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Abstract

The interaction of an ethanol molecule with an α-alumina (0001) surface is
investigated using density functional theory. The adsorption structure, ad-
sorption energy, partial charges and charge densities of various non-dissociated
and one dissociated structure were calculated. The results obtained using
a generalised gradient approximation (GGA) functional, and three differ-
ent van der Waals (vdW) functionals were compared. For every structure,
the GGA functional gave the smallest adsorption energy. The vdW func-
tionals for each structure gave adsorption energies about 0.3-0.4 eV larger
than the GGA functional, but the energetic ordering of the structures re-
mained mostly the same with the exception of only a few almost degenerate
non-dissociated structures. The dissociated structure was found to be ener-
getically the most favorable with an adsorption energy ranging from 1.33 to
1.84 eV, depending on the functional. This is around 0.1 eV more strongly
bound than the lowest energy non-dissociated structure.

The adsorption of organic molecules on inorganic surfaces is of growing
interest in many applications including catalysis, self-assembled monolayers
and biomineralisation, to name a few examples. For example, the adsorp-
tion of small alcohol molecules on oxide surfaces is of interest in morpho-
logical control of crystal growth, such as in biomineralisation[1, 2]. An-
other example where alcohol adsorption is important is in polymer coatings.
Polyurethane protective coatings are applied to a metal (oxide) surface as a
mixture of dialcohols, trialcohols and dicyanates which polymerize in situ.
If some of these molecules bond to the surface or more readily interact with
the surface than others then the composition of the polymer coating may
not be uniform, which may impair adhesion to the surface.
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While there are several studies of ethanol on oxide surfaces, such as
strontium titanate [3], zinc oxide [4] and γ-alumina [5], there are not many
studies on clean α-alumina. Computational studies of the dehydrogenation
of ethanol on alumina have focused on the catalytic surfaces 3Niα-Al2O3

[6] and 2Rhγ-Al2O3 [7]. Studies of phenol on α-Al2O3 [8] and methanol on
α-Al2O3 [9] focused only on the non-dissociated structures. Ab initio studies
of water on alumina have shown that both dissociated and non-dissociated
structures co-exist [10, 11, 12]. Experimental studies of methanol on alumina
have observed only molecular adsorption on clean α-alumina [13, 14, 15]
whereas inelastic electron tunneling spectroscopy observed that ethanol de-
hydrogenates to form an ethoxide on the surface [16]. An infrared study
observed a weakly bound layer of liquid ethanol at 35 oC in addition to the
ethoxide [17]. This weakly bound layer is likely to be non-dissociated pre-
cursor states for the dissociation. However, the alumina surface was not well
characterised in this early work and only in the last decade detailed experi-
mental results about the various surface structures have become available.

In this work non-dissociative and dissociative structures of an ethanol
molecule with the α-Al2O3 surface are investigated. In density functional
theory (DFT), the generalised gradient approximation (GGA) for the ex-
change and correlation functional does not include the effects of van der
Waals (vdW) forces and for this reason vdW forces have often been ne-
glected in DFT studies of adsorption. However, with the recent development
of various methods that take vdW forces into account in DFT calculations
[18, 19, 20, 21], many low density (molecular) systems that were previously
not suitable for DFT studies can now be studied. Many of these methods
have been tested on the S22 set of molecular systems and the exchange func-
tional can have a significant effect on the energies [19, 20, 22]. vdW forces
have a significant effect on polarizable materials, such as benzene on gold
[23, 24], and also in systems where the molecules are chemically bonded
to the surface, such as benzene or phenol on silicon [25, 26, 27, 28]. How-
ever, the importance of vdW interactions on molecular adsorption on oxide
surfaces and the difference between the results using different functionals
have not been thoroughly investigated. In this work, several exchange and
correlation functionals are used to investigate various adsorption structures
of ethanol on alumina and the energetics and electronic structures obtained
using the different functionals are compared. The organisation of the pa-
per is as follows. In the following section, the details of density functional
calculations are described. The bulk and surface properties of alumina are
calculated using four different exchange and correlation functionals and the
results are compared to previous literature. The binding energies and prop-
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erties of a range of non-dissociated structures of ethanol and one dissociated
structure are presented.

