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The adsorption of methanol on hydroxylated TiO,-B (1 00) surface with bridging and terminal hydroxyl
groups has been studied by first principle calculations. On both clean and hydroxylated surfaces with
bridging OH group (OHy, ), the O-H bond scission is the most favorable dissociation of methanol and
the C-0 bond scission is also feasible. This indicates the OHy, has little influence on the adsorption of
methanol. The terminal OH group (OH;) plays a major role in the C-H scission of methanol, which is
important for the applications associated with the direct use of hydrogen, such as in situ hydrogenation,
and hydrogen generation via the photocatalytic reaction. The dissociative adsorption of methanol via
C-H scission, which is an endothermic adsorption on other TiO, surfaces, is identified as exothermic
adsorption with adsorption energy in the range of —1.54eV to —1.91 eV around OH; on TiO,-B (100)
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Dissociation surface. The lowest activation barrier for C-H scission is ~0.80 eV, which is lower than the release heat
Formaldehyde of molecular adsorption. Moreover, the hydrogen atoms in methanol are easily transferred to the OH;
Ab initio and then move to nearby O, sites to regenerate the hydroxyl group. This proton migration process could

result in extra stable chemi-sorption of methanol with an adsorption energy as low as —2.23 eV, which
is above twice that of methanol molecularly adsorbed on the surface. Thus, the proton channel feature
of OH; on the surface is borne out by our calculations.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Due to the energy and environmental crisis, especially global
warming, searching for alternative and renewable energies is an
urgent mission. Methanol, which is currently recognized as a con-
venient liquid fuel and feedstock of chemical industry, was recently
proposed as next generation energy source beyond oil and gas
because of its high volumetric theoretical energy density and high
hydrogen capacity (12.5wt%) [1,2].

Many advanced technologies aiming at making better use of
methanol as an energy source are under development [3,4], such
as production of hydrogen via photocatalysis or steam reforming
method, in situ hydrogenation method, and direct methanol fuel
cell. Methanol is also an important raw material for the synthesis
of olefins, dimethyl ether, etc. [5-7].

TiO, supported with nobel metals plays an important role in all
the above technologies. Like other reactive substrates, such as ZnO
[8],Zr0, [9], TiO, not only could disperse and stabilize the nanopar-
ticles of the noble metal, but also could play an important part in
the catalysis reaction [10,11]. Moreover, the TiO, substrate with an
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exposed reactive surface, for example, anatase (00 1), could further
improve the catalysis performance [12]. Thus the chemi-sorption
and reaction mechanism on the surface of the substrate is criti-
cal in understanding the role of reactive substrate in the methanol
utilization.

Water and oxygen are always presented in most applications
associated with the utilization of methanol. Water is even found to
be helpful for the photocatalytic hydrogen generation process from
methanol [13]. Mean while on exposure to the moisture or oxygen
atmosphere, bridging and terminal hydroxyl groups could form on
the TiO, surfaces and further impact the chemistry of the surface
[14-16]. Thus, the chemi-sorption of methanol on hydroxylated
TiO, surfaces with different hydroxyl groups is another important
aspect to understand the molecular process on the substrates.

Current investigations on the adsorption of methanol on TiO,
surfaces are mainly focused on anatase, brookite and rutile TiO,.
Only O-H and C-O scissions are predicted to be feasible on the
clean or hydroxylated TiO, surface [17-19]. Since there are three
C-H bonds, which fixate 75% of hydrogen in methanol, the under-
standing of the C-H scission could be very meaningful in making
better use of methanol. C-H activation of organic molecule is also
a long-standing problem of major interest [20].

Our preliminary experimental and theoretical study [21-23]
showed that TiO,-B (100) could be identified as another reac-
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Fig. 1. Calculated structures of clean surface (a), hydroxylated surface with OHy, (b) and hydroxylated surface with OH; (c). Only atoms exposed on the surface and atoms
of adsorbate are shown in ball and stick model. Ti atoms and O atoms of TiO; are in gray and red, respectively. Atoms in the bulk with full coordination are shown in stick
model. H atoms and O atoms of adsorbate are in yellow and blue, respectively. The non-equivalent Tis. sites around different hydroxyl groups are marked with A1-2, B1-2,
C1-2 in each model. The bond lengths near hydroxyl group are also marked. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of the article.)

tive surface with high surface energy. Vittadini et al. [24,25] also
reported that TiO,-B (100) is a very reactive surface and the dis-
sociation of water is preferred on the surface. In this paper, we
study the methanol adsorption behavior near the bridging and ter-
minal hydroxyl groups to figure out how different hydroxyl groups
impact on the chemi-sorption of methanol on TiO,-B (1 00). Three
kinds of bond scissions involving breaking O-H, C-0 and C-H bonds
are thoroughly studied at various non-equivalent sites around OH
groups. Due to the obvious importance of the C-H scission of
methanol, we give special focus to the C-H scission on the surface
in this paper.

