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Methane dehydrogenation (CHyg — C(s) + 2H5(g) in molten media is
an emerging technology to produce CO,-free hydrogen and solid
carbon. However, molten salts exhibit little catalytic activity for
methane dissociation. In this study, we propose a catalytically active
solid metals dispersed molten salt for the non-oxidative dehydrogena-
tion of methane, investigating both the sequential dehydrogenation of
methane and its non-oxidative coupling, which can produce more
valuable C, products over solid carbon. Four different solid metals,
namely, nickel, boron-doped nickel, copper, and boron-doped copper
are investigated for their activity, stability against coking, and selec-
tivity towards C, products in the molten sodium bromide (NaBr) salt.
The catalytic reactions in the explicit condensed phase, with finite
temperature effects are studied using ab initio molecular dynamics
(AIMD) and metadynamics simulations at 1200 K. Our investigation
demonstrated that at high temperatures, microstructural changes in
the Cu catalyst are more pronounced than those in the Ni catalyst,
enhancing the activity of Cu significantly. Moreover, these operando
structural changes in the catalyst at high temperatures can only be
captured by AIMD simulations, and not by ground-state DFT calcula-
tions. Our calculated free energy barriers for methane dehydrogena-
tion indicate that boron doping in Ni and Cu catalysts lowers the CH,4
activation barrier by 39 kJ mol™* and 60 kJ mol™%, respectively in
comparison with Ni catalysts. Furthermore, we found that the CuB—
NaBr system kinetically promotes non-oxidative C-C coupling
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Catalytic methane dissociation and its non-
oxidative coupling in metal-dispersed molten salt
media: an ab initio molecular dynamics
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New concepts

Using ab initio molecular dynamics with biasing techniques, we provide a first-
of-its-kind study of methane dehydrogenation and C-C coupling reactions in a
condensed-phase molten salt system with dispersed metals, revealing unique
catalytic behavior inaccessible to conventional approaches. This simulation
method explicitly accounts for finite-temperature effects, including the
dynamic behavior of the molten medium, -catalyst microstructural
transformations, and reactant-catalyst interactions. These critical aspects are
inaccessible through conventional ground-state DFT calculations and remain
extremely challenging to probe experimentally. Our findings reveal that
dispersing active metals in an inert molten salt significantly lowers the
methane activation barrier, enhancing catalytic performance. Furthermore,
boron doping in the dispersed metals further lowered the activation barrier,
showcasing its effectiveness in enhancing catalytic performance. Notably, this
study is the first to explore boron-doped metals in molten salts at high
temperatures. A systematic analysis of coke formation and catalyst stability
under high-temperature conditions shows strong agreement with experimental
data, reinforcing the reliability of our simulations. Interestingly, while most
metal-dispersed systems favor complete methane dehydrogenation, CuB-NaBr
uniquely promotes C-C coupling, showing potential for forming more valuable
C, chemicals. By demonstrating how molten-phase environments influence
reaction kinetics and selectivity, our work introduces a new framework for
designing catalysts for methane valorization.

reactions over the competing dehydrogenation of CH, intermediates,
whereas other metal-dispersed systems primarily favor complete CH,4
dehydrogenation to form carbon. Interestingly, the carbon generated
as a byproduct diffuses into Ni and Cu, leading to deactivation, but
boron-doped systems prevent this diffusion, making them promising
candidates that are stable against catalyst deactivation. Moreover, we
have not observed any leaching of metal atoms from the catalyst into
the molten salt medium, nor the diffusion of boron from the subsur-
face to the on-the-surface at these elevated temperatures, ensuring
the stability of the system under these conditions. This first-principles-
based study revealed that heterogeneous catalysts in molten salts
have the potential to catalyse the non-oxidative dehydrogenation of
CHy,4, and that boron-doped Cu in molten NaBr is a promising system
for non-oxidative C—C coupling reactions.
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1. Introduction

In recent years, natural gas has gained prominence as a sustain-
able and cost-effective source of hydrocarbons, with significant
potential to replace coal and crude oil in various energy sectors
and chemical industries."” Natural gas is primarily composed of
methane, with smaller amounts of other hydrocarbons and impu-
rities like sulfur compounds. Conventional methods like steam
methane reforming (SMR) for methane conversion face challenges
such as substantial CO, emissions, significant exergy loss, and
high capital costs due to the complexity and multistage nature of
the processes.>® Alternatively, methane can be directly converted
through oxidative coupling or non-oxidative dehydrogenation to
produce valuable products that have attracted significant atten-
tion. Essentially all such direct methane conversion processes rely
on the dehydrogenation of methane. Methane has a regular
tetrahedral structure with four identical C-H ¢ bonds formed
through sp® hybridization, each bond having an energy of up to
435 k] mol ™~ ".>° The strong C-H bonds and non-polarity make CH,
decomposition difficult, posing a challenge for methane pyrolysis.
At high temperatures (>1200 °C), methane undergoes thermal
decomposition without a catalyst, producing CHj; radicals through
homogeneous C-H bond cleavage.”® At temperatures below
1100 °C without a catalyst, the reaction rate is slow, resulting in
very poor CH, conversion.” In the oxidative coupling of methane
(OCM) process, methane is activated with the aid of oxygen, and
the presence of a catalyst lowers the reaction temperature. How-
ever, the OCM process has several drawbacks, including the
presence of O, causing irreversible overoxidation and producing
significant amounts of thermodynamically more stable end pro-
ducts like CO, and H,0.”'° Interestingly, non-oxidative methane
dehydrogenation (eqn (1)) enables the possibility of producing
CO,free hydrogen from natural gas.""'>

CHyg) — C(s) + 2Hy(q) AH3ogx = 74.85 kJ mol ™' of CH,

(1)