1. Method

The density functional theory calculations were performed using the
VASP code [29, 30]. The core electrons were described using projector aug-
mented waves (PAW) [31, 32] and for the valence electrons a planewave
energy cutoff of 500 eV was used. Four different exchange and correlation
functionals were used: a standard generalised gradient approximation (PBE)
[33, 34, 35], the vdW-DF functional with the original revPBE exchange
[18, 19], vdW-DF with PBE exchange (denoted vdW-DF∗) and vdW-DF2,
which is similar to vdW-DF but has a more accurate kernel and uses PW86
exchange [21].

The lowest energy stoichiometric alumina surface is terminated by a
single layer of Al atoms [36, 37], as shown in Fig. 1. This slab has 30 atoms
in the surface unit cell, corresponding to 18 atomic layers. The bottom six
atomic layers are held fixed and the slab was relaxed until the maximum force
on the ions was less than 10 meVÅ−1. The surface and bulk calculations used
a Brillouin zone mesh of 4×4×1, centred on the Γ-point. For the adsorption
studies, the cell height was around 40 Å corresponding to a vacuum layer of
approximately 27 Å. For all calculations a dipole correction was applied in
the z-direction. A coverage of one monolayer is defined as one molecule per
surface unit cell and for a 0.25 monolayer coverage of ethanol on alumina
considered here a Γ-centred Brillouin zone mesh of 2×2×1 was used. Partial
charges were calculated using the Bader analysis method [38, 39, 40].

2. Results and Discussion

2.1. Bulk and surface properties of alumina

While the vdW functionals have been shown to give excellent results for
molecule-molecule interactions, there are only a few studies on solids and
heterogeneous systems [41, 42]. Therefore, before using these functionals to
study the interaction of molecules on an alumina surface, the properties of
bulk alumina and the studied surfaces were calculated and compared with
standard GGA and experimental results. Here, the values for the 30-atom
hexagonal lattice for alumina, which contains three primitive cells, are re-
ported. The bulk lattice constant calculated by PBE is 4.81 Å, which is
1.1% larger than the experimental lattice constant (extrapolated to T=0 K)
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of 4.76 Å and is a typical result for GGA calculations. The vdW-DF func-
tional overestimates the lattice constant by 1.7% compared to experiment
but using PBE exchange improves this slightly to 1.3%. A similar trend
was seen for other oxides[43, 41], where vdW-DF (with revPBE exchange)
overestimates the lattice constants more than the vdW-DF functional with
PBE exchange or optPBE exchange. The lattice constant predicted by the
vdW-DF2 functional is rather worse than vdW-DF and overestimates the
experimental value by 2.1%. However, the c/a ratio and the atomic dis-
placements ∆xO and ∆xAl are similar in each case. The values are reported
in Table 1.

The relaxed surface is shown in Fig. 1. It can be seen that the top Al
atoms move inwards from the surface to become coplanar with the O atoms,
which minimises the surface dipole. The interlayer spacings are presented in
Table 1. The PBE interlayer spacings are in good agreement with previous
work that used generalised gradient approximations for exchange and cor-
relation functional [36, 37, 9]. The three vdW functionals predict a slightly
smaller inwards relaxation of the top Al atoms of −74% to −80%, which
agrees better with an experimental value of −63% [46] than the standard
GGA functionals, which predict a relaxation of −84% to −86% [36, 37, 9].
All other interlayer displacements are similar to the PBE results.

Figure 1: a) Top and b) side views of the alumina surface. Al and O atoms are represented
by green and red spheres, respectively. The blue parallelogram in a) is the surface unit
cell.

