ea-4beb-9234-596086884092.v1
https://doi.org/10.4121/55e208e7-32ea-4beb-9234-596086884092.v1
https://doi.org/10.4121/00da62fc-9204-435c-a627-1ba2bde58bc1.v1
https://doi.org/10.4121/00da62fc-9204-435c-a627-1ba2bde58bc1.v1
https://doi.org/10.4121/79ef09f1-b5c4-45ff-8bc7-648426be6e7b.v1
https://doi.org/10.4121/79ef09f1-b5c4-45ff-8bc7-648426be6e7b.v1
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A.2. Force field details

Table A.1. Parameters for TIP4P/2005 [100] and TIP4P/μ water force fields
(discussed in the Supporting Information of Ref. [110]). σ and ε are the
Lennard-Jones parameters, q are atomic partial charges, and  is the bond
length. σ and  are in units of Å, ε is in units of kJ/mol, and q is in units
of the elementary charge e. In all force fields, the charge on O is on a
massless site M, which is equidistant from both H atoms.

TIP4P/2005 [100] TIP4P/μ [110]
H − ÒO − H (o) 104.52 104.52
O−H 0.9572 0.9572
O−M 0.1546 0.1546
σOO 3.1589 3.1589
σHH 0 0
εOO 0.774908 0.663989
εHH 0 0
qO 0 0
qM −1.1128 −1.06272
qH 0.5564 0.53136

Table A.2. Parameters for the three-site Marx [91] H2 force field. σ and ε
are the Lennard-Jones parameters, q is the atomic partial charge, dummy
site L is the geometric center of mass, and  is the bond length. σ and  are
in units of Å, ε is in units of kJ/mol, and q is in units of the elementary
charge e.

σLL 2.958
εLL 0.305141
qH 0.468
qL −0.936
H−H 0.74
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Table A.3. Parameters for the Madrid-2019 [103] Na+/Cl– force field. σ
and ε are the Lennard-Jones parameters and q is the atomic partial
charge. σ is units of Å, ε is in units of kJ/mol, and q is in units of the
elementary charge e. Ow refers to the O-atom of water (TIP4P/2005 [100]
force field).

σN+N+ 2.21737
σN+Cl− 3.00512
σCl−Cl− 4.69906
σN+Ow 2.60838
σCl−Ow 4.23867
εN+N+ 1.472356
εN+Cl− 1.438894
εCl−Cl− 0.076923
εN+Ow 0.793388
εCl−Ow 0.061983
qN+ 0.85
qCl− -0.85

Table A.4. Parameters for the Madrid-Transport [111] K+ force field. σ and
ε are the Lennard-Jones parameters and q is the atomic partial charge. σ
is units of Å, ε is in units of kJ/mol, and q is in units of the elementary
charge e. Ow refers to the O-atom of water (TIP4P/2005 [100] force field).

σK+Ow 2.89540
σK+K+ 2.30140
εK+K+ 1.985740
εK+Ow 1.400430
qK+ 0.75
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A.3. The partition function and the ECS free
energy correction

We derive an expression for the partition function in the isobaric-
isothermal ensemble (QNPT ) after applying the free energy correction to
the isolated molecule partition function of water in the liquid phase (as
discussed in chapter 7).

A schematic representation of the simulation box is shown in Figure A.1.
In the simulation box (liquid phase), molecules are subjected to a
background potential that adds an additional temperature-dependent
energy contribution (ε) to the isolated molecule partition function (q)
of molecule type . We will derive how this background energy changes
the partition function of the system. The partition function in the
isobaric-isothermal ensemble (QNPT ) for a mixture of nt components is
equal to [50, 54]:

QNPT =
P

kBT

 

nt
∏

=1

q
N


N!Λ3N

!

