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ABSTRACT 

 

This project is centered on searching for optimal catalysts that can take advantage of the 

high sulfur content of Illinois coal and reduce the capital investment and operational cost 

of the direct coal liquefaction (DCL) technology.  Selection of optimal catalysts for DCL 

technology depends critically on the understanding of the properties of catalysts and the 

mechanisms of catalytic hydrogenation reactions.  Consequently, the proposed research 

activities focus on the understanding of catalytic activities of Fe nanocatalysts and on 

establishing the correlation between the properties of the nanocatalysts and their catalytic 

activities through employing the cutting-edge integrated approach, in which 

computational studies were carried out to provide strategic guidance on the actual 

synthesis of catalysts.  Specifically, we performed the state-of-the-art first principles 

calculations and molecular dynamics simulations to obtain various properties of the 

nanocatalysts and calculate adsorption energies of model Illinois coal: sulfur-containing 

benzene (C6H5SCH3) and naththalene (C14H9SCH3).   

 

One of the most important results obtained from this study is the enhancement of light 

absorption of Illinois coal.  Our results show that the presence of sulfur increases the light 

absorption intensity and absorption wavelength.  This finding indicates that it is 

worthwhile to explore the potential in introducing photocatalysis to the DCL process for 

Illinois coal.  The effective utilization of sulfur will provide a partial solution to the 

environmental concerns on the high sulfur content in Illinois coal and advantage over the 

current indirect coal liquefaction through the Fischer-Tropsch process.  The results from 

the current work suggest that it is worthwhile to expand the current experimental work on 

traditional catalysis to photocatalysis.  The recommendation of introducing 

photochemistry in DCL technology through this exploratory research expands the current 

knowledge towards direct hydrogenation of Illinois coal.   
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EXECUTIVE SUMMARY 

 

The long standing goal of this exploratory research, Towards Development of Optimal 

Catalysts for Direct Liquefaction of Illinois Coal, was to study the means to lowering 

capital investment and reducing the operational cost in direct coal liquefaction (DCL) of 

Illinois coal.  Previous studies of DCL of coals that are similar to Illinois coal have 

shown that DCL is a promising way to produce liquid fuel.  

 

For industrially demonstrated liquefaction processes, capital investment is the major 

obstacle that prevents the DCL technology from being competitive with respect to oil 

refinery production.  For instance, a facility with a capacity of 50,000 bbld represents an 

investment of more than five billion dollars, roughly equivalent to the cost of a complete 

oil refinery that produces three times more motor fuel.  The recent increase in the price of 

steel (up 80% in 4 years) has also had a substantial impact on the economics of DCL 

technology.  It has been estimated that, using current processes, the threshold of 

profitability for $20/ton coal may reach for the crude price of about $70/bbl.  As catalytic 

reactions lie at the heart of DCL technology, the reduction of investment costs is one of 

the most important ways to achieve progress for this technology.  Reduction of the capital 

investment in DCL technology depends critically on the development of catalysts that 

have high activity and are economical.  

 

Searching for optimal catalysts in DCL technology requires better understanding of the 

mechanisms of catalytic hydrogenation reactions and their correlation with the intrinsic 

properties of catalysts.  Therefore, the proposed research activities focused on the 

understanding of catalytic activities of Fe nanocatalysts and establishing the correlation 

between the properties of these nanocatalysts and their catalytic activities.  Traditional 

catalyst selection begins and ends with experimental studies.  One disadvantage of this 

approach is the lack of understanding in reaction mechanisms of catalytic activities, in 

particular when the catalysts are at nanometer sizes.  An emerging cutting-edge approach, 

i.e. an integrated approach, has shown great promises in the development of 

nanocatalysts.  In the integrated approach, computational studies are carried out to 

provide the strategic guidance on the synthesis of catalysts and subsequently 

experimental synthesis and testing are performed.  In the studies of the catalysts in the 

DCL of Illinois coal, the integrated approach were employed.  In this project, we carried 

out the proposed research activities using the state-of-the-art-first principles calculations 

and molecular dynamics simulations to uncover reaction mechanisms and provide insight 

into the activity, selectivity, and robustness of various catalyst candidates on the 

hydrogenation of model Illinois coal.    

 

Model compound studies have demonstrated that sulfides of molybdenum, ruthenium, 

and iron are very effective in supplying hydrogen.  These catalysts with high activity (e.g., 

MoS2) dissociate molecular hydrogen molecules into active hydrogen atoms that stabilize 

radicals promptly and facilitate hydrogenolysis of C-C and C-O bonds.  The effectiveness 

of molybdenum and iron catalysts dispersed on coal has been known for many years, 

although their chemical and structural forms and the specific reactions that they catalyze 

are, in many cases, still not exactly known.  The catalytic activity has been attributed to 
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the improved dispersion on the coal surface, which provides effective contact with coal-

solvent slurries even at low catalyst concentrations, reducing intraparticle diffusion 

limitations, and provides effective contact with primary liquids released from the coal.  

The addition of hydrogen sulfide to the reactor has also been found to enhance the 

liquefaction of coals.  Therefore, we performed density functional theory (DFT) and 

molecular dynamics (MD) simulations to study the catalytic activities of various Fe 

nanoparticles of different sizes and structures and to uncover the reaction mechanisms on 

the hydrogenation of sulfur-containing benzene and naththalene as the model Illinois coal.  

Specifically, we have studied the stability and properties of Fe nanoparticles of different 

sizes and structures, the reaction pathways that lead to the hydrogenation of benzene and 

naththalene with and without sulfur substitution of hydrogen, C6H5SCH3 and C14H9SCH3, 

using Fe nanoparticles, and the binding sites and search for the conditions that maximize 

hydrogenation of Illinois coal.  Six representative structures of Fe nanoparticles are 

shown below. 

  

 

The first five pictures are the isomers of 13-atom Fe particles and the last picture is the 

structure of a 55-atom Fe particle.  Our MD simulations also provide preliminary results 

on how these Fe nanoparticles are formed and under which conditions we may control the 

growth mechanism.  For instance, using different cooling rates for a system consisting of 

30 Fe atoms, the structures of the final 30-atom products will be different.  When the 

same cooling rate is used, different reaction temperatures will generate different 

structures.   