The partial charges for the atoms in the top six atomic surface layers and
also the partial charges of the ethanol molecule have been calculated and
the results are compared in Table 1. For the alumina surface, the partial
charges are very similar for all functionals. In the isolated ethanol molecule
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Table 1: Comparison of various exchange and correlation functionals for lattice constants
and structural parameters for bulk alumina, structural relaxations of the isolated alumina
surface and partial charges of the isolated alumina surface and ethanol molecule.

Properties of bulk α-alumina
PBE vdW-DF vdW-DF∗ vdW-DF2 Expt[44]

a(Å) 4.81 4.84 4.82 4.86 4.76
c/a 2.73 2.73 2.73 2.73 2.73
∆xO(Å) 0.3061 0.3065 0.3063 0.3064 0.3062
∆xAl(Å) 0.1478 0.1476 0.1476 0.1471 0.1478

Percent change in interlayer spacing
Layer PBE vdW-DF vdW-DF∗ vdW-DF2 PW91[36] GGA[37] PW91[9]

1 Al–O3 −86 −80 −74 −76 −86 −84 −85
2 O3–Al 0 +4 +2 +4 +6 +17 +4
3 Al–Al −38 −49 −39 −44 −49 −58 −46
4 Al–O3 +19 +20 +17 +20 +22 – +19
5 O3–Al +5 +5 +4 +4 +6 – –
6 Al–Al −8 −14 −6 −6 – – –

Partial charges of top 6 atomic layers of alumina surface (e)
Atom PBE vdW-DF vdW-DF∗ vdW-DF2 HF[45]

Al +2.42 +2.43 +2.42 +2.42 +1.91
O −1.63 −1.64 −1.63 −1.63 −1.66
Al +2.48 +2.50 +2.49 +2.49 –
Al +2.49 +2.50 +2.50 +2.50 –
O −1.66 −1.67 −1.67 −1.67 –
Al +2.48 +2.50 +2.49 +2.49 –

Partial charges of isolated ethanol molecule (e)
Atom PBE vdW-DF vdW-DF∗ vdW-DF2 LDA[39]

COH +0.45 +0.45 +0.46 +0.45 +0.42
CH3 −0.03 +0.07 +0.04 +0.08 −0.08
O −1.11 −1.07 −1.08 −1.07 −1.05
HO +0.59 +0.56 +0.56 +0.56 +0.55
HCOH

+0.02 0.00 0.00 0.00 +0.03
HCH3

+0.02 0.00 +0.01 −0.01 +0.04

the three equivalent H atoms in the CH3– group are denoted by HCH3
, the

two equivalent H atoms in the –CH2OH group are denoted by HCOH
and

the H attached to the O is denoted by HO. For ethanol there are only small
differences, the main difference being that the oxygen atom is predicted to
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be slightly less negative by 0.04e using the vdW functionals and the HO

atom is, correspondingly, 0.03e less positive.

2.2. Adsorption structure and energy of ethanol on alumina

The adsorption energy is defined as

Eads = Esrf + Emol − Etot

where Esrf is the energy of the clean surface, Emol is the energy of the iso-
lated molecule and Etot is the total energy of the molecule adsorbed on the
surface. Since there are likely to be many local minima for non-dissociative
adsorption, a series of initial configurations for ethanol were set up by plac-
ing ethanol on the various adsorption sites, which are labelled in Fig. 1a.
The position (site) of the ethanol is defined using the centre of geometry
of the two C atoms. The angle that the C–C bond makes with the surface
plane is denoted by θ, so that θ = 0◦ corresponds to horizontal orientations.
An angle of θ = −90◦ means that the C–C bond is perpendicular to the
surface with the –OH group towards the surface. For the flat configura-
tions, where the C–C bond is aligned parallel to the surface, φ is defined
as the angle in the surface plane between the C–C bond and the a-axis.
The x and y coordinates of the carbon atoms were kept fixed. All initial
horizontal configurations had the –OH group pointing towards the surface,
since the electrostatic attraction between the –OH group and the Al and O
surface ions is expected to give lower adsorption energies. In addition to the
horizontal configurations, two vertical configurations with θ = −90◦, corre-
sponding to the –OH group pointing towards the surface, and one vertical
configuration with θ = 90◦, corresponding to the –OH group pointing away
from the surface, were investigated. For θ = 90◦ only one site was considered
since the CH3 group is not expected to have a strong electrostatic interac-
tion with the surface. For θ = −90◦, two configurations of ethanol were
considered, one on site A and the other on site E. The adsorption energies
for all of these configurations using the various functionals are presented in
Table 2.