2. Computational details

Total energy calculations were performed within the frame-
work of density functional theory (DFT). Kohn-Sham equation
was solved by the self-consistent field method using PWscf code
implemented in Quantum-Espresso 4.1.2 [26]. Since hydroxy-
lated surfaces models contain an odd number of electrons, the
spin-polarization effect is included in all the calculations. The gen-
eralized gradient approximation (GGA) with the Perdew-Wang 91
(PW91) functional was used to describe the exchange-correlation
effects. The wave functions were expanded in terms of plane-wave
basis set with cutoff energy of 30 Ry. Electron-ion interactions were
described by ultrasoft pseudopotentials [27] with H 1s; C 2s, 2p; O
2s,2p and Ti 3s, 3p, 3d, 4s electrons explicitly described as valence
states.

The TiO,-B (100) surface was modeled as periodic slabs of
~10.29 A thickness plus 12 A vacuum. Supercell of p(3 x 2) TiO,-
B (100) surface with dimensions of ~13.16 A x 11.21A x 22.32A
was used to avoid interactions of adsorbate molecules from mirror
image. During all the calculations, the bottom half was fixed at the
bulk position. Only atoms in the upper half of the slab and adsorbate
were relaxed until the forces on free atoms were below 0.03 eV/A.
Because of the large dimensions of the supercell, k point sampling
was restricted to the I point. The preliminary test calculations with
2 x 2 x 1 k-point sampling showed that denser Brillouin zone sam-
pling could give very consistent results in energy and structure
parameters. The adsorption energies of methanol on the surface
were calculated using Eq. (1).

Eags = Emethanol/surf — Esurf — Emethonal (1)

where E,q; is the adsorption energy of methanol; Emethanol/surfs Esurf
and Enethanol are the energies of the relaxed slab with methanol
adsorbed on the surface (hydroxylated or clean), the hydroxylated
or clean surface slab and isolated methanol molecule in the vacuum,
respectively.

Considering that only one bond is broken in the initial dissocia-
tive adsorption of methanol, constrained minimization technique
[28-30] was used to estimate the energy barrier of different kinds
of bond scission at various sites. During the minimization, we con-
strained the length of the chemical bond to be broken at several
values interpolated between the bond lengths before and after the
dissociation. The upper half of the slab and adsorbate atoms are
allowed to relax, so that the adsorbate molecules could be free to
rotate and translate with only one bond constrained. The minimum
energy paths (MEP) for dissociation as a function of bond length
could be mapped out via plotting the total energies against the cor-
responding bond length constrained at different values. The energy
barrier was calculated by comparing the total energy at the saddle
point on the MEP curve and the molecular mode.

3. Results and discussion
3.1. Clean and hydroxylated TiO»-B (1 00) surfaces

3.1.1. Clean TiO5-B (100) surface

The clean (100) surface shows a very corrugated struc-
ture (~2.07 A) and exposes two-/three-/four-coordinated O atoms
(0(35)_20 O(Zc)—ch 0(3c)_3c, and O(4C)—4C)’ together with ﬁve—/six—
coordinated Ti atoms (Tisc/Tigc). The [O3c)-2c=Tisc=Oac)-2c~Tisc]
chains arranged along [001] exhibit long stepped structure
(~6.6 A) (the part with/without bracket in subscript means coordi-
nation number before (in bulk)/after (on the surface) the formation
of surface). The inward relaxation of O(3cy.»c, Tisc and outward relax-
ation of Tigc, O(2c)-2c, transform the stepped profile into a wave-like
structure, Fig. 1a. Our result for the (1 0 0) surface structure is nicely
consistent with the most recent reported calculated structures of
TiO3-B [25]. There are two kinds of 2-coordinated O atom on the
surface, Fig. 1a. They are O(3¢).5c and O(y¢)-2¢, Which are 3-fold and
2-fold, respectively, in the bulk before the formation of surface.

3.1.2. Hydroxylated (100) surface
As Vittadini et al. [24] and we [22] reported recently, the
TiO,-B (100) surface is very reactive and water could dissociate
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Fig. 2. Local density of states of surface exposed surface atoms for hydroxylated surface with (a) Hy,, and (b) H;. The Fermi level is marked with vertical line at corresponding
energy level. The LDOS of H and OH are amplified 250 and 5 times, respectively. Insets: magnified LDOS curves around the Fermi level.

spontaneously to form hydroxyl groups on the surface. After the
dissociation of water, there are two kinds of hydroxyl groups on
the surface, bridging hydroxyl group (OHy,), Fig. 1b, and termi-
nal hydroxyl group (OHy¢), Fig. 1c. The former is formed by H atom
(Hon ) dissociated from water incorporating with bridging O anions
of the solid surface (Os); the latter is formed by OH fragment disso-
ciated from water and coordinated to Tis. atom of the surface. Both
hydroxyl groups could be detected by spectroscopic techniques on
the TiO, surfaces [31,32]. The calculated O-H bond of OH;,; and OH;
groups is 0.97 A and 0.98 A in this work. Because of the competi-
tion from the H adatom, the Ti-O bonds near OHy, are elongated
to 1.98 Aand 2.13 A from 1.81 A and 1.91 A. The OH; binding to Tis,
forms a Ti-O bond of 1.82 A. Due to the adsorption of an OHy, the
Tis bonded with OH; is pulled out of the surface by ~0.5 A.