∫

dVVN exp
�−PV

kBT

�∫

dsN exp

�

−U(sN)

kBT

�

(A.1)

where P, V, kB, T, Λ , N, sN, and U(sN) refer to pressure, volume,
Boltzmann constant, temperature, the thermal wavelength of component ,
total number of molecules, the scaled position vector of all molecules, and
the internal energy of the system (which is a function of sN). q and N are
the isolated molecule partition function (excluding the translational part)
and the number of molecules of type , respectively. q can be expressed
as [54]:

q =
∑

j

exp
�

−
εel,j + εrot,j + εvib,j + ε

kBT

�

(A.2)

εel,j, εrot,j, εvib,j, are the electronic, rotational, and vibrational energy of
intramolecular system state j. As these do not depend on the free energy
correction ε, we can group these terms together in a term q0,. ε is not
a function of the intramolecular system state j and can be factored out of
the summation:

q = q0, exp
�

ε

kBT

�

(A.3)

By combining Eq. A.3 and Eq. A.1, we obtain:

QNPT =
P

kBT





nt
∏

=1

q
N
0, exp

�

Nε
kBT

�

N!Λ3N





∫

dVVN exp
�−PV

kBT

�∫

dsN exp

�

−U(sN)

kBT

�

(A.4)
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Figure A.1. Simulation box of liquid water at constant temperature (T) and
pressure (P). A background energy for component  (ε) is applied to modify
the free energies computed from the Potential Energy Surface (PES).

As multiplying exponential functions is equivalent to summing the
exponents, we have:

nt
∏

=1

exp
�

Nε

kBT

�

= exp

� nt
∑



Nε

kBT

�

(A.5)

Note that ε (a function of T) is not a function of V or sN. Therefore,
Eq. A.4 can be reformulated as:

QNPT =
P

kBT





nt
∏

=1

q
N
0,

N!Λ3N





∫

dVVN exp
�−PV

kBT

�∫

dsN exp

�

−U(sN) +
∑nt


Nε

kBT

�

(A.6)
The ensemble averaged volume (〈V〉) can be computed by taking the

partial derivative of ln(QNPT) with respect to P at constant T and N (for all
molecular species) [54]:

〈V〉 = −kBT
�

∂ ln(QNPT)

∂P

�

T,N
(A.7)

The chemical potential of species  (μ) can be computed by taking the
partial derivative of ln(QNPT) with respect to N at constant T, P, and Nj
(for j ̸= ):
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μ = −kBT
�

∂ ln(QNPT)

∂N

�

T,P,Nj,j ̸=

(A.8)

For computing 〈V〉 and μ, we first need to evaluate ln(QNPT). Considering
that multiplication inside the natural logarithm is equal to the summation
of the natural logarithms (i.e., ln(AB) = ln(A) + ln(B)) and that ε is not a
function of sN, we can express ln(QNPT) as:

ln(QNPT) = ln





P

kBT





nt
∏



q
N
0,

N!Λ3N





∫

dVVN exp
�−PV

kBT

�∫

dsN exp

�

−U(sN)

kBT

�





+
nt
∑



Nε

kBT

(A.9)

Taking the partial derivative of ln(QNPT) with respect to P results in
cancellation of the terms containing ε, as these are not functions of P
(and only a weak function of T, as explained in chapter 7). This means
that 〈V〉 does not depend on the correction term ε and hence the pressure
of the system is unaltered. Evaluating Eq. A.8 results in three seperate
terms for the chemical potential of species :

μ = μid

+ μex

,PES + ε (A.10)

The first term is the ideal gas term (μid ), which depends on the isolated
molecule partition function (excluding the contribution of ε) and the
density. μex,PES is determined by the force field used to describe the
PES. The third term is the correction term which shifts the chemical
potential of species  obtained using the PES by ε. This adjustment
to the partition function ensures that the excess chemical potentials are
corrected without changing the average volume 〈V〉, transport properties,
the liquid structure, and the pressure P.
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A.4. Relation between pressure and excess
chemical potential

We derive an equation relating the pressure and composition of a
multi-component gas mixture to the excess chemical potentials in the
liquid phase (Eq. 7.5) at VLE. At a given temperature (T) and pressure (P),
chemical equilibrium dictates that chemical potentials of each species  in
the gas phase are equal to the chemical potential of the same species in
the liquid phase [54, 106]:

kBT ln
�

ρG,

ρ0

�

+ μexG, = kBT ln
�

ρL,

ρ0

�

+ μexL, (A.11)

where kB, ρG,, ρL,, μexG,, and μexL, refer to the Boltzmann constant, gas
phase number density of species , liquid phase number density of species
, excess chemical potential (with respect to the ideal gas reference state) in
the gas phase for species , and the excess chemical potential in the liquid
phase for species , respectively. ρ0 is a reference number density (equal
to 1 m−3) to make the arguments of the natural logarithm unitless. μexG, is
related to the fugacity coefficient of species  (ϕ) in the gas phase [106]:

μexG, = kBT ln
�

yPϕ

kBTρG,

�

(A.12)

where y is the mole fraction of species  in the gas phase. This equation
is derived in the Supporting Information of Ref. [106]. After substituting
μexG, in Eq. A.11 by Eq. A.12, we obtain:

yP =
kBTρL,

ϕ
exp

�

μexL,

kBT

�

(A.13)

For a multi-component mixture with nt number of species, we have nt + 1
number of unknowns (i.e., P and nt values for y) and nt + 1 number
of equations (i.e., nt different versions of Eq. A.13 for each species, and
∑nt


y = 1). This set of equations can be solved iteratively using an

equation of state for the gas phase, which is often available. In chapter 7,
we only consider a single species (i.e., water) in the gas phase (i.e.,
yw = 1). In chapter 8, we have binary H2-H2O gas mixtures. Eq. A.13
is solved iteratively by initially starting with ϕw = 1. After computing
a first estimate of P using Eq. A.13, an improved estimate for ϕw is
computed using an equation of state for the gas phase. In chapter 7,
the Peng-Robinson equation of state [422, 423] is used. In chapter 8,
the GERG-2008 equation of state [123] is used, as this equation is more
accurate for modeling binary H2-H2O gas mixtures. This iterative scheme
is stopped after the values of P and ϕw change by less than 0.1%.
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A.5. Relation between the second virial
coefficient and the excess chemical
potentials of dilute gasses

We derive an equation relating the excess chemical potential of species 
in the gas phase (μexG,) to the second virial coefficient (pressure expansion)
of the pure gas of species  (B2P,). In chapter 8, the equation derived in
this section is applied to a single (pure) component system of water vapor.
The excess chemical potential of component  in the gas phase, μexG,, is
related to the the fugacity coefficient (ϕ) of species  via Eq. A.12. As
y = N/Nt (where Nt and N are the total number of molecules and the
number of molecules of type  in the gas phase, respectively), Eq. A.12 can
be reformulated:

μexG, = kBT ln
�

NϕPV

NtRTN

�

= kBT ln (Zmixϕ) = kBT(ln(Zmix) + ln(ϕ)) (A.14)

where Zmix = (PV)/(kBTNt) is the compressibility factor of the total
gas mixture. For the gas mixture at relatively low pressure P, the
Lewis-Randall rule [69] can be applied to approximate the fugacity of
species  (ƒ) in the mixture in terms of the fugacity of the pure gas of
species  (ƒpre,) at the same total pressure:

ƒ ≈ yƒpre, = ϕpre,yP (A.15)

where ϕpre, is the fugacity coefficient of the pure gas of species  at a
given T and P. The compressibility factor of the pure solution of species
 (Zpre,) can be approximated using the virial expansion (in terms of
pressure P) [69]:

Zpre, =
PV

NkBT
≈ 1 + B2P,P (A.16)

where B2P, is the second virial coefficient of species  (in the pressure
expansion) in units of Pa−1. ϕpre, is related to Zpre, and B2P, via [69]:

ln(ϕpre,) =
∫ P

0

Zpre, − 1

p
dp ≈ B2P,P (A.17)

Combining Eq. A.17 and Eq. A.14 results in:

μexG, ≈ kBT(ln(Zmix) + B2P,P) (A.18)

Eq. A.18 relates the excess chemical potential of species  to the second
virial coefficient of the pure system of species  and the compressibility
factor of the mixture, which can be easily computed using molecular
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simulations. For small values of μexG, (i.e., ca. 0.01 kJ/mol), computing
μexG, directly using molecular simulations is not efficient. This is because
long simulations are required to reduce the relative error of μexG . Eq. A.18
can be used as an alternative for predicting μexG, as it is easy to compute
the second virial coefficient in the gas phase from NPT simulations (i.e., by
plotting

�

P〈V〉
NkBT
− 1

�

/P as a function of applied pressure P and extrapolating
to P→ 0) [54].