First, the results for the various structures using the PBE functional
are discussed. From the energies in Table 2, it can be seen that the non-
dissociated horizontal structures have a range of adsorption energies from
almost 0.23 eV (site G) up to 1.26 eV (site J). There is a correlation between
adsorption energy and the distance between the ethanol oxygen atom and
the closest surface Al atom. The configuration on site J has the largest
adsorption energy since this site enables the the ethanol oxygen atom to
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Table 2: Adsorption energy (eV) for various configurations of ethanol on the alumina
surface. Configurations are ordered from low to high PBE adsorption energy.

Site θ (◦) φ (◦) PBE vdW-DF vdW-DF∗ vdW-DF2

A 90 – 0.01 0.23 0.32 0.24
G 0 0 0.23 0.49 0.67 0.57
C 0 0 0.26 0.46 0.65 0.54
A -90 – 0.29 0.50 0.76 0.60
D 0 0 0.53 0.67 0.97 0.79
H 0 0 0.55 0.72 0.99 0.82
A 0 0 0.55 0.73 1.01 0.83
F 0 0 1.03 1.17 1.40 1.25
B 0 0 1.04 1.49 1.51 1.33
E 0 0 1.08 1.34 1.58 1.43
E -90 – 1.21 1.40 1.64 1.49
J 0 0 1.26 1.49 1.76 1.59

Dissociated 1.33 1.60 1.84 1.73

Figure 2: (a) Side and (b) top view of the relaxed structure of ethanol on site J. The
ethanol oxygen atom is attracted to the Al atom on site F, which is pulled up from the
surface.

be close to the surface Al atom at site F, as shown in Fig. 2. The vertical
configuration with θ = −90◦ on site E also has a large adsorption energy of
1.21 eV, which is also due to the interaction between the -OH group and the
surface Al atom at site F. The vertical configuration with θ = −90◦ on site
A, does not permit the oxygen to approach a surface Al atom and, instead
a hydrogen bond between the H atom and a surface oxygen atom is formed
and the configuration has a low adsorption energy of 0.26 eV, which is a
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typical energy for a hydrogen bond. The vertical configuration with θ = 90◦

on Site A, where the –OH group is pointing away from the surface, exhibits
almost no attractive interaction. The energy of structure J of 1.26 eV is
very similar to the GGA-PW91 result of the non-dissociative adsorption of
methanol on α-alumina, which has an adsorption energy of 1.23 eV [9]. It
is also comparable to phenol on α-alumina, which has an adsorption energy
of 1.00 eV, using GGA-PW91 [47]. A lower adsorption energy of 0.66 eV
was calculated for phenol on α-alumina using the GGA-revPBE functional
[8]. A similar difference between revPBE and PBE adsorption energies has
been reported in a study of phenol on silicon [27].

