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a  b  s  t  r  a  c  t

The  perfect  and defective  surfaces  of anatase  TiO2 including  (1 0 1) and  (0  0 1) surfaces  have  been  chosen
to  probe  into  the  effect  of anatase  TiO2 surface  structure  on  the  behavior  of  ethanol  adsorption  and  initial
dissociation  step. Here,  the  results  are obtained  by density  functional  theory  (DFT)  calculation  together
with  the  periodic  slab  model.  Our  results  show  that  the  surface  structure  of  anatase  TiO2 can  obviously
affect  the  behavior  of  ethanol  adsorption  and  the  catalytic  activity  of its initial  dissociation  step;  firstly,
on  the  perfect  and defective  surfaces  of  anatase  (1 0  1), ethanol  dominantly  exists  in the  form  of  molecule
adsorption;  however,  ethanol  is the  dissociative  adsorption  on  the  hydroxylated  anatase  (0  0  1),  and  the
coexistences  of  molecular  and  dissociation  adsorption  modes  on  the  perfect  anatase  (0 0  1).  On  the  other
hand,  the  initial  dissociation  step  of ethanol  with  molecule  adsorption  prefers  to  begin  with  its  O–H
bond  cleavage  leading  to  CH3CH2O and  H species  rather  than the  cleavage  of its �-C–H,  �-C–H,  C–C
and  C–O  bonds,  namely,  the  preferable  O–H  bond  cleavage  for the  initial  dissociation  step  of  ethanol  is
independent  of  the  surface  structure  of anatase  TiO2; however,  the  corresponding  catalytic  activity  of

ethanol  initial  dissociation  step  with  the  O–H  bond  cleavage  on  different  anatase  TiO2 surfaces  is  in the
following  order:  hydroxylated  (0  0  1) >  perfect  (0 0 1) > defective  (1  0 1)  >  perfect  (1  0  1),  suggesting  that
the  catalytic  activity  for the  initial  dissociation  step  of ethanol  is  sensitive  to the surface  structure  of
anatase  TiO2, and  the hydroxylated  (0 0 1) is  the  most  favorable  surface.  Among  these  surfaces,  the  most
favorable  product  for the  initial  dissociation  step  of ethanol  is CH3CH2O species.
. Introduction

Ethanol, as an alternative fuel to produce hydrogen or as a feed-
tock for a possible green chemistry, has drawn much attention due
o its unique advantages, such as high hydrogen content and non-
oxicity [1–4]. Alternatively, ethanol can be used as carbon source in
he synthesis of carbon nanotubes that have the outstanding phys-
cal and chemical properties [5,6]. In industry, ethanol dissociation
s one of the key issues [7]. Recently, a large number of studies
ave revealed that ethanol conversion and hydrogen yield largely
epend on catalysts and reaction conditions [8,9]. Thus, selecting a
uitable and durable catalyst becomes a crucial issue in the entire

rocess, which can determine the capability to selective cleavage
f �-C–H, �-C–H, C–C or C–O bonds during ethanol dissociation
7,10], which leads to different products on the catalyst. Thus, the
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studies about ethanol’s surface chemistry on the catalytically active
surfaces become important [11–13].

In order to clarify ethanol’s surface chemistry, especially the
mechanism of ethanol adsorption and dissociation over the cat-
alytically active surfaces, extensive studies have been carried out
on the pure metal and compound of transition metal [3,7,14,15].
Zhang et al. [7] have investigated ethanol dissociation on Rh(2 1 1)
surface by density functional theory (DFT) methods, indicating that
ethanol proceeds directly to CH3CHOH by the �-C–H bond scission.
Williams et al. [3] have experimentally studied ethanol adsorption
and dissociation on Pd(1 1 1), suggesting that ethanol dissociation
proceeds directly to ethoxide (not hydroxyethyl). Choi and Liu [14]
investigated ethanol dissociation on Rh(1 1 1), suggesting that the
most favorable pathway is the O–H bond scission to CH3CH2O inter-
mediate. Barthos et al. [16] researched ethanol dissociation over
Mo2C/carbon catalysts, suggesting that H2 and acetaldehyde are

the major products.

