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A B S T R A C T   

We present a high-throughput screening of thiophene (SC4Hs) on bimetallic (100) surfaces in 
select adsorption sites. We present the adsorption energies, charge transfer to the S atom, and C-S 
bond lengths on each of the surfaces studied. We note that thiophene remains intact over the 
majority of the bimetallic surfaces, only breaking C-S bonds over 33 of the 1131 different surfaces 
studied. Overall, we note a positive correlation between charge transfer to the S atom and C-S 
bond lengths. We also report that many of the surfaces experience a large buckling of the first 
layer of the surface. We have made this dataset publicly available in the hopes that it will aid the 
search for novel hydrodesulfurization catalysts and aid the progress of employing machine 
learning in chemistry.   

Specifications Table  

Subject area Computational Chemistry 
Compounds Thiophene (SC4H4) 
Data category computational simulations 
Data acquisition 

format 
geometry optimizations, Bader charge analysis 

Data type Raw, analyzed, simulated, 
Procedure Density functional theory geometry calculations using the BEEF-vdW functional of thiophene adsorbed on various bimetallic (100) surfaces. Charge 

transfer to the thiophene molecules was preformed using the Bader charge analysis 
Data accessibility Raw data is available on the Materials Cloud Archive. 

ID#: materialscloud:2023.169 
URL: https://archive.materialscloud.org/record/2023.169   

1. Rationale 

The emission of sulfur oxide pollutants through the burning of chemical fuels contributes to acid rain and smog [1]. As such, 
government agencies continually lower the maximum allowable sulfur content in fuels. To meet the demand for fuels with lower sulfur 
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content, it becomes important to design novel, more efficient hydrodesulfurization (HDS) catalysts. HDS [2], the process by which 
organosulfur compounds are removed from petrochemicals, is poorly understood, though, for some of the simplest molecules targeted 
for desulfurization, impeding the discovery of novel HDS catalysts. Thiophene (C4H4S), one such simple molecule, is both difficult to 
desulfurize, due to the stability of its aromatic ring [3–5], and the process by which desulfurization occurs is still debated. 

To study the thiophene HDS catalyst problem, many have opted to model the active sites of more complex catalysts with single 
crystal metal surfaces [6–14]. Many of these computational studies revealed important information about the thiophene HDS process 
[5,15–36]. For instance, a report by Zhu et al. found thiophene can proceed along the direct desulfurization pathway on Ni(111) and 
Ni55 nanoclusters [37], while Mittendorfer et al. found hydrogenation can reduce the energy barrier for desulfurization [38]. More
over, the propensity of thiophene to spontaneously break a C-S bond has been noted over many transition metal surfaces such as Ni 
[38–41], Mo, W, Cr, V, Nb, and Ta(100) [42] surfaces. Some catalyst built from these metals, though, have low HDS rates due to the 
thiol fragment binding very strongly to the surface, poisoning the catalyst [43]. 

Adsorption energy, or how strongly the molecule binds to the surface, is just one of many chemical descriptors [43–46] that often 
are mapped to catalytic activity. Other examples of these descriptors include charge transfer, d-band properties of the surface, and 
electronegativity of the atoms in the surface. While small theoretical studies have proven useful, recent advances in machine learning 
have made screening large portions of chemical space possible, greatly increasing the possibility of discovering novel catalysts 
[47–50]. To effectively utilize machine learning, one needs a large database of high-level theoretical calculations or experimental data. 
To date, high-throughput screening attempts have led to the creation of various large databases [51–54] with some containing systems 
of atoms or small molecules adsorbed on bimetallic surfaces usually using Density Functional Theory (DFT), a computational method 
that provides a good balance between computational accuracy and computational cost [55]. DFT has seen many successes predicting 
material properties, yet even its reasonable computational speed has made creating large datasets challenging for machine learning 
applications. As such, a large dataset of thiophene calculations is still missing, severely impeding the process of discovering novel HDS 
catalysts. 

To remedy this problem, we present a substantial, publicly available, database of DFT thiophene adsorption calculations on various 
(100) transition metal surfaces. We choose the (100) surface as the adsorption properties on this facet have been shown to correlate 
well with HDS activity on more complex transition-metal-sulfides [43]. The remainder of this report is laid out as follows: in Section 2 
we discuss the procedure, in Section 3 we present a brief discussion of the data, and in Section 4 we present our conclusions. 

