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ABSTRACT: A melt containing 1% FeCl3 and 99% KCl is a good catalyst for methane pyrolysis, 
while molten KCl has almost no catalytic activity.  We use ab initio molecular dynamics, based 
on density functional theory, to examine why this surprising behavior takes place. We find that in 
this ionic salt, the charge on the iron fluctuates between Fe3+ and Fe2+ and the conversion to Fe2+ 

takes charge from several chlorine ions which become active for methane dissociation.  We 
speculate that such activation is general and takes place for any dopant Mn+ which has a state M(n-

1)+. 
 

1. INTRODUCTION 
 Hydrogen is a commodity chemical used for producing ammonia, methanol, and petroleum 
products and for hydrogenating organic compounds. It is an environmentally friendly fuel, which 
might become an important factor in future “green economy”.  Currently, about 95% of hydrogen 
is manufactured by steam methane reforming (SMR),1 a process that generates CO2 as a side 
product; the production of 1 million standard cubic feet (SCF) of hydrogen generates 250,000 
standard cubic feet of CO2.  In a green economy, the use of the hydrogen produced by this method 
would require CO2 sequestration, a process that is expensive and problematic.   

 One possibility for “green” hydrogen production is the endothermic methane pyrolysis 
reaction 

CH4 « C + 2H2 
If a fraction of the hydrogen produced is burned, to provide the heat of reaction, this process 
produces no CO2. Approximate economic analysis suggests that the process will be economically 
competitive with SMR if future legislation imposes a penalty on CO2 production or demands CO2 
sequestration.2 
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 The gas-phase pyrolysis reaction is slow and requires high temperature, and the carbon 
produced by reaction clogs the equipment. The conventional heterogeneous catalysts (e.g. 
supported Ni) are deactivated by carbon deposition.  One can burn off the carbon to regenerate the 
catalyst but this produces CO2.   

 In order to avoid catalyst deactivation several groups have proposed performing methane 
pyrolysis by using a molten catalyst in a bubble column reactor. Methane is introduced, through a 
sparger, at the bottom of the column and the pyrolysis reaction takes place in the bubbles traveling 
upwards through the melt.  The carbon product is trapped in the bubbles and is transported to the 
top of the molten catalyst where it floats and can be removed.  The catalyst is not deactivated by 
coking because the bubbles entering the reactor encounter clean catalyst. Several recent articles3-7 
have reviewed this kind of work.  
 Recent experiments8 on methane pyrolysis have reported two surprising findings.  (1) The 
addition of 1wt% FeCl3 to a molten KCl/NaCl eutectic lowers the apparent activation energy for 
pyrolysis from 301 kJ/mol for KCl/NaCl, to 178 kJ/mol for FeCl3/NaKCl.  (2) Increasing the 
concentration of FeCl3 from 1 wt% to 7 wt% has almost no effect on the catalytic activity. It is not 
clear why the effectiveness of the catalyst does not increase with the concentration of the iron 
promoter.  
 This behavior of FeCl3/KCl is unlike that of other halides.  We have found, by DFT 
calculations, that dissolving a small amount of AlCl3 in molten KCl has hardly any effect on the 
activation energy for pyrolysis.  A study of the MnCl2/KCl melt found9 that the mixture is more 
active than either pure molten KCl or pure molten MnCl2.  However, unlike in the case of 
FeCl3/KCl, a small amount of MnCl2 has a very small effect on catalytic activity and the activity 
increases as the concentration of MnCl2 is increased beyond 1%.   
 In this work we used ab initio molecular dynamics, with forces derived from density 
functional theory, to investigate the reasons for the peculiar catalytic activity of FeCl3/KCl.  We 
have found several properties that explain the remarkable behavior of this catalyst.  (1) Fe3+ prefers 
to be in the bulk of the KCl melt, not on the surface; it is therefore intriguing that its addition to 
the KCl melt strongly affects the catalytic activity. (2) Even when we force Fe3+ to stay on the 
surface of the melt, it is not a catalytic site; CH4 does not dissociate on it.  (3) Methane dissociates 
with a low activation energy on the surface of FeCl3/KCl, at many sites that are not adjacent to the 
iron ion.  (4) As the time evolves during the simulation, the iron forms and unforms a variety of 
complex negative ions of the form . In some of them, iron has a charge of 2+.  (5) To form 
these complexes, iron takes electron charge from several Cl–ions and activates them. (6) The 
dissociation of methane is catalyzed by these charge-deficient chlorine ions.  
 This scenario allows us to understand why adding a small amount of AlCl3 or MnCl2 to 
KCl causes only a minor improvement in catalytic activity of the melt.  We found that, like in the 
case of FeCl3, AlCl3, and MnCl2 form complex negative ions when dissolved in KCl.  However, 
in all these complexes the aluminum charge is 3+ and the manganese charge is 2+; in these systems 
complex formation does not cause a change in the charge of the surrounding chlorine ions and 
these complexes do not activate the chlorine to promote CH4 dissociation. Preliminary calculations 
examining a MoCl5/KCl melt predict that MoCl5 will behave like FeCl3.   
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2. COMPUTATIONAL METHODS 
We have performed ab initio constant-temperature molecular dynamics simulations (AIMD) 

