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Abstract

The structures and stability of adsorbed methanol on TiO,(110) surface have been extensively studied because of its appli-
cation for direct hydrogen production and promoting hydrogen production in photocatalysis. In this work, combined with
ab initio thermodynamics and kinetic Monte Carlo (KMC), a detailed microscopic picture of methanol adsorption structure on
TiO,(110) surface at different conditions is mapped out for the first time. The thermodynamics analysis based on the density
functional theory calculations shows that the methanol adsorption at coverage of 2/3 ML is prevailed at a very wide range
of temperatures and pressures. The simulated temperature-programmed desorption (TPD) based on KMC indicates that the
full monolayer adsorption methanol desorbs at about 150 K and the methanol dimer at a coverage of 2/3 ML is stable up to
250 K. At higher temperature, the methanol dimer becomes unstable and decomposes to the monomer, which desorbs from

the surface at 350 K. The present simulated results agree well with the experimental TPD results.

Keywords Methanol adsorption - TiO,(110) surface - Ab initio thermodynamics - Kinetic Monte Carlo - Temperature-

programmed desorption simulation

1 Introduction

The structures and stability of methanol on TiO, have
received wide attention because of its potential application
in photocatalysis [1]. The methanol could not only produce
hydrogen by itself, but also promote hydrogen production
from water [2-5]. Due to the importance of methanol in
photocatalyzed hydrogen production, a number of experi-
mental and theoretical studies have been performed to inves-
tigate the methanol adsorption and its role on TiO, [4, 6-8].
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Despite the numerous studies, the fundamental adsorbed
structures of methanol on TiO, remain unclear [9], which
increase the difficulty in the study of photocatalytic reaction
mechanism.

For instance, Onishi et al. [10] reported that no ordered
overlayer of methanol on TiO,(110) surface was observed
based on LEED pattern. However, Henderson et al. [11, 12]
identified a coverage of 2/3 ML methanol from a weak and
streaky LEED pattern, and a corresponding structural model
with both methoxy and methanol was proposed. Theoreti-
cal calculations mainly focused on the configurations of
methanol on TiO,(110) at different coverages [13, 14] or
on different surfaces including stoichiometric and defec-
tive surface [15, 16]. So far as we know, the structures of
adsorbed methanol on TiO,(110) surface as a function of
reaction conditions are not available.

In this work, the stabilities of methanol adsorption on
TiO,(110) surface under wide range of coverages are inves-
tigated, taking into account the effect of temperatures and
pressures. The phase diagram of methanol on TiO,(110) sur-
face was achieved to obtain the adsorption structure at the
thermodynamic equilibrium. To find the adsorption structure
of methanol on TiO,(110) surface at non-thermodynamic
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equilibrium, the kinetic Monte Carlo simulation was per-
formed to simulate the temperature-programmed desorption
of methanol on TiO,(110) surface.

It is found that the structure with 2/3 ML methanol is the
thermodynamically most favorable structure after annealing
at 200 K, which is a dimer structure and formed via the com-
petitive interaction between adsorbate—substrate, hydrogen
bond and steric repulsion of methyls. It should be noted that
the 1 ML coverage means the ratio of adsorbed methanol to
surface fivefold titanium to be one, which is different from
the traditional saturated concept.

2 Computational methods
2.1 Density functional theory calculations

Periodic density function theory (DFT) calculations have
been performed using the Vienna Ab Initio Simulation Pack-
age (VASP) [17]. The total energy was calculated by solving
the Kohn—Sham equations, using the exchange—correlation
functional proposed by Perdew and Zunger [18] corrected
for non-locality in the generalized gradient approxima-
tion with PW91 functional [19]. VASP uses plane waves
to expand wave functions, PAW potentials, [20] allowing
a significant reduction of the number of plane waves. For
the present calculations, a cutoff of 400 eV has been used.
The relaxation ions in the super cell are relaxed until the
residual force on each ion is less than 0.02 eV A~'. The
vacuum layer is larger than 15 A.The K points mesh was set
by Monkhorst—Packing methods as 2x4 X 1 for TiO,(110)
surface. The optimized lattice constants of bulk rutile TiO,
are a=4.664 A and ¢=2.967 A, in good agreement with
the experimental values (¢ =4.594 A and c=2.958 A) [21].
The effect of spin polarization is tested, and it is found that
the influence of spin polarization on total energy is less than
0.01 eV and therefore neglected in the present calculations.

