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With the increasing attention to 2D materials for photocatalytic applications, as well as to data science, there 
is a need for high-throughput computation of adsorption states for experimentally or theoretically discovered 
structures in order to study (photo-) catalytic mechanism. Despite numerous progresses in high-throughput 
methods for adsorption study, a general search algorithm is lacking. In this work, SEFFO (Screener and 
Enumerator with Force-Field Optimization) algorithm is developed for the automation of adsorption study on 
2D material surface. Graph theory is utilized to create the descriptors of the adsorption configurations, which 
are later input for geometry construction by numerical optimization. The configuration screening process is 
combining the use of graphs with structural similarity comparison of configurations density functional theory 
(DFT) produced configurations. The algorithm is validated through four case studies, involving water and carbon 
dioxide molecules as adsorbates, molybdenum sulfide and carbon nitride as substrate counterparts. The results are 
consistent with literature while proposing alternative configurations. Additionally, SEFFO can show the evolution 
between configurations during the process. This method enables the high throughput study of adsorption behavior 
on 2D materials, and paves the way for future surface studies involving other substrate/adsorbates pairs.
1. Introduction

Adsorption is an important process in many surface chemical pro-
cesses, including the photocatalysis, which is a key technology to mit-
igate energy and environmental crisis and has been applied in water 
splitting, CO2 reduction, and pollutant degradation [1,2]. Efforts have 
been devoted to finding the candidate materials that are able to improve 
the photocatalytic performance of photocatalytic reaction. 2D materials 
stand out, due to their excellent characteristics such as large surface 
area and the quantum confinement of electrons [3,4]. Their unique 
properties enable them to show comparable or superior photocatalytic 
performance to their bulk counterparts [5,6]. Considering the photocat-
alytic steps where it can hardly be circumvented, the adsorption studies 
on 2D materials are also important. Furthermore, it is the first step of any 
photocatalytic reaction. To date, computational study of adsorption is 
well-known. However, depending on the substrate/adsorbate pair con-
sidered, the study of adsorption may vary in its complexity. While it is 
feasible to go through all the necessary steps for the adsorption study 
manually with “simple” structures, the computational cost can be exces-
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sive when there are too many possible configurations. Therefore, there 
is a need for a general method to produce reasonable configurations that 
enables the automation of this process.

In order to develop such an algorithm, it is essential to have a 
good understanding of the adsorption process. Adsorption comprises 
two types: physisorption that involves “weak” physical forces such as 
van der Waals interactions and hydrogen bonds (interaction energy be-
tween ca. 0.1 and ca. 1.3 eV) and chemisorption that involves strong 
electron density sharing between adsorbate and adsorbent (chemical 
bonds, interaction energy between ca. 11 and ca. 39 eV) [7]. Physisorp-
tion commonly happens when an adsorbate approaches a solid surface 
[8–11]. After being close enough between the adsorbate and absorbent, 
a chemisorption may then happen, depending on the degree of unsatura-
tion of the surface and the properties of the adsorbate. In computational 
study of adsorption, multiple codes are available in order to find proper 
adsorption configuration. They offer diverse methods to construct the 
initial geometry of the configuration based on the surface environment. 
AdsorbateSiteFinder class in pymatgen [12] is the first one that offers 
the function to detect adsorption sites by using Delauney triangulation 
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and construct the initial geometry simply by putting the adsorbate above 
the adsorption sites. To take into consideration the connectivity of the 
adsorbate with the surface, Catkit [13] developed a method for bulk 
materials to create configurations that are determined by the innova-
tive adsorption vector and adsorption edges that works with monoden-
tate and bidentate adsorption. The Atomic Surface Adsorbate Structure 
Provider (ASAP) [14] is another option that enables studies with porous 
structures. Despite the progresses, the simple construction or algebraic 
calculation restricted to limited types of adsorptions requires more ef-
forts to approach the adsorption complexity in reality and sometimes 
produce unrealistic initial structures. Apart from that, the screening 
process also impacts on the efficiency of theoretical research [15]. A 
good screening process can save computational resources on calcula-
tions, leading to the same results if not a better one. This is especially 
true for first-principles computation. It has become the workhorse of 
computational material science due to its general applicability with less 
empirical interference on the system-specific parameters than others, 
as well as good compromise between the computational cost and the 
precision of result. However, it is still time-consuming, and its computa-
tional time increases with the size of the system. To date, adsorption on 
well-defined surfaces of the known 2D materials have been intensively 
studied, accumulating valuable results to verify incoming and newly de-
veloped algorithm. Previous endeavors rely on semi-empirical searching 
paths where tens or hundreds of configurations are relaxed from the be-
ginning to the very end. This procedure is not resource- or time-efficient 
for first-principles methods, the use of screening process can alleviate 
this situation. One example is Surfgraph [16], which screens the ad-
sorption configurations using chemical environment of the adsorbate. 
Another one is DockOnSurf [17]. It implements an efficient algorithm 
based on the geometry of the configuration that works well with big 
molecules or clusters. It is worth noting that Surfgraph uses a construc-
tion strategy that is similar to AdsorbateSiteFinder in pymatgen, while 
DockOnSurf lacks the function to enumerate adsorption sites.