 

 

                               

 

 

 

 

 

 

The left-hand picture above is the structure obtained at room temperature with a cooling 

rate of 1.5625 x 10
13

 K/s.  The right-hand picture above is the structure obtained at about 

700K with the same cooling rate.   
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The most important result from this study, however, is the enhancement of light 

absorption of Illinois coal.  In the presence of sulfur, the absorption intensity and 

wavelength are both enhanced.  The figure below shows absorption of light with and 

without the presence of a sulfur atom in the system. 

 

As shown in the above figure, when adding the S atom to the benzene system, the 

absorption intensity and wavelength both increased with respect to the bare benzene 

system.  Similarly, the presence of the S atom in the naththalene also increases the 

intensity and wavelength of absorption.  Furthermore, our calculations show that the coal 

will be able to absorb light in wavelengths exceeding those shown in the above figure, as 

coal contains larger aromatic rings and therefore is able to absorb light of longer 

wavelengths.  This finding indicates that we may utilize photocatalysis in the DCL 

process for Illinois coal.  Direct Coal Liquefaction technology is superior to the existing 

indirect coal liquefaction technology in that it can take advantage of the high sulfur 

content of Illinois coal.  Furthermore, as the results have shown, we have expanded the 

current knowledge on the direct hydrogenation of coal to include photochemistry.  The 

effective utilization of sulfur in the DCL technology can provide a partial solution to the 

environmental concerns on the high sulfur content of Illinois coal. 
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OBJECTIVES 

 

The objectives of this project are to: 

 

 study the stability and properties of Fe nanoparticles of different sizes and structure; 

 

 search for the reaction pathways that lead to the hydrogenation of benzene and 

naththalene with and without sulfur substitution of hydrogen, C6H5SCH3 and 

C14H9SCH3, using both Fe and Mo-doped nanoparticles as well as map out the 

activation energy for these reactions; 

 

 screen the binding sites and search for the conditions that maximize hydrogenation of 

Illinois coal. 

 

INTRODUCTION AND BACKGROUND 

  

Direct Coal Liquefaction (DCL) technology can be dated back to the early 1900s, which 

was concurrently developed with Indirect Coal Liquefaction through the Fischer-Tropsch 

process.  Until mid-1950s, the process was operated at several sites in Germany to attain 

liquid hydrocarbons from coal as a substitute to standard crude oils.  The Kohleoel-

Anlage in Bottrop plant was operated for almost 20 years, of which the last years were in 

heavy oil upgrading mode.  Many studies on the feasibility of DCL were conducted in the 

early 90’s.
1-11

  Policy is certainly an important factor that determines the feasibility of 

DCL.
12, 13

  The US spent $3.6 billion from 1975-2000 on DCL technology.  Direct results 

of the DCL includes two US pilot plants, Lawrenceville, NJ (3 TPD) and Catlettsburg, 

KY (250-600TPD), and one commercial plant, Shenhua, Inner Mongolia, China (4,200 

TPD).
14

   

 

In the first step of DCL technology, the coal is ground and mixed with oil to yield a 

pumpable paste.  This paste is pumped to high pressure (200~300 bars) and is heated to 

the desired temperature of about 450 
o
C.  Together with hydrogen, H2, the coal paste is 

feed to the slurry reactor section, where the coal molecules are cracked and hydrogen 

saturates carbon bonds of the molecules, which is often named as hydrogenation.   

Catalysis studies in DCL were conducted previously, but only to a limited extent.
2, 3, 15

  

For instance, though nanocatalysts have been demonstrated to be better catalysts in many 

catalytic reactions, the study of nanocatalysts in DCL is largely lacking.  The successful 

commercialization of DCL technology requires intensive studies of new catalysts that can 

reduce capital investment and operational cost.   

 

Selection of optimal catalysts depends, to a great extent, on the understanding of the 

mechanisms of catalytic reactions and their correlation with the properties of catalysts.  

Therefore, the proposed research activities focus on the understanding of catalytic 

activities of Fe and Mo-doped Fe nanocatalysts and establishing the correlation between 

properties of these nanoparticles and their catalytic activities.  In this project, we have 

carried out DFT and MD simulations to uncover reaction mechanisms and provide insight 



6 
 

into the activity, selectivity, and robustness of catalysts on the hydrogenation of Illinois 

coal. 

 

The technical requirements for the catalyst in DCL are its activity, selectivity, and 

robustness.  Iron-based catalysts are commonly used, since they show relatively good 

activity and are cheap and environmentally desirable.  The effect of in situ impregnated 

Fe2S3 on the liquefaction, oil and gas yield, and the aromatic, aliphatic, and polar 

compound’s fraction content was investigated.
2,4,10

  Compared to the active iron sulfide 

catalyst, ferrous sulfide impregnated on bituminous coal, with or without Na2S or urea, 

yielded higher liquefaction selectivity to a toluene soluble product.  The highly dispersed 

c-FeOOH was also reported to exhibit excellent catalytic activity for coal liquefaction 

relating to the transformation into pyrrhotite and the H2S effect on the iron sulfide 

property was discussed.
16

  The dispersed molybdenum catalyst has been reported to be 

effective for coal liquefaction. Ammonium heptamolybdate was chosen as a catalyst 

precursor to be used in direct hydro-liquefaction of high sulfur coal since the extent of 

hydrodesulfurization might be more efficient yielding low sulfur oil.  The use of 

ammonium tetrathiomolybdate with added water (for in situ generation of a Mo sulfide 

catalyst) can lead to a substantially higher coal conversion at a relatively low temperature 

of 350 
o
C.

16
  The addition of a second species to the catalyst may also be helpful.  The 

incorporation of a second metal is used to modify the nature of active sites on the catalyst 

surface and to alter the catalyst activity.   