Alcohol chemistry on titanium dioxide (TiO2) surfaces is a classic
topic in both catalysis and surface science [17–22]. TiO2-based has
been widely applied as a photocatalyst to produce hydrogen from

dx.doi.org/10.1016/j.apsusc.2015.06.059
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thanol in the last decades [2,23–28]. TiO2 exists in the form of
hree polymorphs: rutile, anatase, and brookite; rutile and anatase
iO2 materials have been widely used [20,29–31], moreover, the
ommercial TiO2 powders often used as catalyst support are the
ixtures of rutile and anatase [32]. Therefore, it is necessary to

robe into ethanol adsorption and dissociation over different types
f TiO2, which will provide microscopic insight into the effect of
iO2 surface structure on the behavior of ethanol adsorption and
issociation step [2].

For the rutile TiO2, extensive studies often focus on the energet-
cally preferred (1 1 0) as a model surface [2,17,18,33,34]. Guo et al.
18] have experimentally and theoretically investigated methanol
issociation on TiO2(1 1 0), and found that the O–H bond cleavage

s more favorable. Methanol dissociation at a bridging vacancy of
utile (1 1 0) was favored to give rise to a hydroxyl group at a bridg-
ng atom [33]. Ethanol dissociation at the oxygen vacancy of rutile
ccurs by the O–H bond cleavage to produce ethoxy [21,35–38].
a et al. [2] have experimentally and theoretically studied the

hotocatalytic dissociation of ethanol on the rutile (1 1 0), indicat-
ng that ethanol is molecular adsorption state, and the adsorbed
thanol can be converted to acetaldehyde via the O–H cleavage or
he �-C–H breaking. Hansen et al. [39] have studied ethanol disso-
iation on the rutile (1 1 0) by high-resolution scanning tunneling
icroscopy (STM) measurements and DFT calculations, suggest-

ng that molecularly and dissociatively adsorbed alcohol species
o-exist on the regular surface Ti sites, meanwhile, the clear-cut
ssignment of EtOHTi molecules, EtOTi and EtObr ethoxides on rutile
1 1 0) are obtained. Martinez et al. [40] investigated ethanol disso-
iation on the defective rutile (1 1 0) surface, the three different
tOH-related species are known: molecularly and dissociatively
dsorbed EtOH at the Ti5c site (EtOHTi and EtOTi, respectively) and
thoxides adsorbed at the Obr vacancy site (EtObr); meanwhile,
FT calculation results show that oxygen vacancies are the reactive

ites for ethanol dissociation via the O–H bond scission. Muir et al.
34] have theoretically studied the adsorption of C2H5OH, the co-
dsorption of C2H5O and H species on the perfect and O-defected
iO2(1 1 0) surfaces, suggesting that ethanol is molecular adsorp-
ion on both surfaces, and the O–H bond scission of ethanol should
e exothermic reaction.

For the anatase TiO2, the crystal facets dominantly include the
hermodynamically stable (1 0 1) surface and the chemically more
eactive (0 0 1) [41,42]. Meanwhile, the minority (0 0 1) surface
layed a key role in the reactivity of anatase nanoparticles [43,44],
nd is more reactive than the majority (1 0 1) surface; up to now,

 large percent of (0 0 1) facets (as large as 47%) have been suc-
essfully synthesized in anatase TiO2 crystal [44,45]. Photocatalysis
f CH3OH on the anatase (1 0 1) has shown that CH3OH domi-
antly exists in the form of molecular adsorption with only very
mall amount of CH3OH in the form of dissociative adsorption
20]. Han et al. [46] have investigated methanol adsorption, the
o-adsorption of dissociation products via the individual O–H, C–O
nd C–H bond cleavage over the perfect and defective anatase
iO2(1 0 1) surface, respectively, suggesting that on the perfect
natase (1 0 1), although methanol dissociation via the O–H scission
s endothermic, it is the most favorable route compared with C–O
nd C–H bond scission in the view of thermodynamics; however, on
he defective surface, methanol dissociation via the O–H scission is
xothermic, which is also the most favorable route. Recently, only
he studies by Nadeem et al. [47] have experimentally suggested
hat ethanol dissociation on the bare TiO2 to yield surface ethoxide
pecies. In addition, anatase (0 0 1) is very reactive toward water
nd methanol adsorption, (0 0 1) surface strongly favors the disso-

iation rather than the molecular adsorption on (1 0 1) surface [43].

