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Abstract:  

This study covers surface interaction between ethylene, hydroxide ion, and Ti5C adsorption site of titanium dioxide anatase (001). The result 
of the relaxation suggests that stability was reached on Ti5C site with the adsorption energy of -0.57 eV, while the changes in the bond length 
and angle between atoms on ethylene were negligible. Calculation of states density suggests that there was no orbital splitting between 
HOMO and LUMO states of ethylene after bonding, indicating that there was no covalent chemical bond formed, and hence the bond can be 
categorized as physisorption. It can be concluded that ethylene was adsorbed weakly on (001) surface of titanium dioxide, which was also 
line with the previous result. Meanwhile, the potential energy surface calculation between ethylene and hydroxide ion revealed that 
hydroxide ion was more stable in Ti site of TiO2. The bond energy calculation of co-adsorption between ethylene and hydroxide ion suggests 
that adsorption tends to be happened chemically with the bond energy of –2.56 eV, which means that hydroxide ion may give significant 
effect to the adsorption of ethylene.  

Key words: Adsorption, bonding energy, ethylene, density of states, Density Functional Theory, hydroxide ion, titanium dioxide anatase 
(001) 
 

Introduction  

The role of Titanium Dioxide as a catalyst has been 
discussed broadly. This catalyst has mainly chosen due 
to its low cost, environmental friendly and also 
chemically stable catalyst compared to other candidates 
such as KmnO4, O3, carbon, zeolite, and palladium [1-6]. 
Titanium dioxide has many applications for industrial 
processes such as being a catalyst for water splitting 
reaction [7], a reaction which converts water into 
hydrogen and oxygen.  This catalyst also being an 
important catalyst for ethylene degradation reaction, 
which is being produced in ripe ning process of fruits 
and vegetables. 
 
Naturally, fruits produce ethylene gas during ripening 
process. The accumulation of ethylene gas around the 
fruits will stimulate ripening reaction [8,9]. Hence, 
ethylene that is being produced must immediately be 
abated or converted to other compounds so that it can't 
stimulate ripening process of those fruits. Experimental 
works have shown that TiO2 could be a good catalyst to 
convert ethylene into other compounds [10,11]. 
 
The previous works suggested the reaction pathway of 
the degradation reaction of ethylene [11-13]. 
Hauchechorne [12] gained the degradation reaction 
pathway by comparing the IR-spectral data from FTIR 
measurements. The bond between C=C of ethylene is 
suggested to be broken, forming carbon dioxide (CO2) 

by adding OH-radicals. The proposed total reaction 
pathway is as follows: 

C2H4 + 12OH• → 2CO2 + 8H2O, 
using Ti5O4H4 crystal as catalyst. The Ti5O4H4 crystal is 
formed from TiO2 by water splitting reaction as follows: 

TiO2 + hυ → e- + h+ 
H2O + h+ → OH• + H+. 

The H+ ion will then combined with TiO2 to form the  
Ti5O4H4 crystal. 
 
This study will focus on ethylene interaction to the (001) 
surface of TiO2 anatase form crystal, using OH• as 
radical ions and TiO2 as catalyst. The anatase (001) 
surface of TiO2 is chosen due to its higher reactivity for 
catalytic activities [14-24] compared to the more stable 
(101) surface [25,26]. 

Experimental 

In this work, Density Functional Theory calculations are 
performed using Quantum Espresso [27] (Open Source 
Package for Research in Electronic Structure, Simulation, 
and Optimization), an UNIX-based open source software 
which uses plane-wave basis set. GGA (Generalized 
Gradient Approximation) exchange correlation with PBE 
(Perdew-Burke-Ernzerhof) [28,29] pseudopotential are 
used. The kinetic cutoff energy of 520 eV are used in all 
calculations. The optimized bulk parameter of Titanium 
Dioxide are obtained from the previous result [30] which 
is a = b = 3.826Å and c =  9.661Å. 
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The anatase (001) surface of Titanium Dioxide is 
obtained by cutting the bulk crystal along its (001) plane. 
All slabs are separated with 21Å vacuum to make sure 
that there are no interaction between the surface and its 
periodically repeated cell. The surface is periodically 
repeated in a supercell of (2×2) unit cell. The calculation 
is performed under the concentration of 0.25 ML 
(monolayer), which means one ethylene molecule is 
adsorbed in every four unit cells, with the additional of 
OH• in every ethylene molecule. Integration in Brillouin 
zone with the k-points of 4 × 4 × 1 is used to sample the 
reciprocal space. 
 