to investigate the catalytic activity of a FeCl3/KCl melt for methane pyrolysis. Simulations were 
also performed to illustrate that a melt of AlCl3/KCl is inactive.   

All simulations examined a liquid layer containing 50 K+   ions, 50 Cl– ions, and one FeCl3 or 
AlCl3 molecule in a simulation box of 15Å×15Å×40Å. The concentration of FeCl3 corresponds to 
that used in experiments.8 The same concentration was used for AlCl3/KCl. The simulation cell 
was periodically repeated in all three directions. Because of the presence of a vacuum region above 
the liquid the model mimics a thin liquid film.   

Spin-polarized density function theory (DFT) calculations and molecular dynamics (MD) 
simulations were performed using the CP2K (version 8.2) software package.10 For several 
benchmarking calculations, we used Gaussian16.11 DFT calculations were performed with the 
generalized gradient approximation (GGA) with Perdew, Burke and Ernzerhoff (PBE)12 exchange 
correlation functional. A mixed Gaussian and plane-wave basis set13 was used with an energy 
cutoff of 320 Ry. The cutoff was determined by benchmarking and the total energy was converged 
within 0.015 eV. The core electrons were represented by Goedecker-Teter-Hutter (GTH) pseudo-
potential,14 and a double-zeta basis-set with one set of polarization function (DZVP)15 was used 
for the valence electrons. The self-consistent field iteration was terminated when the change in 
energy was less than 8×10-5 eV. A van der Waals correction was added by using the Grimme's D3 
method.16 We found that the dissociation energy of KCl calculated with PBE/DZVP is close to 
that obtained when using Becke 3-parameter exchange functional17 and Lee-Yang-Parr correlation 
functional18 as tabulated in Table S1 (Supplementary Information).  

To determine the lowest energy spin state, we performed calculations with gas-phase FeCl3 
and KFeCl4. We found that the spin multiplicity of the lowest energy state was six19 (see Table S2, 
Supplementary Information); therefore, the liquid FeCl3/KCl system was modeled as a sextet.  
Because there are no unpaired electrons in pure KCl and AlCl3, AlCl3/KCl was modeled as a 
singlet. 

In order to diminish the self-interaction error of DFT, we used a hybrid functional or a DFT+U 
correction.20 Because hybrid functionals require large computing power, we used them only for 
benchmarking small systems.  For liquid films we used DFT+U with U = 2.5 eV for the d-orbitals 
of Fe atom.  This value was chosen because it fits the magnetic moments on Fe in the gas-phase 
KFeCl4 calculated with the B3LYP functional (see Figure S1, Supplementary Information). Nearly 
the same U value was obtained when fitting the magnetic moments of Fe in the gas-phase K2FeCl4 
and FeCl3. 

The ab initio molecular dynamics (AIMD) simulations were performed in the NVT ensemble, 
and the equations were numerically integrated with a time step of 1 fs. We used the extended 
Lagrangian formulation of Nosé-Hoover chain thermostat21 with a chain length of 3, to maintain 
the canonical distribution at 1000 °C. The initial state of the FeCl3 (or AlCl3) in bulk KCl melt was 
generated by creating a cavity in the middle of an equilibrated KCl molten film and inserting a 
molecule of FeCl3 (or AlCl3) in the center of the cavity. The system was then equilibrated in two 
steps. In the first step we performed, for 10 picoseconds, an AIMD simulation in which only the 
K+ and Cl–ions located at less than 6 Å from the Fe (or Al) ion were allowed to move. In the second 
step we performed, for 10 ps, an AIMD simulation in which all ions moved. The configuration 
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obtained after these two runs served as an initial state for further investigation. Similarly, in a 
simulation in which the FeCl3 molecule was forced to remain at the surface of the film, we allowed 
the ions within the first two layers away from Fe to move until the system reached thermal 
equilibrium.   