On the basis of above reported studies, we can obtain that the
dsorption and dissociation of methanol and ethanol on differ-
nt types of TiO2 is significant; up to now, for the rutile TiO2, a
ience 353 (2015) 150–157 151

large number of studies about the adsorption and dissociation of
methanol and ethanol have been investigated; however, to the
best of our knowledge, few studies about the adsorption and dis-
sociation of ethanol on different anatase TiO2 surfaces, as well as
the effect of anatase TiO2 surface structure on the adsorption and
dissociation behavior of ethanol, have been reported at the molec-
ular level; as a result, it is still unclear: (1) is ethanol molecular
adsorption or dissociative adsorption on different anatase TiO2 sur-
faces? (2) Between the perfect and defective surfaces of anatase
TiO2, which is more favorable for the adsorption and dissociation
of ethanol? (3) What is the preferable cleavage bond of ethanol ini-
tial dissociation step? (4) Among anatase TiO2 surfaces, which is the
most favorable surface for the initial dissociation step of ethanol?

In this study, in order to tackle above these puzzles, the perfect
and defective surfaces of anatase TiO2 including (1 0 1) and (0 0 1)
surfaces have been chosen to probe into the effect of anatase TiO2
surface structure on the adsorption and dissociation behavior of
ethanol. Here, the results are obtained by density functional the-
ory (DFT) calculation together with the periodic slab model. We
expected to obtain a clear picture for the adsorption and the ini-
tial dissociation step of ethanol on different anatase TiO2 surfaces,
which may  provide useful information for the rational design of
better catalyst in ethanol dissociation.

2. Computational details

2.1. Different anatase TiO2 surfaces

2.1.1. (a) Anatase (1 0 1) surface
The perfect anatase (1 0 1) surface has the highly corrugated

form, as shown in Fig. 1(a). It contains both five-fold and six-fold
surface Ti atoms (Ti5c and Ti6c), as well as two types of surface O
atoms referred to as the bridging (O2c) and in-plane oxygen (O3c).
The defective anatase (1 0 1) surface is modeled by removing a sur-
face bridging oxygen atom from the outermost layer [22,32], as
shown in Fig. 1(b).

A 12 layers slab with a p(1 × 3) unit cell and the vacuum space of
10 Å is used to model the anatase (1 0 1) surface, and the bottom six-
atom-layers are constrained at the bulk position, whereas the upper
six-atom-layers together with the adsorbed species are allowed to
relax. Han et al. [46] have investigated Pt clusters adsorption and
growth on the same p(1 × 3) model.

2.1.2. (b) Anatase (0 0 1) surface
The perfect anatase (0 0 1) surface has also the corrugated form,

as shown in Fig. 2(a). It only contains Ti5c, and two types of surface
O atoms: O2c and O3c, as well as the Hole site. For anatase, the most
available anatase crystals are dominated by the thermodynami-
cally stable (1 0 1) facets rather than the more reactive (0 0 1) facets
[44,45,48]; however, a large percent of (0 0 1) facets (as large as 47%)
have been successfully synthesized in anatase crystals [44]. Mean-
while, Gong et al. [43] have investigated the effect of hydration on
formic acid adsorption, suggesting that the dissociative adsorption
of H2O on the anatase (0 0 1)-(1 × 1) surface significantly decreases
the surface energy of anatase (0 0 1) from 0.98 J m−2 of the clean
surface to 0.57 and 0.33 J m−2 with water coverage between 1/3
and 1/2 ML,  respectively, subsequently, the stiff O2c–Ti5c–O2c–Ti5c
framework can be formed, which can form the tighter bonds with
O2c, in this way, O2c is indirectly stabilized. As a result, the OH
groups formed on the anatase (0 0 1) surface can strongly affect
the stabilities of anatase (0 0 1) surface [49]. Therefore, the defec-

tive anatase (0 0 1) surface is modeled by the partial hydroxylation
with OH groups at Ti5c atoms in this study, as shown in Fig. 2(b).