Additionally, methane cracking requires less energy input com-
pared to SMR."> In contrast to SMR, which generates CO,,
methane dehydrogenation offers an attractive route for H, pro-
duction, with solid carbon as a by-product. Recently a techno-
economic study showed that the levelized cost for H, production
from methane dehydrogenation ($1.75 per kg of H,) is lower than
the conventional steam methane reforming process coupled with
carbon capture and sequestration technique ($1.95 per kg of
H,)."”* More importantly, in the presence of an appropriate
catalyst, methane dehydrogenation can potentially produce C,
hydrocarbons through the non-oxidative coupling of intermedi-
ates formed during the sequential dehydrogenation of methane.**
C, products hold significantly higher value compared to solid
carbon because they serve as essential chemical feedstocks and as
energy-dense fuels. However, the non-oxidative coupling of var-
ious intermediates during the sequential dehydrogenation of
methane is thermodynamically unfavorable.'>'® Karakaya et al.
showed that the equilibrium direct conversion of methane to
C,H, or C,Hg under non-oxidative conditions is thermodynami-
cally limited and only favored at high temperatures.'® Therefore,
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to promote C-C coupling, it is essential to kinetically inhibit the
complete dehydrogenation of methane.

It is reported in the literature that various active transition
metal catalysts, such as Ni, Ru, Pd, Pt, and Fe, have been
extensively studied to lower the activation barrier of methane
cracking."”° Generally, rapid chemisorption of methane, fol-
lowed by subsequent dehydrogenation, occurs on these solid
catalyst surfaces. However, these catalysts are readily deactivated
due to the coke deposition on the active sites of the catalyst.>'**
The regeneration of the deactivated catalyst involves oxidizing
the carbon layer present on the catalyst surface, which leads to
the generation of undesirable CO,.>*** Microstructural modifi-
cations, such as doping with noble metals or other transition
metals, are being investigated to improve the catalyst’s stability.
However, adding promoters to mitigate catalyst deactivation can
impact its activity, making significant breakthroughs difficult to
achieve."® Additionally, Guo et al. reported that atomic Fe sites
embedded in a silica matrix result in high catalytic selectivity for
the non-oxidative conversion of methane to ethylene, aromatics,
and hydrogen.” It has been observed that the lack of metal
ensembles inhibits C-C coupling and coking, resulting in long-
term stability under high-temperature reaction conditions.” Xie
et al. studied non-oxidative C-C coupling during methane dehy-
drogenation and revealed that single-atom catalysts significantly
outperformed metallic nanoparticles.”® These catalysts achieved
methane conversion of 14.1% at 975 °C with a C, selectivity
(ethane, ethylene, and acetylene) of 74.6%.%° To address these
catalytic challenges, the non-oxidative decomposition reactions
of methane in molten media is a promising method to produce
H, and other valuable products. In molten media-based bubble
column reactors, CH, dehydrogenation primarily occurs at the
gas-liquid bubble interface, and the carbon is transported to
the top of the column due to density differences, where it can
be separated, and the liquid medium at the bubble surface is
continuously renewed.””?® Additional benefits encompass
enhanced heat transfer facilitated by the high heat capacity of
molten media, as well as enhancement of gas residence time
resulting from the viscosity of the liquid. Hence, the selection of
melt is crucial and is the current focus of the research commu-
nity for commercializing this process. It has been reported in the
literature that various molten metals serve as effective reaction
media for methane dehydrogenation reactions.'” For example,
molten metal alloys such as Ni-Bi,”® Cu-Bi,”” NiMo-Bi,** Ni-
Sn,* etc. have been demonstrated as active catalysts for methane
dehydrogenation. Although these molten metals are active for
the methane dissociation reaction, they have several drawbacks,
such as high melting points, high vapor pressure, and carbon
contamination from the metal.">*® For example, in the case of
Ni-Bi alloy, Rahimi et al. found 83 wt% metal contamination in the
carbon.?! To overcome these limitations, molten salts can be used
as a potential alternative to molten metals for methane
dissociation." Molten salts possess several advantages over molten
metal such as lower vapor pressure, cheaper, and less carbon
contamination. Generally, single-component molten salts are weak
catalysts for methane cracking. For instance, the observed apparent
activation energy of molten NaBr for the methane decomposition
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reaction was determined to be 295 kJ mol ',** significantly
higher than the activation barrier seen with solid transition metal
catalysts. To enhance the catalytic activity of the molten salt,
various techniques such as binary molten salt mixtures, dispersion
of active metals into the salt, etc. can be employed for methane
dehydrogenation reactions. Recently, various molten salt mixtures
have been used to investigate the methane dehydrogenation
reaction.’>* Molten salt mixtures such as MnCl,-KCl,** FeCl;-
NaCl-KCl,** NaBr-KBr,” etc. have been exhibited as catalytically
active molten salt mixtures for methane cracking. Alternatively, to
enhance the catalytic activity of molten salts various solid metals
can also be dispersed into molten salts. Patzschke et al. have
screened various solid metal catalysts (containing La, Ni, Co, and
Mn) suspended in a mixture of 51.3 mol% molten NaBr and
48.7 mol% KBr.*® They found that Co-Mn alloy or Co catalysts
are promising catalysts in the NaBr/KBr salt system for methane
pyrolysis. They conducted kinetic experiments at 1000 °C in a
250 mm long quartz bubble column reactor, and the concentration
of species was measured using a mass spectrometer.*® Tarazkar
et al. studied the properties of methane and carbon adsorbed at the
interface of molten NaBr and Ni(111) using ab initio molecular
dynamics simulations.®” They discovered that the presence of the
molten NaBr film affects the properties of the Ni(111) surface in
several intriguing ways. These findings encourage use of the metal-
dispersed molten salt system for methane dehydrogenation reac-
tions. Furthermore, to favor the C-C coupling reaction pathway
over the sequential dehydrogenation of methane, one strategy is to
use solid transition metal catalysts for the non-oxidative dehydro-
genation of methane. However, active metals in the molten media
can get deactivated due to the carbon diffusion in the dispersed
metals. Therefore, it is crucial to investigate the carbon diffusion in
metals and their deactivation before selecting potential candidates
for methane dehydrogenation and coupling.
First-principles-based computational modeling tools like
density functional theory (DFT) are powerful tools for gaining
deeper insights into the electronic structure, reaction mechan-
isms, and activity/selectivity of catalysts. To study the condensed
phase reactive system, ab initio molecular dynamics (AIMD)
simulation is an effective tool that combines DFT with finite
temperature dynamics. AIMD simulations overcome the limita-
tions arising from the uncertainties associated with empirical
potentials in classical MD simulations. It is also reported in the
literature that the presence of an explicit condensed phase in a
catalytic system has several effects such as altering the reaction
rates and mechanisms, product selectivity, catalyst stability, and
durability.***! The study by Bonati et al. serves as a crucial proof-
of-concept, demonstrating that reaction mechanisms can be
highly dependent on the reaction conditions.”” It emphasizes
the importance of evaluating the system’s dynamics under indust-
rially relevant conditions to gain molecular insights. Tarazkar
et al. discovered that the presence of molten NaBr on the Ni(111)
surface leads to an increase in the concentrations of Na" and Br~
ions at the interface.’”” Additionally, they observed a transfer of
negative charge from Br~ ions at the interface to the Ni(111)
surface.’” Therefore, it is crucial to consider the complex physi-
cochemical interactions among the condensed phase and the
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reactants, intermediates, products, and catalysts. However, several
studies reported in the literature modeled the liquid medium as a
‘glassy’ solid configuration, obtained from AIMD simulations. The
activation barrier of the reaction is then determined using
ground-state DFT simulations.>”*>**** Although activation bar-
riers calculated from this technique offer valuable insights into
the reaction mechanism, they overlook crucial dynamical factors,
such as configurational changes in the catalyst structure, the
degrees of freedom and dynamics of the condensed medium,
and molecular vibrations. These effects are particularly significant
at high temperatures. In this regard, AIMD simulations can
effectively capture the finite temperature effects on the catalyst
structure, reaction intermediates, and the dynamic behavior of
the molecules in the condensed phase during the reaction.