The calculated surface energy of TiO,(110) surface
is 0.0367 eV A2, slightly higher than the previous DFT
value of 0.035 eV A2 [22]. Considering the different
potential (PAW potentials and ultrasoft pseudopotentials)
and the energy of cutoff (400 eV and 495 eV) used, our
results agree closely with previous calculations. To obtain
the influence of different functional, the adsorbed molecu-
lar and dissociated methanol on (4 X 1)-TiO,(110) surface
on the 6-trilayer slab was calculated by PW91 functional,
with DFT-D3(Becke-Johnson) correction method [23,
24] and hybrid HSEO6 functional. The calculated adsorp-
tion energies of molecular methanol are —85.5, —113.2
and —86.1 kJ mol~!, and those of dissociated methanol
are —90.8, —115.9 and —97.7 kJ mol~! by PW91 func-
tional, with DFT-D3(Becke—Johnson) correction method
and hybrid HSEO6 functional, respectively. Compared to
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hybrid HSEO6 functional, the PW91 functional slightly
underestimates the adsorption, while DFT-D3 correction
overestimates the adsorption. The agreement of the results
from PWO1 functional and HSEO06 functional shows that
the PWO1 functional is a good functional to describe the
TiO, surface.

2.2 Thermodynamical analysis

Based on the calculated total energy (enthalpy) by DFT cal-
culation, the chemical potential is calculated. The chemical

potential of gaseous methanol (4 pano) 1S Written as:

Hmethanol = Emethanol + AIlmetham)l(T’ [7) (1)
where E_ . .n01 15 the total energy of the methanol molecule,
and Ay, eihanol(7> p) includes the contribution from trans-
lations, rotations, vibrations of methanol molecule at the
pressure (p) and temperature (7)) and normally is defined as

QamkT)3/?
A/’lmethanol(Tvp) = —RTIn T
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where R, m, k, h, I,, I, I, o and v;;_;, 1, are the gas
constant, the molecular mass of methanol, Boltzmann con-
stant, Planck constant, the rotational inertia of methanol in
the direction of X, y and z, the rotational symmetry number
and the vibration frequency of methanol, respectively. The
values of m and & for methanol are 5.314x 1020 kg and 1,
respectively. It should be noted that the values of /,, /, and I,
depend on the selected coordinate origin and direction, and
the used values are 6.6496 x 1077 kg m?, 3.1520 x 10746
kg m? and 3.4197 x 107*¢ kg m?, respectively. The calcu-
lated vy 5. 12 are 3746.1, 3056.2, 2983.2, 2912.9, 1465.7,
1451.4,1431.5,1329.6, 1137.1, 1055.7, 1013.1, 294.8 cm ™!,
respectively.

The surface Gibbs free energy of methanol on the
TiO,(110) surface (AG enanop) 18 defined as following:

AGmethanol = Gsurf+methanol - Gsurf (3)
where G rimethanol @0d Gy are the surface Gibbs free
energy of TiO, surface with and without the adsorbed
methanol.

The surface Gibbs free energy can be decomposed into
several contributing terms

G — Etolal + Fvib + FCOnf +pV (4)
where E°% is the inner energy from DFT calculations.
According to the Debye model,
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The calculated v;;_; , 5, of methanol on TiO,(110)
surface are 3267.3, 3103.0, 3046.3, 2948.7, 1464.7, 1447.1,
1423.6, 1324.3, 1141.5, 1115.0, 1000.9, 775.9, 559.0, 537.8,
371.4,344.5,292.4,257.0 cm_l, respectively. The contribution
of F*'f and pV terms is rather small in most cases [25] and
thus are ignored in this work.