Next, the results from different exchange and correlation functionals will
be compared. For every configuration, PBE gives the smallest adsorption
energy of all the functionals. A quantitative comparison between PBE and
vdW-DF*, which uses PBE for exchange, shows that the vdW-DF* adsorp-
tion energy ranges from about 0.3 − 0.5 eV larger than for PBE. This is a
large difference but, in general, the energetic ordering of all the configura-
tions is similar, the exception being structures C and G, whose ordering is
reversed for the vdW functionals, compared to PBE. However, the difference
in adsorption energy between C and G is small for all functionals (not more
than 0.03 eV). For all configurations vdW-DF* gives the highest adsorp-
tion energy of all the functionals. The adsorption energies for vdW-DF are
about 0.15 − 0.25 eV larger than the values obtained using PBE, which is
consistent with the findings for phenol on alumina [47], with the exception
of configuration B, where the energy is 0.45 eV larger. This exception is
not an effect of the functional but is due to the fact that a different relaxed
structure has been found, which will be discussed below. vdW-DF2 is about
0.1 eV larger than vdW-DF for all horizontal configurations, except for A90,
where the energies are approximately equal. For this structure the PBE ad-
sorption energy is negligible and the weak interaction is almost purely due
to vdW forces. The similarity in the energies for A90 is, therefore, not sur-
prising since the three vdW functionals are very similar. Overall, there is
a rather large range in adsorption energies of up to 0.5 eV for the different
functionals, which can be mainly attributed to the differences in exchange.

The behavior of the functionals is further compared by looking at the de-
pendence of the binding energy on the distance from the surface for the con-
figuration J. Configuration J was fully relaxed by removing the constraints
on the x and y coordinates of the C atoms. The adsorption energy of the re-
laxed structure increased by only 0.01−0.02 eV for all functionals. Starting
from the minimum energy structure the molecule was rigidly moved along
the z-direction, with neither the molecule nor the surface relaxed further.
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The adsorption distance, zads, is defined as the distance, perpendicular to
the surface plane, from the midpoint of the C–C bond to the top Al surface
atom, as shown in the inset of Fig. 3. The results of this calculation for each
functional are shown in Fig. 3. The position of the minimum for the vdW-
DF functional is almost the same as for the PBE functional. The other two
vdW functionals have slightly smaller minimum positions. These differences
do not appear to be systematic since a study of benzene physisorbed on tin
dioxide[48] showed that the adsorption distance predicted by vdW-DF* is
larger than for vdW-DF.

Figure 3: Adsorption energy as a function of z on site J for the various functionals.
The inset shows the configuration for the PBE functional and the adsorption distance is
labelled.

Now, the structural properties of the lowest energy non-dissociated struc-
ture, configuration J, will be described in more detail and the results are
compared to previous work on non-dissociated methanol on α-alumina[9].
The distance between the ethanol oxygen and surface aluminum, dOeth−Al,
is between 1.93− 1.95 Å, for the different functionals, which is in excellent
agreement with the 1.93 Å found for methanol on alumina. As mentioned
previously, it is the closeness between the O atom and Al atom that is the
main reason for the strong adsorption energy of this configuration. The
relaxed structure is shown in Fig. 2 and it can be seen that this surface
aluminum atom is pulled up from the surface. The perpendicular distance
from the Al to the average surface oxygen atoms, zAl−Os , is 0.43 − 0.44 Å,
which also agrees with methanol on alumina. The angle that the C–O bond
makes with the surface normal, denoted φCOz, is 58◦ using PBE, which com-
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pares well with the corresponding angle for methanol adsorption of 57◦. The
various quantities are presented in Table 3.

Table 3: Structural information for ethanol non-dissociated on site J and site B of the
alumina surface and the dissociated structure. Distances are in Å and angles are in degrees.
Ref. [9] is methanol physisorbed on alumina using the PW91 GGA functional.

