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ABSTRACT: Dynamic behavior of intermediate adsorbates, such as diffusion, spillover, and reverse spillover, has a strong
influence on the catalytic performance in oxide-supported metal catalysts. However, it is challenging to elucidate how the
intermediate adsorbates move on the catalyst surface and find active sites to give the corresponding products. In this study,
the effect of the dynamic behavior of methoxy intermediate on methanol decomposition on a Pt/TiO.(110) surface has been
clarified by combination of scanning tunneling microscopy (STM), temperature-programmed desorption (TPD), and den-
sity functional theory (DFT) calculations. The methoxy intermediates were formed by the dissociative adsorption of meth-
anol molecules on Pt nanoparticles at room temperature, followed by spillover to the TiO,(110) support surface. TPD results
showed that the methoxy intermediates were thermally decomposed at >350 K on the Pt sites to produce CO (dehydro-
genation) and CH,, (C-O bond scission). A decrease of the Pt nanoparticle density lowered the activity for the decomposi-
tion reaction and increased the selectivity toward CH,, which indicates that the reaction is controlled by diffusion and
reverse spillover of the methoxy intermediates. Time-lapse STM imaging and DFT calculations revealed that the methoxy
intermediates migrate on the five-fold coordinated Ti (Tis.) sites along the [001] or [170] direction with the aid of hydrogen
adatoms bonded to the bridging oxygens (Oy,) and can move over the entire surface to seek and find active Pt sites. This
work offers an in-depth understanding of the important role of intermediate adsorbate migration in the control of the
catalytic performance in oxide-supported metal catalysts.

corresponding products. It should also be noted that the

Introduction dynamic behavior of the intermediate adsorbates, such as

Heterogeneous catalysts are key materials for the devel-
opment of a sustainable society and play a critical role in
the industrial production of various chemicals."*> The ma-
jority of these materials consist of active transition-metal
species, typically nanoparticles, which are highly dispersed
on powdery oxide supports with large surface areas. The
origins of catalytic activity and product selectivity in such
oxide-supported metal catalysts are generally explained by
different types of active sites, such as metal nanoparticle
sites, metal-oxide interfacial sites, and oxide surface sites,
where intermediate adsorbates react to give the

diffusion, spillover, and reverse spillover, has a strong ef-
fect on the overall reactivity and reaction kinetics of the
oxide-supported metal catalysts.3> For example, methanol
adsorbs onto the y-ALO; support of Ni/y-ALO; catalysts,
and is dehydrogenated to produce CO and H, by diffusion
and reverse spillover to the Ni particle surface.® The pres-
ence of Ni significantly increases the decomposition rate of
methanol, and also changes the product selectivity. An-
other example is that CO spills over from the Pt nanopar-
ticles onto the TiO, support and is oxidized to CO, by the
removal of an oxygen atom from the TiO, lattice.”



Atomic-level understanding of the dynamic behavior of
intermediate adsorbates and its effect on the catalytic
properties of oxide-supported metal catalysts is thus cru-
cial. However, direct observation of such dynamic behavior
is still difficult due to the limitations of the characteriza-
tion techniques available. Scanning tunneling microscopy
(STM) is one of the most powerful techniques because it
can image individual atoms or molecules on a solid surface
and monitor their motion in the presence of reactant
gases.2 We have previously reported the first direct visu-
alization of spillover adsorbates emitted from metal nano-
particles onto an oxide support surface by in situ time-re-
solved STM observation.> The methanol adsorption behav-
ior on Pt nanoparticles deposited on a TiO,(110) surface
was examined, and the methanol molecules were found to
be dissociated on the Pt nanoparticles to produce methoxy
intermediates at room temperature, which then spilled
over to the five-fold coordinated Ti#+ sites (Tis) of the
TiO,(110) surface (see Figure 1). The methoxy intermediates
were mobile at room temperature and were distributed
over the entire TiO,(110) surface. The following questions
must be solved to understand the role of the dynamic be-
havior of the methoxy intermediates on methanol decom-
position reaction on Pt/TiO,(110). (1) Where do the meth-
oxy intermediates react and decompose at high tempera-
tures? On the Pt sites or TiO, sites? (2) How do the meth-
oxy intermediates migrate on the surface to seek and find
the active sites? In this study, we examined the thermal de-
composition and diffusion of methoxy intermediates on
the Pt/TiO,(u0) surface using STM, temperature-pro-
grammed desorption (TPD) and density functional theory
(DFT) calculations to answer these questions. The results
provide new insights into how intermediate adsorbates
move on a catalyst surface to reach the active sites in oxide-
supported metal catalysts, and show that atomic-level un-
derstanding of their dynamic behaviors is crucial to un-
ravel the origins of catalytic activity and product selectivity.