The excess chemical potential of the pure gas of species  (μexG,Pre,) can
be calculated using Zpre, and B2P, using:

μexG,Pre, ≈ kBT(ln(1 + B2P,P) + B2P,P) ≈ 2kBTB2P,P (A.19)

in which the Taylor series expansion of the natural logarithm is used
to approximate ln(1 + B2P,P) as B2P,P. Note that in this section, we
have derived a relation in terms of the pressure-based second virial
coefficient. The density-based second virial coefficient (i.e., B2V, in units
of volume per molecule) can also be used to predict μexG,Pre,. The relation
B2P, = B2V,/(kBT) can be used [69] to rewrite Eq. A.19 in terms of B2V,:

μexG,Pre, ≈ 2B2V,P (A.20)

In chapter 8, we use Eq. A.20 to compare excess chemical potentials in the
gas phase of TIP4P/2005 [100] computed in this work (using Monte Carlo
simulations) with the reported density-based second virial coefficients of
TIP4P/2005 by Rouha et al. [413].

It is instructive to show that for a pure component system with pair
interactions, Eq. A.20 is consistent with the low density approximations
for the excess energy (Uex

Pre,) and excess entropy (SexPre,) of species . For
the excess energy, Uex

Pre, we have [50, 442]:

Uex
Pre, =

2πN2


V

∫ ∞

0
(r)g(r)r2dr (A.21)

in which (r) is the pair interaction potential for two molecules (of species
) at distance r. For excess entropy, SexPre, we have the following low
density approximation [443]:

SexPre, ≈
−2πN2


kB

V

∫ ∞

0
(g(r) ln[g(r)] − g(r) + 1) r2dr (A.22)

Note that to compute Eqs. A.24 and A.25 for finite-size systems one may
need to consider finite-size effects for both g(r) [444] and the integrals
over volume [445]. μexPre, is related to the excess entropy, SexPre, and
excess energy, Uex

G,Pre, using the definition [442]:
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μexG,Pre, =

�

∂AexPre,

∂N

�

T,V

=

�

∂Uex
Pre,

∂N

�

T,V

− T
�

∂SexPre,

∂N

�

T,V

(A.23)

where AexPre, is the excess Helmholtz energy of the pure component system
of species . At low density, the derivative of excess energy, Uex

G,Pre,, with
respect to N at constant T and V is equal to:

�

∂Uex
Pre,

∂N

�

T,V

=
4πN

V

∫ ∞

0
(r)g(r)r2dr (A.24)

Similarly, at low density the derivative of excess entropy, SexG,Pre,, with
respect to N at constant T and V is equal to:

�

∂SexPre,

∂N

�

T,V

=
4πNkB

V

∫ ∞

0
(g(r) ln[g(r)] − g(r) + 1) r2dr (A.25)

We can express g(r) in terms of (r) at low density [50, 442]:

g(r) ≈ exp
�−(r)

kBT

�

(A.26)

By combining Eq. A.24 and A.26, we obtain [50, 442]:
�

∂Uex
Pre,

∂N

�

T,V

≈
4πN

V

∫ ∞

0

�

(r)exp
�−(r)

kBT

��

r2dr (A.27)

Similarly, we can formulate an expression for SexPre, in terms of (r) by
combining Eqs. A.25 and A.26:

�

∂SexPre,

∂N

�

T,V

≈

−4πNkB

V

∫ ∞

0

�

exp
�−(r)

kBT

� −(r)

kBT
− exp

�−(r)

kBT

�

+ 1
�

r2dr

(A.28)

Using Eq. A.23 an expression can be found for μexG,Pre, in terms of (r) by
combining Eqs. A.27 and A.28:

μexG,Pre, ≈
4πNkBT

V

∫ ∞

0

�

1 − exp
�−(r)

kBT

��

r2dr (A.29)

The second virial coefficient B2V, can be obtained from [50, 442]:
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B2V, ≈ 2π
∫ ∞

0

�

1 − exp
�−(r)

kBT

��

r2dr (A.30)

By combining Eq. A.30 with Eq. A.20 and P = NkBT/V (valid at low
densities), we again obtain the same expression for the excess chemical
potential shown in Eq. A.29. This shows that the low density expressions
for μexG,Pre, (Eq. A.29) is consistent with the expressions for excess energy
(Eq. A.27) and excess entropy (Eq. A.28) [50, 442].
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Summary
In this thesis, molecular simulations are performed to design and assess
novel 2D materials for H2 storage applications (chapters 2-3) and to predict
thermodynamic and transport properties of H2 in aqueous electrolyte
solutions for storage and production of H2 (chapters 4-8). Both ab-initio
and force field-based methods are used in this thesis.