2.3 Kinetic Monte Carlo simulation

The kinetic Monte Carlo (KMC) simulation can be used to
explicitly track individual molecular transformations as func-
tions of time and processing conditions, and the details have
been described in references [26-31]. A general flowchart of
the traditional KMC is shown in Fig. 1. The first step of the
traditional KMC is initialization of the parameters, such as
initial temperature, heating rate and coverage. Then, the rates
of all events including desorption from the surface and the
diffusion on the surface are calculated. The reaction rate (r;)
of each event is normally defined by the transition state theory,
as follows

AE;
r,=A, exp <_R_Tl> (6)

where A, is the pre-exponential factor and AE, is the activa-
tion barrier for the event i. Subsequently, the time step (At)
at which one event will occur is calculated as,

In (Ry)
- ZN r;
i i
Fig. 1 Flowchart of the tra-

ditional KMC in blue-dotted :
rectangle and the improved : H

Ar =

where Ry is a random number between 0 and 1. After the
time step calculations, one event is chosen to occur based
on the probability

va T ®

Then, time, temperature, surface structure, surface com-
position and gas-phase products are updated, and the total
time is updated by adding At to the current time. Finally, it
is a step to decide if the cycle needs to continue. If the result
achieves the target (in this work, 7> T ,), the cycle will end.
Otherwise, the traditional KMC will go back to the second
step of the recycle to recalculate the rates of all events.

From Eq. (8), it can be found that the P; of an event is
proportional to its reaction rate (r;). Therefore, P; of the fast
process with high reaction rate is higher than that of slow
process. As a result, most of the time in traditional KMC
theory is used to simulate fast processes. However, the key
step is slow process instead of fast process in most case. In
present work, the diffusion barrier of methanol on TiO, is
calculated to be 50.6 kJ mol~! at 1/4 ML coverage using
the force reversed method [32], and the corresponding des-
orption barrier is 85.3 kJ mol~!. According to Eq. (6), the
diffusion process of methanol is several orders of magni-
tude faster than methanol desorption from TiO,(110) sur-
face. Specially, the diffusion process is six orders of mag-
nitude faster than the desorption process at 300 K. As a
result, the traditional KMC simulation spends too much time
(99.9999% time) in simulating the diffusion process, and
only about 0.0001% time is left in simulating the real key

KMC methods in red-dotted I, =100k : Initialization i 7,=100K Improved KMC
rectangle B=2K/s l i B=2K/s :
i Calculate the rate of
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step of the desorption process. The computation efficiency
is thus greatly decreased in traditional KMC theory. Aiming
to overcome this shortcoming, we improve the KMC simula-
tion method in this work.

Since the diffusion process is much faster than the desorp-
tion process, we can assume that each desorption process of
methanol occurs only if diffusion equilibrium of methanol
on TiO,(110) is achieved. Based on this assumption, we can
treat diffusion process and desorption process separately, as
shown in the improved KMC simulation in Fig. 1. Only the
desorption processes are considered as the events in main
KMC simulation, and the diffusion process is so fast com-
pared to desorption process that the elapsed time of diffusion
process is ignored. The thermodynamics diffusion equilib-
rium is achieved by using Monte Carlo simulation based on
the thermodynamic probability

e_AEdiﬁ',iﬂj/RT

Pitr, i = 11 o 2Bun /KT )]
where Py; ;_,; is the thermodynamic probability of metha-
nol diffused from site i to the neighboring site j and the
AEg ;,; is the adsorption energy difference of methanol
between site i and site j. Our tests indicate that the thermo-
dynamic equilibrium is arrived after 100 surface diffusions
on the periodic 24 X 24 surfaces in most cases. To obtain a
reliability result, the each desorption of methanol molecule
starts after 1000 surface diffusions in the improved KMC
simulations. The flowchart of the improved KMC simulation
is shown in Fig. 1.