2. Procedure 

Geometry optimization was carried out with the Quantum Espresso first-principle electronic-structure software suite [56,57] with a 

Fig. 1. a) Illustration of all elements used to build the bimetallic surfaces A3B, b) hollow-45-a adsorption site, and c) hollow-45-b adsorption site. 
Yellow atoms represent S atoms, brown atoms represent C atoms, white atoms represent H atoms, orange atoms represent A atoms, and silver atoms 
represent B atoms. 
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0.026 eV/Å force criterion and 0.15 eV Fermi smearing. Each surface was modeled using a 2 × 4 atom four-layer slab. To make the 
study more computationally feasible, the 2 × 4 unit cell was chosen as it was the smallest unit cell in which a thiophene molecule could 
be placed horizontally on the surface. We anticipate there may be some molecule-molecule interactions at this coverage. However, 
some molecule-molecule interactions are closer to HDS reaction conditions which occur at high pressures. The plane-wave cutoff was 
set at 490 eV while the Brillouin zone was sampled using a Monkhorst-Pack 6 × 3 × 1 k-point mesh. For the DFT functional, we 
employed the BEEF-vdW functional [58], which operates at the level of the generalized gradient approximation [59–61]; that is total 
energy is a function of the charge density and the gradient of the charge density. BEEF-vdW also contains a nonlocal contribution to the 
total energy to account for the van der Waals interaction, which is important for the description of many systems including the 
adsorption of small molecules, such as thiophene, on transition metal surfaces [17,62–68]. 

Continuing forward, we calculated adsorption energy, Eads, as: 

Eads = −Ethio/sub + Esub + Ethio (1) 

Where Ethio is the total energy of the thiophene molecule in the gas phase, Esub is the total energy of the clean relaxed substrate, and 
Ethio/sub is the total energy of the thiophene molecule relaxed on the substrate. With this definition the more positive an adsorption 
energy the stronger the thiophene molecule binds to the surface. In addition to adsorption energy, we also computed charge transfer 
from the surface to both the thiophene molecule and the S atom using the Bader charge analysis [69–72]. 

As mentioned, our surfaces were constructed using four-layer slabs. As Quantum Espresso uses periodic boundary conditions, at 
least 15 Å of vacuum was used to separate neighboring slabs. The coordinates of the bottom three layers were fixed while the top layer 
and the thiophene molecule were allowed to relax. The lattice constants for each alloy was taken from a similar high-throughput study 
[73] that also utilized the BEEF-vdW functional. For Fe, Ni, Co, and Mn spin-polarized calculations were performed with a starting 
magnetic moment of 3, 3, 2, and 1 μb respectively. These initial values were also taken from the same study [73]. Fig. 1a) illustrates the 
metals involved in the study. From these 37 elements, L12 alloys, chemical formula A3B, were created and then cleaved to create (100) 
surface slabs. This leads to slabs that repeat over two layers with one layer of all A atoms and the second layer with 50 % A atoms and 
50 % B atoms. For our database, given our limited computational resources we chose to study surfaces terminated with the 50 %/50 % 
A:B layer as we anticipated those surfaces would be more interesting; that is second layer atom effects will be less prominent than first 
layer atom effects on thiophene adsorption, meaning the surfaces terminated with the 100 % A atom layer would yield thiophene 
adsorption properties more similar to single metal surfaces. Fig. 1b) and c) illustrates a general outlook of the (100) surface and the two 
adsorption sites that were chosen to build our dataset. These two hollow sites, we call hollow-45-a and hollow-45-b, were chosen as 
this site, on single metal (100) surfaces, has been demonstrated to consistently give the largest adsorption energies for intact thiophene 
[17,20,39,42]. As the study in reference 72 also built bimetallic surfaces we only studied surfaces they found to converge; that is alloys 
free from electronic structure convergence issues or a mismatch in magnetic structure in either the clean surface or the surface/
thiophene system. Taking reference 72 as a baseline for what surfaces would converge, we still found a few surfaces, as expected, that 
had convergence problems as (111) surfaces, what reference 72 studied, are generally more stable than (100) surfaces. Altogether, we 
successfully relaxed thiophene over 1131 different surfaces resulting in 2235 completed calculations. 

3. Data, value and validation 

All output files were uploaded to the Materials Cloud Archive. A permanent link to the data is found at the beginning of this 
manuscript. Despite hollow-45 keeping thiophene intact on all single element surfaces [42], on bimetallic surfaces this site still manage 
to break in a small number of cases. Specifically, thiophene broke at least one C-S bond on 33 different surfaces. This is a relatively 

