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Sorption of ethene and ethane on the V205(001) / TiO2(001) 
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Simulation techniques have been employed to investigate the differences in the low energy adsorption configurations of ethene 
and ethane on the TiO2 supported and unsupported V205(001) surface. We t'md that the ethene molecule approaches much closer 
to the supportedV205(O01) surface which is reflected in the 40 kJ mo1-1 higher adsorption energy. The low energy adsorption con- 
figuration located for ethane on the supported V205 shows that the molecule does not approach as close to the supported V205 
surface as does ethene, resulting in the adsorption energy of ethane being 52 kJ tool -1 lower than that of ethene on the supported 
VzO5 surface. 
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1. Introduct ion 

Thin V205 (monolayer) films supported on TiO2 
(anatase) may exhibit catalytic properties (for example 
the selective oxidation of hydrocarbons) which cannot 
be attributed to either the unsupported V205 surface or 
the TiO2 substrate [1-9]. The activity and selectivity of 
such supported catalysts is directly related to the surface 
sites of the supported thin film [10-12]. A study of these 
sites will lead to a better understanding of the catalysis 
effected by these materials and may aid the design of sup- 
ported catalysts with improved activity and selectivity 
for particular chemical reactions. 

In a previous study [13], we showed, using atomistic 
computer simulation methods, that the structure of the 
anatase supported V205 monolayer is significantly 
modified from that of the unsupported V205. This pres- 
ent study extends these earlier calculations by investi- 
gating the adsorption of ethene and ethane on the 
surface of the supported V205 thin films. The low energy 
configurations and sorption energies are then compared 
with the sorption of such molecules on the unsupported 
V205. Differences in the sorption behaviour of the mole- 
cule almost certainly influence the catalysis. The low 
energy adsorption sites identified can also be employed 
as starting configurations for more computationally 
intensive quantum mechanical calculations which will 
be used in future studies of the reaction mechanisms 
involved in the partial oxidation reactions promoted by 
the catalyst. 

2. Simulation methods and potential models  

As in our previous study [13], we use the standard sur- 
face simulation procedure available in the MARVIN 
program [14] to model the unsupported and supported 
monolayers onto which, i n  the present study, both 
ethene and ethane are adsorbed. The crystal is consid- 
ered as a stack of planes periodic in two dimensions. The 
stack is divided into two regions; a region I, where the 
ions are allowed to relax explicitly and a region II, where 
the ions are held fixed relative to each other. Region II 
is included to ensure that the long range effects of the 
ions in the bulk of the crystal on the surface region are 
correctly represented. In normal surface simulations the 
top of region I is the free surface and an interface is cre- 
ated if two dissimilar materials are placed together. 

The interionic potentials for the oxides were based 
on the Born model of the ionic solid, which includes a 
long range Coulombic interaction and a short range 
term to model the Pauli repulsions and van der Waals 
attractions between the component ions. The shell model 
[15] describes the electronic polarisability of the compo- 
nent ions. Potential parameters for V205 are taken 
from Dietrich, Catlow and Maigret [16] and for TiO2, 
from Sayle et al. [13]. Intramolecular potentials for 
ethene and ethane were taken from the BIOSYM cvff.frc 
molecular mechanics forcefield [17]. Intermolecular 
potentials between the molecule and V205 or TiO2 were 
taken from Vetrivel, Catlow and Colbourn [18]. The 
potential parameters are all listed in table 1 (a-f). 
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Table 1 
Potential parameters employed in this study: O and O I correspond to the vanadyl oxygen and bridging oxygen of V205 respectively and 03, the 
oxygen of TiO2. H and C are hydrogen and carbon of ethene, H3 and C3, hydrogen and carbon of ethane. (a) Two-body terms of the Buckingham 
analytical form: V(r)  = A e x p ( - r / p )  - Cr -6. Co) Two-body terms of the Lennard-Jones analytical form: V(r)  = Ar  -12 - Br  -6. (c) Two-body 
terms of the Morse analytical form: V(r) = Dr - exp[-A(r - r0)]} 2. (d) Three-body terms of the analytical form: V(r) = 0.5K[O - 00] 2. 
(e) Four-body terms of the analytical form: V(r) = K[1 + Scos (Phase-Phi)]. (f) Shell model parameters, the analytical function of the core-shell 
energy is of the form: V(r)  = 0.5Kr 2, where r is the core-shell separation 

(a) Species A (eV) p (A) C (eVA 6) 

V-O 2549.73 0.341 0.0 
V-O1 5312.99 0.268 0.0 
V-O2 5312.99 0.268 0.0 
O-O 22764.3 0.149 23.0 
O-O1 22764.3 0.149 23.0 
0 - 0 2  22764.3 0.149 23.0 
O1-O1 22764.3 0.149 23.0 
O1-O2 22764.3 0.149 23.0 
0 2 - 0 2  22764.3 0.149 23.0 
T i - 0  175000.0 0.171 0.0 
Ti-01 175000.0 0.171 0.0 
Ti-O2 175000.0 0.171 0.0 