However, to the best of our knowledge, no one has studied
the non-oxidative methane dehydrogenation reactions in a
condensed phase employing the first-principles-based AIMD
simulation methods.

Hence, in the current study, we have investigated the non-
oxidative dissociation of methane as well as the non-oxidative
coupling of methylidene (CH,) and methyne (CH) intermediates
in metal-dispersed molten salt systems using AIMD simulations.
NaBr, a catalytically weak alkali halide salt was taken as a molten
salt medium for this study. Four different solid metals, viz.,
nickel (Ni), boron-doped nickel (NiB), copper (Cu), and boron-
doped copper (CuB) are dispersed into the molten NaBr salt. We
have chosen these metals because they have been shown to
activate CHy, and their melting points are higher than that of
NaBr (747 °C). We have studied the activity, selectivity, and
stability of metals within the condensed-phase environment of
the molten salt. To the best of our knowledge, the computational
study of non-oxidative dissociation of methane as well as non-
oxidative C-C coupling in a condensed-phase catalytic system
has not been conducted before. The details of the simulation
system and computational methods are provided in Section 2,
while the findings from the AIMD simulation are reported in
Section 3. Mechanistic insights gained from this study will assist
in the development of stable and active metal-dispersed molten
salt systems for methane dehydrogenation, facilitating its path
toward commercial viability.

2. Computational methods

Ab initio molecular dynamics simulations are performed using
the CPMD code, version 4.3.*>*® The CPMD code utilizes the Car-
Parrinello scheme®” to perform AIMD simulations. The plane-
wave pseudopotential implementation of Kohn-Sham density
functional theory was used for the first-principles calculations.*®
The Troullier-Martins pseudopotential*® with the Perdew-Burke-
Ernzerhof generalized gradient approximation®® was used. The
contribution of the non-local part of the pseudopotential to the
energy was calculated using the Kleinman-Bylander scheme.> In
the reciprocal space, integration over the Brillouin zone was
performed using only the I'-point. An energy cutoff of 80 Ryd
was optimal to achieve convergence in energy. The Nosé-Hoover
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chain®® thermostat was used to control the electronic and ionic
temperatures. The frequency of the ionic thermostat was 3500 cm ™.
To avoid coupling between the electronic and ionic dynamics, the
frequency of the electron thermostat was chosen 10000 cm™*. All
simulations are performed at 1200 K. In our CPMD simulation,
the fictitious electron mass parameter was set to 200 a.u. Short
molecular dynamics simulations were performed without the
thermostat to estimate an approximate value around which the
fictitious electronic kinetic energy fluctuates, and based on
these findings, a value of fictitious electronic kinetic energy was
selected for subsequent simulations. The time interval for a
single step in the molecular dynamics simulation was chosen to
be 0.0964 femtoseconds. Initially, geometry optimization was
performed to ensure that the energy of the system reached a
local minimum. To make sure that the system did not stray off
the Born-Oppenheimer surface during the molecular dynamics
(MD) simulation, energies, including the fictitious electronic
kinetic energy, were monitored. The VMD code was used to
visualize AIMD trajectories.”® The simulation cell size was 10 x
10 x 40 A® and the system consists of a four-layered metal
catalyst surface with salt molecules positioned on top of the
metal layer. This simulation cell replicates the interface
between solid metal and liquid molten salt. The modeling of
Ni, B-doped Ni, Cu, and B-doped Cu surfaces involved the
consideration of their most thermodynamically stable (111)
facets using a 4-layer, p(4 x 4) unit cell (¢f Fig. 1). Notably,
X-ray diffraction (XRD) analysis indicated that both Ni and Cu
catalysts exhibits its most intense diffraction peak on the (111)
crystallographic plane.>**® On the NiB and CuB sutfaces, boron
atoms occupy the first subsurface octahedral sites within the Ni
and Cu slab respectively.***” The significant interaction
between neighboring boron atoms results in the reconstruction
of the Ni and Cu surface atoms, causing the surface to adopt a
stepped appearance. Furthermore, the stability of boron in NiB
catalysts can be attributed to a strong bonding interaction
between boron 2p orbitals and the Ni 3d band, where the
bonding orbitals of octahedral boron shift to —4.8 eV, in
contrast to —2.8 eV for boron positioned at the on-surface
hep hollow site.>” Similarly, it has been shown that at boron
doping near 1 monolayer (ML), the subsurface boron layer
configuration is the most thermodynamically stable arrange-
ment for the CuB catalyst.>® To add the salt molecules above the
slab, an inter-slab distance of 35 A was added in the z-direction.
NaBr molecules were added on the top surface of the metal
slab. The number of NaBr molecules added to the box was
chosen based on the density of the salt.*?