The specific parameters used in the improved KMC simu-
lation are described below. The TiO,(110) surface is repre-
sented by a periodic 24 X 24 fivefold Ti sites. The intrinsic
desorption activation barriers (AE,,) are taken from the DFT
results. Our DFT calculations show that the desorption activa-
tion barrier is almost equal to the desorption energy (nega-
tive adsorption energy), and therefore, the negative adsorption
energy is defined as the desorption activation barrier. As a
result, the desorption rate for each elementary step is given by

_AEads,i 10

where B is the heating rate of 2 K s~! and the pre-exponen-
tial factor A; is used as 10'* s™! in present work. It should
be noted that the simulated results were not significantly
affected by changes in B and A; [29]. Our simulation results
show that the desorption peak will shift about 20 K to higher
temperature when the value of B * A, is decreased with a
factor of ten. The final simulated TPD process was obtained
from a sum of 100 simulations.

It should be noted that the dissociation barrier of metha-
nol on TiO,(110) surface at 1/4 ML coverage is calculated to
be 18.3 kJ mol ™! and the corresponding barrier of the reverse

Fdesi = B % A; % exp <—
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process from the dissociated methanol is 23.6 kJ mol~!,
much lower than the diffusion barrier of 50.6 kJ mol~! and
the desorption barrier of 85.3 kJ mol~!. Therefore, the dis-
sociation process and corresponding reverse process of
methanol on TiO,(110) surface are so fast compared to the
diffusion and desorption that the dissociation process and the
corresponding reverse process achieve equilibrium and can
be ignored in the work.

3 Results

It is well known that the adsorption energy of adsorbates on
TiO,(110) surface converges concussively with the thickness
of slab layer. To obtain a full convergence, we calculated the
dependence of the energy difference between the molecular
and dissociated methanol on (4 X 1)-TiO,(110) surface on
the slab thickness. Full relaxation for all ions and partial
relaxation (the ions in the bottom two trilayers are frozen
to the bulk-truncated positions) were considered, and the
calculated adsorption energy differences between molecu-
lar adsorption and dissociated adsorption as a function of
slab thickness are shown in Fig. 2a. Compared to the full
relaxation, where the energy difference is not converged
even for eight- and nine-layer slabs, it converges quickly for
the partial relaxation. Assuming the average energy differ-
ence from eight- and nine-layer slabs of full relaxation as
the converged value, the model of six-layer slabs for partial
relaxation approaches the reasonable result. Thus, the six-
layer slabs with the frozen two bottommost layer ions are
used in the following calculations.

Two typical most stable structures of methanol adsorption
on TiO,(110) surface are shown in Fig. 3. Figure 3a displays
the dissociative methanol monomer, where the dissociated
hydrogen locates on the bridge oxygen and points to the
oxygen of CH,0 group at neighboring Ti** site. Figure 3b
shows the partial dissociative methanol dimer, where the
hydrogen of the undissociated methanol at Ti*" site points
to the oxygen of dissociated methanol at neighboring Ti**
site, forming a hydrogen bonding between two methanol
molecules in the dimer. The hydrogen from the dissociative
methanol locates on neighbor bridging oxygen and points
to the oxygen of the dissociative methanol. The dissocia-
tive monomer and partial dissociative dimer are more sta-
ble than the corresponding molecular adsorption states by
about 5-10 kJ mol~! dependent on coverage, which is in
good agreement with the DFT results by Liu et al. [33].
Correspondingly, the dissociative monomer and partial dis-
sociative dimer are used in the following discussion unless
otherwise indicated.

Figure 2b shows the calculated average adsorption energy
of methanol monomer and dimer with respect to the cov-
erage by DFT calculations. It is found that the adsorption
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Fig.2 a Dependence of the adsorption energy on the thickness of the
slab at coverage of 1/4 ML. b The average adsorption energy of the
methanol partly dissociated on TiO,(110) surface at different cover-