 

The liquefaction of sub-bituminous coal using a Fe/Ni and Ni/Mo catalyst supported on 

carbon nanoparticles was reported to clarify the interaction of the catalyst with tetralin in 

oil yield.  Some works focused on maximization of oil yield from bituminous coal (low 

ash) by using various catalysts and reported the oil quality in terms of oil, asphaltene and 

preasphaltene.
12, 13, 16

  Recently, in the study of DCL using high-sulfur coals, it has been 

shown that it is an achievable goal to convert the coal directly to oil.
15

  Although much is 

known about catalytic liquefaction, the system is complex and more remains to be 

discovered.  Factors which are important in determining the quality and quantity of liquid 

fuel and the economic feasibility of the process are coal type, catalyst, amount of 

hydrogen gas, solvent, temperature and pressure. 

 

The primary goals of this work were to characterize the catalytic activities of Fe and Mo-

doped Fe nanoparticles of different sizes, structures, and S compositions (Fe, FeS, FeS2, 

Fe2S3) for the hydrogenation of benzene and naththalene with and without sulfur 

substitution of the hydrogen atoms and to correlate the catalytic activities of these 

nanoparticles with their intrinsic properties.   

 

The catalytic activity of a nanoparticle depends not only on its structure but also on its 

local environment of the nanoparticle, i.e. local structure. The local structure is partially 

reflected by the charge distributions. The local charge distribution of a nanoparticle is 

important to locate adsorption sites for a molecule and to predict the strength of the bond 

between adsorbates and nanoparticles. For instance, our work showed the Mulliken 

charge distribution of individual atoms in a 27-atom Ru nanoparticle is different 

depending on the location of the atoms in the nanoparticle.
17

  Specifically, the results 
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show that the central and the face- centered atoms are all negatively charged, while the 

edge and the corner atoms in the nanoparticle are positively charged.  This indicates that 

the low coordinated atoms are positively charged, while the atoms with high coordination 

numbers are negatively charged. The existence of the positively charged atoms at the 

corner or the edge suggests that the electron-rich molecules, such as CO or benzene, will 

be easily adsorbed on these sites. On the other hand, the face center atoms will be open 

for nucleophilic molecular species. 

 

In another previous work of ours on the dehydrogenation, an opposite reaction of the 

current hydrogenation, we studied the methane dehydrogenation pathways on a 

tetrahedral Pt4 and found a lower energy pathway towards dehydrogenation, in which the 

reaction proceeds via a three-centered transition state where the Pt atom forms three 

bonds with carbene and both dissociated hydrogen atoms.
18

 

 

We employed the techniques used in the above examples in this project and carried out 

the proposed research in two phases.  The first phase of research was to study bare 

nanoparticles of Fe and Mo-doped Fe nanoparticles.  Some of these nanoparticles were 

selected as model catalysts on which the hydrogenation takes place.  Catalytic activities 

as well as intrinsic properties of transition metal nanoparticles were shown to be size 

dependent.
19-23

  Little is known about the structural dependence of these properties, as the 

structural characterizations of these nanoparticles remain a challenge for experimentalists.  

Our work provided the insight into the structural aspects of the nanoparticles.  The 

second phase of our work focused on the catalytic activities of these model nanoparticles 

and the results provided the much needed information for the future experiments. 

 

The research aimed to predict nanocatalysts that can utilize the high sulfur content of the 

Illinois coal in the DCL technology.  In addition to the gasification technology (Indirect 

Coal Liquefaction) and power plant (direct burning coal), the proposed research direction 

added another promising dimension in the application and technology of Illinois coal.  

With the shortage and unstable supply of crude oil, the liquid fuel that can be produced 

from DCL provides a great and immediate solution to the economy.  The-state-of-the-art 

computational work aimed to provide guidance to the future experiments on the catalytic 

activities.  Studies of the adsorption process of various species and searching for reaction 

pathways provided insight into new nanocatalysts.   

 

EXPERIMENTAL PROCEDURES 

 

Two types of computational experiments were carried out in this study. They are density 

functional theory calculations and molecular dynamics simulations. 

 

Density Functional Calculations:  

 

We have investigated systematically about 100 clusters up to 60 atoms (about 1 nm) for 

each of the elements: Pd, Pt, Ir, Rh, Ag, and Ru clusters using density functional theory 

(DFT) calculations. The results for some of the Rh,
24

 Pd,
25

 Pt,
26

 Ru,
17

 Au,
27

 and Ir 

clusters
28, 29

 as well as bimetallic AuPt/Au clusters
30, 31

 were published. Among various 



8 
 

electronic structure methods, DFT is currently the best choice for dealing with transition 

metal clusters. For this study, we selected implementation of a plane wave basis set was 

encoded in the VASP code.
32-34

 The advantage of using a periodic code is its possibility 

of extending our studies to adsorptions on substrates which require treatment in periodic 

conditions to realistically represent the situations. Our test has shown that the results 

obtained from the periodic code are accurate as long as a sufficiently large unit cell is 

chosen.
17, 24-28, 35

  

 

In addition to the relaxed geometry of a nanoparticle, we intended to obtain binding 

energy, HOMO-LUMO energy gap (the energy difference between the highest occupied 

molecular orbital and the lowest unoccupied molecular orbital), and magnetic moment 

based on the output of DFT calculations.  For a nanoparticle, the binding energy per atom 

(EB) is calculated as  

 

EB = Eatom - Ecluster /N,                                                                (1) 

 

where Eatom and Ecluster represent the total energy of a single atom and of the nanoparticle 

of N atoms, respectively.  We note that the binding energy as defined in Eq. (1) is also 

denoted as the atomization energy per atom.  For an adsorption complex, C6H6-cluster, 

the adsorption energy is calculated as 

 

EAds = - (EC6H6-cluster – Ecluster – EC6H6),                                        (2) 

 

where EC6H6-cluster, Ecluster, and EC6H6 are the total energy of the adsorption complex, a bare 

nanoparticle, and a bare C6H6 (or H2, C6H5SCH3, C14H10, C14H9SCH3), respectively.  

Detailed descriptions of DFT calculations can be found in our publications.
17, 35

   

 

The HOMO-LUMO energy gap (EG) is simply the difference between the energies of the 

highest occupied level and of the lowest unoccupied level. The unit of EG is eV. The 

magnetic moment per atom (μ) is calculated by 

μ = (mu – md)/N,                                                                 (3) 

 

where mu and md are the number of electrons of different spin states, with mu > md. The 

unit of μ is μB/atom.  

