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Vacancy-Assisted Diffusion of Alkoxy Species on Rutile TiO,(110)
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Using scanning tunneling microscopy (STM) and density functional theory simulations, we have
studied the diffusion of alkoxy species formed by the dissociation of alcohols on bridge-bonded oxygen
(BBO) vacancies (BBOy’s) on TiO,(110). At elevated temperatures (=400 K) the sequential isothermal
STM images show that mobile BBOy,’s mediate the diffusion of alkoxy species by providing space for
alkyl-group-bearing BBO atom to diffuse into. The experimental findings are further supported by
simulations that find that BBOy, diffusion is the rate limiting step in the overall diffusion mechanism.
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The catalytic and photocatalytic properties of TiO, have
attracted widespread interest in a variety of applications,
such as air purification, self-cleaning glass, water splitting,
solar cells, and wastewater treatment [1,2]. In many cases
the catalytic chemistry of reducible oxides is dominated by
oxygen vacancy sites. For reduced rutile TiO,(110)-1 X 1,
the bridge-bonded oxygen (BBO) vacancies (BBOy,’s) are
the most prevalent surface defects [3—5] which have been
shown to readily dissociate small molecules such as H,O,
O,, and alcohols [6-15].

Despite the fact that surface diffusion is an important
process in heterogeneous catalytic reactions, very little is
known about the mobility of adsorbates and reaction inter-
mediates on TiO,(110). To date, only the diffusion of water
and hydrogen formed as a result of water dissociation on
BBOy’s, have been extensively studied [8—11]. Recently
our studies of alcohols on TiO,(110) have shown their
dissociation via O-H bond scission on BBOy’s to form
paired alkoxy and hydroxyl species [7,12]. Here we dem-
onstrate for the first time that BBOy,’s can also catalyze the
transport of adsorbed species. Specifically, we show that at
elevated temperatures (=400 K), 2-butoxy diffusion does
not occur via C-O bond cleavage and alkyl group motion.
Instead, mobile BBOy’s assist diffusion of 2-butoxy
groups by providing space for the alkyl-group-bearing
BBO atom to diffuse into.

Experiments were performed in an ultrahigh vacuum
chamber (base pressure <8 X 10! Torr) equipped with
variable-temperature scanning tunneling microscopy
(STM, Omicron). The TiO,(110) (Princeton Scientific)
was cleaned by cycles of Ne™ sputtering and vacuum
annealing to 900-950 K. 2-butanol (Sigma-Aldrich,
99.5%), methanol (Fisher, 99.9%), and 1-octanol (Sigma-
Aldrich, 99 + %) were purified by several freeze-pump-
thaw cycles using liquid nitrogen and introduced at room
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temperature onto the TiO,(110) surface in the STM stage
via a retractable tube doser. The sample temperature in the
STM was controlled by a tungsten filament heater located
behind the sample. The temperature reading was postcali-
brated using a thermocouple (type K, Chromel-Alumel)
attached directly to the sample surface. The estimated
uncertainty in the temperature measurement is =15 K. A
more detailed description of the experimental setup and
procedures has been presented in our prior publications
[3.9].

Calculations were carried out employing density func-
tional theory (DFT) with a gradient corrected functional
for exchange and correlation [16] as implemented in the
CP2K package [17,18]. Core electrons are modeled as
norm-conserving pseudopotentials and the wave functions
expanded in a double-zeta Gaussian basis set with a plane
wave auxiliary basis of 300 Ry energy cutoff, and the
I' point for Brilluoin zone integration. Calculation of all
reaction coordinates was performed using the climbing-
image nudged-elastic-band method (CI NEB) [19-21] em-
ploying seven beads. The coordinate for each reaction in
our mechanism, as obtained from NEB, were verified by
normal mode analysis of the transition state to determine
that it represented a saddle point on the potential energy
surface. All surface reactions are modeled on a (4 X 2)
rutile-TiO,(110) surface slab of 4 TiO, units depth and an
ethoxy as a representative alkoxy group.