(b) Species A (eV A 12) B (eVA 6) 

O-H 1557.522 5.574 
O1-H 1557.522 5.574 
O2-H 1557.522 5.574 
O-H3 1557.522 5.574 
O1-H3 1557.522 5.574 
O2-H3 1557.522 5.574 
O-C 15118.161 22.579 
O1-C 15118.161 22.579 
O2-C 15118.161 22.579 
O-C3 11825.615 17.661 
O1-C3 11825.615 17.661 
O2-C3 11825.615 17.661 

(c) Species De (eV) )~ (A -1) r0 (A) Cutoff(A) 

V-O 10.0 2.302 1.58 
C-H 3.920 2.000 1.09 
C-C 7.103 2.000 1.33 
C3-H3 4.709 1.771 1.10 
C3-C3 3.816 1.915 1.53 

(d) Species K (eV) O0 (deg.) Cutoff (A) 

5.0 
1.4 
1.6 
molecular mechanics a 
molecular mechanics a 

O2-Ti-Ti 57.793 99.23 
C-C-H 1.466 121.2 
C3-H3-H3 1.713 106.4 
C3-H3-C3 1.925 110.0 

2.1 2.1 3.2 
1.60 1.30 2.9 

molecular mechanics 
molecular mechanics 

(e) Species K (eV) S Phase Cutoff(A) 

H - C - C - H  0.707 - 1 
H3-C3-C3-H3 0.062 1 

(0 Species Charge (e) K (eVA -2) 

1.3 1.6 1.3 
molecular mechanics 

O shell -2.717 54.952 
O1 shell -2.717 54.952 
02 shell -2.717 54.952 
V core 5.0 rigid ion 
Ti core 4.0 rigid ion 
C core -0.290 rigid ion 
H core O. 145 rigid ion 
C3 core -0.021 rigidion 
H3 core 0.007 rigidion 

a In molecular mechanics, potential interactions are for specified bonds. 
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The electrostatic potential field surrounding a mole- 
cule has been shown to be an important indicator of the 
way a molecule interacts with its environment [19] and 
may substantially contribute to sorption energies on 
polar materials, such as oxides. It is therefore essential to 
describe these electrostatic interactions accurately. The 
charges were derived from the electrostatic potential 
field surrounding the molecules, calculated from ab 
initio wavefunctions at the Hartree-Fock level with a 
6-31G** basis set using the CHELPG approach [20] as 
implemented in GAUSSIAN92 [21]. The resulting 
charges on the ethane atoms (reported in table 1 f) are 
much lower than those assigned to the ethene, which is 
reasonable considering the ethene carbon atoms are sp 2 
hybridised compared with the sp 3 carbon atoms of 
ethane. The higher charges therefore reflect the higher 
electronegativity of the sp 2 carbon of ethene. The "direc- 
tional" w-electrons of the ethene are expected to play a 
significant role in the adsorption of the ethene on the 
V205 surface or supported film and should be suitably 
accommodated within the potential model. Such direc- 
tional bonding characteristics are not, however, intro- 
duced into the present potential model explicitly (for 
example via three-body terms) as these would be difficult 
to derive and, furthermore, would be dependent on the 
surface material on which the ethene is adsorbed. Some 
of the effects of  the 7r-electrons may be reflected by the 
higher charges assigned to the sp 2 carbons and may also 
be implicit within the shape of the ethene molecule. 

The surface configurations of the unsupported V205 
and TiO2 supported V205 monolayer structures were 
determined in previous studies [13] where we observed 
significant structural modifications of the V205 thin 
films which have also been observed experimentally 
[22,23]. To calculate the low energy adsorption config- 
urations of ethene and ethane, the molecule is placed 
both on the unsupported V205 surface or the supported 
V205 monolayer film and the system relaxed until zero 
forces act between the component species. To ensure 
that the lowest energy configurations have been identi- 
fied, several starting configurations of the molecule are 
investigated. We note that the adsorption energy is 
defined as the energy required to remove the molecule 
from the lowest energy configuration on the surface or 
interface to a position at infinity. 

for ethene adsorbed on respectively the supported and 
unsupported V205(001) ~urfaces. The ethene molecule 
adopts a high symmetry configuration when adsorbed 
on the unsupported V2Os surface. The vanadyl O-O 
bond distance (4.15 A) allows the molecule to fit within 
the V205(001) surface trough with each of the four 
hydrogen atoms close to a vanadyl oxygen (fig. 1 a). In 
contrast, the considerable structural modification of the 
V205 monolayer, as a result of the anatase support, 
reduces the high symmetry of the V205(001) surface and 
consequently a significant change in the adsorption con- 
figuration ofethene is observed (fig. lb). 