 

Detailed descriptions of DFT calculations can be found in our publications.
17, 24-26, 29, 31, 35, 

36
 The following is a brief summary of the techniques. The electron-ion interactions were 

described by ultrasoft pseudopotentials
37

 or the Projector Augmented Wave (PAW) 

method.
38

  Our work has shown that the greatest discrepancy occurs in the calculation of 

HOMO-LUMO energy gap. The exchange and correlation energies were calculated using 

the Perdew-Wang 91 (PW91) form of the generalized gradient approximation (GGA).
39 

We also did calculations using the Perdew-Burk-Ernzerhof (PBE) functional and the 

results showed that these functionals gave essentially the same binding energy.
24

  

 

DFT calculations were carried out using a plane wave basis set with a cutoff energy of 

300 eV for systems consisting of only metal atoms but higher cutoff energy is required 
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for the systems involving carbon and oxygen. For clusters of finite size, only the  point 

is needed. For clusters supported on a periodic slab, the number of k points was chosen 

with a space 0.05Å
-1

 in each periodic direction. The size of the unit cell was chosen 

such that the distance of two nearest atoms between the neighboring images in the non-

periodic directions is no less than 10.0 Å. A full geometry optimization was made in our 

calculations without symmetry constraint. Single-point DFT calculations, i.e. keeping the 

geometry fixed, were also carried out.  

 

In this project, we focused on studying transition metal particles of less than 1 nm, 

though the nanoparticle for use as catalysts is often on the order of a few to a few 

hundred nanometers.  This size choice is made based on the number of atoms that we can 

handle realistically in terms of computational resources. In the above figure, the number 

of atoms in a particle as a function of cluster diameter is plotted. As shown in the figure, 

there are about 25,000 atoms in a 10 nm cluster. A cluster of 3 nm still consists of about 

600 atoms with half of them being surface atoms.  

 

As a cluster of 3 nm consists of about 600 atoms and it is not realistic to perform DFT 

calculations for such systems.  Using a 600-atom Fe nanoparticle as an example, a DFT 

calculation of this nanoparticle cannot be carried out using our current 50-processor 

Beowulf cluster within the current implementation of DFT.  Furthermore, many isomers, 

as one may expect, will be possible.  Even if such a calculation becomes possible, we 

expect that it will take enormous computer time making such calculations unfeasible. 

This situation indicates that alternative methods or some strategies have to be sought for. 

One possibility is to correlate analytically the binding energy, the HOMO-LUMO band 

gap, and the magnetic moment with the cluster size and structure.  We practiced this 

strategy for the Pd
25

 and Ru clusters
17

 and found that a correlation between the binding 

energy and cluster size and structure may be established.  However, no correlations have 

yet been found for the HOMO-LUMO energy gap and the magnetic moments. The 

situation may be improved by further DFT studies on more clusters.   

 

Molecular Dynamics Simulations:  

 

A critical issue involving MD simulations is to construct accurate PESs.  It is well-known 

that constructing an accurate PES is an extremely difficult task
43-56

 and some DFT 

calculations are needed
17, 24-28, 35, 36

 for a variety of systems to fit new accurate 

parameters.
57-63

   

 

There are four types of PESs that have been widely used for describing interactions 

among transition metal atoms. They are the Finnis-Sinclair potentials,
647

 the embedded 

atom potentials,
65

  the tight binding potentials,
66

 and the Murrell-Mottram potentials 

based on a many-body expansion,
67

 which have been used. We would point out that all 

these potentials were proposed to describe bulk metal materials. 

 

To start with, we chose the Sutton-Chen potential,
68

 which is a modified Finnis-Sinclair 

potential, to describe the interactions among atoms in the transition metal clusters, as it is 

a many-body potential and has been used to search for the global minimum of transition 
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metal clusters.
69 

However, the parameters used in the Sutton-Chen potential were 

optimized by fitting to the bulk properties. Therefore, it is necessary to investigate 

whether the Sutton-Chen potential can be used to accurately describe the interactions 

among atoms in the transition metal clusters.  We used dimer and trimer clusters as 

example to test the accuracy of the Sutton-Chen potential:  
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parameters, which are constant for each metal but vary for different metals.  The results 

show that the original Sutton-Chen potential is not accurate.
70

  Of greater importance is 

that the relative stability of the trimers does not correspond to the DFT predictions.  For 

example, for iridium, the binding energy predicted by DFT calculations is -9.63 eV for 

the linear trimer and -9.09 eV for the triangle.  The linear trimer is more stable.  However, 

the binding energies calculated from the original PES are -0.15 eV and -8.56 eV for the 

linear trimer and triangle, respectively.  Discrepancies are also apparent for the other 

metals.  The binding energies for platinum and gold are about 2 times lower than the DFT 

values and the results for silver are similarly problematic.   

 

A nonlinear fitting method used in the optimization of Sutton-Chen parameters was used 

in the fitting process. Detailed fitting procedures can be found in our previous work of 

constructing PES for other systems.
50, 54

  As DFT data for many metal clusters are 

available, we investigated whether the parameters obtained from using only limited DFT 

data can be used to accurately represent all the clusters. Further, we tested which 

parameters need to be optimized.  Our preliminary results for Au clusters show that 

optimizing all 6 parameters result in better accuracy and the parameters generated by 

fitting to the DFT data of a Au dimer, three trimers, and four tetramers can be used to 

obtain binding energies of Au clusters of up to 13-atoms.   

 

For systems involving substrates and adsorption molecules, we also explored other 

potential forms, such as those shown in the literature.
71-78

  In addition, the ab initio 

dynamics simulations, a PES-free program,
34, 79

 was used in our studies for limited cases, 

namely small clusters, to test the accuracy of MD results. In some cases, high level ab 

inito calculations such as the renormalized coupled-cluster method developed in 

Piecuch’s group
80

 were performed to ensure the accuracy of the data. 