CPMD simulations are computationally very expensive, making
them impractical to run for the timescales typically required for
reactive events to be observed. Therefore, in this current work, the
metadynamics method was used as an enhanced sampling tech-
nique. The metadynamics algorithm, coupled with CPMD, accel-
erates the reaction dynamics along selected reaction coordinates
and also facilitates the computation of the system’s free energy
landscape as a function of those coordinates.”®*® Metadynamics
can generate a multidimensional free energy landscape along
selected reaction coordinates, providing quantitative information
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Fig. 1 Representative simulation snapshot of the Ni—NaBr system (one of
the four systems studied). The blue balls represent Ni atoms, the red balls
represent Br atoms, the violet balls represent Na atoms.

on the energy surface, minimum energy pathways, and barriers.
This method, as described by Laio and Gervasio,*® is based on
iteratively “filling up” the free energy landscape of the system by
depositing history-dependent potentials at small time intervals
in the coordinate space of interest. The accumulation of bias
potentials along the metadynamics simulation allows the system
to overcome reaction barriers, and it also facilitates the compu-
tation of the system’s free energy landscape as a function of the
specified collective variables (CVs). The height of the bias
potential (Gaussian potential) added was maintained at a con-
stant value of 2.6 k] mol . Similar to the original Car-Parrinello
approach, the motion of collective variables was decoupled from
the motion of ions and fictitious electronic degrees of freedom
by selecting a suitable value for the fictitious mass associated
with the collective variables. The temperature of the collective
variables is maintained at 1200 K, which is the same as the
system’s physical temperature and is controlled within a range of
£200 K through velocity rescaling. The free energy barriers of
sequential dehydrogenation reactions and C-C coupling reac-
tions are computed using metadynamics employing two CVs. A
detailed description of CVs that are used for performing meta-
dynamics simulations is presented in Table 1, along with indices
of atoms that form the CVs. The convergence of metadynamics
simulations is also examined by converging the computed free
energy barriers with respect to CPMD-metadynamics steps.

This journal is © The Royal Society of Chemistry 2025
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Table1l Detailed description of CVs and their associated values in the reactant and product state. For clear visualization, NaBr salt above the metal atoms
is omitted. The blue balls represent Ni atoms, the white balls represent H atoms, and the gray balls represent C atoms. The atom index is added in the

figure

Reaction: CH, — CH3* + H*

cv Reactant state Product state
Cvi 0 1
Cv2 4 2

CV1: carbon (index 17) and 3 surface metal atoms (indices 6, 7, 10) coordination number
CV2: difference between the coordination number of the C atom (index 17) and one metal atom (index 11) with respect to four hydrogen atoms

(indices 18, 19, 20, 21)
Reaction: CH;* — CH,* + H*, CH,* — CH* + H*, CH* — C* + H*

CV1: coordination number between C (index 17) and all three H atoms (indices 18, 19, 21)
CV2: coordination number between H (index 21) and 16 surface metal atoms (indices 1-16)

Reaction: CH,* + CH,* — C,H,* and CH* + CH* — C,H,*

CvV Reactant state Product state
Ccvl 3 2
Cv2 0 1
(0\% Reactant state Product state
Cvi -1 0
Cv2 -1 0

CV1: difference between the coordination number of one C atom (index 22) and one metal atom (index 6) with respect to another C atom (index 17)
CVv2: difference between the coordination number of one C atom (index 17) and one metal atom (index 7) with respect to another C atom (index 22)

For the first dehydrogenation reaction, CH, to CH3* (where *
represents metal surface), one collective variable (CV1) is the
coordination number between C (atom index 17) and three
surface metal atoms (atom indices 6, 7, 10), and another
collective variable (CV2) is the difference between the coordina-
tion number of C atom (atom index 17) and one metal atom
(atom index 11) with respect to four hydrogen atoms (atom
indices 18, 19, 20, 21). CV1 accounts for the interaction of
carbon with surface metal atoms, while CV2 characterizes the
cleavage of the C-H bond and the formation of the metal-H
bond. Before the dehydrogenation of CH,, values of CV1 and
CV2 are 0 and 4, respectively. After the dehydrogenation of CH,
to CH3* and H, these values change to 1 and 2, respectively. In
the subsequent dehydrogenation of CH, (x = 3, 2, 1) to carbon,
two key CVs are used. The CV1 is the coordination number
between carbon and its hydrogen atoms (atom indices 18, 19,
21), capturing the breaking of C-H bonds during the reaction.

This journal is © The Royal Society of Chemistry 2025

The CV2 is the coordination number between the cleaving
hydrogen atom and 16 surface metal atoms. For example, in
the case of the CH3* dehydrogenation reaction the value of CV1
will be 3 before dehydrogenation and will change to 2 after the
dehydrogenation. Also, the value of CV2 will change from 0 to 1
before and after the dehydrogenation, respectively. For C-C
coupling reactions, CVs include the difference in the coordina-
tion number of a carbon atom with respect to another carbon
and the metal atom to which it is attached. This way, we can
take into account the formation of the C-C bond and also the
dissociation of the metal-C bond (¢f. Table 1).