We calculated the mean total energy of the liquid by using 

  (1) 
where E(τ) is the total energy of the film at time τ. The equilibration time t was 20 ps for all runs.  
Data were taken for 15 ps after the equilibration.  

We found that the average energy of the molten FeCl3/KCl, when the Fe is in the bulk of the 
film, is lower by ~0.6 eV than the energy calculated with the Fe-complex on the surface of the KCl 
melt (see Figure S2, Supplementary Information).  

The optimum ion positions were found by using the Broyden-Fletcher-Goldfarb-Shanno 
(BFGS) algorithm.22  The ionic loop was terminated when the force on each ion was less than 0.02 
eV/Å. The net charges on the ions were computed using the density-derived DDEC6 method,23-25 
which is based on partitioning the electronic probability density to approximately reproduce the 
electrostatic potential. The spin moment was computed by using Mulliken spin populations.  
Calculations on gas-phase FeCl3, KFeCl4, K2FeCl4, and metal halide clusters as tabulated in Tables 
S3, S4, and S5, (Supplementary Information) suggest that Mulliken spin moments slightly 
overestimate those obtained from DDEC6, but the qualitative trends are the same. For these 
calculations and for the transition-state calculations we used a plane wave cutoff of 350 Ry and 
terminated the self-consistent field (SCF) cycle when the energy change which was below 3×10-

6eV. 
The barriers for CH4 dissociation on the molten FeCl3/KCl surface were computed using the 

nudged elastic band (NEB) method.26  These calculations require one to specify an initial state and 
the final state after dissociation.  Interesting complications are present when the surface is liquid 
because the ion positions and therefore the activation energy for dissociation are different at 
different surface sites.  To calculate these activation energies, we proceeded as follows.  We 
selected at random twelve ionic configurations (from a sample with Fe in +2 state) from molecular 
dynamics run of 40 ps.  For each random configuration, the bottom 75% of the ions in the molten 
slab were frozen and the upper 25% were allowed to relax to minimize the energy.  This creates a 
“glassy” surface structure mimicking that of a liquid slab.  The nudged elastic band (NEB)26 was 
used to calculate the activation energy for methane dissociation at various sites on these solid 
glassy surfaces. The initial guess of the images on the NEB path was generated via a linear 
interpolation between the reactant and the product configurations. Often, linear interpolation 
results in atoms that are too close to each other. This leads to high forces on the respective images 
and sometimes convergence failure of the NEB pathway. Therefore, the initial guess of images 
was manually refined to keep the C and H atoms apart by at least 0.9 Ǻ. The minimum energy path 
was pre-optimized with the improved-tangent (IT) NEB method and the transition state was finally 
revised with the climbing-image NEB (CI-NEB).27 The CI-NEB optimization was terminated 
when the maximum NEB force on each image was less than 0.02 eV/Å.  In all cases, we required 
eight to ten images to map out the minimum energy path for dissociation.   
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The average structure of KCl melt, FeCl3/KCl melt, and AlCl3/KCl melt was characterized 
by radial pair-distribution functions g(r) was defined by 

 pij(r) dr = 4 p r2 gij(r) ρ dr (2) 
where pij(r)dr is the probability of finding the ion j at a distance between r and r+dr from the ion i, 
and ρ is the density. We have calculated the pair-distribution function by dividing the liquid layer 
into bins of constant width (δr = 0.1 Å) and then generating a histogram of the distances between 
pairs of atoms.  For pure KCl melt, the averages were computed for ions which remained near the 
center of film for the entire simulation time. The K-Cl pair distribution function shows a peak at a 
distance of 3.05 Å (Figure S3A, Supplementary Information). The integration of K-Cl pair 
distribution function (r < 5.0 Å) gave us an average of 6.2 Cl nearest-neighbors of K. Neutron 
diffraction studies on molten KCl at 800 °C have reported that Cl-K nearest neighbor peaks at 3.06 
Å and Cl has 6.1 K ions as nearest-neighbors.28  We are not aware of any experimental studies at 
1000 °C.   