Novel 2D boron based materials (i.e., borophene, borophene oxide,
and borophene hydride) are assessed for physisorption (chapter 2) and
chemisorption (chapter 3) storage of H2 using ab-initio calculations.
In their pristine form (i.e., without any addition of metal dopants or
structural engineering), 2D boron based materials are not suitable for H2
storage. The physical adsorption energy of H2 with the 2D substrate is
too weak (i.e., ca. -0.10 eV / H2) to allow for any practical H2 capacity at
ambient conditions. In chapter 2, we consider the addition of different
metal atoms such as Li, Na, and K to the 2D boron structure to enhance
the adsorption energy of H2. Li atoms are particularly promising as
dopants on the 2D boron based substrate due to their low mass and
strong adsorption energy (with respect to the cohesion energy in bulk Li).
We discovered a Li doped borophene oxide structure with a theoretical
gravimetric capacity of 8.3 wt% H2 (exceeding the US DOE target of 5.5
wt% H2). Born-Oppenheimer Molecular Dynamics (BOMD) simulations
at 100-500 K indicate the structural stability of the 2D structure. The
average adsorption energy of H2 on the 2D structure in the presence of
Li-atoms is ca. -0.24 eV/H2, which results in a practical gravimetric
capacity of 5.2 wt% H2 at adsorption conditions of 298 K and 30 atm and
desorption conditions of 373 K and 3 atm. In chapter 3, Li decorating
atoms are shown to also influence chemisorption (i.e., hydrogenation and
dehydrogenation reaction pathways) of H2 in 2D boron structures. In
borophene hydride (i.e., BH, which contains 8.2 wt% H2 in its pristine
form), the presence of Li atoms weakens the 3-center 2-electron B – H – B
bonds. We show that the energy barriers (computed using Nudged Elastic
Band calculations) for H2 release (i.e., dehydrogenation) in borophene
hydride are reduced by more than 50% in presence of Li decorating atoms,
thereby significantly increasing the H2 desorption kinetics.

H2 can also be stored in underground reservoirs. Designing reservoirs
for H2 storage requires detailed knowledge of the thermophysical properties
of H2 in brine (i.e., aqueous solutions primarily consisting of water and
NaCl) that are present in aquifers underground. The interfacial tension
between H2 and brine influences the stability of the storage reservoir. The
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phase equilibria of H2 and brine (i.e., water content in gaseous H2, and H2
solubility in brine) influences the hydrogen purity. In chapter 4, MD and
MC simulations using non-polarizable force fields are used to compute
interfacial tensions, solubilities, and self-diffusivities of H2/H2O/NaCl
systems for high pressures (up to 1000 bar) and temperatures (up to
723 K). The non-polarizable Madrid-2019 force field of NaCl (with scaled
charges of +0.85/-0.85 [e] for Na+/Cl– ) combined with the TIP4P/2005
water force field and the Vrabec force field for H2 can accurately model
interfacial tensions of H2/brine systems and the salting out (i.e., reduction
of solubility of H2 in the presence of salts) of H2 at different NaCl
molalities. A different non-polarizable force field for NaCl, namely the
Madrid-Transport force field (with scaled charges of +0.75/-0.75 [e] for
Na+/Cl– ) is required for accurately predicting transport properties (i.e.,
viscosities and H2 self-diffusivities) of H2 in aqueous NaCl solutions.
In this thesis, non-polarizable force fields are also used to predict the
solubilities and diffusivities of H2 in aqueous KOH, NaOH, and NaB(OH)4
solutions. The self-diffusivities and solubilities of H2 influence the product
gas purities and the Faradaic efficiency of in alkaline water electrolyzers.
In chapter 5, we develop a new force field for OH– with a scaled charge
of -0.75 [e] that can accurately predict (within 2% from experiments) the
densities and viscosities of aqueous KOH and NaOH solutions up to 8 mol
salt / kg water. The newly developed classical OH– force field cannot
capture proton transfer between H2O and OH– . This proton transfer
strongly influences the self-diffusivities of OH– . The developed force field
for OH– can be used to accurately model (1) the self-diffusivities of H2 (as
the viscosities of the alkaline solution are correctly captured), and (2) the
salting out of H2 in aqueous KOH and NaOH solutions. In chapter 6, a new
force field for B(OH)4 – is developed based on the densities and viscosities
of aqueous NaB(OH)4 solutions at 298 K. Aqueous NaB(OH)4 is formed as
a byproduct of the hydrolysis reaction of NaBH4 with water along with
H2. NaBH4 is a promising H2 storage medium for maritime applications
with a gravimetric capacity of 10.7 wt% H2. NaB(OH)4 strongly influences
the thermophysical properties of the aqueous mixture and thereby the
hydrolysis of NaBH4. In the newly developed B(OH)4 – force field, OH– is
modeled as a single interaction site. Scaled charges of +0.85 [e] and -0.85
[e] for Na+ and B(OH)4 – , respectively, are found to accurately predict the
viscosities and densities of aqueous NaB(OH)4 solutions at 298 K up to 5
mol salt / kg water.