In this work, an algorithm was developed to not only automate the 
adsorption study on surface of 2D materials, but also to provide an 
exhaustive list of symmetrically and energetically unique adsorption 
configurations. This algorithm avoids any bias in the choice of configu-
rations to study. It relies on graph theory for the configuration descriptor 
and numerical optimization for construction, building on existing works 
regarding adsorption site search while avoiding irrelevant sites. As for 
the screening process, it has been built on top of the graph data structure 
with connectivity created by evaluating similarity. The later is based 
on the computed values regarding the symmetry of adsorption sites. 
Besides, the evolution between configurations can be visualized. The 
validity of the whole process has been tested with water and carbon 
dioxide molecules on molybdenum sulfide and carbon nitride, in total 
of four cases. This algorithm enables the high-throughput study of ad-
sorption on 2D materials and is easy to be extended to deal with more 
complex adsorbent/adsorbate systems.

2. Results and discussions

2.1. The SEFFO algorithm

Fig. 1a shows the workflow of the designed algorithm. From top to 
bottom the number of configurations progressively decreases through 
four steps.

In the first step, the structures of the adsorbate and the substrate are 
collected, along with specifications about the anchored atoms. From the 
slab that contains the substrate, all the adsorption sites of top, bridge and 
hollow type as illustrated in Fig. 1b can be found by using Delauney tri-
angulation [18]. These configurations assume that the adsorbate is first 
chemisorbed to the surface, which is a valid starting point for any ad-
sorption study. While this process already produces satisfying results, 
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a more refined filter can be applied to eliminate some unwanted sites, 
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especially the hollow sites. These sites can be located at the centers of 
obtuse triangles close to a nearby top site, but also at the of triangles
close to the center of polygons they are in, at their centers or at their 
edges’ center. Any adsorbate placed in this region will experience strong 
repulsion that will most likely end up in the adsorbate being “optimized” 
away from the surface, or in the final configuration having high energy 
(local minimum). The AdsorbateSiteFinder class implemented in Pymat-
gen ignores the hollow sites in obtuse triangles, but some unwanted sites 
are still kept in the final result. A filter is further developed in this work 
to remove these unwanted sites. It is based on the creation and modi-
fication of the basic graph data structure [19]. A graph 𝐷 = (𝑉𝐷, 𝐸𝐷)
named site graph that stores the connectivity of all adsorption sites is 
created. 𝑉𝐷 is its set of vertices, in which each vertex corresponds to an 
adsorption site, and 𝐸𝐷 is its set of edges. All notations employed in the 
current study and their meanings are illustrated at the end of the pa-
per (section 5). By computing the distances between each pair, edges in 
𝐸𝐷 are created, in condition that each site (excluding top sites) is only 
connected to its nearest top site

𝐸𝐷 =
⋃

𝑢∈𝑉𝐷−𝑇

{
{𝑢, 𝑣}|∀𝑣 ∈ 𝑇 ,

||||𝑑𝑢𝑣 − min
𝑣′∈𝑇

𝑑𝑢𝑣′
|||| ≤ 𝜖𝐷

}
(1)

𝑇 is the set of top sites, and 𝑑𝑢𝑣 (𝑑𝑢𝑣′ ) are the distances between the 
atomic positions of sites 𝑢 and 𝑣 (𝑣′) respectively. 𝜖𝐷 is the error allowed 
when determining the nearest top site. It is illustrated in Fig. S1. The 
filter is executed on 𝑉𝐷 , yielding a filtered 𝑉𝐷

𝑉𝐷 → {𝑣|∀𝑣 ∈ 𝑉𝐷,deg𝑣 > 1} (2)

and the corresponding edges in 𝐸𝐷 that connects to sites that are not in 
the filtered 𝑉𝐷 will also be removed.

The second step aims to find the descriptors of the possible configu-
rations based on the choice of anchors (adatom in Fig. 1b) and sites. To 
anchor atoms to the surface as close as possible while not producing con-
tacts that leads to high energy but still in the chemisorption range, the 
anchors are “shifted” from their initially computed positions. These site 
shifts are computed using the site positions as well as the covalent radii 
of the anchored atoms and the surface atoms that connect to the corre-
sponding sites. (see section “Computing the shifted sites” in Supporting 
Information). The three basic cases about computing the shifts are illus-
trated in the lower part of Fig. 1b. More complex ones can be achieved 
by enumerating on the surface atoms that connect the sites of interest 
until a position and orientation is found where the anchored atom has 
no overlap with any of them. Afterwards, the shifted sites are used for 
enumerating the configurations. In the case where there is more than 
one anchor (multidentate adsorption), the same number of sites will be 
chosen, and each of them will be paired with an anchor. Since in the 
current stage only small molecules (ambient gas molecules) are consid-
ered, the adsorbates are assumed to be rigid, i.e. the bond lengths and 
angles are fixed. Therefore, if the distances between anchors and the dis-
tances between corresponding sites differ respectively within a specified 
precision 𝜖𝐸 , then this combination will be regarded as valid.