3. Results and discussion

In the current study, we investigated the sequential catalytic
dehydrogenation of CH, to carbon, involving intermediate

Mater. Horiz., 2025, 12, 4685-4698 | 4689
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Fig. 2 Reaction network of CH,4 sequential dehydrogenation and C-C
couplings (CH,—-CH, and CH-CH) routes that are investigated in this work.

species CH3*, CH,*, and CH* (¢f Fig. 2). Simultaneously, we
examined the coupling reactions of CH,* and CH* species, to
produce ethylene and acetylene, respectively, as shown in the
reaction scheme in Fig. 2. These reactions were investigated in
Ni, NiB, Cu, and CuB dispersed molten salt systems, and the
results are presented in the following sections.

3.1 Dehydrogenation of CH, to CH;

The rate-limiting step in the sequential dehydrogenation of
methane is usually its first activation, which involves the break-
ing of the strong C-H bond.®™®> The free energy surfaces
computed using CPMD-metadynamics for the dehydrogenation
of CH, to CH3*, as a function of the collective variables defined
in Table 1, are shown in Fig. 3(a)-(d) for Ni-NaBr, NiB-NaBr,
Cu-NaBr, and CuB-NaBr respectively. The free energy barrier
for the dehydrogenation of CH, to CH3* in the Ni-NaBr system
is 151 kJ mol~". The effective activation energy for methane
pyrolysis in a differential bubble column reactor using pure
molten NaBr salt was reported to be 295 kJ mol*,** which is
significantly higher than the free energy barrier of CH, dehy-
drogenation in the Ni-NaBr system. The presence of Ni in NaBr
leads to a reduction in the free energy barrier due to the back-
donation from the Ni 3d orbitals to the antibonding oy~
orbital in methane. In the case of the NiB-NaBr system, the
free energy barrier for the first dehydrogenation of methane is
further reduced to 112 kJ mol ™. It shows that the boron doping
in the first subsurface layer of Ni has a significant effect on the
C-H activation of methane. The reduction in the activation
barrier can be ascribed to the formation of a steplike surface
reconstruction, which arises from the attractive interaction
among boron atoms located in adjacent octahedral sites. More-
over, the doping of B in the subsurface Ni causes charge
transfer from Ni to B, which in turn increases the catalytic
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activity of NiB for CH, dehydrogenation.”” Xu et al’s DFT
calculations indicated that the surface reconstruction of NiB
lowers the methane activation barrier by 27 k] mol *.>” Mohan
et al. also reported that the free energy barriers at 973 K for the
first methane activation for Ni and NiB catalysts, as determined
by gas phase DFT calculations, were 164 k] mol ' and
107 kJ mol ', respectively.®® The gas phase free energy barriers
for C-H activation on Ni and NiB closely match our calculation.
Hence, it can be inferred that NaBr (and its interface with the
catalyst surface) has very little effect on C-H activation. Inter-
estingly, in the Cu-NaBr system, the free energy barrier for CH,
dehydrogenation to CHz* is 91 k] mol ™', which is significantly
lower than the Ni-based systems. Copper is a relatively weaker
catalyst for C-H activation due to its filled d-orbital. It is
reported in the literature that the first CH, dehydrogenation
barrier in the gas phase on the Cu(111) surface is 174 k] mol *.°°
In our case, the reduction in the dehydrogenation barrier of CH,
to CH;* can be attributed to the distortion of the Cu surface at
this high temperature (which is captured in the finite tempera-
ture CPMD simulations, unlike ground-state DFT simulations),
making it much more catalytically active than the planar Cu
surface. Our simulation study at 1200 K demonstrated that the
finite temperature effect on the Cu structure is significantly
more pronounced than on the Ni structure. This can be attrib-
uted to the fact that Cu has a melting point of 400 °C lower than
Ni. Therefore, at high temperatures, Cu exhibits higher catalytic
activity due to the agglomeration of Cu atoms. Varghese et al.
also reported a comparable free energy barrier of 90 k] mol ™" at
1273 K for methane dissociation on the Cug cluster.® Varghese
et al. noted that the collision-induced vibrational activation of
stretching and bending modes, coupled with lattice relaxation of
the clusters, significantly lowers the free energy barrier for
methane dissociation on Cu clusters.”® They also discovered
that increasing the cluster size provides a greater number of
sites for the chemisorption of the dissociated fragments (CH;
and H), thus reducing the free energy barrier for methane
dissociation.®* Hence, the Cu catalyst would increase the cataly-
tic activity of the weak NaBr salt for the non-oxidative dehydro-
genation of methane. In the case of the CuB-NaBr system,
the dehydrogenation barrier (86 k] mol ') is further reduced
by 5 k] mol " in comparison with the Cu-NaBr system. Similar
to that of Ni, doping of B into the first subsurface layer of Cu
causes the formation of the stepped surface at the top due to the
B-B interaction, which generates active sites that effectively
activate methane C-H bonds. Thang et al. reported that, in
addition to surface reconstructions, incorporating a monolayer
of sub-surface boron into the copper lattice induces charge
transfer from boron to copper, which subsequently enhances
the activity for methane C-H bond cleavage.’® The value of the
free energy barrier is consistent with the gas phase activation
barrier (75 k] mol ") for methane dehydrogenation reported by
Thang et al.’® Hence, doping of B into the subsurface layer of Cu
also acts as a promoter for the C-H activation of methane.