By analysis of Lowdin charge and electron density difference,
it could be inferred that the OH,, donates electrons to the TiO,
surface. Introducing an OHy, can be called n-doping or reduction
of the surface. Thus, the surface becomes an active reducing agent;
In contrast, the OH; extracts electrons from the surface. This can be
considered as p-doping or oxidation of the surface. The TiO, surface
with OHg, thereby, has become an active oxidizing agent.

The local density of states (LDOS) of surface atoms for hydrox-
ylated surface with OHy,; and OH; is recorded in Fig. 2a and b. The
Fermi level, which is the boundary between the occupied level
and the empty level, of spin up electrons is beyond the bottom
of the conduction band on the hydroxylated surface with OH,.
This indicates the donated electrons by OHj,; on the surface occupy
the conduction band state, inset of Fig. 2a. The surface adsorbed
H adatom contributes mainly to the conduction band and exhibits
delocalized character. In contrast, on the hydroxylated surface with
H; the Fermi level shifted to lower energy. The Fermi level of spin
down electrons shifted below the top of the valence band, inset of
Fig. 2b, which suggests the extracted electrons identified by Lowdin
charge and electron density difference analysis result in an empty
electronic state. The adsorbed OH group contributes mainly to the
valence band and also exhibits delocalized character.
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Fig.3. Electrondensity difference contour plots indicating the redistribution of elec-
tron around bridging (a and b) and terminal OH (c and d) groups. Atoms near the
surface are shown in the same color as Fig. 1. The non-equivalent Tis. sites around
different hydroxyl groups are marked with the same labels. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

The contour map of electron density difference, Fig. 3, showed
that the electronic structure around OH group is changed. The elec-
tron density (ED) on O atom of both of two kinds of OH is increased.
The ED around H atoms of OH group is depleted. Both the OH;,, and
the OH; result in the depletion of ED between Ti-O bonds near
them, which causes the stretching of Ti-O bonds. The nearby Tisc
sites also could be influenced by the OH groups, to some extent.
The electronic structure of Tis. sites around hydroxyl groups, such
as A1,B1,C1and A2, B2, C2, are changed differently: The ED around
O and Ti atoms at A2 and C1 sites is clearly reduced; The ED around
Ti atoms at B1 and C2 sites is reduced a little; The ED around Al
and B2 is nearly unchanged.

The different electronic characters around various sites near the
two kinds of OH groups might facilitate different kinds of reac-
tions near them. To this end, we further study the methanol initial
dissociation steps with OHy,; and OH; and compare them with the
ones on the bare surface to identify the influence of different OH
groups.
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Fig. 4. Calculated structures of methanol adsorbed on bare TiO,-B (1 00) surface:
Molecular adsorption (a, M_L; b, M_R); O-H activation (¢, D1.L; d, D1_R); C-0O activa-
tion (e, D2_L; f, D2_R). The broken bond in methanol is indicated by dashed line. The
colors and models of atoms and bonds are the same as Fig. 1. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version
of the article.)

3.2. Adsorption of methanol on clean TiO»-B (100)

Methanol adsorbed on clean TiO,-B (100) surface was cal-
culated as a reference. Two stable configurations of methanol
in the molecular state with CH3-group of methanol near O¢)-»c
and O(3¢)pc, denoted as M_L and MR, are identified at Tis. site
on the surface. The configurations with CH3-group of methanol
near O(zc)2c and Ogzcypc are denoted with postfix ‘L’ and ‘R,
respectively. (This notation is used all through this paper both for
molecular and for dissociative states) The C-0 bond in both of them
arranges approximately along [0 0 1] direction. Adsorption energies
are —0.94eV and -0.96eV for M_L and M_R shown in Fig. 4a and
b, respectively. The distances between O of methanol and Tis. are
2.13 A in both configurations. Because the adsorption energies of
two adsorption structures are very similar, the probability of either
could be equal when methanol adsorbed on the surface.

There are three kinds of activation of methanol at initial step
described as,

O-H scission (denoted as D1): CH30H — CH30 + H (2)
C-0 scission (denoted as D2): CH30H — CHs + OH (3)
C-H scission (denoted as D3): CH30H — CH,OH +H (4)

The O-H and C-H scissions are important for applications aiming
at directly using the hydrogen, such as production of H, or in situ

hydrogenation. The C-O scission is required for the synthesis of
olefins, dimethyl ether, etc.