A screening process based on graph theory is then executed. As illus-
trated in Fig. 1c, the graphs of molecule and the substrate are merged 
to create a configuration graph associated with the adsorption configu-
ration. It is achieved by connecting the anchors in 𝑉𝑀 with the surface 
atoms in 𝑉𝑆 that are connected to the corresponding sites in 𝑉𝐷 by using 
the connectivity in 𝐸𝐷 . Hence, the configuration graph is below

𝐶 =(𝑉𝐶 ,𝐸𝐶 ) (3)

𝑉𝐶 =𝑉𝑆 ∪ 𝑉𝑀 (4)

𝐸𝐶 =𝐸𝑆 ∪𝐸𝑀

𝑛⋃
𝑖=1

{
{𝑎𝑖, 𝑣}|∀𝑣 ∈ csa(𝑝𝑖), 𝑎𝑖 ∈𝐴,𝑝𝑖 ∈ 𝑃

}
(5)

where 𝐶 = (𝑉𝐶 , 𝐸𝐶 ) is the configuration graph. 𝑆 = (𝑉𝑆, 𝐸𝑆 ) and 𝑀 =

(𝑉𝑀, 𝐸𝑀 ) are the slab graph and molecular graph. They are respectively 
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Fig. 1. Illustration of SEFFO. a) The overview of the algorithm, where 𝑁1, 𝑁2, 𝑁3 , 𝑁4 are the number of possible configurations. b) Illustration of different types 
of sites and the shifts represented as arrows in solid line. A hollow site is defined as the center of more than two neighboring surface atoms. c) Diagram showing 
the creation of configuration graph, where each vertex in molecule graph, slab graph, and configuration graph represents an atom, and in site graph green ones are 
surface atoms/top sites and blue ones are bridge or hollow sites. d) schematic representation of how trajectories are connected (above) and its graph representation 
(below). The arrows indicate the evolution direction from one trajectory to another. Double arrows mean the two trajectories connected evolve into the same pattern 
at the end. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)
the graph representation of the substrate and the molecule. csa(𝑣) is 
the function that gets all the surface atoms that are connected to site 
𝑣. It ensures that in the later procedure the anchored atoms are cor-
rectly placed on the surface, with a possibility of making bonds with the 
neighboring atoms on surface in case of chemisorption. The construc-
tion of the 𝑆 , 𝑀 , and the definition of csa(𝑣) are elaborated in section 
“Construction of graphs” in Supporting Information. 𝐴 = (𝑎1, 𝑎2, … , 𝑎𝑛)
and 𝑃 = (𝑝1, 𝑝2, … , 𝑝𝑛) are the sequences of anchors and correspond-
ing sites respectively. Two configuration graphs 𝐶1 = (𝑉𝐶1, 𝐸𝐶1) and 
𝐶2 = (𝑉𝐶2, 𝐸𝐶2) are isomorphic if there is a mapping function 𝑓 (𝑣) so 
that

1. On vertex level, nodes 𝑓 (𝑣1) = 𝑣2 satisfy that 𝑣1 and 𝑣2 are of same 
element and same layer index according to the slab graph created, 
i.e. elem(𝑣1) = elem(𝑣2) and lyr(𝑣1) = lyr(𝑣2), where elem(𝑣) returns 
the chemical element of the atom 𝑣, and lyr(𝑣) returns the index of 
layer where the atom 𝑣 is;

2. On edge level, edges {𝑢1, 𝑣1}, {𝑢2, 𝑣2} that have relations 𝑓 (𝑢1) =
𝑢2, 𝑓 (𝑣1) = 𝑣2 satisfies that
(a) If {𝑢1, 𝑣1} and {𝑢2, 𝑣2} are both in the union 𝐸𝑆 ∪ 𝐸𝑀 , i.e. 

{𝑢1, 𝑣1} ∈𝐸𝑆 ∪𝐸𝑀 ∧{𝑢2, 𝑣2} ∈𝐸𝑆 ∪𝐸𝑀 , then |𝑑𝑢1𝑣1 −𝑑𝑢2𝑣2
| ≤

𝜖𝐶 where 𝜖𝐶 is the precision,
(b) Otherwise, neither of {𝑢1, 𝑣1} and {𝑢2, 𝑣2} is in the union 𝐸𝑆 ∪

𝐸𝑀 , i.e. {𝑢1, 𝑣1} ∉𝐸𝑆 ∪𝐸𝑀 ∧ {𝑢2, 𝑣2} ∉𝐸𝑆 ∪𝐸𝑀 ,

where 𝑢1, 𝑣1 ∈ 𝑉𝐶1, 𝑢2, 𝑣2 ∈ 𝑉𝐶2, {𝑢1, 𝑣1} ∈ 𝐸𝐶1, {𝑢2, 𝑣2} ∈ 𝐸𝐶2. Isomor-
3

phic configuration graphs mean the descriptors lead to the same geom-
etry when constructing the adsorption configurations, therefore, only 
one is kept to avoid redundancy.