Fig. 2. Most common adsorption configurations with a) one broken C-S bond and b) two broken C-S bonds. Yellow atoms represent S atoms, brown 
atoms represent C atoms, white atoms represent H atoms, purple atoms Sc atoms, dark green atoms represent Y atoms, silver atoms represent Hf 
atoms, and blue atoms represent Cu atoms. 
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small fraction of our entire dataset, less than 1.5 % of all configurations. Moreover, these surfaces are unlikely to be optimal for HDS as 
the strong interaction needed to break thiophene completely apart can lead to catalyst poisoning. In our previous study, we found a 
negative correlation between HDS rate and metals that broke thiophene [43]. However, for completeness we will briefly discuss these 
configurations. Fig. 2a) illustrates the most common resulting configuration when thiophene broke one C-S bond. Fig. 2a) specifically 
illustrates adsorption on Y3Sc. However, very similar configurations resulted on many of the surfaces that broke thiophene. In this 
configuration, the S atom and C atom, with the broken C-S bond, bond to a metal atom. Another alternate configuration with one 
broken C-S bond, occurring on Mo3La, resulted in only one side of the molecular fragment bonded to the surface. For surfaces that 
broke two C-S bonds, Fig. 2b) illustrates the resulting configuration. Fig. 2b) specifically illustrates adsorption on Hf3Cu. However, 
again very similar configurations resulted on many of the surfaces that broke thiophene. In this configuration the S atom and the 
separated molecular fragment bond to different points on the surface. The S atom, when it breaks off thiophene, appears to have no 
strong preference for where it eventually binds to the surface. In Fig. 2b), we see the S atom bond slightly off center to a hollow site, 
giving the atom a threefold coordination with the surface. The S atom could also sit directly on a hollow site or atop a single surface 
atom. One different alternate configuration occurred on Re3Pb, where the molecular fragment further decomposed into a pair of C2H2 
molecules. Continuing, when thiophene breaks at least one C-S bond it allows the S atom to form new bonds with the metal atoms in the 
surface, weakening the metal-metal bonds. To analyze this, we computed the average change in the metal-metal bonds in the first layer 
of the surface. For configurations where thiophene broke we noted a 6.6 % increase in the length of these bonds after relaxation while 

Fig. 3. a) Maximum C-S bond length for thiophene adsorbed on bimetallic surfaces. Gey boxes represent surfaces for which the thiophene 
calculation did not converge. The y-axis denotes the A3 element while the x-axis denotes the B element. b) Maximum S-C bond length vs charge 
transfer to the S atom. 
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for the remainder of the configurations, where thiophene remained intact, we noted on average only a 2.9 % increase in these bond 
lengths. Taken together, these results demonstrate that some of these surfaces are active enough to break apart thiophene in hollow-45, 
which generally leaves the molecule intact. 

To further examine the resulting adsorption configurations, in Fig. 3a) we plot the maximum C-S bond length for the highest 
adsorption energy configuration on each surface. From Fig. 3a) we see a clear distinction between configurations with and those 
without a broken C-S bond. Intact configurations maintain C-S distances less than 2.00 Å. In contrast, those configurations, denoted by 
red boxes in Fig. 3a), with broken C-S bonds had maximum C-S distances over 2.8 Å, demonstrating a clear distinction between the two 
adsorption scenarios. Among those intact configurations, which occurred on the vast majority of surfaces, we noted a wide range of 
bond lengths from 1.70 Å to just under 2.00 Å. Unsurprisingly, we noticed alloys with elements on the right of the periodic table, with 
fuller d-orbitals, tended to result in smaller C-S bond lengths, indicating a weaker interaction of thiophene with the surface. Fig. 3a) 
also conveniently illustrates which metals failed to converge with grey squares. These surfaces, as mentioned, faced electronic 
structure convergence issues, or were previously shown to have these issues [73]. These surfaces commonly contained Ni, Fe, Co, and 
Mn, our magnetic elements, as the element that composed 75 % of the surface, or Bi as any element in the surface, indicating that DFT 
has difficulty modeling these elements. Common reasons for divergence include the well-known “charge-sloshing problem” [74–77], 
where a small enough HOMO-LUMO gap can lead to an oscillation of orbital shapes. As one knows, a small HOMO-LUMO gap leads to a 
high polarizability. If the polarizability is high enough even a small error in the Kohm Sham potential may lead to a large oscillation of 
the electron density, causing the self-consistent field (scf) routine to fail to converge. Furthermore, If the HOMO-LUMO gap is small 
enough the order of orbitals may change such that a previously unoccupied orbital becomes occupied and a previously occupied orbital 
becomes unoccupied [77,78]. This will, of course, cause a large change in the density matrix such that the electron density, from the 
previous scf step, no longer becomes a good guess for the next scf step, preventing convergence as these two closely spaced orbitals 
continually switch from being occupied to unoccupied. It is likely one of these reasons that contributed to the limited number of 
systems where the scf cycle failed to converge. 