The above three initial activation steps are thoroughly consid-
ered on TiO,-B (100) surface. Based on the identified molecular
adsorptions, M_L and MR, two kinds of stable configurations for
each activation process in dissociative states have been deter-
mined, Fig. 4c-f. In the O-H scission process, the H atom bonding
to O in methanol (Hg) moves to the neighboring O,. and the O
atom of methanol (Op,) gets closer to Tis. on the surface to form
Ti-O bond. The distances between O, and Tis. in D1_L and D1 _Rare
decreased to 1.79 A and 1.82 A, respectively, from 2.13 A of molec-
ularly adsorbed methanol on the surface (M_L and M_R), as shown
in Table 1. The proton bonds to O(;¢)c and Oz, With a distance
of 0.97A and 0.98A in D1.L and D1.R, respectively. The adsorp-
tion energy of the most stable configuration (D1_L) with the proton
binding to O(3c).oc is —1.39 eV, which is about 0.31 eV more favor-
able than D1.R configuration with proton binding to O(;c).oc. The
C-0 activation process shows a similar behavior with O-H acti-
vation. During the C-0O activation, the positive charged fragment,
CH3 group, moves to adjacent Oy¢, both O(y¢)c and Ozc)-zc, ON
the surface and the OH group remains at the Tis. site. TheD2 R
configuration, Fig. 4f, with CH3 binding to O3, is more favor-
able than D2_L with CH3 binds to Opc).pc (—1.24€V vs. —0.49eV).
The D2_L with CH3 bound to O3y exhibits even lower stabil-
ity than molecular adsorption. In both O-H and C-O scissions, the
O(3¢)-2c show superior activities than O, to accept dissociated
fragments with positive charge of methanol.

Although the adsorptions of molecular states with different
orientations, M_L and MR, are nearly equal and the possibility
of them is almost the same, they could lead to further O-H and
C-0 activation with different stabilities: The M_L configuration
in the molecular state could lead to more favorable O-H activa-
tion; while the M_R configuration could lead to more feasible C-O
activation from a thermodynamic viewpoint. This might be an indi-
cation of different selectivity caused by the orientation of molecular
adsorption. It also should be mentioned that both most stable dis-
sociative adsorptions via O-H and C-0 activation are more stable
than methanol molecularly adsorbed on the surface. This suggests
the dissociation of methanol is very favorable on clean TiO,-B (1 0 0)
surface.

The energy barriers for dissociation via O-H and C-O bond
scission are further determined using constrained minimization
technique. Although the adsorption energies differ very much in
different orientations for both O-H and C-0 dissociation, the acti-
vation barriers are nearly the same, Table 1. The activation energy
for C-0 scission is significantly larger than O-H scission, which
indicates the O-H activation is much easier than C-O activation
from a kinetic viewpoint.

The dissociation of methanol via C-H activation described in Eq.
(4) is not stable on the surface. When the H atom of CH3 group
in methanol was separated manually and placed to first nearest
O, sites along [001] in initial guess, the H atom came back to

Table 1
Calculated structural parameters and adsorption energies (E) of molecularly and dissociatively adsorbed methanol via different bond scissions on bare TiO,-B (100).
EleV r1°/A r2¢/A r39/A EB?/eV Label

Molecular -0.94 2.13 - - - ML
adsorption -0.96 213 - - - MR
Dissociation via -1.39 1.79 0.97 - 0.26 D1.L
O-H scission -1.08 1.82 0.98 - 0.21 D1R
Dissociation via -0.49 1.83 - 1.46 1.17 D2.L
C-0 scission -1.24 1.83 - 1.45 1.20 D2_R

EB denotes energy barrier.

a
b 1 denotes the distance between the O atom of methanol and the Tis. atom on the surface.

¢ 12 denotes the distance between the dissociated H atom of methanol and the O, atom on the surface.
d 3 denotes the distance between the C atom of dissociated CHz group and the O, atom on the surface.
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form molecular adsorption of methanol on the surface. If we fur-
ther place the H atom of CH3 group in methanol to second nearest
0, sites along [001] in initial guess, the calculated adsorption
energies for the two orientations both became positive, indicat-
ing an endothermic process. This is consistent with the results of
methanol adsorbed on anatase (10 1) surface [10].

In general, by calculating the molecular and dissociative adsorp-
tion via O-H, C-0 and C-H scissions on the clean surface, we
could conclude that the methanol adsorption on clean TiO,-B
(100) is a chemi-sorption and the dissociation via O-H scis-
sion are more feasible than C-0O and C-H scissions. This result
is quantitatively consistent with results on other TiO, surfaces
[17-19].

3.3. Adsorption of methanol on hydroxylated TiO,-B (100)

Methanol adsorbed at different sites near two kinds of hydroxyl
groups is studied to determine the effect of hydroxyl groups on the
initial dissociation step of methanol on the surface.