The radial pair distribution function multiplied by the average number density is plotted in 
Figure S3B, Supplementary Information. In molten FeCl3/KCl, we find Fe-Cl and Fe-K nearest-
neighbor peaks at 2.3 Å and 4.3 Å, respectively. Integration of Fe-Cl pair distribution function 
yields an average of 4.04 Cl ions in the first coordination shell (r < 3.2 Å). In the inset of Figure 
S3B, we also plot Fe(II)-K and Fe(III)-K radial distribution function multiplied by the average 
number density. The nearest-neighbor peaks for these pairs are at distance 4.1 Å and 4.6 Å, 
respectively. The shifting of Fe-K nearest-neighbor peak for Fe(III) ion suggests that K atoms are 
more closely packed in the second coordination shell when the Fe ion is in +2 oxidation state, as 
one would expect. 

The Al-Cl pair-distribution function times the average atomic density in the AlCl3/KCl melt 
shows a sharp peak at 2.2 Å (Figure S3C, Supplementary Information), and integration of Al-Cl 
pair-distribution function, within a cutoff distance of 3 Å, yields an average of 4 Cl ions 
surrounding an Al ion. The peak distance matches closely that reported experimentally for AlCl3 
in alkali halide melts.29 

An interesting feature in Figure S3 B and C (Supplementary Information) is that the radial 
pair-distribution function goes to zero after attaining a first maximum, suggesting the presence of 
a stable complex. Since radial pair-distribution function is an average quantity, it does not reflect 
the dynamic changes in the Fe-Cl (Al-Cl) complex in the KCl melt. We investigate the nature of 
this complex by plotting coordination number of Fe ion with Cl ions, the charge on the complex 
and the spin moment on the complex as functions of time.  We compute the coordination number 
(CN) of ion A with ion B in the molten salt using  

  (3) 
R0 and D0 are empirical parameters having units of length.   RAB is the distance between ion A and 
ion B.  With the above functional form, the value of CN is 0.5 at R0+D0.  For FeCl3/KCl system, 
we used R0 = 1.7 Å and D0 = 1.5 Ǻ; for AlCl3/ KCl system we used R0=1.7 Å and D0 = 1.4 Å. 
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3. RESULTS AND DISCUSSION 
 We have used ab initio molecular dynamics with forces derived from density functional 
theory to calculate the positions of the ions and the energy of a slab containing 50 K+ ions, 50 Cl- 
ions, and one FeCl3 molecule. The concentration of FeCl3 in this system is close to that used in the 
experiments.8 Periodic boundary conditions have been used in all three directions.  Details 
regarding the choice of functional and of the basis set used in these calculations are given in the 
Computational Methods section.    
 The simulations show that a FeCl3 molecule added to the KCl slab dissociates and the Fe 
ion produced by dissociation moves into the bulk of the slab. Fe3+ prefers to be away from the 
surface and therefore it is not in contact with methane. As explained earlier, the iron ion forms 
transient negative ions of the form . To detect these complexes in the simulation we have 
monitored the number of chlorine ions near the Fe ion (the coordination number), the magnetic 
moment, and the charge on the Fe ion.  The results are shown in Figure 1. 

 

 
Figure 1. The charge on the iron, the number of halogens around iron (the coordination number), and the 
magnetic spin moment on the iron.  At the top of the graph we indicate the complexes formed at different 
times. 