To calculate the water content in gaseous H2 using non-polarizable
force fields, a new approach is developed and used in chapters 7 and 8.
Non-polarizable force fields of water, such as the TIP4P/2005 force field,
that accurately capture the densities and transport properties of the liquid
phase cannot accurately predict the free energies of water and thereby the
vapor pressures of water. Already in 1987, it was discovered by Berendsen
et al. that non-polarizable force fields that are parameterized based on the
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free energies of water exclude the self-polarization energy of water (i.e.,
the "missing term in effective pair potentials" mentioned in the title of the
paper by Berendsen et al.), thereby resulting in inaccurate predictions for
transport properties of water. In chapter 7, a new approach is presented
in which (1) the TIP4P/2005 water force field and scaled charge ion
force fields are used to describe effective interactions between molecules
and ions, and (2) an additional (temperature-independent) effective charge
surface is used to sample the excess chemical potentials of salts and water
at infinite salt dilution. At finite salt dilution, a free energy correction
is applied to the partition function of the system to correct for the free
energy offset at a molality of 0 mol salt / kg water (i.e., the "missing
term"). Using this approach, the VLE of water and the infinite dilution free
energies of hydration of salts (e.g., NaCl, KCl, LiCl) are accurately modeled
(within 5% from experiments). In chapter 8, the free energy correction
that is obtained in chapter 7 is used to compute the compositions of
water and H2 gas in equilibrium with aqueous KOH and NaCl solutions.
The equilibrium compositions of water and H2 are accurately computed
(compared to experiments) from liquid phase excess chemical potentials
of water and H2 (computed using Continuous Fractional Component
Monte Carlo simulations), using an iterative scheme in which fugacity
coefficients in the gas phase are computed using the GERG-2008 equation
of state. The VLE data presented in chapter 8 can be used for modeling
the water content in the H2 product stream of alkaline electrolyzers (for
aqueous KOH solutions) and in underground hydrogen storage systems
(for aqueous NaCl solutions).





Samenvatting
In dit proefschrift werden moleculaire simulaties uitgevoerd om nieuwe
2D-materialen te ontwerpen voor opslag van H2 (hoofdstukken 2-3) en
om thermodynamische en transporteigenschappen van H2 in waterige
elektrolytoplossingen te voorspellen voor de opslag en productie van H2
(hoofdstukken 4-8). Zowel ab-initio als krachtveld-gebaseerde methoden
werden in dit proefschrift gebruikt.