3.3.1. Methanol dissociation near bridging OH groups
As marked in Fig. 1b, there are three nonequivalent sites near
OHy, groups, denoted as A1, B1 and C1. We have thoroughly

checked the configurations of methanol both molecularly and
dissociatively adsorbed at each site. Like on the clean surface,
methanol could adsorb molecularly in two orientations, ‘L’ and ‘R’,
at Tis, sites. The adsorption energies of methanol adsorbed in the
molecular and dissociative state with C-O and O-H scission are
summarized in Fig. 5 and Table 2. The prefix, A1, B1, C1, indicates
the different sites marked in Fig. 1b. By comparing the adsorption
energy and structural parameters on the clean with hydroxylated
surface with OHy,;, OH,, have little impact on the molecular adsorp-
tions of methanol. The adsorption energies of methanol adsorbed
in the molecular state near various sites are in range of —0.95eV to
—0.99 eV, which is approximately equal to the ones for the molec-
ular adsorption at the bare surface (—0.94 eV for M_L and —0.96 eV
for M_R). The structural parameter is very similar at different sites,
as shownin Table 2. Selected configurations with higher adsorption
energy are shown in Fig. 6 a and b.

The dissociative adsorptions are also not significantly affected
by the OHy,. The adsorption energies of methanol in dissociative
state via O-H with ‘L’ and ‘R’ orientation are in range of —1.36eV to
—1.46eV and —1.00eV to —1.16 eV. The O-H activation is easier at
A1 and B1 sites with a bit lower energy barrier, Table 2. At C1 site,
the O-H activation is affected by the OHj,; a little and the activation
barrier becomes larger than 0.30eV.

Table 2
Calculated structural parameters and adsorption energies (E) of molecularly and dissociatively adsorbed methanol via different bond scissions on TiO,-B (1 0 0) surface with
OHy;.
EleV r13/A r2b/A r3¢/A r4d/A EBe/eV Label
-0.98 213 - - 0.97 - A1_M_L
-0.99 213 - - 0.97 - A1.MR
Molecular -0.96 2.12 - - 0.97 - B1-M_L
adsorption -0.97 2.12 - - 0.97 - B1_M.R
-0.95 2.13 - - 0.98 - C1.M_L
-0.97 2.12 - - 0.98 - C1.M_R
-1.46 1.79 0.97 - 0.98 0.21 A1D1.L
-1.16 1.82 0.98 - 0.98 0.15 A1D1R
Dissociation via -1.42 1.79 0.97 - 0.98 0.22 B1.D1.L
O-H scission —1.08 1.82 0.98 - 0.98 0.14 B1.D1.R
-1.36 1.79 0.97 - 0.98 0.33 C1.D1.L
—-1.00 1.81 0.98 - 0.98 0.39 C1.D1R
—-0.55 1.84 - 1.46 0.97 1.04 A1D2L
-1.30 1.83 - 1.45 0.98 1.16 A1.D2R
Dissociation via -0.49 1.83 1.46 0.98 1.07 B1.D2_L
C-0 scission -1.25 1.83 - 145 0.98 1.14 B1.D2.R
-0.82 1.83 - 1.43 0.97 1.13 C1.D2.L
-1.21 1.83 - 1.44 0.98 1.11 C1.D2R
2 11 denotes the distance between the O atom of methanol and the Tis. atom on the surface.
b 12 denotes the distance between the dissociated H atom of methanol and the O, atom on the surface.
¢ 13 denotes the distance between the C atom of dissociated CH3 group and the O, atom on the surface.
d r4 denotes the distance between the H atom of bridging OH group and the O, atom on the surface.
e

EB denotes energy barrier.
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ences to color in this figure legend, the reader is referred to the web version of the
article.)

Meanwhile, adsorption energies are in range of —0.49eV to
—0.82eV and —1.21eV to —1.30eV for the C-O scission process
with ‘L’ and ‘R’ orientation, respectively. Since most of the configu-
rations of dissociative states via O-H or C-0 scission exhibit nearly
similar adsorption style of methanol at different sites, Table 2, only
selected calculated configurations with higher adsorption energies
are shown in Fig. 6¢c-f. These results are nearly the same as the
results on the clean TiO,-B (1 00) surface. The relative stability at
various sites with different orientations on the hydroxylated sur-
face with OHy, is the same as that on the clean surface, except
for C1_.D2_L configuration, Fig. 6g. At C1 site with ‘L’ orientation,
the C-0 scission process is enhanced by 0.33 eV. Because the pos-
itive charged dissociated fragment, CH3 group, of methanol is too
close to the Hoy atom of OHy,, one of Ti-O bonds is broken and
OHj,; moves away from the dissociated CH3 group to minimize the
repulsion between two H atoms. The C-0 scissions with the ‘R’ ori-
entation, and on other sites are showing nearly the same behavior
as on the clean surface with no obvious bond breaking on the solid
surface, Fig. 6a-f. Thus, the special enhancement of C-O scission in
‘L’ orientation at C1 site could be considered as structural induced
profile. The C-0 activation barriers at different sites near the OHy,;

are around 1.10eV, a little lower than those on the clean surface.
As on the clean surface, the C-0 activation is still much harder to
occur due to the kinetic limit.