In brief, our CPMD simulation study revealed that the
doping of B in both Ni and Cu catalysts enhanced its catalyst
activity, whereas the temperature-induced microstructural

This journal is © The Royal Society of Chemistry 2025
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NiB—NaBr, (c) Cu—NaBr, and (d) CuB—NaBr metal-molten media systems. The free energy barrier in kJ mol™ is shown above the arrow. Refer to Table 1

for the definition of collective variables CV1 and CV2.

change in Cu is responsible for the reduction of the first
methane dehydrogenation barrier on it. It is also observed that
the presence of molten NaBr at the interface did not signifi-
cantly affect the methane dehydrogenation barrier.

3.2 Sequential dehydrogenation of CH, (x = 3, 2, 1) and C-C
coupling

Free energy barriers for the sequential dehydrogenation of CH,
(x=3, 2, 1) and the coupling of CH,* and CH* species in all four
metal dispersed systems are provided in Fig. 4. The free energy
surfaces for the sequential dehydrogenation of CH, (x = 3, 2, 1)
to C are given in Fig. S1-S3 (ESI}). Free energy profiles for the
CH,-CH, coupling reaction in all four systems are shown in
Fig. 5; whereas free energy profiles for the CH-CH coupling are
given in Fig. S4 (ESIf). We did not simulate CHz* coupling
because significant steric hindrance prevents CH;* fragments

This journal is © The Royal Society of Chemistry 2025

from coupling. The sp® carbon’s tetrahedral geometry leads to a
weak catalyst-reactant interaction, resulting in a very high free
energy barrier for coupling. Notably, the free energy barrier for
CH;-CHj; coupling on a CuB catalyst is 273 kJ mol ', as
determined from gas phase calculations.”®

In the Ni-NaBr system, the free energy barrier for the
formation of CH,* is 54 k] mol™', and the formation of CH*
is 50 k] mol~*. However, the formation of carbon from the CH*
intermediate requires overcoming a barrier of 88 kJ mol !,
which is significantly higher than the previous dehydrogena-
tion steps. The first dehydrogenation barrier (151 k] mol™") of
CH, is also much higher than the free energy barriers of
subsequent dissociation steps in the Ni-NaBr system. Mohan
et al. reported free energy barriers (using DFT calculations) at
973 K and 10 bar pressure for the dehydrogenation of CH3*,
CH,*, and CH* on the Ni(111) surface as 164 kJ mol

Mater. Horiz., 2025, 12, 4685-4698 | 4691
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58 kJ mol %, 35 k] mol*, and 126 k] mol ' respectively.*®
Interestingly, our calculated free energy barrier of CH,~CH, cou-
pling is 208 k] mol™' which is significantly higher than the
dehydrogenation barrier (50 k] mol™") of CH,* to CH*. So, the
coupling reaction is kinetically unfavorable in the Ni-NaBr system.
As a result, the Ni-NaBr system will follow the dehydrogenation
pathway of CH,* over its coupling. It is also found that the free
energy barrier of the CH-CH coupling is 123 k] mol ', which is
35 k] mol™* more than the dissociation barrier of the CH*
intermediate. So, the CH* dehydrogenation reaction is also kine-
tically more favorable than the CH-CH coupling reaction. Hence,
we predict that in the Ni-NaBr system, methane would undergo
complete dehydrogenation to produce hydrogen and carbon.

For the NiB-NaBr system, the calculated free energy barrier for
CH,* dehydrogenation to CH,* is 102 k] mol". The barrier for
CH,* conversion to CH* is 98 k] mol !, while the dissociation of
CH* to C* has a barrier of 101 kJ mol . In the NiB-NaBr system,
the dehydrogenation barriers for CH3;* and CH,* species are
slightly higher compared to those in the Ni-NaBr medium. The
literature reports that the calculated free energy barriers (using
ground-state DFT) at 973 K for the dehydrogenation of CH*,
CH,*, and CH* on the NiB surface are 87 k] mol™*, 56 kJ mol %,
and 96 kJ mol *, respectively,® indicating that our calculated free
energy barriers for sequential dehydrogenation in the NiB-NaBr
system are consistent with these DFT-calculated values on the NiB
surface. The computed free energy barrier of CH,-CH,, coupling
in the NiB-NaBr molten media is 190 k] mol . However, this
coupling barrier is significantly higher than the free energy barrier
(98 kJ mol ) of the CH,* dehydrogenation. Similarly, the CH-CH
coupling reaction in the NiB-NaBr system must overcome an
energy barrier of 121 kJ mol ', which is higher than the free
energy barrier for CH* dehydrogenation. Therefore, the NiB-NaBr
system is also kinetically less favorable for the formation of C,H,
and C,H, than the complete dehydrogenation of CH,.

For the Cu-NaBr system, the free energy barrier for the
dehydrogenation of CHz* to CH,* is 88 k] mol~". Additionally,
the free energy barriers for the formation of CH* species from
CH,* and the dehydrogenation of CH* to C* are 86 kJ mol "

4692 | Mater. Horiz., 2025, 12, 4685-4698

and 104 kJ mol *, respectively. Furthermore, it is observed that
the free energy barrier for CH* dissociation to C* is the highest
among all dehydrogenation steps of CH,. This aligns with pre-
vious findings, indicating that the formation of carbon exhibits
the highest barrier among the elementary dehydrogenation steps
on the Cu(111) surface.*>® Moreover, the calculated free energy
barrier (¢f Fig. 4) for the CH,~CH, coupling reaction in the Cu-
NaBr system is 182 k] mol ", which is 96 k] mol ™" higher than the
dehydrogenation barrier of CH,* to CH*. Therefore, the Cu-NaBr
system does not kinetically favor the CH,-CH, coupling reaction
over the dehydrogenation of CH,* to CH*. Similarly, the CH-CH
coupling barrier in this molten medium is 160 k] mol™~*, which is
higher than the dehydrogenation barrier of CH* to C*. Therefore,
the Cu-NaBr system is more likely to favor the dehydrogenation of
CH* to C* over the coupling reaction. Therefore, the Cu-NaBr
molten medium favors the complete dehydrogenation of CH, over
C—-C coupling.