During all geometry optimizations, two lower slabs are 
frozen while two upper slabs are allowed to relax. The 
adsorption energy is counted using this formula: 

Eads = E(adsorbate/surface) – (Eadsorbate + Esurface) (1) 
where Eads is the adsorption energy of the molecule, 

Esurface is the energy of clean anatase (001) surface of 
TiO2, Eadsorbate is the energy of ethylene molecule and 
OH• ion, while E(adsorbate/surface)  is the total energy of 
adsorbed molecule together with TiO2 surface. 
 
Meanwhile, the charge transfer calculations were done 
using this formula: 

qnet = q(adsorbate/surface)   – (qadsorbate + qsurface)  (2) 
 
Where qnet is the net charge, qsurface is the charge of clean 
anatase (001) surface of TiO2, qadsorbate is the charge of 
ethylene molecule and OH• ion, while q(adsorbate/surface)  is 
the total charge of adsorbed molecule together with 
TiO2 surface. The isovalue rendering [31] is set to be 
±0.002 (Bohr3/electrons)0.5 for all charge transfer plots. 

Results and Discussion 

Geometry optimizations 
All ethylene adsorptions are performed on the top site of 
Ti5C adsorption site or 5-fold-coordinated titanium, 
which corresponds to π-bonded ethylene. Figure 1. 
shows the ethylene molecule placed on the top of Ti5C 
site, with the C=C bond of ethylene parallel with [1, 0, 0] 
direction. This site is chosen due to the fact from the 
previous works that ethylene is most likely to be 
adsorbed in Ti5C site. 
 

 
Figure 1. Adsorbed ethylene on Ti5C site. 

After the adsorption of ethylene is performed, it is found 
that ethylene is adsorbed weakly with the  adsorption 
energy of –0.57 eV. Also, there are slight changes in the 
bond lengths of ethylene molecule compared to isolated 
gas phase of ethylene molecule. The C=C bond was 
calculated to be 1.32Å, 0.01Å shorter than C=C bond of 
isolated ethylene which is 1.33Å. This result is 
consistent with the previous result [30]. Meanwhile, the 
distance from the C atom of ethylene to its nearest Ti5C 
is calculated to be 2.90Å. 
 
Furthermore, the OH• ion is introduced to the TiO2 
surface. The PES (potential energy surfaces) calculation 
is first performed before relaxing the structure to find the 
site in TiO2 surface that is most likely to adsorb the OH• 
ion. The result is then plotted in a 3D diagram which can 
be seen in Figure 2. The calculation result suggests that 
OH• is more likely to be adsorbed on Ti sites of TiO2 
due to its smaller relative adsorption energy compared to 
those on O sites. 
 
The co-adsorption calculation is then performed using 
the ethylene adsorbed on Ti5C site and OH• on one of Ti 
site of TiO2. Figure 3. shows the visualized structure of 
the co-adsorption of ethylene molecule and  OH• ion on 
TiO2 surface. 

 
 

Figure 2. PES calculation of OH• ion. 
 

 
Figure 3. Co-Adsorption of ethylene molecule and OH• ion on 
TiO2 surface. 
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Figure 4. DOS (Density of States) of the interaction between ethylene molecule and Ti5C site of TiO2. From upper left to lower right 
are a) DOS of  isolated ethylene molecule, b) DOS of pz orbital of ethylene molecule projected on dzz and dxz orbital of Ti5C site 
before relaxation, c) DOS of C=C atoms of ethylene after relaxation, and d) DOS of adsorbed ethylene on Ti5C site. The Fermi 
Energy is set to 0 eV. 
 
The co-adsorption energy is calculated to be –2.56 eV, 
which is larger compared to the adsorption energy of 
ethylene molecule alone. Thus it should be analyzed further 
whether this adsorption energy comes mainly from the 
ethylene to its Ti5C site or OH• ion to its most stable Ti site. 
The C=C bond length of ethylene is calculated to be 1.34Å, 
slightly longer than that of isolated ethylene, while the 
molecule itself remains stable during and after relaxation. 
Meanwhile, the distance from the C atom of ethylene and 
Ti atom of TiO2 goes farther, which is calculated to be 
3.15Å. It can be suggested from these signs that the bond 
between C=C atom of ethylene is getting weaker after 
the presence of  OH• ion. 
 
Electronic structures 
All calculations of electronic structures of ethylene are 
done by computing the LDOS (Local Density of States) 
of isolated ethylene molecule and adsorbed ethylene 
molecule with and without the presence of OH• ion. 
Figure 4a) shows the local density of states of the 
orbitals of ethylene. The HOMO (Highest Occupied 
Molecular Orbital), known to be πCC, and LUMO  
(Lowest Unoccupied Molecular Orbital) of 
ethylene,known to be π*CC are composed by its C=C pz 
(bonding) and pz* (antibonding) orbital, while px and py 

orbitals of ethylene are its C-C bond (σCC) and C-H bond 
(σCH), respectively. The gap between the bonding and 
antibonding orbital of ethylene is calculated to be around 
5.5 eV, which finds good agreement with the previous 
result [30,32]. 
 