Nieuwe 2D-boron gebaseerde materialen (d.w.z., borofeen, borofeenoxide
en borofeenhydride) werden beoordeeld voor fysiosorptie (hoofdstuk
2) en chemisorptie (hoofdstuk 3) van H2 met behulp van ab-initio
berekeningen. Zonder toevoeging van metaal dopanten of aanpassingen
van de oppervlaktestructuur zijn 2D-boron gebaseerde materialen niet
geschikt voor H2 opslag. De fysieke adsorptie-energie van H2 met het
2D-substraat is te zwak (ca. -0,10 eV / H2) om een zekere mate
van praktische H2 capaciteit toe te staan. In hoofdstuk 2 werden
verschillende metaal atomen zoals Li, Na en K toegevoegd aan de 2D-
boronstructuur om de adsorptie-energie van H2 te verhogen. Li-atomen
zijn bijzonder veelbelovend als dopanten vanwege hun geringe massa en
sterke adsorptie-energie (ten opzichte van de cohesie-energie in bulk Li)
met het 2D-boron gebaseerde substraat. We hebben een Li-gedopeerde
borofeenoxide-structuur gevonden met een theoretische gravimetrische
capaciteit van 8,3 wt% H2 (groter dan de US DOE-doelstelling van 5,5
wt% H2). Born-Oppenheimer Moleculaire Dynamica (BOMD) simulaties
bij 100-500 K duiden op de structurele stabiliteit van de 2D-structuur. De
gemiddelde adsorptie-energie van H2 op de 2D-structuur in aanwezigheid
van Li-atomen is -0,24 eV/H2. Dit resulteert in een praktische
gravimetrische capaciteit van 5,2 wt% H2 bij adsorptie bij 298 K en 30
atm, en desorptie bij 373 K en 3 atm. In hoofdstuk 3 wordt aangetoond dat
Li-decorerende atomen ook de chemisorptie (d.w.z., hydrogeneringsreactie
en dehydrogeneringsreactie) van H2 in 2D-boronstructuren beïnvloeden.
In borofeenhydride (d.w.z., BH, dat 8,2 wt% H2 bevat in zijn pure vorm),
verzwakken de 3-center 2-elektron B – H – B bindingen in aanwezigheid van
Li. We tonen aan dat de energie-barriéres (berekend met Nudged Elastic
Band-berekeningen) voor H2 afgifte in borofeenhydride met meer dan 50%
werden verminderd in aanwezigheid van Li-decorerende atomen, waardoor
de H2 desorptie snelheid aanzienlijk toeneemt.

H2 kan ook worden opgeslagen in ondergrondse reservoirs. Het
ontwerpen van reservoirs voor H2 opslag vereist gedetailleerde kennis
van de thermofysische eigenschappen van H2 in zoutoplossingen (d.w.z.,
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systemen die voornamelijk bestaan uit water en NaCl) die aanwezig zijn
in aquifers onder de grond. De oppervlaktespanning tussen H2 en de
zoutoplossing beïnvloedt de stabiliteit van het opslagreservoir en de fase-
evenwichten (d.w.z., het watergehalte in H2 en de oplosbaarheid van H2 in
de zoutoplossing) beïnvloeden de zuiverheid van waterstof. In hoofdstuk 4
werden MD- en MC-simulaties met behulp van niet-polariseerbare
krachtvelden gebruikt om oppervlaktespanningen, oplosbaarheden en
diffusiecoëfficiënten van H2/H2O/NaCl systemen voor hoge drukken
(tot 1000 bar) en temperaturen (tot 723 K) te berekenen. De niet-
polariseerbare Madrid-2019 krachtvelden van NaCl (met geschaalde
ladingen van +0,85/-0,85 [e] voor Na+/Cl– ), in combinatie met het
TIP4P/2005 waterkrachtveld en het Vrabec krachtveld van H2, kunnen
nauwkeurig de oppervlaktespanningen van H2/zoutoplossingen en de
salting out (d.w.z., vermindering van oplosbaarheden van gassen in
aanwezigheid van zouten) van H2 bij verschillende NaCl molaliteiten
modelleren. Een ander niet-polariseerbaar krachtveld voor NaCl, namelijk
het Madrid-Transport krachtveld (met geschaalde ladingen van +0,75/-
0,75 [e] voor Na+/Cl– ) is nodig voor het nauwkeurig voorspellen van de
transporteigenschappen (d.w.z., viscositeiten en H2 diffusiecoëfficiënten)
van H2 in waterige NaCl oplossingen. In dit proefschrift werden
ook niet-polariseerbare krachtvelden gebruikt om de oplosbaarheden
en diffusiecoëfficiënten van H2 in waterige KOH, NaOH en NaB(OH)4
oplossingen te voorspellen. De diffusiecoëfficiënten en oplosbaarheden van
H2 beïnvloeden de zuiverheden van gasvormige producten en de Faraday
efficiëntie van alkalische (d.w.z., KOH-oplossingen) water-elektrolyzers. In
hoofdstuk 5 ontwikkelen we een nieuw krachtveld voor OH– met een
geschaalde lading van -0,75 [e] dat de dichtheden en viscositeiten van
waterige KOH en NaOH oplossingen tot 8 mol zout / kg water nauwkeurig
kan voorspellen (binnen 2% van experimenten). Het nieuw ontwikkelde
klassieke OH– krachtveld kan de protonoverdracht tussen H2O en H2 niet
beschrijven, hetgeen de berekende OH– diffusiecoëfficiënten beïnvloedt.
Het krachtveld kan worden gebruikt om de diffusiecoëfficiënten van H2
en de salting out van H2 in aanwezigheid van waterige KOH en NaOH
oplossingen te modelleren. In hoofdstuk 6 wordt een nieuw krachtveld
voor B(OH)4 – ontwikkeld op basis van de dichtheden en viscositeiten
van waterige NaB(OH)4 oplossingen bij 298 K. NaB(OH)4 wordt samen
met H2 gevormd in water als bijproduct van de hydrolysereactie van
NaBH4 en water. NaBH4 is een veelbelovend H2 opslagmedium voor
maritieme toepassingen met een gravimetrische capaciteit van 10,7 wt%
H2. Opgelost NaB(OH)4 beïnvloedt de thermofysische eigenschappen van
de waterige oplossing sterk en daarmee de hydrolyse van NaBH4. Het
nieuw ontwikkelde B(OH)4 – krachtveld heeft een tetraëdrische structuur
en OH– wordt gemodelleerd als een enkele interactie site. Een geschaalde
lading van +0,85 / -0,85 [e] blijkt de viscositeiten en dichtheden van
waterige NaB(OH)4 oplossingen bij 298 K tot 5 mol zout / kg water
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nauwkeurig te voorspellen.
Om het watergehalte in gasvormig H2 te berekenen met behulp van