The C-H scission on the surface with OHy, is identical to the
result of clean surface. If the dissociated Hy, moves to first nearest
O, along [001], the C-H bond recovered very easily and formed
molecular adsorption again. Even when the Hy, atom of CHs group
of methanol moves to second nearest O,. along [001], the cal-
culated configuration is very unstable with positive adsorption
energy. Thus, the C-H scission is still not feasible on the hydroxy-
lated surface with OHy,.

3.3.2. Methanol dissociation near terminal OH groups

There are three nonequivalent sites near the OH; as well,
denoted as A2, B2 and C2 in Fig. 1c. The molecular and disso-
ciative adsorptions with different orientations and bond scissions
are calculated at these sites. The adsorption energies of methanol
adsorbed in the molecular and dissociative state with C-0, O-H and
C-H scissions are summarized in Fig. 7 and Table 3. The prefix A2,
B2, C2, indicates the different sites marked in Fig. 1c. The adsorp-
tion energies of the methanol adsorbed in the molecular state are
in range of —0.89 eV to —0.95 eV, which is almost the same as that
on the clean and hydroxylated surface with OHy,. The adsorption
energiesinrangesof —1.34eVto—-1.38eVand -1.02eVto—-1.16eV
for dissociative adsorptions via O-H scission with ‘L’ and ‘R’ orien-
tations and those in range of —0.39eV to —0.60eV and —1.18eV
to —1.23 eV for dissociative adsorptions via C-O scission with ‘L’
and ‘R’ orientations are also nearly the same as the case on clean
surface. Unlike the dissociative adsorption via C-0 scission at C1
site with ‘L’ orientation, the C-O scission at C2 site with ‘L’ orien-
tation shows no obvious enhancement with respect to the one on
the clean surface. Consequently, just as on the hydroxylated sur-
face with OHy,; group, the molecular and dissociative adsorptions
via O-H and C-0 scissions are also not significantly affected by the
OH; groups. The activation barriers for O-H and C-O dissociation
are around ~0.25 eV and ~1.20 eV, respectively, nearly identical to
the results on the clean and hydroxylated surface with Hy,, Table 3.

Very interestingly, we found the C-H scission is greatly strength-
ened near the OH¢ on the surface. Two mechanisms have been
identified: Oneis the Hatom of CH3 group (H¢) in methanol is disso-
ciated to nearest O, sites along [00 1] (denoted as ‘F’ mechanism);
the other is the Hc dissociating to next nearest O, sites along [00 1]
and the C atom bonded to nearest O, sites along [00 1] (denoted
as ‘S’ mechanism).

Unlike the situation on the clean surface and the hydroxylated
surface with OHy, group, the H¢ in methanol dissociates to the near-
est Oy, both Oy¢).pc and Ogze).¢, With negative adsorption energies
in range of —0.67 eV to —1.00eV. Since the structural parameters
are very similar at different sites, as shown in Table 3, only selected
configurations with higher adsorption energies are shown in Fig. 8a
and b. During the C-H scission process, the CH, group of CH,OH
rotates to make the atoms of CH,OH almost in the same plane and
perpendicular to the surface and the Hc moves to nearest O, and
rotates into the surface. Because of the obviously exothermic char-
acteristic of dissociation via C-H session in the ‘F mechanism, the
dissociated H¢ could bind to the O, rather than recombine with
the CH,OH fragment and form molecularly adsorbed methanol. The
activation barrier referring to the molecular mode for C-H disso-
ciation is in range of 0.60-0.81 eV, the absolute value of which is
slightly lower than the adsorption energy of molecular adsorption.
This indicates the dissociation of C-H could be finished before the
molecule desorbed from the surface.

During the C-H scission process following the ‘S’ mechanism,
the H¢ of methanol moves to the second nearest O, along [001]
and the negative fragments, CH,OH, get closer to the surface with
C atom binding to the first nearest O,. atoms. Selected calculated
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yellow for mechanism S) cleavages in different orientations at various sites near the OH; group. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of the article.)

configurations with higher adsorption energies of each orienta-
tion are shown in Fig. 8c-e. The Hc is accepted by more reactive
site, O(3¢)-2c, in the dissociative adsorption via C-H scission with ‘L’
orientation, Fig. 8c. Accepting the Hc, the O3 is broken away
from the Tis. cation upon the chemi-sorption of methanol at A2
and B2 sites. The adsorption energies for these two configurations
are 1.59eV and 1.77 eV. While, at C2 site, the adsorption energy for
methanol dissociatively adsorbed with ‘L’ orientation is 1.91 eV. At
C2 site, Fig. 8e, the O(3c).yc is still bonded with Tis. upon accepta-
tion of H¢ because of the effect of OH; along [00 1]. In dissociative
adsorption with ‘R’ orientation, the H¢ coordinates to O,y with
no obvious bond breaking of solid surface. The adsorption ener-