A 12 layers slab with a p(3 × 2) unit cell and the vacuum
space of 10 Å is used to model anatase (0 0 1) surface. The bottom
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Fig. 1. The surface morphology of (a) perfect and (b) defective anatase (1 0 1) surfaces. Ti5c and Ti6c refer to five-fold and six-fold surface Ti atoms, respectively; O2c and O3c

refer to the bridging and in-plane oxygen atoms, respectively. The red and grey balls denote O and Ti atoms, respectively. (For interpretation of the references to color in this
figure  legend, the reader is referred to the web  version of the article.)

F s. See F
H

s
u
a
w

2

u
m
e
f
u
o
o
c
a
p
t
a
i
t
s
d
t
a

p

ig. 2. The surface morphology of (a) perfect and (b) defective anatase (0 0 1) surface
 atoms.

ix-atom-layers are constrained at the bulk position, whereas the
pper six-atom-layers together with the adsorbed species are
llowed to relax. The defective anatase (0 0 1) surface is modeled
ith three OH groups at the three Ti5c atoms.

.2. Calculations methods

All calculations have been carried out in the framework of DFT
sing Dmol3 program package in Materials Studio 5.5 [50,51], the
ain calculations here are conducted with the generalized gradi-

nt approximation with the Perdew–Wang exchange–correlation
unctional (GGA-PW91) [52,53]. In the computation, the spin-
nrestricted (spin-polarized) [46,54] is included in the relaxation
f all the structures presented in our study. The inner electrons
f metal atoms are kept frozen, and replaced by an effective
ore potential (ECP) [55,56], and other atoms are treated with an
ll-electron basis set. The double-numeric quality basis set with
olarization functions (DNP) is used [57]. Brillouin-zone integra-
ions have been performed using 1 × 2 × 1 Monkhorst-Pack grid
nd a Methfessel-Paxton smearing of 0.005 Ha. On the other hand,
n order to determine the accurate activation barriers of the reac-
ions, complete LST/QST approach is chosen to search for transition
tates [58]. In addition, frequency analysis has been used to vali-
ate the transition state, TS confirmation is performed on every

ransition state to confirm that they lead to the desired reactants
nd products.

About the adsorption of various reactants, intermediates, and
roducts on anatase TiO2 surface, the adsorption energy is defined
ig. 1 for color coding. In addition, the green balls represent the surface hydroxylated

as Eads = Eslab + Eadsorbate − Eadsorbate/slab, where the Eadsorbate/slab is
the total energy of anatase TiO2 surface with the adsorbate; Eslab
is the energy of the pure anatase TiO2 surface; and Eadsorbate is the
energy of the gas-phase adsorbate. By definition, a negative value
corresponds to exothermic adsorption.

For a reaction such as AB → A + B on anatase TiO2 surface, the
reaction energy (�H) and activation barrier (Ea) are calculated
according to the following formulas:

�H  = E(A+B)/TiO2
− EAB/TiO2

Ea = ETS/TiO2
− EAB/TiO2

where E(A+B)/TiO2
– the total energy for the co-adsorbed A and B on

anatase TiO2 surface; EAB/TiO2
– the total energy for the adsorbed

AB on anatase TiO2 surface; ETS/TiO2
– the total energy of transition

state for the reaction AB → A + B.

3. Results and discussion

In this section, the adsorptions of reactants and all possible
intermediates involved in the initial dissociation step of ethanol
are firstly investigated on different anatase TiO2 surfaces; then, the
mechanism for the initial dissociation step of C2H5OH is system-

atically discussed; further, the differences of ethanol dissociation
among these surfaces of anataseTiO2 are identified.