 

Once the PES is constructed, classical MD simulations can then be performed.  One only 

needs to provide initial conditions including the geometry of atoms in the system and 

their corresponding momentum.  Details on a MD simulation can be found in our 

previous publications.
45, 48-55
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Small nanoparticles are highly active and may aggregate
81, 82

 if they are placed close to 

each other under suitable conditions, a process termed as sintering in catalysis.  To study 

coalescence of two nanoparticles in the size of nanometers, full quantum dynamics 

calculations are not feasible.  On the other hand, the atoms are much heavier than 

hydrogen atom, we expect that classical MD simulations will provide accurate results.  

Classical MD simulations can be carried out when the system consists of only transition 

metals.  A classical MD simulation involves solving the following coupled equations,                 

                                           ,
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based on the Cartesian coordinates x, y, and z for each atom, i, where mi is the mass of 

the ith atom, and V is the PES that is described in the previous section.  The above set of 

coupled equations can be solved using the 6
th

-order Runge-Kutta method.    

 

Cluster growth, i.e. coalescence and stability have been studied both experimentally and 

theoretically.
83-127

  When placed on surfaces, cluster buildup can be accomplished by 

diffusion of smaller clusters into larger ones.
94, 96, 100, 102, 103

  This diffusion can also lead 

to aggregation and a loss of size-based activity.
117, 128

  Previous studies on the 

coalescence of metal nanoparticles have employed molecular dynamics (MD) and Monte 

Carlo (MC) methods.
107-115

  Hawa et al used MD with a Stillinger-Weber potential to 

study the coalescence of both equal
112

 and unequal
113

 sized silicon nanoparticles.  Zeng et 

al studied Au and Cu nanoparticle sintering using MD with an embedded atom 

potential.
114

  Raut et al investigated the sintering of aluminum by MD, including the 

influence of temperature and orientation.
115

  

 

The diffusion of iridium atoms has been studied only by a limited number of groups.
96-99, 

102, 103, 129
  Wang and Ehrlich used field ion microscopy (FIM) to find that iridium clusters 

from 18-39 atoms diffuse across the Ir(111) surface.
129

  Chen and Tsong also found by 

FIM that the step atoms of the Ir(011) surface diffuse along the steps.
98

  From a 

theoretical perspective, Shiang and Tsong used MD to study the diffusion of Ir dimers on 

Ir surfaces,
102

 and Habar et al studied adatoms on Ir(111).
99

  We chose to study the 

coalescence of Fe clusters in the gas phase using MD simulations with a modified Sutton-

Chen potential.
130

  Our previous coalescence study
131

 included only 3-atom systems and 

was focused on the accuracy of the Sutton-Chen potential for small metal clusters.  We 

found that the formation of clusters was very sensitive to the initial kinetic energy given 

to the system, as well as the orientation of the coalescing particles.  

 

Our work on the coalescence of small Fe nanoparticles was done using MD simulations 

with a cluster Sutton-Chen potential.  MD simulations were carried out on the reaction of 

two clusters at various cooling rates and initial kinetic energies.  The threshold energy of 

product formation was investigated for the various systems, and the effect of initial 

orientation between two clusters on the product formation was also studied.  A 
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comparison of diffusion and ostwald ripening coalescence mechanisms was performed 

for 8-atom cluster formation, and ostwald ripening led to cluster formation with higher 

initial energies.   

 

RESULTS AND DISCUSSION 

  

Task 1:  Studies of the Fe nanoparticles at different size and structure. 

 

Fe systems were extensively studied due to their catalytic activity in DCL technology.  In 

order to fully investigate the properties of nanoparticles, one needs to first address issues 

of stability of nanoparticles and the structure of the most stable isomer.  Studies to 

investigate a stable structure of the nanoparticle that closely resemble the bulk structure 

and a correlation between the electromagnetic properties of nanoparticles with size and 

structure need to be addressed accordingly.  

 

To answer these questions, we studied about 50 nanoparticles consisting of up to ~55 

atoms (about 1.5 nm) using DFT calculations.  Our experience on studying other metal 

nanoparticles showed that this size range was sufficient to provide a better understanding 

of Fe nanoparticles in general.  Specifically, periodic DFT calculations
132

 were performed 

for these systems.  Among various electronic structure methods, DFT is currently the best 

choice for dealing with transition metal nanoparticles.  We chose here to use the 

implementation with a plane wave basis set which was encoded in the VASP code.
32-34

 

The advantage of using a periodic code is its possibility of extending our studies to 

adsorptions on substrates which require treatment in periodic conditions to realistically 

represent the situations.  Our test has shown that the results obtained from the periodic 

code are accurate as long as a sufficient large unit cell is chosen.
17, 24-28, 35

  

 

A literature investigation has been done to determine the current methods and techniques 

used to produce iron clusters.  Several literature sources have been gathered regarding the 

interaction between iron clusters and carbon containing compounds.  This is a 

preliminary search about the interactions an iron cluster catalyst might have with a 

typical coal sample.        

 

Fu et al. produced Fe2S2 complexes with highly reactive tridentate iron sites using a 

process of fission of Fe4S4 complexes. (Inorg. Chem. 2005, 44, 1202-1204).   

  

Fessenbecker et al. examined the complexing between iron(II) and the indene molecule 

(C9H9).  Which showed a delocalized chelation effect between the π bonds of the 

aromatic indene and the iron(II) center.  (J. Am. Chem. Soc. 1991, 113, 3061-3069). 

 

Weigel and Holm examined Fe4S4 ability to bind to biological groups.  They found that 

the iron site of the cubane would bind with heteroatoms and form ligand complexes with 

them.  This could be an advantage in complexing with Illinois coal due to the coals high 

content of sulfur and other heteroatoms. (J. Am. Chem. SOC. 1991, 113, 4184-4191).  
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Lynch et al. demonstrated a reduction of quinoline and other ring systems specifically at 

the nitrogen containing ring using iron pentacarbonyl, base, H2O, CO, and a phase 

transfer catalyst.  This work shows the promise of using iron and/or iron complexes to 

reduce aromatic systems that can be found in Illinois coal structures.  (J. Org. Chem. 