J PBE vdW-DF vdW-DF∗ vdW-DF2

dOeth−Al 1.93 1.95 1.93 1.95
dHOH−Os 2.29 2.40 2.34 2.35
zAl−Os 0.44 0.43 0.43 0.43
φCOz 58 60 62 62

B PBE vdW-DF vdW-DF∗ vdW-DF2

dOeth−Al 1.96 1.95 1.97 1.98
dHOH−Os 1.91 2.42 1.94 1.98
zAl−Os 0.47 0.43 0.46 0.46
φCOz 34 59 36 35

Dissociated PBE vdW-DF vdW-DF∗ vdW-DF2

dOeth−Al 1.71 1.73 1.72 1.73
dHOH−Os 0.98 0.98 0.98 0.98
zAl−Os 0.75 0.74 0.73 0.74
φCOz 50 52 53 54

Methanol Phenol Phenol
PW91[9] PW91[47] revPBE[8]

dOmol−Al 1.93 1.95 -
dHOH−Os 2.03 - -
zAl−Os 0.43 - -
φCOz 57 44.7 42.4

The same analysis has been applied to configuration B for all the func-
tionals in order to elucidate the anomalously high adsorption energy pre-
dicted using vdW-DF. The PBE and vdW-DF structures are shown in Fig. 4
and the data is presented in Table 3. From Fig. 4 it is clear that for the
vdW-DF functional the –OH group of the ethanol has rotated so that the
oxygen is close to the surface Al on site F. This structure now roughly mir-
rors configuration J, which is clearly seen from the data for B with vdW-DF,
which is almost identical to the structural data for configuration J.

For the dissociated structure the O–H bond of the ethanol is broken and
the CH3CH2O- and H- radicals bond to surface Al and O atoms, respectively,
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Figure 4: Top view of ethanol on site B using (a) PBE and (b) vdW-DF. In (b) the ethanol
oxygen atom is closer to the Al atom on site F and the hydrogen atom has rotated so that
the O–H bond is along the a-axis.

as shown in Fig. 5. Since the bond between the Al atom and one of the
neighbouring surface O atoms is also broken, the Al moves outward from
the plane of O atoms. A similar adsorption structure has been observed for
methanol and phenol on α-alumina(0001) [9, 47, 8]. The adsorption energy

Figure 5: Dissociative adsorption on the alumina surface. Al, O, C and H atoms are
represented by green, red, blue and white spheres, respectively.

of the dissociated structure is between 0.07 and 0.14 eV higher than the
adsorption energy of configuration J for all functionals. This small energetic
difference implies that both non-dissociated and dissociated molecules could
be present on the surface of alumina in support of experimental observations
[17, 16]. However, this also depends on the barrier required to sever the OH
bond. In addition, zero point vibrational corrections are neglected.
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The adsorption energies using the PBE functional are slightly lower
than the adsorption energy of 1.84 eV (42.58 kcal mol−1) of non-dissociated
ethanol on γ-alumina found by Wu et al. using the PW91 [49] GGA func-
tional [7]. Similar to the current results, they found that the –OH group
bonds to a low-coordinated Al atom.

2.2.1. Partial charges and charge density

The Bader partial charges for ethanol on site J are given in Table 4. The
equivalence of the HCH3

atoms in the molecule has been broken and there
is a difference between the atoms pointing towards the surface and pointing
away from the surface. The two H atoms pointing away from the surface are
denoted by Hu

CH3
and the H atom closest to the surface is denoted by Hd

CH3
.

Similarly, for the –CH2OH group, the atoms nearest and furthest from the
surface are denoted by Hd

COH
and Hu

COH
, respectively. For the PBE functional

the COH atom is less positively charged by around 0.15e than for the isolated
ethanol molecule, which is given in Table 1. For the isolated molecule the
partial charge on the COH varies by only 0.01e for the different functionals
but for the adsorbed molecule the partial charge varies by up to 0.10e, with
the vdW functionals giving a more positive charge than PBE. For vdW-DF2
the charge is 0.40, which is only 0.05e smaller than for the isolated molecule.
Despite these differences in the Bader charges the molecule remains neutral
and there is no charge transfer between the surface and the molecule.