In the CuB-NaBr system, the C-H activation barrier of the
CH;* fragment is 82 kJ mol ™', which is about the same as the
methane dehydrogenation barrier. The subsequent dehydro-
genation barriers of CH,* and CH* species are 118 kJ mol '
and 91 kJ mol " respectively. In the CuB-NaBr system, the
dehydrogenation of CH,* presents the highest energy barrier
compared to other dehydrogenation steps. Interestingly, in the
case of CuB, the free energy barrier for the coupling of the CH,*
fragment (109 k] mol™') is lower than that for the CH,*
dehydrogenation barrier (118 kJ mol %). Accordingly, the
CuB-NaBr system would kinetically promote the CH,-CH,
coupling reaction over the CH,* dehydrogenation. This free
energy barrier for the coupling of CH,* species, in the presence
of the molten media, is consistent with the activation barrier
(120 kJ mol ") of CH,~CH, coupling on the CuB catalyst in the
gas phase.®® It was reported that the coupling of CH,* frag-
ments on CuB was more favorable due to the strong binding of
ethylene in the m-configuration at the step sites of the Cu in
CuB.”® Additionally, Sargent and coworkers have experimen-
tally studied the electrochemical reduction of CO, (CO2RR) to
C, hydrocarbons on the CuB catalyst.®® They have observed that

This journal is © The Royal Society of Chemistry 2025
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the doping of B in Cu gave highly selective C, products from CO, by
facilitating C-C coupling.®® Nie et al. studied C-C coupling on Fe-
Cu bimetallic catalyst in CO, hydrogenation.®® They have reported,
using DFT calculations, that the addition of Cu in Fe(100)
reduced the activation barrier of CH,-CH, and CH-CH coupling
by 40 kJ mol " and 45 kJ mol ', respectively in comparison with
pristine Fe(100) surface.®® Our calculated free energy barrier shows
that the CH-CH coupling barrier (82 k] mol %) for the CuB-NaBr
molten medium is slightly lower than the dehydrogenation barrier
(91 k] mol™") of CH*. Hence, we predict that the CuB-NaBr molten
system would kinetically favor CH,*-CH,* and CH*-CH* coupling
over complete dehydrogenation to C.

This journal is © The Royal Society of Chemistry 2025

In summary, we observed that, except for the CuB-NaBr
molten salt system, the sequential dehydrogenation barrier of
CH, is lower than that of the C-C coupling reactions in all
metal-metal salt systems. This suggests that the Ni, NiB, and
Cu-dispersed molten salt systems would kinetically favor the
complete dehydrogenation of CH, over non-oxidative coupling at
1200 K. Interestingly, it is observed that in the CuB-NaBr system,
the barriers for CH,~CH, and CH-CH coupling are lower than
those for the dehydrogenation steps of CH,* and CH*. Hence,
the CuB-NaBr system would kinetically promote both CH,-CH,
and CH-CH coupling reactions, making the CuB-NaBr molten
medium a promising candidate for producing C, products and
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hydrogen via non-oxidative coupling of methane. Moreover, the
presence of molten salt does not adversely impact the catalyst’s
activity; in fact, it enhances heat transfer within the molten
medium and aids in the removal of solid carbon from the
molten medium.

3.3 Carbon diffusion and catalyst stability

Carbon produced as a by-product during the sequential dehy-
drogenation of methane can be deposited on the active sites of
the metal and can diffuse into the bulk, deactivating the
catalyst. Hence, we investigated carbon diffusion into the four
active metals by positioning carbon at the interface between the
molten salt and the metal. We performed the CPMD simula-
tions at 1200 K for more than 8 picoseconds (ps) to check the
migration of the carbon into the metals. In these simulations,
no bias potential was applied to the system, and the dynamics
of carbon within each catalyst at different time steps are
depicted in Table 2. It is emphasized that the carbon diffusion

View Article Online
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in the catalyst can be observed through AIMD simulations, but
not through ground-state DFT calculations. Our simulations
show that within the first 4 ps, even without implementing any
enhanced sampling method, carbon diffuses from the top of
the Ni surface to the subsurface region. This suggests that Ni
would suffer from deactivation due to the diffusion of carbon
into Ni bulk (¢f Table 2). Additionally, we calculated the
distance between the carbon atom and the surface Ni atoms.
The distance between the carbon atom and the surface Ni
atoms along the CPMD trajectory is shown in Fig. 6a. We found
that the carbon atom on the top surface (~1.5 A) diffuses into
the subsurface layer of the Ni catalyst after 2 ps. Our results are
in excellent agreement with coke deposition studies on Ni
catalysts. For example, Xu et al. observed that on the terraces
of a Ni catalyst, the carbon atoms are not very stable.>” They
noted that these atoms preferably diffuse to subsurface octahe-
dral sites and step sites, as it is thermodynamically more
favorable.”” Tarazkar et al. also studied carbon diffusion in a

Table 2 Time evolution of carbon in the four molten mediums. The highlighted yellow circle in the image represents the position of the carbon atom.
The blue balls represent Ni atoms, the white balls represent H atoms, the peach balls represent Cu atoms, the salmon balls represent B atoms, and the
gray ball represents a C atom. For clear visualization, a portion of the slab containing a few salt and metal atoms is shown

Time steps

Molten medium 0 ps

4ps 8 ps

Ni-NaBr

NiB-NaBr

Cu-NaBr

CuB-NaBr
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Fig. 6 Time trajectory of the distance between the carbon atom and
(b) NiB—NaBr system.