To address the effect of the excess electron from par-
tially reduced Ti atoms created in the formation of BBOy,’s
on alkoxy diffusion we compared all mechanisms using
both standard gradient corrected functionals [16] and the
local density approximation plus on-site repulsion U
(LDA + U) method [21] with the same exchange correla-
tion functional and U = 5.5 eV as previously determined
based on valence bond Hamiltonian embedded cluster
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models [22]. The localization of the excess electrons
achieved by employing the LDA + U method yielded
identical results to those obtained with standard DFT to
within 0.2 eV. Hence, our simulations suggest that the
mechanism is not dependent upon the nature of the excess
electrons.

The diffusion of a 2-butoxy group is illustrated in the
sequence of four isothermal STM images obtained at
400 K and displayed in Figs. 1(a)-1(d) (for a complete
sequence see the STM movie [23]). The corresponding ball
models underneath illustrate the mechanism of the diffu-
sion. In the empty state STM images, the low lying Ti**
ions are imaged as protrusions while the rows of BBO ions
are imaged as depressions due to the inverse electronic
contrast of these two ions. In general, upon adsorption, the
alcohol molecules dissociate on BBOy,’s via O-H bond
cleavage creating alkoxy/hydroxyl pairs with alkoxy heal-
ing the original BBOy, and hydroxyl occupying the neigh-
boring BBO [11-15]. Based on our prior STM study [12],
features identified after 2-butanol adsorption are the
2-butoxys that appear brightest (Fig. 1, red arrow), hydrox-
yls that are medium bright (Fig. 1, yellow arrow), and
BBOy,’s that are the least bright (Fig. 1, green arrows). In
these images both BBOy,’s [3] and hydroxyls [9] diffuse
exclusively along the BBO rows with fairly high hopping
rates, 4.8 X 1073 s7! and 3.0 X 1073 s7!, respectively,
and are practically at the limit of motions that can be
tracked using our slow scanning speeds (~1 min /image)
while the 2-butoxy species are barely moving (5.0 X
1072 s7h.

In the following discussion we focus on the changes
observed in the small area highlighted with rectangles in
Figs. 1(a)-1(d). In this particular area the 2-butoxy stayed

FIG. 1 (color).

motionless for 35 min (not shown) prior to the acquisition
of the image shown in Fig. 1(a) while the hydroxyls and
BBOy,’s readily diffused around. The 2-dimensional (2D)
line scan [Fig. 1(a), cyan dashed line] along the BBO row
in Fig. 1(e), clearly illustrates the large differences in the
apparent height of the 2-butoxy and BBOy, species. After
two minutes [Fig. 1(b)], the upper BBOy, moved along
the BBO row towards the 2-butoxy. In the 2D line scan
[Fig. 1(e), red] it is recognizable only as a small shoulder
on the right side of the 2-butoxy feature. After an addi-
tional minute [Fig. 1(c)] the 2-butoxy and BBOy, features
combined and formed a broad bright feature with a full
width at a half maximum (FWHM) ~15% larger than that
of the isolated 2-butoxy species. Further, this feature is
centered between the two BBO positions as shown in 2D
profile in Fig. 1(e), blue trace. After an additional six
minutes [Figs. 1(d) and 1(e), green] the broad feature splits
back into 2-butoxy and BBO,,. The BBOy, feature is now
on the opposite side of 2-butoxy and the 2-butoxy feature is
displaced by one lattice unit.