gies for methanol dissociatively adsorbed via C-H scission with ‘R’
orientation at different sites are in range of —1.59 to —1.68eV. It
should be noticed that the C-H scission of methanol around the
OH; could result in extraordinarily low adsorption energy and sta-
ble structure of chemi-sorption of methanol. In other words, the
hydroxylated surface with H¢ could be stabilized by the C-H dissoci-
ation of methanol. Thus, the C-H scission following ‘S’ mechanism is
enhanced significantly around the OH;. Although the intermediate
product of C-H bond scission following S mechanism is more sta-
ble than the one following F mechanism, the energy barrier for this
dissociation is larger. The activation energy barriers for C-H activa-
tion are different from site to site, ranging from 0.80eV to 1.34eV,

Table 3
Calculated structural parameters and adsorption energies (E) of molecularly and dissociatively adsorbed methanol via different bond scissions on TiO,-B (1 0 0) surface with
OH..
EleV r13/A r2b/A r3¢/A r54/A EBe/eV Label
-0.94 2.12 - - 1.83 - A2_M.L
—0.95 212 - - 1.83 - A2 M_R
Molecular —-0.92 2.12 - - 1.82 - B2_M_L
adsorption -0.93 2.12 - - 1.82 - B2_M.R
-0.90 212 - - 1.82 - C2_.M_L
-0.89 213 - - 1.83 - C2_.M_R
-1.34 1.79 0.97 - 1.82 0.29 A2D1.L
-1.02 1.81 0.98 - 1.82 0.21 A2 D1R
Dissociation via -1.36 1.79 0.97 - 1.82 0.28 B2_D1_L
O-H scission -1.07 1.82 0.98 - 1.82 0.22 B2.D1.R
-1.38 1.80 0.97 - 1.82 0.21 C2.D1.L
-1.16 1.82 0.98 - 1.82 0.22 C2D1R
-0.39 1.83 - 1.46 1.82 1.15 A2D2L
-1.18 1.83 - 1.44 1.82 1.09 A2 D2 R
Dissociation via -0.46 1.83 - 1.46 1.82 1.11 B2.D2_L
C-0 scission -1.22 1.83 - 1.44 1.82 1.22 B2.D2.R
—0.60 1.84 - 1.45 1.82 1.00 C2.D2.L
-1.23 1.83 - 143 1.82 1.23 C2.D2R
-0.83 2.20 0.99 - 1.83 0.63 A2 D3L
. L . -1.00 2.22 0.98 - 1.84 0.60 A2 D3R
Dissociation via -0.77 2.20 0.99 - 1.82 0.70 B2.D3.L
C-H scission, F ~0.94 2.19 0.98 - 1.82 0.81 B2.D3R
mechanism —0.67 2.20 0.99 - 1.82 0.71 D31
-0.81 2.19 0.98 - 1.82 0.79 C2.D3R
-1.59 2.16 0.98 1.38 1.82 0.99 A2 D4L
. L . -1.59 2.16 0.99 137 1.82 1.25 A2 D4R
Dissociation via -1.77 2.16 0.98 137 1.83 1.15 B2.D4.L
C-H scission, S ~1.54 2.16 0.99 1.37 1.82 133 B2.D4R
mechanism -1.91 2.17 0.98 139 1.83 133 C2.D4L
—1.68 2.16 0.99 1.37 1.83 0.80 C2.D4R
2 r1 denotes the distance between the O atom of methanol and the Tis. atom on the surface.
b 12 denotes the distance between the dissociated H atom of methanol and the O, atom on the surface.
¢ 13 denotes the distance between the C atom of dissociated CHz group and the O atom on the surface.
4 15 denotes the distance between the O atom of terminal OH group and the Tis. atom on the surface.
e

EB denotes energy barrier.
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Fig. 8. Selected calculated stable structures of methanol dissociatively adsorbed via
C-H bond scissions near OH; group on hydroxylated TiO,-B (100) surface: (a) ‘L’
orientation at C2 site and (b) ‘R’ orientation at C2 site following ‘F’ mechanism; (c)
‘L’ orientation at B2 site and (d) ‘R’ orientation at C2 site following ‘S’ mechanism;
(e) ‘L’ orientation at C2 site following ‘S’ mechanism. The colors and models of atoms
and bonds are same as Fig. 1. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of the article.)

Table 3. The lowest energy barrier for C-H activation, 0.80 eV, could
be achieved at C2 site in ‘R’ orientation.

In contrast to the O-H and C-0 scissions, the C-H scission will
lead to oxidation of the C atom in methanol. As it was remarked
before that since the OH; group could extract electrons from the
surface and result in an empty electronic state close to the valence
band edge, the surface with OH; has anoxidizing feature. Thereby,
the extraordinarily low adsorption energy and stable structure of
chemi-sorption of methanol via C-H scission would originate from
the oxidizing character of the surface site around the OH; on the
surface.