In step three, the descriptors from step two are used for constructing 
the geometry of the structure. It minimizes the system energy 𝐸 through 
the following step

min
pos(𝑣),𝑣∈𝑉𝑀

𝐸 = min
pos(𝑣),𝑣∈𝑉𝑀

1
𝑁𝑆𝑁𝐴

∑
𝑢∈𝑉𝑆

∑
𝑣∈𝑉𝑀

4𝜖𝑢𝑣

[(
𝜎𝑢𝑣

𝑑𝑢𝑣

)12
−
(
𝜎𝑢𝑣

𝑑𝑢𝑣

)6
]

+ 1
𝑁𝑆𝑁𝐴

∑
𝑢∈𝑉𝑆

∑
𝑣∈𝑉𝑀

𝑞𝑢𝑞𝑣

4𝜋𝜖0𝑑𝑢𝑣

+ 1
𝑛

𝑛∑
𝑖=1

1
2
𝑘𝑎𝑠𝑑

2
𝑎𝑖,shif t(𝑝𝑖;𝑎𝑖)

− 1
𝑁𝑆 (𝑁𝐴 − 𝑛)

∑
𝑢∈𝑉𝑆

∑
𝑣∈𝑉𝑀−𝐴

1
2
𝐶𝑢𝑘𝑎𝑠𝑑

2
𝑢𝑣

(6)

subject to 𝑑𝑢𝑣 = 𝑑𝑢𝑣|𝑡=0,∀{𝑢, 𝑣} ∈𝐸𝑀

∠𝑢𝑣𝑤 = ∠𝑢𝑣𝑤|𝑡=0,∀{𝑢, 𝑣},{𝑣,𝑤} ∈𝐸𝑀

0 < pos(𝑣) < 1,∀𝑣 ∈ 𝑉𝑀

(7)

where 𝑁𝑆 and 𝑁𝐴 are the numbers of atoms in substrate and adsorbate 
respectively. The first two terms introduce physical effects in the opti-
mization. They are the main intermolecular interaction. The first term 
is the Lennard-Jones 12-6 van der Waals potentials. 𝜖𝑢𝑣 and 𝜎𝑢𝑣 are ob-

tained by using Lorentz-Berthelot mixing rules [20,21]. The second term 
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is the Coulomb potential between the adsorbate and the substrate. 𝑞𝑢
and 𝑞𝑣 are Bader charges. The last two terms are artificial elastic poten-
tials. The first one creates an attractive force field between the anchored 
atoms and the position of sites, with an elastic constant 𝑘𝑎𝑠 , while the 
second one is repulsive, with an elastic constant 𝐶𝑢𝑘𝑎𝑠 in which 𝐶𝑢 is 
a coefficient. shif t(𝑢; 𝑣) is the function that maps the site 𝑢 ∈ 𝑉𝐷 to the 
one with shifts 𝑢′ ∈ 𝑉 𝑣

𝐷
according to the anchor 𝑣 ∈ 𝑉𝑀 . Their goal is to 

constraint the molecule to the space close to the absorption sites while 
weakening the interaction between the non-anchored atoms and the sur-
face as much as possible. This constraint aims at enabling triggering the 
chemisorption at varying degrees to significantly probe the possibility of 
bond forming with the surface. If despite this constraint, the adsorbate 
does not form any chemical bond with the surface, then the adsorbate 
is most likely physisorbed. Their existence can also be regarded as the 
chemical bonding between the molecule and the surface depending on 
the strength of 𝑘𝑎𝑠. In the force-field optimization, no change of the 
bond lengths and bond angles are allowed, which corresponds to the first 
and second constraints, as well as the fractional coordinates of molec-
ular atoms remain within the cell, which is the third constraint, where 
pos(𝑣) is the fractional coordinates of atom 𝑣.