To acquire meaningful statistics, we have evaluated
~100 events between 400415 K, the temperature range
where both the 2-butoxy and BBOy motion can be fol-
lowed in our experiments. In all cases, the observed
2-butoxy diffusion events involved the BBOy as well as
the broad intermediate feature. This clearly indicates that
BBOy,’s mediate the 2-butoxy diffusion in this temperature
range. As discussed below, DFT calculations show that the
broad feature is due to the 2-butoxy—BBOy, pair rapidly
switching positions and therefore in our experiments rep-
resents the time average of 2-butoxy moving between the
two neighboring lattice positions. As expected, the forma-
tion of the broad intermediate feature led to the 2-butoxy
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(a)—(d) Sequential STM images recorded at 400 K on the same area of 2-butanol preadsorbed TiO, (110) as a function

of time (¢ = 0, 2, 3, 9 min). The rectangles mark the area of interest and contain one 2-butoxy (red arrow), two BBOy,’s (green arrows),
and one hydroxyl (yellow arrow) species. The corresponding ball models (BBO: blue, Ti**: magenta, and alcohol oxygen: green)
illustrate the diffusion process. (e) 2-dimensional line profiles along the BBO row marked with the dashed lines in images (a)—(d). The
vertical dashed lines in (e) mark the lattice positions along the BBO row.
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T(K) having the BBOy, reflect back without the 2-butoxy diffu-
; 500 40 400 350 sion (0.5). These factors reduce the BBOy, prefactor to 1 X
10°F Oxygen vacancy 10109206 =1 which is within the experimental error of the

P —— 2-butanol value determined for the 2-butoxy diffusion.
% 107 | 3 In order to check whether the BBOy, assisted diffusion
© mechanism is applicable to other alkoxy species, we have
2 10°¢ 3 also carried out a subset of the experiments using methanol
a and 1-octanol. The involvement of BBOy,’s in the diffusion
2 10l - process as well as the presence of the broad bright inter-
mediate feature was clearly observed for the case of me-
10° L— , , , , , thoxy diffusion. Since the 1-octoxy feature is much larger
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FIG. 2 (color). Arrhenius plots of the BBOy, [3] and 2-butoxy
hopping rates along the BBO rows on TiO,(110). Symbols
represent the experimentally determined hopping rates with their
statistical error bars being within the symbol size. Lines are fits
to the Arrhenius equation. The diffusion barrier and preexpo-
nential factors determined from the fits are 1.15 = 0.05 eV and
10'22+06 g=1 for BBOy,’s and 1.18 * 0.05 eV and 100309 g1
for 2-butoxy species.

diffusion only in ~50% of the cases. In the remaining
~50%, where BBO)’s did not switch position with
2-butoxys, the 2-butoxy features remained in their original
position. Control experiments show that the tip does not
perturb any of the observed diffusion measurements.

To determine the value of the diffusion barrier for
2-butoxy species, we carried out the isothermal experi-
ments analogous to that shown in Fig. 1 at different tem-
peratures and extracted the temperature-dependent hop-
ping rates. At higher temperatures, as the hopping rate
increases, it becomes increasingly likely that a certain
fraction of 2-butoxy hops are undetected (e.g., back and
forth motion). To account for this we use a mathematical
analysis for a 1-dimensional random walk [3,24]. The
extracted temperature-dependent 2-butoxy hopping rates,
h, are displayed as an Arrhenius plot in Fig. 2 (red). The
best fit to Arrhenius equation, h = vexp(—E,/kgT),
yields values of the prefactor, v, and the diffusion barrier,
E,. For comparison, the BBOy hopping rates on clean
TiO,(110) determined in our previous study [3] are also
shown (blue). The 2-butoxy and BBOy, data yield diffusion
barriers of 1.18 = 0.05 and 1.15 = 0.05 eV, respectively.
The fact that the values are statistically identical suggests
that the BBOy, diffusion towards the 2-butoxy is the rate
limiting step determining the overall diffusion barrier of
the 2-butoxy species. Further, the fact that the prefactor,
v = 10'93=09 g=1 for the 2-butoxy diffusion is 2 orders of
magnitude smaller than that for BBOy’s (10'22%06 g~1)
[3] also supports the BBOy, mediated mechanism. In the
statistically simplest case, where the probability of finding
the vacancy at any distance from the 2-butoxy species is
identical, the value of BBOy, prefactor should be reduced
by the BBOy, coverage (~0.10 ML) and the probability of

than the BBOy, the intermediate feature could not be
resolved, but the involvement of the BBOy,’s was clearly
observed. The diffusion kinetic parameters were deter-
mined only for 1-octoxy species. The diffusion barrier of
1.10 £ 0.03 eV is very close to that for BBO,, diffusion
and the prefactor is ~3 orders of magnitude smaller than
that for BBOy, diffusion. These measurements suggest that
BBOy, assisted diffusion mechanism is also applicable to
other alkoxy species.