niet-polariseerbare krachtvelden, ontwikkelen en gebruiken we een nieuwe
aanpak in hoofdstukken 7 en 8. Niet-polariseerbare krachtvelden
van water, zoals het TIP4P/2005 krachtveld, die de dichtheden en
transporteigenschappen van de vloeibare fase nauwkeurig voorspellen,
kunnen de vrije energieën van water en daarmee de dampdrukken van
water niet nauwkeurig voorspellen. In hoofdstuk 7 wordt een nieuwe
aanpak gepresenteerd waarbij (1) het TIP4P/2005 waterkrachtveld en
geschaalde lading ion krachtvelden worden gebruikt om de effectieve
interacties tussen moleculen en ionen te beschrijven, en (2) een extra
(temperatuur-onafhankelijke) effectieve lading-oppervlak wordt gebruikt
om de excess chemische potentialen van zouten en water bij oneindige
zoutverdunning te berekenen. Bij eindige zoutverdunning wordt een vrije-
energiecorrectie toegepast op de partitiefunctie van het systeem om de vrije
energie-offset bij molaliteit van 0 mol zout / kg water te corrigeren. Met
deze aanpak werden de VLE van water en de vrije-energieën van hydratatie
van zouten (bijv. NaCl, KCl, LiCl) bij oneindige verdunning nauwkeurig
gemodelleerd (binnen 5% van experimenten). In hoofdstuk 8 wordt
de vrije-energiecorrectie die in hoofdstuk 7 is verkregen gebruikt om de
evenwichtsamenstelling van water en H2 gas in evenwicht met waterige KOH
en NaCl oplossingen te berekenen. De evenwichtsamenstelling van water
en H2 werden nauwkeurig berekend (in vergelijking met experimenten) op
basis van de excess chemische potentialen van water en H2 (berekend
met Continuous Fractional Component Monte Carlo-simulaties), met
behulp van een iteratief schema waarin de fugaciteitscoëfficiënten in de
gasfase werden berekend met de GERG-2008 toestandsvergelijking. De
VLE-gegevens in hoofdstuk 8 kunnen worden gebruikt voor het modelleren
van het watergehalte in de H2-stroom van alkalische elektrolyzers (voor
waterige KOH-oplossingen) en in ondergrondse waterstofopslagsystemen
(voor waterige NaCl-oplossingen).
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