However, only a few investigations implied direct evidence of
the existence of OH; on TiO; surface [33-36]. According to most
of the previous investigations on surface chemistry of TiO,, the
p-doped surfaces are hard to be stabilized under normal circum-
stances because of the well-known difficulty in making p-doped
oxides. The electron-deficient p-doped state might be quenched
by other defects which act as the electron donor, such as the O
vacancies, Ti interstitials, or Hydrogen impurities. Therefore, the
OHt¢ on the surface could be short lived. Our results demonstrate
that if the local structures of TiO,-B (1 00) surface with OH; could
be efficiently stabilized, this will be very promising for interesting
properties, such as the calculations of the present study show.

3.4. Transport of proton in methanol to the surface via terminal
OH group

Having Brensted acid character, the terminal OH group has been
presumed as the proton channel on the surface [4]. It could be con-
firmed in Fig. 3c that the O atom in OH; could be the hot spot to
accept H atoms dissociated from methanol because of the obvious
electron surplus feature around it. To understand the molecular

Fig. 9. Scheme of proton migration from methanol to surface: a and b for L and R
orientation; stable structures of the migration of proton to OH;: c and d for Hp to
OH; in L and R orientation; e and f for H¢c to OH; in L and R orientation.

detail of the proton channel feature of the basic OH; on the surface,
we perform further calculations on the proton transfer behavior
from methanol to OHs.

Since the A2 site is very close to OHy, it is the most probable
hot spot for the proton transfer process, Fig. 9a and b. When the H
atom bonding to O atom (Hgp) in methanol adsorbed at A2 site is
transferred to OHg, further C-H scission of the remaining fragment,
CHj30, readily occurs and formaldehyde (CH,0) is produced on the
surface, Fig. 9c and d. The adsorption energies for L and R orien-
tation are —1.39eV and —1.81 eV, respectively. When the H atom
bonding to C (Hc¢) in methanol is transferred to OHg, Fig. 9e and f,
further O-H bond breaking and production of formaldehyde is even
more favorable with adsorption energies of —1.81eV and —1.51 eV
for L and R orientation, respectively. This again confirms that the
O(3¢)-2¢ anion is more reactive than O(,.)» to accept positive frag-
ment dissociated from methanol. By comparing the stability of
different configurations, it could be concluded that the Hc¢ could
be more preferable to migrate to OH; at initial step. More impor-
tantly, after H atom transferred to the OHg, the remaining fragment,
CH30, would be so reactive that formaldehyde which was supposed
to generate under UV radiation [4] could be produced with the help
of OH; on TiO,-B (100). To some extent, the holes generated by
introducing an OH; are nearly equal to the holes excited by UV
radiation.

After the H atom, either Hc¢ or Ho, is accepted by OH¢, the water
molecule is formed. The regeneration of OH; via the further dissoci-
ation of water is calculated to identify the ability of recovery of the
hydroxyl group and the migration of proton. By separating the H
atom accepted by OH; and putting it on the surface O, site, we find
the adsorption energies are further decreased: Adsorption energies
for the Hp atom further migrates from OH¢ to surface O3y, shown
in Fig. 10a and b, are —1.78 eV and —2.23 eV for L and R orientation.
Further migration of Hc to surface, shown in Fig. 10c and d, is even
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Fig. 10. Regeneration of OH; and further migration of proton from OH; to surface:
aand b for Ho to surface; c and d for Hc to surface.

more favorable and lead to larger stability. The adsorption ener-
gies of them are —2.23 eV and —1.93 eV for L and R orientation. This
indicates the migration of proton to the surface from OH; could
result in larger stability of the system. As we reported previously,
the water molecule is very reactive on TiO,-B (1 0 0). Thus, the reac-
tivity of TiO,-B (1 00) surface should be the leading cause of this
superior ability of recovery of the hydroxyl group and the migration
of proton.

4. Conclusions

In this work, we have performed first principle calculations to
study the methanol adsorption via various bond scissions in dif-
ferent orientations on both clean and hydroxylated TiO,-B (100)
surface with OHp, or OH; groups. Spontaneous dissociation of
methanol is identified as the main character on both clean and
hydroxylated TiO,-B (100) surface. The O-H scission is found to
be the most favorable dissociation style on the both on the clean
and on the hydroxylated surface with bridging OH group. Thus, the
OHj,; has little influence on the adsorption of methanol. Interest-
ingly, the terminal hydroxyl group has a great effect on the C-H
scission, which is previous believed to be not feasible at all on the
clean TiO, surfaces. The C-H scission is identified as the most pref-
erential dissociation with extremely low adsorption energy on the
surface with OH;. Meanwhile, the hydrogen atoms in methanol are
easy to transfer on the surface with the help of OH:. Therefore, the
terminal hydroxyl group could be regarded as the proton channel
on the surface.
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