To further understand the mechanism of alkoxy diffu-
sion, we have employed periodic DFT simulations [16] and
examined the potential energy surface for alkoxy species
on Ti0,(110). The simplest, diffusion mechanism, involv-
ing C-O bond cleavage and motion of the alkyl group
between the two BBO atoms, is shown in Fig. 3(a). The
calculated barrier for this process is 2.0 eV which is sig-
nificantly larger than the value of 1.18 eV determined
experimentally.

The elementary steps calculated for the BBOy, assisted
alkoxy diffusion mechanism are shown in Fig. 3(b). The
initial step is diffusion of a BBOy, towards the alkoxy with
the calculated barrier of 1.3 eV in agreement with 1.15 eV
for BBOy, diffusion on clean TiO,(110) [3]. We find that
the value of this barrier varies only slightly (~0.1 eV) with
the BBO,—alkoxy distance. Note, the BBOy, diffusion is,
in fact, diffusion of a neighboring BBO atom in the oppo-
site direction. Similarly, the case of BBOy, assisted alkoxy
diffusion is accomplished by diffusion of the alkyl-group-
bearing BBO atom. Despite this similarity, the barrier
calculated for motion of the alkyl-group-bearing BBO is
0.6 eV, which is less than half that for the bare BBO atom,
and results from the oxygen of the alkoxy having a formal
charge of —1, as opposed to —2 for BBO’s, which sub-

FIG. 3 (color). Calculated diffusion paths for two possible
diffusion mechanisms: (a) alkyl group diffusion between the
two BBO atoms (blue balls) on a BBO row. (b) BBOy, assisted
diffusion of alkoxy group.
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stantially reduces the electrostatic attraction with the Ti
cations. This low diffusion barrier value explains the pres-
ence of the broad bright intermediate feature observed in
our STM experiments [Fig. 1(e), blue]. Using the theoreti-
cally determined barrier difference and assuming the same
prefactor for the BBOy and 2-butoxy hops we estimate that
at 400 K the neighboring 2-butoxy and BBO, switch
positions ~1.4 X 10 times before the BBO, diffuses
away. Further we can determine the BBOy, hopping rate
away from the 2-butoxy experimentally using the average
lifetime of the broad bright intermediate feature. At 400 K,
we obtain a value of 190 s which corresponds to a BBOy,
hopping rate of 5.2 X 1073 s~!. This hopping rate is simi-
lar to the BBOy’s hopping rate on bare TiO,(110) [3]
suggesting that the BBOy, diffusion is not significantly
affected by the presence of neighboring 2-butoxy species.
In agreement with the interpretation of our experimental
results, the DFT calculations also show that the BBOy,
diffusion is the rate limiting step in the diffusion of 2-
butoxy species.

In summary, we present experimental measurements and
first principles simulations of BBO, assisted adsorbate
diffusion on TiO,(110). The sequences of isothermal
high resolution STM images directly show that the diffu-
sion of alkoxy groups along the BBO rows is assisted by
BBOy’s. Arrhenius analysis yields a 2-butoxy diffusion
barrier of 1.18 eV, close to 1.15 eV determined for
BBOy, diffusion [3]. This suggests that BBOy, diffusion is
the rate limiting step in 2-butoxy diffusion. The DFT and
DFT + U calculations are in very good agreement with
experiment and combined suggest that a negligible role is
being played by the excess electrons associated with the
BBOy,. This work, apart from presenting a novel diffusion
mechanism for adsorbates on oxide surfaces, also raises
questions about the role of BBOy,’s in mass transport on
these catalytically important surfaces.
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