For the initial dissociation step of ethanol, five possible reactions
(R1)–(R5) have been examined, which are the initial dissociation
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f ethanol with its cleavage of O–H, �-C–H, �-C–H, C–C and C–O
onds, respectively.

2H5OH → CH3CH2O + H (R1)

2H5OH → CH3CHOH + H (R2)

2H5OH → CH2CH2OH + H (R3)

2H5OH → CH3 + CH2OH (R4)

2H5OH → CH3CH2 + OH (R5)

.1. Anatase (1 0 1) surfaces
On the anatase (1 0 1) surface, the most stable configurations
f the related species involved in the initial dissociation step of
thanol are shown in Fig. 3. The adsorption energies and key geo-
etrical parameters are listed in Table 1.

able 1
he adsorption energy (kJ mol−1) and key geometrical parameters (Å) of reactants and a
erfect and defective anatase (1 0 1) surfaces.

Surface Species Eads Config

Perfect C2H5OH 111.1 Atop o
CH3CH2O 111.9 Atop o
CH3CHOH 227.0 Atop o
CH2CH2OH 265.9 Bridge
CH3CH2 228.7 Atop o
CH2OH 201.0 Atop o
CH3 191.5 Atop o
OH  157.2 Atop o
H  278.5 Atop o

Defective C2H5OH 169.5 Atop o
CH3CH2O 418.5 Atop o
CH3CHOH 271.2 Atop o
CH2CH2OH 306.5 Bridge
CH3CH2 262.6 Atop o
CH2OH 271.5 Atop o
CH3 293.5 Atop o
OH  478.8 Atop o
H  260.5 Atop o
tes involved in the initial dissociation step of ethanol on the perfect and defective
y, grey, white, red and blue balls, respectively. (For interpretation of the references

Our results show that on the perfect surface, ethanol dominantly
adsorbs at the Ti5c site, other related species mainly adsorb at the
Ti5c and/or O2c sites; however, on the defective surface, ethanol
dominantly adsorbs at the O-vacancy site, other related species
prefer to adsorb at the O-vacancy sites and the adjacent lower coor-
dination Ti atoms, indicating that O-vacancy becomes the favorable
adsorption site instead of O2c site on the perfect surface. Mean-
while, the adsorption energies of all related species on the defective
surface are stronger than those on the perfect surface; ethanol
exists in the form of molecular adsorption on both surfaces.

Fig. 4(a) displays the potential energy profile for the initial dis-
sociation step of ethanol together with the structures of transition
states and final states on the perfect anatase (1 0 1) surface. Our
results show that among five pathways, the pathway (R1) with

the O–H bond scission of C2H5OH to CH3CH2O and H species via
P(TS1) is the most favorable both thermodynamically and kinet-
ically, which only needs to overcome an activation barrier of
92.1 kJ mol−1 with the reaction energy of −2.6 kJ mol−1; in P(TS1),

ll possible intermediates involved in the initial step of ethanol dissociation on the

uration Key parameters

n Ti5c via O O–Ti5c: 2.239
n Ti5c via O O–Ti5c: 1.847
n O2c via �-C �-C–O2c: 1.392

 via �-C at O2c and O at Ti5c �-C–O2c: 1.420, O–Ti5c: 2.256
n O2c via �-C �-C–O2c: 1.442
n O2c via C C–O2c: 1.441, O–Ti5c: 2.235
n O2c via C C–O2c: 1.431
n Ti5c via O O–Ti5c: 1.826
n O2c H–O2c: 0.967

n Ti5c-v via O O–Ti5c: 2.256
n vacancy via O O–Ti5c: 1.957, 2.152
n Ti5c via �-C and O �-C–Ti5c: 2.101, O-Ti5c: 2.292

 via �-C on Ti5c-v and O on Ti6c-v �-C–Ti5c: 2.155, O-Ti5c: 2.286
n Ti5c-v via �-C �-C–Ti5c-v: 2.081
n Ti5c-v via C C–Ti5c-v: 2.092
n Ti5c-v via C C–Ti5c: 2.083
n vacancy via O O–Ti5c-v: 2.008, O–Ti6c-v: 2.141
n vacancy H–Ti5c-v: 1.956, H–Ti6c-v: 1.921
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ig. 4. The potential energy profile for the initial dissociation step of ethanol on th
engths are in Å.