A screening process is run on all constructed configurations. A fea-
ture vector is generated from each structure that stores the informa-
tion about atomic position and symmetry. A score based on the differ-
ences between these feature vectors will be computed to evaluate their 
similarity. To achieve this, the following objective about the likeness 
𝐿(𝑉𝑀, 𝑉 ′

𝑀
) is optimized

min
𝑓∶𝑉𝑀→𝑉 ′

𝑀

𝐿 = min
𝑓∶𝑉𝑀→𝑉 ′

𝑀

1
𝑁𝐴𝑁𝐷

∑
𝑢∈𝑉𝑀

𝑁𝐷∑
𝑗=1

(𝑑𝑢𝑗 − 𝑑𝑓 (𝑢)𝑗 ) (8)

subject to ∀𝑓 (𝑢) = 𝑢′, elem(𝑢) = elem(𝑢′)

∀𝑓 (𝑢1) = 𝑢′1, 𝑓 (𝑢2) = 𝑢′2, 𝑢1 ≠ 𝑢2 ∧ 𝑢′1 ≠ 𝑢′2

(9)

where 𝑉𝑀 and 𝑉 ′
𝑀

are the set of vertices of molecule graph from two 
configurations respectively. They differ in the atomic positions of the 
molecule. 𝑑𝑣𝑗 (𝑑𝑓 (𝑢)𝑗 ) are the grouped and sorted distances between 
each pair of an atom 𝑢 (𝑢′ = 𝑓 (𝑢)) in the molecule and an adsorption 
site indexed j (see Supporting Information). 𝑁𝐷 is the total number of 
adsorption sites. 𝑓 ∶ 𝑉𝑀 → 𝑉 ′

𝑀
is a mapping which is sought to mini-

mize the value of the objective, i.e. likeness 𝐿(𝑉𝑀 , 𝑉 ′
𝑀
). Two structures 

will be deemed similar if the likeness is small, e.g., below the covalent 
radius of a hydrogen atom. This choice of criterion is due to the fact 
that it is enough for the algorithm to recognize what type of adsorption 
site a smallest atom is at. More details on this process can be found in 
section “Screening in trajectory graph” in Supporting Information.

In the fourth step, the loop of DFT geometry optimization and screen-
ing starts. Using the trajectories of partially or fully DFT-optimized struc-
tures, the configurations that end in the same geometry can be merged 
into one by employing the same screening procedure with an extension. 
To alleviate the risk of retaining an outlying configuration instead of a 
valid one, whole sequences of the consecutive geometries, instead of a 
single one, are considered. They form a matched pattern. If the matched 
pattern of a trajectory is found in the middle or end of another, then it 
indicates that the former will eventually evolve into the latter. In the 
event of the matched pattern being found at the end of the trajectory, it 
is called an end pattern. Consequently, the connectivity between trajec-
tories can be created as in Fig. 1d, and the arrows indicate the direction 
of evolution. Text can be drawn on edges in the format of 𝑚@𝑛 or 𝑚, 
where 𝑚 is the length of the matched pattern, and 𝑛 is the index of the 
last image of the matched pattern in the trajectory the arrow points to. 
The former, which is drawn on simple arrows, means that the matched 
pattern of a trajectory is in another trajectory before its end. The lat-
ter, which is drawn on double arrows, means they have the same end 
pattern. They play a central role in eliminating the configurations that 
4

evolve into the same ones. In this generated graph 𝐽 = (𝑉𝐽 , 𝐸𝐽 ), namely 
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trajectory graph, the strongly connected subgraphs are replaced by con-
figurations that leads to the minimum energies respectively, then all 
vertices that satisfy

deg− 𝑣 = 0 (10)

are removed, where 𝑣 ∈ 𝑉𝐽 . This procedure will be repeated. After sev-
eral rounds, the number of configurations remaining can be decreased. 
Meanwhile, the precision of DFT calculation can be promoted gradu-
ally. Each isolated subgraph in the trajectory graph 𝐽 is denoted in 
format of 𝐽𝑣, where 𝑣 is the vertex that satisfies deg+ 𝑣 = 0, i.e. no 
edge from this vertex. In case there are multiple vertices that meets this 
condition, the corresponding subgraph can be denoted as 𝐽𝑣1−𝑣2−⋯ and 
deg+ 𝑣𝑖 = 0, 𝑖 = 1, 2, ….

The remaining configurations are the unique ones. By comparing the 
adsorption energy, the most preferable configuration can be determined, 
as others are only metastable states corresponding to local minima on 
the potential energy surface. It is worth mentioning that despite effec-
tive in justification of lowest-energy configuration through the current 
algorithm, further investigation needs to be carried out to define the 
nature of the adsorption. This is due to the fact that, in some cases, the 
adsorption energy is not sufficient to indicate chemisorption. The repul-
sive Hartree and Madelung interaction may have a significant reducing 
effect on the adsorption energy, therefore, leading to a contradiction 
with what is observed from charge density difference [22].

In this screening process, the reconstruction of the surface is not con-
sidered, since the reconstructed surface has a different structure. In case 
of that, the substrate needs to be relaxed first before running with ad-
sorbates in SEFFO.

2.2. Case studies

The above algorithm is applied in four case studies, water and CO2
as adsorbates, MoS2 and C3N4 as adsorbents. The choice of adsorbate 
enables the study of the Lewis acido-basicity of the surface by provid-
ing a Lewis base H2O and a Lewis acid CO2 that can chemisorb at the 
surface. The adsorbates, as well as the substrates chosen have been well 
studied and references can be found for comparison with the results in 
this work. While MoS2 has a simpler surface structure, the case studies 
with C3N4 demonstrate SEFFO’s capability of working with more com-
plex surfaces.