energy of methanol increases with increasing coverages
regardless of monomer and dimer. When the coverage is
lower than 0.3 ML, the monomer structure is more stable
than the dimer structure. However at higher coverages, the
dimer becomes more favorable. The stability switch may
originate from OH groups in methanol monomer at high
coverages, leading to shorter average distance between the
neighboring OH groups and strong repulsion interaction.
Based on the structures and energetics in Fig. 2b, we have
constructed the surface free energy diagram in Fig. 2¢ for
methanol adsorption on stoichiometric TiO,(110) surface.
The thermodynamic parameters of the gaseous methanol are
described by the chemical potential Ap. The methanol par-
tial pressures corresponding to Ap at a given temperature are
also shown in Fig. 2c. The shaded part marks the range of
Ap where multilayer methanol (or liquid methanol) is ther-
modynamically favored. In Fig. 2¢c, we can find that the cov-
erage of methanol on the TiO,(110) surface increases with
increasing pressures at the given temperature. For instance,
when the pressure is lower than 107!° Pa at 200 K, the gase-
ous methanol is the most stable. With increasing pressures

age. ¢ Free energy diagram for partly dissociative methanol adsorbed
on TiO,(110). d Calculated phase diagram for the methanol on
TiO2(110) surface

to 107'° Pa to 10* Pa, the methanol prefers to be monolayer
adsorption at the coverage from 1/4 to 1 ML. At a pressure
higher than 10* Pa, the multilayer methanol adsorption or
liquid methanol is more favorable.

Based on the free energy diagram of Fig. 2c, the adsorbed
structures as a function of temperature and pressure are con-
sidered, yielding the phase diagram in Fig. 2d. It is interest-
ing to find that the 1 ML methanol adsorption structure is
only stable in a very narrow range, and the 2/3 ML structure
is preferential at a wide range of pressures and temperatures.
The stability of 2/3 ML structure should be assigned to its
unique structure as shown in Fig. 3c. The distance between
two neighboring 5-coordinated surface Ti** is about 3.0 A,
while the diameter of methyl is 4.1 A. Therefore, strong
steric repulsion between the neighboring methyls occurs
for high coverage of methanol. On the balance of the inter-
action between adsorbate—substrate, hydrogen bond and
steric repulsion between methyls, the structure with 2/3 ML
instead of that with 1 ML is preferential at a very wide range
of temperatures and pressures. The lower coverage than 1
ML can also be expected for other alcohols such as ethanol

@ Springer
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Fig.3 Adsorption structures of methanol on TiO,(110) surface with
monomer adsorption (a), dimer adsorption (b) and the adsorption at
2/3 ML (c). The red, yellow, gray and silver balls denote the O, H, C,
Ti atoms, respectively

and propanol adsorption on TiO,(110) surface due to the
steric repulsion.

Although the stable adsorption structure of methanol on
TiO,(110) surface can be identified at a given pressure and
temperature in thermodynamic equilibrium from the phase

Fig.4 Simulated TPD from
kinetic Monte Carlo based on
methanol partly dissociated on
surface Ti** of TiO,(110) sur-
face (the bottom panel) and the
snapshots of adsorbed methanol
at different temperatures (the
top panel). The initial coverage
is 1 ML on surface Ti**

Intensity/ a.u.

diagram of Fig. 2d. Many surface experiments, such as
temperature-programmed desorption (TPD), are measured
at the non-thermodynamic equilibrium. To obtain the struc-
ture information of methanol adsorption on TiO,(110) under
non-thermodynamic equilibrium conditions, we simulate
TPD from kinetic Monte Carlo from the initial coverages of
1 ML at 125 K to 0 ML at 375 K as shown in Fig. 4.

It is found that three desorption peaks appear at 155 K,
290 K and 350 K in Fig. 4, in good agreement with those at
165 K, 295 K and 350 K in the TPD experiment in Fig. 5a
[11]. From the snapshots of adsorbed methanol molecules
on TiO,(110) surface at different temperatures, the peak at
155 K is assigned to the methanol desorption from 1 to 2/3
ML. At 200 K, most methanol molecules on the TiO,(110)
surface is transformed to stable dimer structure, with the
corresponding coverage of 2/3 ML. The peak at 290 K is
assigned to the desorption induced by the transformation
from dimer structures to monomer structures. The peak at
350 K is assigned to the desorption of methanol monomer.
Our simulations suggest that 2/3 ML methanol on TiO,(110)
surface is relative stable from 180 K to 250 K, which is in
consistent with the results of TPD and LEED experiments
by Henderson et al. [11].