he distances between O and H atoms is elongated to 1.273 Å from
.973 Å in C2H5OH. The pathway (R2) with the �-C–H bond scission

f C2H5OH produces CH3CHOH and H species via P(TS2), in P(TS2),
he distances between �-C and H atoms is elongated to 3.735 Å from
.098 Å in C2H5OH. The pathway (R3) with the �-C-H bond scission
f C2H5OH leads to CH2CH2OH and H species via P(TS3), in P(TS3),
perfect and (b) defective anatase (1 0 1) surfaces. See Fig. 3 for color coding. Bond

the distances between �-C and H atoms is elongated to 3.269 Å from
1.097 Å in C2H5OH. The pathway (R4) with the C–C bond cleavage

of C2H5OH results in CH3 and CH2OH species via P(TS4), in P(TS4),
the distance between �-C and �-C is elongated to 3.718 Å from
1.511 Å in C2H5OH. The pathway (R5) with the C–O bond cleavage
of C2H5OH leads to CH3CH2 and OH species via P(TS5), in P(TS5), the



R. Zhang et al. / Applied Surface Science 353 (2015) 150–157 155

Fig. 5. The adsorption configuration of C2H5OH at different adsorption sites on the perfect and hydroxylated anatase (0 0 1) surfaces. See Figs. 2 and 3 for color coding.
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istances between �-C and O atoms is elongated to 2.461 Å from
.465 Å in C2H5OH.

Similarly, as shown in Fig. 4(b) on the defective anatase (1 0 1)
urface, our results show that among five pathways, the pathway
R1) with C2H5OH dissociation into CH3CH2O and H species via
(TS1) is the most favorable kinetically, this pathway has an activa-

ion barrier of 51.7 kJ mol−1, and it is exothermic by 19.3 kJ mol−1;
n D(TS1), the distances between O and H atoms is elongated to
.237 Å from 0.984 Å in C2H5OH. For (R2), C2H5OH dissociates

nto CH3CHOH and H species via D(TS2), in D(TS2), the distances
etween �-C and H atoms is elongated to 3.046 Å from 1.095 Å

n C2H5OH. The pathway (R3) is the �-C–H bond cleavage of
2H5OH, however, our results show that during this process, the
-C–O bond cleavage of C2H5OH firstly produces C2H4 species via
(TS3) instead of CH2CH2OH formation by the �-C–H bond cleav-
ge of C2H5OH, this elementary reaction has an activation barrier
f 122.8 kJ mol−1, and it is endothermic by 9.1 kJ mol−1; in D(TS3),
he distances between C and O atoms is elongated to 2.402 Å from
.488 Å in C2H5OH, and the distances between �-C and H atoms

s elongated to 1.123 Å from 1.098 Å in C2H5OH. For (R4), the C–C
ond cleavage of C2H5OH leads to CH3 and CH2OH species through
(TS4), in D(TS4), the distances between �-C and �-C atoms is elon-
ated to 3.568 Å from 1.508 Å in C2H5OH. For (R5), the �-C–O bond
leavage of C2H5OH via D(TS5) can form CH3CH2 and OH species,
n D(TS5), the distances between �-C and O atoms is elongated to
.072 Å from 1.485 Å in C2H5OH.

As shown in Fig. 4, among five pathways for the initial disso-
iation step of ethanol, C2H5OH dissociation into CH3CH2O and H
pecies via the O–H bond scission is the most favorable pathway
n the anatase (1 0 1) surface; on the perfect surface, this elemen-
ary reaction has the corresponding activation barrier and reaction
nergy of 92.1 and −2.6 kJ mol−1, respectively; whereas, the acti-
ation barrier and reaction energy on the defective surface are
1.7 and −19.3 kJ mol−1, respectively; these results suggest that the
ost favorable pathway for the initial dissociation step of ethanol

n the defective (1 0 1) is more favorable than that on the perfect
1 0 1). Further, the same bond cleavage involving in the initial dis-
ociation step of ethanol is more favorable on the defective (1 0 1)
urface than that on the prefect (1 0 1) surface. In addition, Han et al.