Fig. 2a and Fig. 2c show the trajectory graphs of water and CO2 ad-
sorption on MoS2 monolayer respectively. The graphs show they are 
both adsorbed since the numbers of configurations for both systems are 
greatly decreased after the 3rd round of screening. Most of the connec-
tions already appears after the second round of the loop. The starting 
nine configurations of water merge into three unique ones at the end 
of the process. Among the nine configurations, five evolved into con-
figuration 1 alone. The adsorption energies of the final structures are 
listed in Table 1. The vdW corrections were also considered to evaluate 
their impacts onto the adsorption configuration. A PBE-D3 correction 
[23,24] was employed to calculate the adsorption energies. Results with 
and without the PBE-D3 are tabulated in the two columns of energies. 
Configuration 11 is the most energetically preferable, while the value 
of configuration 1 is almost isoenergetic. In configuration 1, the water 
molecule is at a hollow site of MoS2, while in configuration 11, on the 
top of a molybdenum atom. The former is the same as the most stable 
one found in references [25] and [26]. Fig. 2b and Fig. 2d show the 
evolution of adsorption energy, i.e., the ionic optimization process of 
the configurations that connects to 11 and 1 respectively. The distance 
from the center of mass of the adsorbate at any position of the trajectory 
(in this case water) to its final position was adopted as the coordinate. 
As reflected in the inset pictures of structure near the curves, all wa-
ter molecules tend to evolve into the same configuration despite their 
different initial orientations. Since the designed loop of calculation and 

screening always leads to the geometry of lower energy, the converged 
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Fig. 2. The trajectory graph of a) water and c) CO2 adsorption on MoS2 monolayer. Text on arrows in format 𝑚@𝑛 means 𝑚-length end pattern of a trajectory is 
found in the pointed trajectory at index 𝑛, while in format 𝑚 means they have the same end pattern of 𝑚. b) and d) plot adsorption energy vs center of mass of 
adsorbate of configurations in cluster 𝐽11 and 𝐽1 respectively in a). The arrows and rectangles drawn in dashed line imply the merging of multiple trajectories. The 
inset images are the snapshots of the structure of the data point nearby.
Table 1

Adsorption energy of the final configurations. The first column 
of energy are values with DFT-D3 corrections, and the second 
column without. The part of CO2@C3N4 is put in Supporting 
Information as Table S1.

Adsorbate@substrate Configuration Energy/eV⋅particle−1

PBE-D3 PBE

H2O@MoS2

1 −0.167 −0.075
6 −0.142 −0.056
11 −0.167 −0.081

CO2@MoS2
0 −0.166 −0.039
3 −0.183 −0.040

H2O@C3N4

10 −0.461 −0.323
18 −0.220 −0.141
24 −0.319 −0.272
33 −0.184 −0.116
41 −0.304 −0.309
47 −0.220 −0.140

optimized structures stay at local minima on the potential energy sur-
face. Therefore, the screening process merges the trajectories that end 
in the same minimum according to the specified precision of structural 
difference, to prevent the calculation of the duplicate structures. This is 
true especially for configuration 1, where 4 curves are already close to 
each other when coordinates are in range 0–0.2 Å.

For the adsorption of CO2 on MoS2 in Fig. 2c, the configurations that 
lead to 3 are visually similar after several ionic steps. As the most stable 
one, configuration 3 is consistent with previous work [27]. Therefore, 
many overlaps were found between their trajectories, similar to the case 
of water adsorption on MoS2. This comes from the use of a high value as 
5

the maximum number of ionic steps in DFT calculation. It can be solved 
by using a small number of ionic steps, and in accordance, the number 
of rounds should be increased.

Fig. 3a shows the trajectory graph for water adsorption on C3N4. The 
starting number of configurations is 21, which is twice the number of 
configurations found on MoS2. This is due to the fact that C3N4 has a 
more complex surface, hence, more possible configurations. Correspond-
ingly, to speed up the calculation and decrease the overlaps between 
trajectories, the number of ionic steps was reduced. Most of the connec-
tions were made during the second round of optimization. This indicates 
the capability of C3N4 to adsorb the water molecule, similar to the case 
of adsorbates on MoS2. After five rounds of screening, only 6 configura-
tions remain. Among them, configuration 10 exhibits the lowest energy 
as shown in Fig. 3f. Therein the water molecule is at the center of the big 
hollow site of C3N4 with the HOH plane perpendicular to the C3N4 sur-
face with the oxygen atom being the furthest from it. This is consistent 
with the result in the reference [28]. Besides, other configurations in 
their work can also be found among the remaining final configurations.