molten NaBr-Ni(111) system.?” They also found that carbon
rapidly migrates from the interface NaBr-Ni(111) interface to
the subsurface of Ni. Experimental observation revealed the
formation of a bulk nickel carbide due to the methane dis-
sociation on Ni(110) and Ni(100) surfaces at temperatures
above 533 K.”° Therefore, it is necessary to inhibit carbon
diffusion into the metal to prevent catalyst deactivation. In
the case of the NiB-NaBr system, we have observed that carbon
is unable to diffuse into the NiB catalyst and resides on the top
surface of the NiB catalyst. Furthermore, the limited variation
in the distance of the carbon atom relative to the top Ni layer
(¢f Fig. 6b) also indicates that the carbon atom does not
migrate from the top of the surface to the subsurface layers
of the NiB catalyst. This occurs due to the selective blocking of
subsurface, interstitial sites in Ni by boron. It has also been
reported that the boron promoter in the first subsurface layer
lowers the carbon binding energy on the surface, potentially
reducing carbon coverage.”" Hence, doping of B effectively pre-
vents the diffusion of carbon into the Ni particle. Xu et al also
found that doping the subsurface of nickel catalysts with boron
prevents carbon diffusion into the Ni catalyst.””’" Our study
demonstrates that even at an elevated temperature of 1200 K the
NiB-NaBr system remains stable and does not experience any
carbon diffusion into the bulk, ensuring that its catalytic activity
remains unaffected, and thus nickel carbide would not form.
Similar to the Ni-NaBr system, we have also observed carbon
diffusion occurring in the Cu-NaBr system and carbon migrates
into the bulk of Cu. Similar to the Ni-NaBr system, the variation in
the distance of the C atom from the top Cu layer (¢f: Fig. S6a, ESIT)
further demonstrates its migration from the top surface into the
bulk Cu. Therefore, coke deposition on its active site would lead to
a reduction in the catalytic activity of the Cu-NaBr system.
Typically, the formation of C* species from CHjz* species is not
observed on catalytically weak Cu catalysts.®>®” However, we
investigated the complete dehydrogenation of methane to carbon

This journal is © The Royal Society of Chemistry 2025
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at a very high temperature (1200 K). As the Cu structure gets
distorted at high temperatures, it contains more void spaces than
the flat Cu surface (usually employed in ground-state DFT simula-
tions). Hence, we observed that carbon diffuses through the
distorted Cu surface into the bulk. Zeng et al. also observed carbon
deposition during methane dehydrogenation on the Cu(111) sur-
face at 1300 K temperature.”> Remarkably, there is no carbon
diffusion into the catalyst observed for the CuB-NaBr system.
Similar to the NiB-NaBr system, it has been observed in the
CuB-NaBr molten medium that doping B into the first subsurface
layer of Cu prevents carbon migration from the top surface into
the bulk of the catalyst, even at high temperatures. Additionally,
the variation in the distance (¢f Fig. S6b, ESIT) of the carbon atom
relative to the top Cu layer further elucidates that carbon does not
diffuse into the subsurface layers of the CuB catalyst. Therefore,
the doping of B in both the NiB-NaBr and CuB-NaBr systems
serves to inhibit coke deposition. Additionally, we did not observe
any leaching of metal atoms from the catalyst into the molten salt
and the diffusion of boron from the subsurface to the on-surface at
such elevated temperatures. Since our simulations consider finite
temperature effects and dynamics, unlike conventional DFT, this
further proves the stability of boron-doped catalysts.

4. Conclusions

We investigated the sequential dehydrogenation and non-
oxidative coupling of methane in solid metal-dispersed molten
salt systems using ab initio molecular dynamics simulations
with the Car-Parrinello scheme. In this study, activity, selectiv-
ity, and stability of four metal catalysts, namely Ni, Cu, and
boron-doped Ni and Cu catalysts, in molten NaBr salt were
investigated under operando conditions at 1200 K. It was found
that the presence of a heterogeneous catalyst enhances the
catalytic activity of the molten media significantly (methane
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activation barrier is 151 k] mol™" for the Ni-NaBr medium).
The doping of B in the Ni catalyst further increased the
catalytic activity by lowering the first CH, activation barrier
(112 kJ mol ™). Structural changes in the Cu catalyst at 1200 K, in
the presence of molten media, are more pronounced than in the
Ni catalyst. Due to temperature-induced distortions in the molten
salt, the catalytic activity of the Cu-NaBr system significantly
increased, which, in turn, significantly lowered the barrier for
methane dehydrogenation (91 k] mol ") as compared to that on a
flat Cu(111) surface. Incorporating a monolayer of sub-surface
boron also induces slight reconstruction of the copper surface,
resulting in a further reduced energy barrier for the first methane
dehydrogenation (86 kJ mol ). Additionally, it was observed that
the free energy barriers for CH, (x = 1, 2) coupling reactions are
higher than those for the sequential dehydrogenation of CH, in
the Ni, NiB, and Cu-dispersed molten salt systems. Interestingly,
the free energy barriers for C-C coupling reactions are lower
than the dehydrogenation barriers in the CuB-NaBr medium,
indicating that this metal-dispersed molten salt will kinetically
promote the formation of valuable C, products carbon. Further-
more, the diffusion of carbon into the bulk catalyst was observed
at elevated temperatures for pure Ni and Cu catalysts, while the
doping of B in the first subsurface layer of Ni and Cu prevents its
diffusion into the bulk. Additionally, no leaching of metal atoms
from the catalyst into the metal salt medium and no migration of
the boron from the sub-surface to the on-surface at such elevated
temperatures. Thus, boron doping in the catalyst not only
enhanced the catalytic activity but also improved the stability of
the catalysts by preventing carbon diffusion into the bulk and
promoting C-C coupling reactions in the case of CuB. Based on
this condensed phase, finite temperature dynamic simulation
study, which resembles the experimental conditions much closer
than usual DFT, we conclude that the NiB-NaBr system is well-
suited for hydrogen and carbon production, while the CuB-NaBr
system shows potential as a molten medium for generating H, and
valuable C, products from methane. The mechanistic insights of
this work will facilitate the development of active and stable metal-
dispersed molten salt systems for CO,-free hydrogen generation
from natural gas.
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