46] have compared the adsorption and dissociation of CH3OH on
he anatase (1 0 1) surface, suggesting that the defective anatase
1 0 1) surface is more favorable than the perfect one for CH3OH
issociation.
On the defective surface, the O-vacancy sites and its adjacent
lower coordinate Ti sites are the active sites for the related species
adsorption, the presence of O-vacancy results in the increase of the
adsorption active sites consisted of O-vacancy sites and its adja-
cent lower coordinate Ti sites, as a result, the numbers of active
sites increase, which make the initial dissociation step of ethanol
become more favorable under the realistic condition.

3.2. Anatase (0 0 1) surfaces

On the perfect surface, ethanol adsorption at the O2c, O3c, Ti5c
and Hole sites have been examined. Among these sites, the molecu-
lar and dissociative adsorptions co-exist, as shown in Fig. 5. When
C2H5OH adsorbs at the O2c and Ti5c sites, respectively, both are
the dissociative adsorption to produce CH3CH2O adsorbed at the
Ti5c site via O atom and H located at the O2c site to form the
hydroxylated group. However, C2H5OH adsorbs at the O3c and Hole
sites via O atom, C2H5OH is the molecular adsorption mode with
the corresponding adsorption energies of 128.5 and 102.3 kJ mol−1,
respectively, suggesting that C2H5OH adsorbed at the O3c site is
more stable than that adsorbed at the Hole site.

On the hydroxylated anatase (0 0 1), as shown in Fig. 5, ethanol
adsorption at different sites are all the dissociative adsorption lead-
ing to CH3CH2O and H species, namely, ethanol is the dissociative
adsorption on the hydroxylated anatase (0 0 1).

Above results show that on the perfect and hydroxylated
anatase (0 0 1) surfaces, C2H5OH dominantly exists in the form of
the dissociative adsorption, which is dominantly responsible for
the initial dissociation step of C2H5OH leading to CH3CH2O and H
species. In addition, previous studies have shown that OH groups
on the hydroxylated anatase (0 0 1) surface can strongly affect the
initial adsorption of the compound on the surface [49].

In addition, as mentioned above, since the dissociative adsorp-
tion of H2O on the anatase (0 0 1) is supported by many previous
works, in this study, the defective anatase (0 0 1) surface is modeled
by the partial hydroxylation. Moreover, the present results show
that on the anatase (0 0 1) perfect surface, ethanol with the molec-
ular and dissociative adsorptions co-exist, in which the dissociative
adsorption of ethanol can produce H and CH3CH2O species; sub-

sequently, the formed H atom prefers to be adsorbed at O2c site,
which makes the Ti–O bond cleavage of the anatase (0 0 1) perfect
surface, as a result, Ti is changed to Ti3+ from Ti4+. Further, a recent
experimental work [59] has raised a different point, which have
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laimed that water adsorption is not active at room temperature,
ut can be activated for Ti3+ point defects at the ridge. Therefore,
he formed Ti3+ from the Ti–O bond cleavage of the anatase (0 0 1)
erfect surface is also beneficial to H2O dissociation and further
ormation of the hydroxylated anatase (0 0 1) surface, this is the
eason why the anatase (0 0 1) defective surface is modeled by the
artial hydroxylation in this study.