Fig. 3b-d show the evolution of configurations that leads to con-
figurations 10 and 24. Because the paths from each configuration to 
configuration 10 are long, it is divided into 3 parts, one to configura-
tion 24, one to configuration 46 and one to configuration 10. There are 
more than one evolution from configuration 48. It can evolve into ei-
ther configuration 24 or configuration 46. Even the coordinates of water 
molecule are close, the orientation is different. Configuration 46 is an 
important node, where the water molecule is at the bridge site between 
two nitrogen atoms. Many configurations where the water molecule is 
at the adsorption sites other than the big hollow site evolved into it. 
It then joined configuration 21, where the similar structures are found 
and, after geometry optimization, the water molecule moves toward the 
hollow site and merges into configuration 10 and 15, where it is at the 

hollow site. These observations clearly show how each configuration 
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Fig. 3. The trajectory graph of a) water and e) CO2 adsorption on C3N4. Text on arrows in format 𝑚@𝑛 means 𝑚-length end pattern of a trajectory is found in the 
pointed trajectory at index 𝑛, while in format 𝑚 means they have the same end pattern of 𝑚. b), c) and d) plot adsorption energy vs center of mass of adsorbate of 
configurations in clusters 𝐽10−24 a). The inset images are the snapshots of the structure of the data point nearby. f) and g) show the most preferable configurations 
for water and CO adsorption after optimization respectively.
2

evolved into configuration 10 after goemetry optimization even when 
their starting point is different.

Compared to the other three case studies already shown, the CO2 ad-
sorption on C3N4 is quite different, since there are only four edges in the 
trajectory graph, and after 5 rounds of geometry optimization/screen-
ing, only three were merged into others. Its trajectory graph is presented 
in Fig. 3e and the most preferable one is configuration 135, shown in 
Fig. 3g, where the CO2 molecule is near the big hollow site with the O-
C-O axis pointing to a carbon atom of C3N4. This position is between the 
two most preferred sites found in [29], rather than the most preferred 
one where the molecule is above a nitrogen atom near the hollow site. 
The reason behind this inconsistency may be the flatness of the poten-
tial energy surface of CO2 adsorption on C3N4, which is indicated by the 
non-reducibility of the trajectory graph. It is also why the initialization 
of CO2 positions and orientations does not change much after geome-
try optimization. The possibility of the initial position of CO2 being too 
far from the substrate can be excluded because in the first few steps, the 
CO2 molecule is pushed away from the surface due to repulsion from the 
surface (steric hindrance). Therefore, we can assert that the adsorption 
6

of CO2 is weaker than the adsorption of H2O according to the results of 
the present algorithm. This can be understood in terms of the electro-
static forces between the molecules and the surface. The two hydrogen 
atoms of the water molecule facing downward suggest attractive forces 
with the surrounding surface nitrogen atoms, which stabilizes its ad-
sorption on surface. The two oxygen atoms in CO2 carrying negative 
charges point repulsive forces with the nitrogen atoms, therefore the 
molecule is stirred away from the surface. It is worth mentioning that 
the interaction is stronger when water interacts with the surface of C3N4
than when it is interacting with MoS2 , since the charges have greater
absolute value in C3N4 than that in MoS2 (Bader charges are ∼ −0.6 for 
sulfur in MoS2 and ∼ −1.0 for nitrogen in C3N4 respectively).

After studying the four substrate/adsorbate pairs, only physisorption 
has been obtained. This is also verified by the charge density differ-
ences shown in Fig. S5-8. It is observed that the charge transfer are 
all too weak to form chemical bonding. Usually, chemisorption hap-
pens at a shorter distance from the surface and its strength is higher 
than physisorption. Considering the adsorption process, chemisorption 
frequently needs an appreciable activation energy while physisorption 
does not. Hence, a preceding physisorption process is often preferred 

in chemisorption [8–10,30,11]. The difficulty of chemisorption to re-



L. Lu, W. Cao and R. Botella

alize chemical bond formation with the surface comes from the stable 
monolayers and the closed shell adsorbate considered. The monolayers 
are stable because they do not show any unsaturations (e.g. defects) as 
opposed to surfaces created from bulk cleavage that necessitates bond 
breaking. Hence, the way to using this algorithm for chemisorption stud-
ies will be to create unsaturations in the monolayer, then posing new 
challenges such as stability of the monolayer itself [31]. In terms of ad-
sorbate, the molecules of water and carbon dioxide both have all of their 
electrons associated in chemical bonds and/or electron doublets, there-
fore presenting an important degree of stability. The electron doublet 
(in water for example) confers this molecule a Lewis basicity. However, 
water could not chemisorb on MoS2 due to the metal center being sur-
rounded by sulfur atoms. The introduction of a radical (such as ⋅OH⋅), is 
likely to enable the chemisorption of unsaturated monolayers as it has 
already been seen elsewhere [32–34].

The comparison between various packages for adsorption study is 
shown in Table S2. It shows the function of this work covers the whole 
lifecycle of adsorption study. While site enumeration has been imple-
mented in most of them, the construction of the structure based on 
numerical optimization gives its strength to be more flexible and ex-
tendable by simply introducing more robust molecular constraints. The 
loop of DFT and screening not only decreases the time for calculations 
with duplicates, but also additionally gives evolutional information of 
trajectories.