1984, 49, 1266-1270). 

 

Wilcoxon and Provencio used surfactants to control the growth of and produce iron nano 

clusters that had varying phases.  This paper gives insight into the variety of nano 

structures that can possibly have use in iron catalyzed coal liquefaction. (J. Phys. Chem. 

B 1999, 103, 9809-9812). 

 

Trovitch et al. studied the use of iron (II) Bis(imino) pyridine as a catalyst for alkene 

hydrogenation.  This work demonstrates that the use of iron and its complexes could be 

used to hydrogenate alkenes found in Illinois coal. (Organometallics 2008, 27, 1470–

1478).  

 

Properties of a few Fe clusters are provided in Table 1. 

 

Table 1: Properties of small Fe clusters 

 

 HOMO 

(eV) 

LUMO 

(eV) 

Magnetic 

moment 

Bond length 

(Å) 

Binding energy  

(eV/atom) 

Fe -3.84 -1.24 4.00   

Fe2 -3.11 -2.87 3.00 1.980 1.28 

Linear Fe3 -3.80 -3.58 1.33 1.867,1.867 0.84 

Triangular 

Fe3 

-3.42 -3.26 3.33 2.152,2.250, 

2.303 

1.72 

 

50 nanoparticles have been constructed.  A few representative structures are shown as 

follows: 

 

 

The results of the DFT calculations on these structures were examined.  We found that 

the electronic structure optimizations were not fully converged.  This situation is special 

to the Fe nanoparticles, which didn’t appear in the other transition metal systems.  Further 

investigation on the convergence problem is needed.  One method we tried to overcome 

the problem is to choose another software for calculations.   

 

Molecular dynamics simulations were carried out to explore the coalescence mechanism 

of nanoparticles.  This issue is important, as it is associated strongly with the sintering 

process, which results in the loss of catalytic activities.  In the MD simulations, we have 
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tested a strategy to extract extra collision energy, which corresponds to the cooling of 

nanoparticles.  Our strategy was to extract energy by first defining a minimum energy 

and after every time step, subtract a small amount of energy from any atom that has 

energy greater than the defined minimum.  In this work, the two minimum energies are 

77 K and 300 K.  These values correspond to the mean energy of liquid nitrogen 

molecules and the mean energy at room temperature.  The subtraction of energy was 

done to simulate a cooling rate of 1.5625x10
11

K/s and 1.5625x10
13

K/s. The latter energy 

has been shown to be a crucial value when investigating the 

effect that the cooling rate has on the structures of silver 

nanoparticles.  For the Ag19+Ag19 case (shown in the picture on 

the right), we chose to provide an initial kinetic energy of 0.95 

eV and the Ag19 structure was taken from a previous DFT 

calculation.  The simulations were carried out with an initial 

particle distance of 10 Å from center of mass to center of mass and a time step of 0.01 fs 

for a total simulated time of 10 ps. 

 

Figures below show that the energetics of the coalescence is dominated by the potential 

energy surface (right figure).  The more rapid cooling rate (1.5625x10
13

 K/s) predicts a 

greater potential energy at the end of the simulation, when comparing across the different 

defined minimum energies, which may be due to less available energy to overcome 

potential barriers when adapting the final cluster geometry.  This is apparent in the plot of 

the kinetic energies (left figure).  The kinetic energy of the cluster when employing a 

slow cooling rate (1.5625x10
11

 K/s) is greater through roughly the first half of the 

simulation and the final kinetic energy is greater when using the 300 K minimum energy.         

The structures of these nanoparticles using different cooling rates and minumum kinetic 

energies are given in the pictures below.      
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The strategies established here will allow us to perform further studies of the formation of 

Fe nanoparticles and especially the kinetics and temperature effects. For Fe clusters, the 

MD simulations results are depicted in Figures 1-11.  

 

Figure 1: The interatomic distances of a three atom Fe coalescence with an initial energy 

of 0.1 eV at a minimum temperature of 298 K and a cooling rate of 1.5625 x 10
11

 K/s 

(left) and 1.5625 x 10
13

 K/s (right) of atoms 1 & 2 (red), 2 & 3 (green), and 1 & 3 (blue). 

 

Figure 2: The interatomic distances of a three atom coalescence with an initial energy of 

0.1 eV at a minimum temperature of 673 K and a cooling rate of 1.5625 x 10
11

 K/s (left) 

and 1.5625 x 10
13

 K/s (right) of atoms 1 & 2 (red), 2 & 3 (green), and 1 & 3 (blue). 
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Figure 3: The interatomic distances of a three atom coalescence with an initial energy of 

0.5 eV at a minimum temperature of 298 K and a cooling rate of 1.5625 x 10
11

 K/s (left) 

and 1.5625 x 10
13

 K/s (right) of atoms 1 & 2 (red), 2 & 3 (green), and 1 & 3 (blue). 

Figure 4: The interatomic distances of a three atom coalescence with an initial energy of 

0.5 eV at a minimum temperature of 673 K and a cooling rate of 1.5625 x 10
11

 K/s (left) 

and 1.5625 x 10
13

 K/s (right) of atoms 1 & 2 (red), 2 & 3 (green), and 1 & 3 (blue). 

Figures 1-4 indicate that the favored product was the trigonal trimer.  A high minimum 

energy and a slow cooling rate was the condition that gave the linear trimer regardless of 

the intial energy given to the system.  The slow cooling rate resulted in a longer duration 

of the linear trimer configuration before the structure converted to the trigonal structure.  

The slow cooling rate also shows a wild oscillation of the bond distances between atoms.  

This result is as expected due to the slower removal of energy of the system.  It can also 

be noticed that the higher minimum energy resulted in a more violent oscillation of bond 

lengths after cluster formation (Figure 2 vs. Figure 1 and Figure 4 vs. Figure 3).  This is 

because the greater amount of heat available is expressed as a vibration in the formed 
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cluster.  The greater initial energy of the system (0.1 eV vs. 0.5 eV) has an effect only 

when a slow cooling rate is employed.  With a slow cooling rate the greater initial energy 

shows a rather large initial bond oscillation.   