.3. General discussion

Firstly, for the effect of anatase TiO2 surface structures on the
dsorption behavior of ethanol, our results show that on the per-
ect and defective surfaces of anatase (1 0 1), ethanol dominantly
xists in the form of the molecular adsorption, C2H5OH prefers to
dsorb at the Ti5c site via O atom, while it prefers to adsorb at the
-vacancy via O atom on the defective anatase (1 0 1); moreover, on

he defective surface, the O-vacancy and its adjacent lower coordi-
ated Ti site become the most favorable adsorption site instead of
2c site for other related species. On the other hand, on the anatase

0 0 1) surface, ethanol is the coexistence of molecular and disso-
iative adsorption modes on the perfect surface, in which C2H5OH
dsorbed at the O3c and Hole sites via O atom is the molecular
dsorption mode, and C2H5OH at the O3c site is more stable than
hat at the Hole site; on the hydroxylated surface, ethanol is the
issociative adsorption leading to CH3CH2O and H species.

Secondly, for the effect of anatase TiO2 surface structures on the
nitial dissociation step of ethanol, our results show that among
ve reactions with its cleavage of O–H, �-C–H, �-C–H, C–C and C–O
onds of ethanol, the most favorable pathway for the initial step of
thanol dissociation is carried out by the O–H bond cleavage leading
o CH3CH2O and H species.

On the anatase (1 0 1) surface, the activation barrier and reac-
ion energy are 92.1 and −2.6 kJ mol−1 on the perfect surface,
espectively, whereas, both are 51.7 and −19.3 kJ mol−1 on the
efective surface, respectively; namely, the initial dissociation step
f ethanol on the defective surface via the O–H bond cleavage is
ore favorable than that on the perfect one; the cause may  be that
-vacancy site and its adjacent lower coordinated Ti site become

he main active site on the defective anatase (1 0 1), the presence of
-vacancy increase the number of active sites, thus, ethanol disso-
iation on the defective surface is more favorable than that on the
erfect surface under the realistic condition.

On the anatase (0 0 1) surface, the molecular adsorption and dis-
ociative adsorption co-exist on the perfect surface; however, on
he hydroxylated surface, all adsorption of ethanol at the differ-
nt sites are all the dissociative adsorption, indicating that ethanol
dsorption on the anatase (0 0 1) surface dominantly exists in the
orm of dissociative adsorption.

Finally, on the basis of above analysis, we can obtain that
thanol has the different existence forms on different anatase TiO2
urfaces, which is dependent of anatase TiO2 surface structure.
eanwhile, the preferable bond cleavage for the initial dissoci-

tion step of ethanol is independent of the surface structure of
natase TiO2, the O–H bond cleavage is the most favorable; how-
ver, the catalytic activity for the initial dissociation step of ethanol
s sensitive to anatase TiO2 surface structure, the catalytic activ-
ty is as follows: hydroxylated (0 0 1) > perfect (0 0 1) > defective
1 0 1) > perfect (1 0 1), as a result, the hydroxylated anatase (0 0 1)
s the most favorable surface for the initial dissociation step of
thanol. Namely, the hydroxylated anatase (0 0 1) is a promising
andidate for an improved catalyst of ethanol dissociation. More

mportantly, the understanding about the effect of anatase TiO2
urface structure on the catalytic activity of ethanol dissociation
t the atomic level, which can potentially be applied to develop
nd design the more superior TiO2-based catalysts, this is beyond

[
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the scope of the present study, which will be discussed in our next
work.

4. Conclusions

In this work, the perfect and defective surfaces of anatase TiO2
including (1 0 1) and (0 0 1) surfaces have been employed to inves-
tigate the effect of surface structure on the ethanol adsorption and
its initial dissociation step by using density functional theory (DFT)
method together with the periodic slab model. Our  results show
that ethanol is the molecular adsorption on the perfect and defec-
tive surfaces of anatase (1 0 1); however, ethanol dominantly exists
in the form of dissociative adsorption on the anatase (0 0 1) surface;
on the other hand, ethanol with molecular adsorption prefers to
dissociate its O–H bond leading to CH3CH2O and H species rather
than the cleavage of its �-C–H, �-C–H, C–C and C–O bonds; on the
anatase (1 0 1) surface, the initial dissociation step of ethanol on the
defective surface is more favorable than that on the perfect one.
Among all these surfaces, the most favorable product for the initial
dissociation step of ethanol is CH3CH2O species, the hydroxylated
anatase (0 0 1) surface is the most favorable surface.
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