3. Conclusion

In conclusion, SEFFO is developed for automating the adsorption 
study on 2D materials based on graph theory for descriptor and screen-
ing, and numerical optimization for construction. It was tested on four 
systems using H2O and CO2 as the adsorbate and MoS2 and C3N4 as the 
substrate for its validation. The results are consistent with the literature 
except the one about CO2 on C3N4, which shows its relatively weak 
adsorption behavior that is indicated from hardly reduced trajectory 
graph. The creation of trajectory graph reflects the evolutionary rela-
tionships between configurations and offers a way to reduce the com-
putational time during the automation through comparing the likeness. 
Next objectives will be to use this algorithm on new, more challenging 
systems (larger adsorbates) as well as open the possibility for chemisorp-
tion, by vacancy creation and the use of radicals that play a central role 
in photocatalytic reaction mechanisms.

4. Computational details

Four cases were tested using the algorithm SEFFO developed, water 
and carbon dioxide molecules as the adsorbates, molybdenum sulfide 
and carbon nitride as substrates. Their monolayer structures were down-
loaded from the C2DB [35] and relaxed first before use. 5 × 5 supercell 
of MoS2 and 3 ×3 supercell of C3N4 were used, with the topmost atoms 
within 0.9 Å selected as the surface atoms. Atoms in adsorbates were 
enumerated and combined as a set of anchors of different sizes. The 
radii of atoms were scaled with a factor of 1.2 based on their covalent 
radii, and the distance between atoms were truncated to 1 Å if it is less 
during the process of enumerating anchor-site combinations. In the con-
struction step, the parameters for the LJ 12-6 potentials were from the 
Universal force field on OpenKIM [36–42]. 𝜂 and 𝜉 were set to 1.5 and 
1 respectively, and the elastic constants were 10 and 2 in the first and 
second numerical minimization of the objective, and the ratio of the re-
pulsive potentials to the attractive ones is 0.1. After the construction, the 
screening process was run with precision of structural difference 0.15 Å 
and precision of energy 0.05 eV. During the loop of DFT calculation and 
screening, the precision of structural difference is 0.3 Å and that of the 
energy difference is 0.05 eV, with 5 images as the minimum length of 
the matched sequence of structure that are allowed to merge. For MoS2 , 
three rounds were run, in which the maximum number of ionic steps in 
7

DFT calculation was 100, while for C3N4, it is 5 rounds and each run for 
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50 ionic steps at maximum. The criteria of convergence were improved 
after each round.

Atomic Simulation Package is used for the operation on atomic 
structures [43,44]. The part that involves the manipulation of graph 
data structure is written with NetworkX [45]. The vf2 algorithm [46]
was used for checking graph isomorphism and the strongly connected 
components in the graph were found by Tarjan’s algorithm [47] with 
Nuutila’s modifications [48]. The DFT calculations were all done in Vi-
enna Atomic Simulation Package (VASP) [49–51] with PBE functionals 
[52,53]. Multiple Python packages [54–57] were used to do the data 
analysis.

5. Notations

Description Symbol

Slab graph 𝑆 = (𝑉𝑆,𝐸𝑆 )
Molecule graph 𝑀 = (𝑉𝑀,𝐸𝑀 )
Site graph 𝐷 = (𝑉𝐷,𝐸𝐷)
No. vertices in slab graph 𝑁𝑆

No. vertices in molecule graph 𝑁𝐴

No. vertices in site graph 𝑁𝐷

Set of top sites 𝑇 ,𝑇 ⊂ 𝑉𝐷

Configuration graph 𝐶 = (𝑉𝐶 ,𝐸𝐶 )
Set of sites for adsorption 𝑃 = (𝑝𝑖)𝑖=1,2,…,𝑛

Set of anchors for adsorption 𝐴 = (𝑎𝑖)𝑖=1,2,…,𝑛

Trajectory graph 𝐽 = (𝑉𝐽 ,𝐸𝐽 )
Isolated subgraph in 𝐽 𝐽𝑣, 𝐽𝑣1−𝑣2−⋯
Fractional position of vertex 𝑣 pos(𝑣)
Distance between vertices 𝑢 and 𝑣 𝑑𝑢𝑣
Angle between edges {𝑢, 𝑣} and {𝑣,𝑤} ∠𝑢𝑣𝑤

Surface atoms 𝐹 ⊂ 𝑉𝑆

Surface atoms connected to site 𝑣 ∈ 𝑉𝐷 csa(𝑣)
Atomic type 𝑒 of vertex 𝑣 elem(𝑣)→ 𝑒

Layer index 𝑛 of vertex 𝑣 lyr(𝑣)→ 𝑛

Final energy 𝑔 of trajectory 𝑣 ∈ 𝑉𝐽 fen(𝑣)→ 𝑔
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