 

Figure 5: The kinetic (red) and potential (green) energy of a three atom coalescence with 

an initial energy of 0.1 eV at a minimum temperature of 298 K and a cooling rate of 

1.5625 x 10
11

 K/s (left) and 1.5625 x 10
13

 K/s (right).  

Figure 6: The kinetic (red) and potential (green) energy of a three atom coalescence with 

an initial energy of 0.1 eV at a minimum temperature of 673 K and a cooling rate of 

1.5625 x 10
11

 K/s (left) and 1.5625 x 10
13

 K/s (right). 
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Figure 7: The kinetic (red) and potential (green) energy of a three atom coalescence with 

an initial energy of 0.5 eV at a minimum temperature of 298 K and a cooling rate of 

1.5625 x 10
11

 K/s (left) and 1.5625 x 10
13

 K/s (right). 

 

 

Figure 8: The kinetic (red) and potential (green) energy of a three atom coalescence with 

an initial energy of 0.5 eV at a minimum temperature of 673 K and a cooling rate of 

1.5625 x 10
11

 K/s (left) and 1.5625 x 10
13

 K/s (right). 
 

Figures 5-8 show that the faster cooling rate shows a smoother kinetic and potential 

energy plot.  The minimum energy has little noticeable effect on the kinetic and potential 

energy plots except that the oscillations of either are more drastic with the greater 

minimum energy.  The greater initial energy causes a spike in the kinetic energy at the 

beginning of the simulation which occurs later in the simulation when less initial energy 

is given to the system.  Figures 7 and 8 both show a ‘flare up’ that is noticeably separate 

from the initial spike of kinetic energy when a slow cooling rate is used.  The simulations 

that resulted in trigonal trimers gave an ending potential energy of around -3.5 eV while 
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the simulations that resulted in the linear trimer (Figure 6 left and Figure 8 left) gave an 

ending potential of around -3.0 eV.  This is due to the lower potential when each atom 

interacts with the other two atoms rather than two of the three atoms only interacting with 

one other atom.     

 

Figure 9: Energy plots of the coalescence between two 15 atom clusters with an initial 

energy of 0.5 eV and a minimum temperature and cooling rate of; 298 K and 1.5625 x 

10
11

 K/s (red), 298 K and 1.5625 x 10
13

 K/s (green), 673 K and 1.5625 x 10
11

 K/s (blue) 

and 673 K and 1.5625 x 10
13

 (yellow). 
 

Figure 9 shows the kinetic energy plot (left) and the potential energy plot (right) of the 15 

atom-15 atom coalescence.  The slow cooling rate gave a kinetic energy spike after the 

initial reaction (Figure 9, left blue and red).  The higher minimum temperature results in a 

higher kinetic energy at the end of the simulation (Figure 9, left blue and yellow).  Figure 

9 also shows that the faster cooling rate negates the other parameters.  The faster cooling 

rate plots (yellow and green) have similar kinetic energies while the slower cooling rate 

plots (red and blue) are very different and the difference is determined by the minimum 

temperature.  The potential energy plot (Figure 9 right) shows that the slow cooling rate 

has a more erratic variation in potential, yet three out of the four simulation conditions 

gave similar potentials.  The one simulation to give a higher potential than the others had 

a fast cooling rate and low minimum temperature.  This is likely due to the cluster being 

stuck in a higher potential configuration and not being able to overcome a potential 

barrier to reach a lower energy configuration.      

 

 

 

 

 

 

 
 

 

Time (fs)

0 2000 4000 6000 8000 10000

K
in

e
ti
c
 E

n
e
rg

y
 (

e
V

)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

Time (fs)

0 2000 4000 6000 8000 10000

P
o
te

n
ti
a
l 
E

n
e
rg

y
 (

e
V

)

-54

-53

-52

-51

-50

-49

-48



20 
 

 

 

 
 

 

 

Figure 10: 30 atom clusters formed under 0.5 eV initial energy 298 K minimum 

temperature and a cooling rate of 1.5625 x 10
11

 K/s (left) and 1.5625 x 10
13

 K/s  (right). 

 

 

 

 

 

 

 

 

 

Figure 11: 30 atom clusters formed under 0.5 eV initial energy 673 K minimum 

temperature and a cooling rate of 1.5625 x 10
11

 K/s (left) and 1.5625 x 10
13

 K/s  (right). 
 

Figures 10 and 11 show that all four simulations predict the 30-atom coalescence 

products.  The faster cooling rate (Figure 10 right and Figure 11 right) produces a cluster 

that is more spread-out than the clusters produced via a slower cooling rate.      

 

Task 2: Studies of Mo-doped Fe nanoparticles at different size, structure, and S 

composition. 

 

MoS systems were extensively studied due to their catalytic activity in DCL.  We studied 

the Mo-doped Fe nanoparticles up to about 3 nm using DFT calculations.  The initial 

structures of the Mo-doped nanoparticles will be built up the structures from Task 1 by 

replacing strategically some surface Fe atoms. The binding energies obtained from these 

DFT calculations will then allow us to identify stable nanoparticles. 

 

Task 3: Searching for reaction pathways and selective binding sites of Fe nanoparticles. 

    

The primary goals of this task were to characterize the catalytic activities of nanoparticles 

for hydrogenation of benzene and naththalene (with and without sulfur substitution) at 

different sizes and structures of the nanoparticles and to correlate the catalytic activities 

with their intrinsic properties.  In addition, we studied how temperature affects the 

catalytic activities of nanoparticles.  As our DFT results from using two different 

functionals differ very much in the energy barrier, we therefore systematically evaluated 

the accuracy of various density functionals.   
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The study of the Fe3 and Fe2 particle interacting with methyl phenylthioether and benzene 

was conducted using DFT.  The B3LYP hybrid functional was used and the 6-31g + (d) 

basis set was utilized.  The interactions were modeled in toluene, due to its likely use in 

practical applications, using the polarized continuum model (PCM).   

 

Table 2 lists the energies calculated for the interaction of an Fe2 dimer with benzene.  

From these values the calculated absorption energy is -0.0501282 a. u. (-1.36404 eV).  