To further explore the adsorption geometry, we plot in Fig. 3b) the maximum C-S bond length vs the charge transfer to the S atom. 
In the gas phase, thiophene’s C-S bond length is calculated to be 1.72 Å. These two quantities, in previous studies, have been 
demonstrated to be correlated [42]. Indeed, as demonstrated by Fig. 3b), on bimetallic surfaces this correlation exists too. For intact 
thiophene adsorption configurations, blue dots in Fig. 3b), we note a general positive correlation between charge transferred to the S 
atom and maximum C-S bond length. As the charge to the S atom increases so does the maximum C-S bond length, suggesting this 
excess charge serves to weaken the C-S bonds of the thiophene molecule. When thiophene breaks apart, denoted by red dots in Fig. 3a), 
the correlation also exists but is now much steeper. This occurs as after the S atom acquires enough charge and breaks two C-S bonds, 
the C-S distances rapidly increase due to the S atom settling in a different part of the surface compared to the remaining molecular 
fragment. Overall, we note that the S atom takes charge when thiophene breaks bonds. The one exception to this rule is Mo3La, where 
thiophene breaks a single C-S bond but the S atom gives charge away. This also happens to be the configuration where only one end of 
the molecular fragment bonds to the Mo3La surface. 

Moving further, we also examined the adsorption energy and charge transfer to the S atom for the highest adsorption energy 
configuration on each surface. Fig. 4a) illustrates the adsorption energy for the highest adsorption energy configuration for each 
surface. Grey boxes are again surfaces that possessed convergence issues. Overall, we note an average adsorption energy of 1.69 eV 
with a few high adsorption energy outliers. These outliers, usually, exist because thiophene in those configurations leads to a large 
vertical buckling of the surface. The relatively large displacement of atoms in the z-direction can lead to a large difference in the total 
energy of the clean relaxed surface and the relaxed surface after adsorption. We see a variety of these surfaces when Ag or Au composes 
75 % of the slab or X3Re surfaces. A large buckling often suggests these surfaces may be metastable or unstable, preferring to 

Fig. 4. a) Adsorption energy for thiophene adsorbed on bimetallic surfaces, and c) Charge Transfer to the S atom for thiophene adsorbed on 
bimetallic surfaces. Gey boxes represent surfaces for which thiophene calculation did not converge. The y-axis denotes the A3 element while the x- 
axis denotes the B element. 
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reconstruct. We also briefly explored the effects of coverage on adsorption energy, to better understand the adsorption process, by 
picking five random alloys and performing geometric relaxations on both adsorption sites in a 4 × 4 unit cell, effectively halving the 
coverage. The results are printed in table S1in the supplementary information. We note, as expected, decreasing coverage notably 
changes the adsorption energy. However, as previously stated we believe the higher coverage is closer to what experimental HDS 
reaction conditions are. To summarize the results, the adsorption energy changed, for most configurations, by 10 % or less. Some 
configurations experienced a fair bit more change in the adsorption energy, indicating the substrate mediated molecule-molecule 
interactions are highly dependent on the alloy. They also may play an important role in the breaking of thiophene. Two configura
tions for which thiophene broke in the 2 × 4 unit cell, remained intact in the larger 4 × 4 unit cell. 

Moving further, Fig. 4b) illustrates the charge transfer to the S atom for the highest adsorption energy configuration on each 
surface. Grey boxes are again the surfaces with convergence issues. From Fig. 4b), we note that on most surfaces S charge transfer is 
small; between 0.5 e and −0.5 e. The average charge transfer was 0.0 e and, indeed, on a good number of surfaces the charge transfer 
was, in fact, 0.0 e, denoted by white boxes in Fig. 4b). We also note from Fig. 4b) that surfaces with charge transfer to the S atom, 
denoted by dark red and dark blue squares, usually contain Y, Zr, Nb, Mo, Sc, Ti, La, Ta, Co, Zn, or Cu. Overall, we note that charge 
transfer as well as adsorption energy is highly dependent on the surface. 

4. Conclusions 

We have presented a large dataset of thiophene adsorption calculations on (100) bimetallic surfaces. We report a large range of 
adsorption energies and charge transfer to the S atom. We note that charge transfer and S-C bond lengths tend to be correlated with the 
larger C-S bond lengths being associated with more charge transfer to the S atom. Unlike previous theoretical studies on single element 
surfaces, we calculate thiophene to break C-S bonds on a small number of bimetallic surfaces. On these surfaces, charge transfer to the S 
atom tends to be the greatest. 

We hope this dataset will advance the discovery of novel HDS catalysts and other reactions that may involve thiophene. We also 
hope this dataset will aid the community that utilizes machine learning in physics, chemistry, and material science by providing a 
needed training dataset of a larger adsorbate. As data-driven machine learning methods become more prominent, larger datasets to 
train models will continually become more important. 
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