On examining the detailed structures of the lowest 
energy configurations of the sorbed ethene we observe 
that the molecule is significantly closer to the surface of 
the supported compared with the unsupported 
V205(001) (table 2). For example the H-O  (vanadyl oxy- 
gen) distance is 0.30 A shorter and the H-O  (bridging 
oxygen) is 0.85 A shorter for ethene on the supported 
surface which is reflected in the 40 kJ mo1-1 higher 
adsorption energy (table 3). Clearly the ethene is more 
tightly bound to the supported V205 surface. Table 3 
also gives the component terms (i.e. short range and 
Coulombic) of the adsorption energy. It is interesting to 
note that there is no significant distortion of the surface 
by the sorbed molecule, in contrast with the studies of 
molecular clusters at ionic surfaces, which found large 
perturbations from the perfect relaxed surface [24-26]. 
The latter, however, relate to dipolar sorbates in con- 
trast to the present case where we are investigating neu- 
tral species with zero dipole moments. 

3.2. Ethane adsorption 

The low energy configurations for sorbed ethane on 
the unsupported and supported V205(001) surfaces are 
shown in figs. 2a and 2b respectively. Table 4 gives the 
H-O distances for the ethane on the supported and 
unsupported V205. The higher H-O  distances (com- 
pared with ethene) suggest that the ethane molecule is 
unable to approach as near to the surface as ethene, 
which is reflected in the adsorption energy being 
52 kJ mo1-1 lower than for ethene on the supported 
V205. 

3. Resu l t s  a n d  d i s cus s ion  

Our calculations located stable minima for both 
ethene and ethane adsorbed on the unsupported 
V205(001) surface and on the TiO2(001) anatase sup- 
ported surface of the V205(001) monolayer thin film. 

3.1. Ethene adsorption 

Figs. la and lb show the low energy configuration 

4. C o n c l u s i o n  

The application of atomistic simulation to the sorp- 
tion of ethene and ethane on supported VzO5 has 
enabled us to identify low energy adsorption sites for 
these molecules. We find in particular that the large 
structural modification of the VzOs, as a direct result of 
the TiO2 support, leads to a substantial change in the low 
energy adsorption configuration for ethene. Indeed, the 
ethene is more strongly bound to the supported V205 
monolayer by 40 kJ mol-1; such differences are almost 
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Fig. 1. (a) Ethene adsorbed on the unsuppor ted  V205(001) surface; vanad ium is yellow, oxygen (V205) is green, carbon is light green and  hydrogen 
white. (b) Ethene adsorbed on the monolayer  V205(001)/TiO2(001) anatase  thin film. Ti tan ium is coloured purple, oxygen (TiO2) is red, vana-  

d ium is yellow, oxygen (V205) is green, carbon is light green and hydrogen white. 

Table 2 
Bond lengths for ethene on the unsuppor ted  V205(001) surface and  monolayer  V2Os(001)/TiO2(001) anatase  thin film 

H - O  bond  lengths (A) 

C2H4 on surface C2H4 on interface 

vanadyl  oxygen bridging oxygen vanadyl  oxygen bridging oxygen 

H1 2.60 - 2.28 - 
H2 2.58 - - 2.37, 2.74 
H3 2.60 - 2.44 2.65 
H4 2.58 - - 2.34, 2.43, 2.43, 2.87, 2.78 
C1 - - 2.99 2.82, 2.99 
C2 - - - 2.76, 2.86 
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Table 3 
Short range component and Coulombic component terms of the adsorption energies of ethene and etheue adsorbed on the unsupported 
V205 (001 ) surface and monolayer V2 O5 (001) / TiO2(001 ) anatase thin Film 

Energy C2H6 C2H6 C2H4 C2H4 
( kJ mo1-1) on surface on interface on surface on interface 

short range 24.9 (98~ 26.6 (97%) 21.5 (542%) 9.6 (12.1%) 
Coulomb 0.5 (2%) 0.8 (3%) 18.2 (45.8%) 70.0 (87.9%) 

totalenergy 25.4 27,4 39.7 79.6 

Fig. 2. (a) Ethane adsorbed on the unsupported V205(001) surface. Vanadium is yellow, oxygen (V205) is green, carbon is light green and hydrogen 
white. (b) Ethane adsorbed on the monolayer V2Os(001)/TiO2(001) anatase thin film. Titanium is coloured purple, oxygen (TiO2) is red, vana- 

dium is yellow, oxygen (V205) is green, carbon is light green and hydrogen white. 
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Table 4 
Bond lengths for ethane on the unsupported V205 (001) surface and monolayer V2Os (001) /TiO2(001) anatase thin film 

H-O bond lengths (A) 

C2H6 on surface C2H6 on interface 

vanadyl oxygen bridging oxygen vanadyl oxygen bridging oxygen 

HI 2.87 2.57, 2.79, 2.81 - 2.58, 2.68, 2.72 
H2 2.73 - - 2.72, 2.77 
H3 . . . .  
H4 - 2.74, 2.86 2.91 2.59, 2.62, 2.70 
H5 2.95 2.59, 2.86, 2.93 2.66 - 
H6 2.90 - 2.83 - 

certainly of relevance to the catalytic processes in this 
system. Moreover, the identification of such low energy 
configurations can be employed for more intensive 
quantum mechanical calculations which may elucidate 
the reaction mechanisms and pathways for partial oxi- 
dative catalysis. 
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