This indicates a favorable interaction and from Figure 12 it can be seen that the bezene 

ring does not distort significantly from the planar geometry that is characteristic of 

aromatic rings.    

 

Table 2: The Calculated energies of Fe2, Benzene, and Fe2-Benzene 

Species Energy (a.u.) 

Fe2 -2526.9882811 

Benzene -232.2615169 

Fe2-Benzene -2759.2999262 

 
 

 

 

 

 

 
Figure 12: The Fe2-benzene complex. Figure 13: The Fe3-benzene complex. 

 
Table 3 lists the energies of the iron trimer, benzene, and the trimer benzene complex.  

From the listed data the interaction energy is calculated to be -0.0479948 a.u. (-1.30599 

eV).  The absorption energy shows a favorable interaction between the benzene and the 

iron trimer.  This can likely be explained from the donation of electron density from the 

iron atoms (which are electropositive) to the low energy π* orbitals of the aromatic ring. 

 

Table 3: The Calculated energies of Fe3, Benzene, and Fe3-Benzene 

Species Energy (a.u.) 

Fe3 -3790.5477724 

Benzene -232.2615169 

Fe3-Benzene -4022.8572841 

 

Table 4 lists the data gather for the Fe2-methly phenylthioether system.  From the listed 

data the binding energy is calculated to be -0.0683296 a. u. (-1.859316 eV).  This 

indicates a favorable interaction between the dimer and the methyl phenylthioether.  

Figure 14 shows the complex geometry and the planarity of the aromatic ring remains 
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undisturbed, however, carbon 1 has a distorted sp
2
 geometry due to the interaction of the 

S atom with the Fe dimer.   

 

Table 4: The Calculated energies of Fe2, methyl phenylthioether, 

and Fe2-methyl phenylthioether 

Species Energy (a.u.) 

Fe2 -2526.9882811 

Methyl phenylthioether -669.7631797 

Fe2-methyl phenylthioether -3196.8197904 

 

Figure 14: The Fe2-methyl phenylthioether complex and methyl phenylthioether. 

 

Table 5 lists the energies of the iron trimer, methyl phenylthioether, and the trimer-

methyl phenylthioether complex.  The calculated interaction energy was -0.0529331 a. u. 

(-1.44036 eV).  The starting geometry (Figure 15) had the iron trimer in close proximity 

to the S atom yet the optimized geometry has the trimer centralized on the benzene ring.  

This favorable interaction may again be explained by the donation of electron density 

from the electropositive metal atoms to the electronegative aromatic electron cloud.         

 

Table 5: The Calculated energies of Fe3, methyl phenylthioether, 

and Fe3-methyl phenylthioether 

Species Energy (a.u.) 

Fe3 -3790.5477724 

Methyl phenylthioether -669.7631797 

Fe3-methyl phenylthioether -4460.3638852 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: The Fe3-methyl phenylthioether complex optimized geometry (left) initial 

geometry (right). 
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These results indicate that a favorable absorption of the iron dimer and trimer with the 

aromatic rings exists.  This favorable interaction can be used to catalyze reactions 

involving aromatic thio ethers. 

 

More interestingly, the DFT study of molecules has shown that the presence of S atom 

can increase both the light adsorption intensity and wavelength.   

As shown in the above figure, when adding the S atom to the benzene system, the 

absorption intensity and wavelength both increased with respect to the bare benzene 

system.  Similarly, the presence of S atom in the naththalene also increases the intensity 

and wavelength of absorption.  Furthermore, our calculations show that the coal will be 

able to absorb the light in the wavelength of exceeding these shown in the above figure, 

as it is easily understood that coal contains larger aromatic rings and therefore is able to 

absorb the light with longer wavelengths.  This finding indicates that we may utilize 

photocatalysis in the DCL process for Illinois coal.   

 

Furthermore, DFT calculations of different aromatic rings show that coal has the 

potential to absorb visible light.  The figure below shows the increase of absorption 

wavelength with the increases of number of aromatic rings in the molecule.   
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These are very encouraging results, as they indicate that one can utilize light to excite 

molecules to their excited states then break the C-C bonds.  The selectivity of light in 

bond breaking is higher than thermal energies.  This research direction is worth our 

further attention. 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

Our simulations aimed to uncover the reaction mechanisms and provide insight into the 

activity, selectivity, and robustness of nanocatalysts on the hydrogenation of Illinois coal.  

The objectives were to (i) obtain the properties of Fe and Mo-doped Fe nanocatalysts at 

different size, structure, and S composition (Fe, FeS, FeS2, Fe2S3) and (ii) calculate 

adsorption energies of sulfur-containing benzene and naththalene on the selected 

nanocatalysts and the overall heat of hydrogenation.   

 

We have studied the stability and properties of Fe nanoparticles of different sizes and 

structures, the reaction pathways that lead to the hydrogenation of benzene and 

naththalene with and without sulfur substitution of hydrogen, C6H5SCH3 and C14H9SCH3, 

using Fe nanoparticles, and the binding sites and search for the conditions that maximize 

hydrogenation of Illinois coal.   

 

Our MD simulations also provided preliminary results on how these Fe nanoparticles are 

formed and in which conditions we may control the growth mechanism.  For instance, 

using different cooling rates for a system consisting of 30 Fe atoms, the structures of the 
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final 30-atom products will be different.  When the same cooling rate is used, different 

reaction temperatures will generate different structures. 

 

The most important result from this study, however, is the enhancement of light 

absorption of Illinois coal.  In the presence of sulfur, the absorption intensity and 

wavelength are both enhanced.  This finding indicates that it is worthwhile to explore the 

potential in introducing photocatalysis to the DCL process for Illinois coal.  The effective 

utilization of sulfur will provide a partial solution to the environmental concerns on the 

high sulfur content in Illinois coal and advantages over the current indirect coal 

liquefaction through the Fischer-Tropsch process.  The results from the current work 

suggest that it is worth while expanding the current experimental work on traditional 

catalysis to photocatalysis.  The recommendation of introducing photochemistry in DCL 

technology through this exploratory research expands the current knowledge towards 

direct hydrogenation of Illinois coal. 
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