Figure 5b shows the simulated TPD at initial cover-
age of partly dissociative methanol on surface Ti** from
0.1 to 1.0 ML and dissociated methanol on bridge oxygen
vacancy with surface concentration of 10%. The correspond-
ing adsorption energy of the dissociated methanol on bridge
oxygen vacancy is calculated to be —133.9 kJ mol~! at the
coverage of 1/4 ML, much stronger than that on the 5-coor-
dinated surface Ti** with —91.0 kJ mol~!, which agrees
well with the recent results [34]. Therefore, all the oxygen
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Fig.5 Experimental CH;OH (m/z=31) TPD spectra with different
CH;0H exposures on TiO,(110) surface by Henderson et al. [11]
(a) and simulated TPD from kinetic Monte Carlo based on adsorbed
partly dissociative methanol (b) and molecular methanol (c) at dif-

vacancies are occupied by dissociated methanol, if there
are methanol on surface Ti** site. Based on KMC simula-
tion, the desorption peak of dissociated methanol on bridge
oxygen vacancy is predicted at about 490 K. This result
is supported by the experimental TPD results, in which a
desorption peak at 480 K is observed and assigned to the
dissociated methanol on bridge oxygen vacancy as shown
in Fig. 5a.

The desorption peak at the initial coverage of 0.1 ML on
surface Ti** is at 350 K, and the corresponding structure
is methanol monomer. Interestingly, although the thermo-
dynamic preferred structure is methanol monomer of 0.2
ML as shown in Fig. 2b, a small desorption peak appears at
310 K in Fig. 5b and can be assigned to the dimer structures,
which originates from the thermodynamic equilibrium at
the temperature above 0 K. These results imply that the real
adsorbed methanol structure at 0.2 ML is a coexistence of
dimer and monomer structures. Similarly, when the initial
coverage is higher than 0.6 ML instead of 0.67 ML, a des-
orption peak at 155 K appears and is assigned to the full
coverage (1 ML) adsorption structure.

Henderson et al. assigned the desorption peak at 295 K
to molecular adsorbed methanol and the peak at 350 K to
dissociated adsorption, and Guo et al. [35] found that the
molecular methanol is slightly more stable than the dis-
sociated methanol on TiO, surface. Therefore, the TPD of
the molecular methanol on TiO,(110) is also simulated as
shown in Fig. 5c. It is found that there are two strong des-
orption peaks at about 270 K and 325 K. Compared to the
dissociated adsorption, the high-temperature desorption
peaks of molecular methanol shifts to lower temperature

Temperature / K

Temperature / K

ferent coverage. The coverage of methanol is corresponding to the
methanol on surface Ti**, and the concentration of oxygen vacancy
is set to 10%

by about 20 K due to the lower adsorption energy by DFT
calculations. Two separate higher temperature peaks at
270 K and 325 K are also observed in TPD of molecular
methanol on TiO, surface, indicating that the higher two
desorption peaks are independent on whether the metha-
nol is dissociated or not. Therefore, the desorption peak
at 270 K for molecular methanol is assigned to desorption
of dimer structure and the peak at 325 K is assigned to the
desorption of monomer.

4 Conclusions

The structures and adsorption energies of methanol on
TiO,(110) surface at different coverage are investigated.
Based on DFT calculations, the dimer structure is more
stable than the monomer structure at the higher coverage.
According to the thermodynamical analysis at different cov-
erage, the 2/3 ML coverage shows high stability at a very
wide range of temperatures and pressures due to the high
steric repulsion between the neighboring methyls. Based on
simulated TPD by KMC simulation, the saturated cover-
age of methanol on TiO,(110) is 2/3 ML after annealing
at 200 K. The 1 ML methanol is desorbed to form 2/3 ML
structure at about 155 K. At 200 K, the dimer methanol
is dominant and it will be destroyed to monomer structure
at about 290 K. At about 350 K, the monomer methanol
desorbed. The dissociated methanol on the bridge oxygen
vacancy desorbs at about 490 K. These results agree well
with the experimental TPD and LEED results.
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