The calculation of  local density of states ethylene 
adsorbed on Ti5C site of TiO2 before and after relaxation 
is plotted in Figure 4b) and Figure 4d) respectively. The 
dzz and dxz orbital of Ti5C are chosen due to their 
symmetry with the HOMO and LUMO of ethylene. It is 
observed that the πCC and π*CC of ethylene is broadened 
due to its interaction with the dzz and dxz orbital of Ti5C. 
However, there are no significant overlapping between 
HOMO and LUMO orbitals of ethylene after relaxation, 
suggesting that there are no significant filling of electron 
to the LUMO of ethylene. There are also no new orbitals 
formed, suggesting that the C=C bond of ethylene is not 
broken. Thus it can be concluded that the interaction 
between ethylene and TiO2 at Ti5C site could be 
categorized as physisorption or weak interaction. 
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Figure 5. DOS (Density of States) of the interaction between 
ethylene molecule, OH• ion, and Ti5C site of TiO2. The upper 
picture is a) DOS of isolated OH• ion while the lower picture 
is b) DOS of co-adsorption of ethylene molecule and OH• ion 
to the Ti5C site. 
 

 
 
Figure 6. Charge transfer before and after ethylene adsorption 
(without the presence of OH• ion).  Decreasing charge is 
shown in blue while increasing charge is shown in red. 
 
Moreover, the effect of the OH• co-adsorption is found 
to make a significant contribution to the local density of 
states of ethylene, which can be seen in Figure 5b). The 
electron density of bonding orbital of ethylene is found 
to be increased after the presence of OH• ion. This sign 
can lead us to two possibilities. 

 

 
 

Figure 7. Charge transfer before and after co-adsorption (with 
the presence of OH• ion).  Decreasing charge is shown in blue 
while increasing charge is shown in red. 
 
The adsorption of ethylene to Ti5C site is getting stronger, 
or its increasing density could be the sign of  OH• ion 
which is adsorbed to Ti5C site. Based on geometrical 
optimization calculation it can be concluded that the 
increasing density is caused mainly by the interaction of 
OH• ion with Ti5C site.  However, there are no new 
orbitals formed so that the C=C bond of ethylene may 
not be broken. 
 
Charge transfer plots 
The calculation of charge transfer is done to investigate 
the movement of electron charges before and after 
ethylene adsorption with and without the presence of 
OH• ion. It can be seen in Figure 6. that there is 
accumulation of charge at the top of Ti5C site of TiO2 
while the electron charges of ethylene molecule is found 
to be decreased after relaxation. Hence, it can be 
concluded that ethylene was covalently bonded to the 
Ti5C site. 
 
It is also found that the activity of charge transfers of the 
surface is increasing after the presence of OH• ion. As 
can be seen in Figure 7. that OH• ion is strongly bonded 
to its most stable Ti adsorption site. However the 
ethylene molecule was still covalently bonded to the Ti5C 
site.It is later observed that  OH• ion interacts strongly 
with its most stable Ti site and also with Ti5C site, and at 
the same time the OH• ion makes the bond between C=C 
atoms of ethylene getting weaker. 
 
Conclusions 

The interaction between titanium dioxide anatase (0, 0, 1) 
surface, ethylene molecule, and hydroxide ion has been 
investigated by using density functional theory study. 
The geometry optimization calculation suggests that the 
bonds between ethylene is not significantly changed 
before and after co-adsorption. The adsorption energy of 
ethylene bonded in Ti5C site is calculated to be 0.56 eV 
and consequently could be categorized as weak 
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interaction. This is also proven by the result of the 
charge transfer calculation which concludes that ethylene 
was covalently bonded with Ti5C site. Meanwhile the co-
adsorption energy calculation suggests that the C=C 
bond of ethylene tends to be broken after the presence of 
OH• ion. The co-adsorption energy of –2.56 eV is later 
observed that it mainly comes from the interaction 
between OH• ion and its most stable Ti site. 
 
It can also be analyzed from electronic structure 
calculations that there are no significant overlapping 
between HOMO and LUMO orbitals of ethylene, 
suggesting that there was no C=C bond breaking. 
However, it is proven from the increasing local density 
of states of HOMO orbitals of ethylene that it is mainly 
caused by the interaction between OH• ion and Ti5C site.  
 
Finally, it can be concluded that the co-adsorption 
interaction between OH• ion, ethylene molecule, and 
TiO2 gives major contribution to the adsorption between 
ethylene molecule to the surface of TiO2. It weakens the 
bond between C=C atoms of ethylene which could 
possibly contribute to the delay of the ripening process. 
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