 The evolution of the coordination number tells us that iron forms and unforms the complex 
ions  and , in which the charge of the iron is 3+, and the ions , , and  
in which the charge of the iron is 2+.  To change its charge from 3+ to 2+, iron extracts electronic 
charge from several chlorine ions.  The dissociation of CH4 takes place on those chlorine ions 
having a diminished charge. We note that this mechanism is different from Shilov’s reaction,30 
wherein a platinum complex dissolved in water activates methane. In Shilov’s reaction oxygen is 
involved, which is not the case with our pyrolysis reaction. Our reaction takes place at temperatures 
above 800 ºC, whereas Shilov is a low-temperature reaction. The Pt catalyst in Shilov’s reaction 
directly participates in the reaction, which is not the case here. 

m
nFeCl-

4FeCl- 2
5FeCl -

3FeCl- 3
5FeCl - 2
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 The activation energy Ea for the dissociation of methane and the dissociation energy ∆E 
are difficult to calculate when the surface of the catalyst is liquid.  The ions have different 
configurations at different surface sites and the configuration at any given place on the surface 
changes in time.  To deal with this situation we performed ab initio molecular dynamics 
simulations with the FeCl3/KCl slab and selected at random 12 configurations in which the charge 
of iron was Fe2+.  Then we froze the bottom 75% of the ions and relaxed the top 25% to minimize 
the energy.  The resulting solid has the “glassy” structure of the liquid.  We then used the nudged 
elastic band method (see Computational Methods for details) to calculate the activation energy. 
When calculating the activation energy by the nudged elastic band method, 25% of the atoms are 
allowed to adjust as the reaction coordinate changes.  Figure 2 shows an energy level diagram with 
the activation energy for methane dissociation and the binding energy of the dissociation 
fragments. The dispersion of these two quantities is large:  the smallest activation energy is 128 
kJ/mol and the highest is 194 kJ/mol.  The measured effective activation energy is ~170 kJ/mol.8 
Similar dispersion is obtained for the binding energy of the dissociation fragments.  We note that 
Ea and ∆E in this system do not obey the Brønsted-Evans-Polanyi rule, which states that the larger 
the binding energy of the fragments the smaller the activation energy. We provide a movie of CH4 
dissociation on FeCl3/KCl surface, with a barrier of 133 kJ/mol, in the Supporting Information. 
We provide C-Cl distances and C-Fe distances for the reaction in Figure S4 (Supporting 
Information). Fe in the melt remains more than 12 Å away from the carbon atom during the 
reaction. We also computed reaction energies by forcing Fe to be on the surface of the melt (see 
Figure S5, Supporting Information), which comes out to be more than 200 kJ/mol, suggesting that 
Fe does not directly participate in the reaction. 

 

   
Figure 2.  The activation energy for methane dissociation and the binding energy of the H and CH3 
fragments in FeCl3/KCl melt. 

 

 We have also studied, by a similar procedure, the behavior of a slab of KCl in which we 
have introduced AlCl3.  We found that AlCl3 makes various complex ions but in all of them Al is 
3+ (see Figure S6, Supplementary Information).  This is consistent with the fact that, unlike Fe, 
Al does not make salts in which Al is 2+.  Therefore, according to the qualitative picture proposed 
here the addition of AlCl3 to KCl should not activate the salt for methane dissociation. Our 
calculations found that the dissociation energy to form H and CH3 bound to the surface is in the 
range of 308–339 kJ/mol (see Figure S7, Supplementary Information).  The activation energy for 



 

8 

dissociation must be larger than this value; therefore, adding AlCl3 does not activate KCl.  
Simulations of MnCl2/KCl found the same thing: Mn makes several complexes but in all of them 
Mn has the charge 2+ (see Figure S8, Supplementary Information).  According to our model this 
means that a very small amount of MnCl2 will not substantially change the activity of the 
MnCl2/KCl catalyst. This is what the experiments have found.9  
 

4. CONCLUSIONS 
 We speculate that the pattern described here may be general.  One can activate a chemically 
inert (e.g. KCl, NaCl) molten salt by doping it with a small amount of another salt.  The cation of 
the dopant must be in a high charge state (e.g. Fe3+, Mo5+) and be reducible to a lower charge state 
(e.g. Fe3+to Fe2+, Mo5+ to Mo4+).  The presence of such redox couples will activate the anion of the 
inert salt solvent. It is conceivable that this procedure will activate other anions besides Cl–. The 
ability of iron to fluctuate between Fe3+ and Fe2+, when dissolved in molten KCl, may correlate 
with the free energy given by the Nernst equation for the Fe2+-Fe3+ couple and should form an 
appropriate descriptor for identifying dopants. This is an apt subject for future exploration. Most 
of the available literature is on standard electrode potential in water solution, which may not be an 
appropriate descriptor because the solvation energies in molten salts are not the same as in water. 
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