For the surface Al atom closest to the ethanol oxygen, adsorption leads
to a very slight increase in charge of +0.02e to +0.04e for the various func-
tionals compared to the clean surface. The difference in the partial charges
of the surface oxygen atoms between the clean and adsorbed surfaces was
less than 0.01e. This last result is in contrast to the results of methanol
on alumina, where no change in partial charge of the Al atom close to the
ethanol oxygen was seen, whereas the surface oxygen close to the hydroxyl
H atom was seen to lose 0.04e to 0.06e [9].

The Bader charges for the dissociated structure are given in Table 5.
For the dissociated structure, the COH atom is more positively charged than
in the isolated molecule and the O atom is more negatively charged. PBE
predicts an increase of 0.04e and the largest increase of 0.14e is predicted
by vdW-DF. The total charge transfer to the ethanol molecule is −0.17e,
−0.22e, −0.20e and −0.25e using PBE, vdW-DF, vdW-DF* and vdW-DF2,
respectively. This charge transfer is mainly coming from the alumina oxygen
atom that is bonded to the dissociated H atom, denoted by OH, which
increases from around −1.6e in the isolated alumina slab to around −1.45e.
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Table 4: Partial charges for ethanol on site J calculated using the various exchange and
correlation functionals.

Atom PBE vdW-DF vdW-DF∗ vdW-DF2

Aleth +2.44 +2.46 +2.45 +2.46
Al +2.42 +2.43 +2.41 +2.41
O −1.62 −1.64 −1.63 −1.63
Al +2.47 +2.49 +2.48 +2.28
Al +2.48 +2.50 +2.49 +2.49
O −1.66 −1.66 −1.66 −1.66
Al +2.47 +2.48 +2.48 +2.48

COH +0.30 +0.35 +0.34 +0.40
CH3 −0.11 +0.04 +0.03 +0.04
O −1.23 −1.19 −1.19 −1.18
HO +0.66 +0.63 +0.62 +0.62
Hd

COH
+0.12 +0.08 +0.08 +0.08

Hu
COH

+0.05 +0.02 +0.04 −0.02

Hd
CH3

+0.12 +0.07 +0.08 +0.07

Hu
CH3

+0.05 0.00 0.01 0.01

Hu
CH3

+0.04 +0.01 −0.01 −0.02

To understand better how the charge is reorganised in the system, one
can look at the difference between the electronic charge density profiles of
the adsorbed and isolated states at position r, which is defined as

∆ρ(r) = ρtot − ρsrf − ρmol

where ρsrf and ρmol are the charge densities of the isolated surface and
molecule, respectively, but with the same ionic coordinates as the total ad-
sorbed system. To obtain a 1-D representation of the difference in charge
densities, ρ(r) can be averaged over the xy-plane to give a profile along the
z-direction, ρ(z), defined as

ρ(z) =

∫ ∫
ρ(r) dx dy

which can then be used to calculate the charge difference profiles

δρ(z) = ρtot(z)− ρsrf(z)− ρmol(z).

The charge density difference for the non-dissociated structure on site J
using the PBE functional, is shown in Fig. 6(a). There are charge accumula-
tion regions (blue) around the oxygen atom of the ethanol and above the top
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Table 5: Partial charges for the dissociated adsorption structure of ethanol.

Atom PBE vdW-DF vdW-DF∗ vdW-DF2

Aleth +2.46 +2.47 +2.46 +2.46
Al +2.42 +2.43 +2.42 +2.41
OH −1.49 −1.48 −1.48 −1.45
O −1.62 −1.63 −1.64 −1.63
Al +2.47 +2.49 +2.48 +2.48
Al +2.48 +2.49 +2.49 +2.49
O −1.66 −1.66 −1.66 −1.66
Al +2.47 +2.48 +2.48 +2.48

COH +0.49 +0.59 +0.53 +0.56
CH3 −0.08 −0.02 +0.03 +0.05
O −1.35 −1.36 −1.34 −1.33
HO +0.64 +0.62 +0.62 +0.59
Hd

COH
+0.01 −0.06 −0.03 −0.06

Hu
COH

+0.03 0.00 +0.03 0.00

Hd
CH3

+0.04 −0.01 −0.01 −0.02

Hu
CH3

+0.02 +0.03 −0.01 0.00

Hu
CH3

+0.03 −0.01 −0.02 −0.04

aluminium atom, which are separated by a region of charge depletion (grey).
This can also be clearly seen from the charge density profile in Fig. 6(b).

To compare the charge densities obtained using the different functionals
the δρ(z) profiles are shown in Fig. 6(c). The differences between the vdW
functionals are very small but the PBE gives a larger peak than the vdW-DF
functionals at z = 0.34 Å, which is in the region between the surface Aleth
atom and the ethanol oxygen atom. The average charge density profiles for
the dissociated structure are shown in Fig. 7. In this case all the functionals
give almost identical profiles and show a clear transfer of charge from the
surface towards the molecule in agreement with the Bader charge analysis.

A quantitative measure for the total charge reorganization, ∆Q, is given
by

∆Q =

∫ ∫ ∫
|∆ρ(r)| dx dy dz

For the non-dissociative structure on site J ∆Q is 0.92e for the PBE func-
tional. Only slightly higher values were found for vdW-DF, vdW-DF* and
vdW-DF2, namely 0.96e, 0.96e and 0.95e, respectively. For the dissociated
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Figure 6: (a) 3D electronic charge density and atomic positions of ethanol on alumina
on site J using the PBE functional. Silver represents charge depletion and blue charge
accumulation for an isosurface of ±0.01eÅ−3 (b) Total, surface and molecule charge density
profiles using the PBE functional (plotted using the right y-axis) and their difference δρ(z)
plotted against the left y-axis and (c) δρ(z) for each functional.
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Figure 7: (a) 3D electronic charge density and atomic positions of the dissociated structure
of ethanol on alumina using the PBE functional. Silver represents charge depletion and
blue charge accumulation for an isosurface of ±0.01eÅ−3 (b) Total, surface and molecule
charge density profiles using the PBE functional (plotted using the right y-axis) and their
difference δρ(z) plotted against the left y-axis and (c) δρ(z) for each functional.
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structure the same quantities are 2.47e, 2.49e, 2.44e and 2.43e, respectively,
which reflects the much larger charge transfer seen in Fig. 7 compared to
Fig. 6.

3. Conclusions

Non-dissociative and dissociative adsorption structures of ethanol on
Al2O3(0001) were investigated using DFT with four different exchange and
correlation functionals, including a standard GGA functional and three vdW
functionals. For the bulk properties and surface relaxation of alumina, all
functionals gave similar results. The partial charges of the alumina surface
and isolated ethanol molecule were also almost identical for all functionals.

The adsorption energies of non-dissociated ethanol molecules and one
dissociated ethanol molecule on the surface were calculated. The adsorption
energies of the non-dissociated structures are dominated by the electrostatic
interaction and the adsorption energy is strongly influenced by the proximity
of the ethanol oxygen atom to a surface aluminium atom. Qualitatively, the
different functionals are in agreement with respect to the energetic ordering,
with the exception of a few almost degenerate structures. Quantitatively, the
inclusion of vdW forces increased the adsorption energies by up to 0.25 eV,
0.4 eV and 0.5 eV using vdW-DF, vdW-DF2 and vdW-DF* (vdW-DF with
PBE exchange), respectively. However, the structures were similar for all
functionals and were consistent with previous results of methanol adsorbed
on alumina [9]. The partial charges and charge reorganisation were similar
for the various functionals.

The adsorption of the dissociated structure, where the –OH bond in
the ethanol is broken, was stronger than the most strongly adsorbed non-
dissociated structure by 0.07 to 0.14 eV, depending on the functional used.
This supports the experimental results that the non-dissociated structure is
a precursor for ethoxide formation on alumina [17, 16]. However, further
work is required to determine the effect of zero-point vibrational energies
and the kinetics of formation of the dissociated structure.
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