Results and Discussion
Adsorption of Methanol on the Pt/TiO.(110) surface

Figure 1a shows an STM image of the TiO,(110) surface
after Pt deposition at room temperature, followed by an-
nealing at 473 K for 10 min. The Pt coverage was 0.1 ML,
where 1 ML is defined as 5.2x10'® /m? based on the TiO,(1x1)
unit cell. The Pt nanoparticles were uniformly distributed
on the TiO,(110) surface with a density of 5.4x10* /m?. His-
tograms of the apparent height and diameter of the Pt na-
noparticles are also shown in Figure 1a, where the averages
were 0.5+0.2 nm and 2.3+0.6 nm, respectively. It is noted
that the height and diameter obtained by STM may not be
very accurate because of convolution effects with the STM
tip and electronic structure effects. Figure 1b shows an STM
image of the Pt/TiO,(110) surface after exposure to 5 L
methanol vapor at room temperature. Additional bright
spots were observed on the Tis. rows, and the coverage was
estimated to be 0.14 ML, whereas these were not observed
in the absence of Pt nanoparticles. The apparent height
was 0.18 nm, and the lateral size was 0.50 nm. We have pre-
viously assigned these bright spots to methoxy species
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Figure 1. (a) STM image (50x50 nm?) of a Pt/TiO2(110) surface and histo-
grams of the apparent height and diameter of the Pt nanoparticles. The
Pt/TiO2(110) surface was prepared by Pt deposition (0.11 ML) at room tem-
perature, followed by annealing at 473 K for 10 min. The particle density was
5.4x10'® /m2. (b) STM image (50x50 nm?) of the Pt/TiO2(110) surface after
exposure to 5 L methanol vapor at room temperature. The inset is magnified
image of another area (7.4x7.4 nm?). The methoxy coverage was 0.14 ML. (c)
Methoxy intermediate adsorbed on a Tisc site of a TiO2(110) surface.

bonded to the Tis, sites (CH;O-Tis in Figure 1c).2 The pre-
vious in situ time-resolved STM studies clearly showed that
they were produced by the dissociation of methanol mole-
cules at the periphery of the Pt nanoparticles (Pt-TiO, in-
terfacial sites), and then transferred to the Tis. sites
through the spillover process.

Another Pt/TiO,(110) surface with a smaller Pt loading
(0.04 ML) was prepared to observe the dependence of the
methanol adsorption property on the Pt nanoparticle den-
sity, and the results are shown in Figure 2a. The average
height and diameter of the deposited Pt nanoparticles were
0.5+0.2 nm and 2.2+0.4 nm, respectively. The size distribu-
tion was similar to that in Figure 1a, which indicates that
only the particle density was able to be controlled success-
fully (2.4x10' /m?). Figure 2b shows an STM image after
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Figure 2. (a) STM image (50x50 nm?) of a Pt/TiO2(110) surface and histo-
grams of the apparent height and diameter of the Pt nanoparticles. The
Pt/TiO2(110) surface was prepared by Pt deposition (0.04 ML) at room tem-
perature, followed by annealing at 473 K for 10 min. The particle density was
2.4x10'® /m2. (b) STM image (50x50 nm?) of the Pt/TiO2(110) surface after
exposure to 5 L methanol vapor at room temperature. The methoxy coverage
was 0.14 ML.



exposure to 5 L of methanol vapor at room temperature.
The methoxy intermediates were observed over the entire
surface and the coverage reached o.14 ML, which is the
same as that in Figure 1b. Dependence of methanol expo-
sure on the methoxy coverage was also examined for the
two Pt/TiO,(110) surfaces shown in Figures 1a and 2a (Fig-
ure S1). The saturation coverage of the methoxy intermedi-
ates was almost identical while the adsorption rate in-
creased with a higher density of Pt nanoparticles. The sat-
uration coverage may be determined by the repulsive in-
teraction between the neighboring methoxy species on the
TiO,(110) surface. It should be noted that methoxy species
on bridging oxygen (Oy,) vacancies which are known to
form on a bare TiO,(110) surface™> 4(see Figure Sz2) were
rarely observed in Figures 1b and 2b. We have found that
density of the O, vacancies in Figures 1a and 2a was less
than o.01 ML, which was negligibly small compared to that
on the bare TiO,(110) surface (~0.06 ML) (Figure S3). This
could be attributed to enhanced adsorption of residual wa-
ter molecules in the UHV chamber due to the presence of
Pt nanoparticles, which resulted in filling of the Oy, vacan-
cies with hydroxyl groups and blocking adsorption of the
methoxy species.

We denote the Pt/TiO,(110) samples with high (Figure 1)
and low (Figure 2) densities of Pt nanoparticles as H-
Pt/TiO,(110) and L-Pt/TiO,(110), respectively.

Effect of methoxy intermediate diffusion on its thermal
decomposition on the Pt/TiOz(110) surface

The thermal decomposition behavior of the methoxy in-
termediates was investigated for the H-Pt/TO,(110) and L-
Pt/TiO,(110) samples via TPD measurements. It can be ex-
pected that the decomposition behavior of the methoxy in-
termediates would differ between the two samples if they
are decomposed mainly on the Pt sites through diffusion
and reverse spillover, whereas they would not differ signif-

icantly if most of them are decomposed on the TiO, surface.
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Figure 3 shows TPD profiles for the methoxy intermediates
on the H-Pt/TiO,(110) and L-Pt/TiO,(110) surfaces. In the
H-Pt/TiO,(110) sample, the major products were CO (m/z
= 28), H, (m/z = 2), and CH, (m/z = 16), while formalde-
hyde (H.CO, m/z = 30) and methanol (CH,OH, m/z = 31)
were also observed as minor products. It is noted that all
the products desorbed simultaneously over a wide range of
temperatures from ca. 350 K to 650 K. On the other hand,
in the L-Pt/TiO,(110) sample, the desorption peaks were all
shifted to higher temperatures, which indicates that the
activity for the methoxy decomposition reaction was de-
creased. The production of CO and H, was largely sup-
pressed, and instead CH, production was enhanced, i.e.,
high selectivity toward CH,. The desorption of the minor
products (formaldehyde and methanol) was slightly sup-
pressed in the lower temperature region (<500 K), whereas
it did not change much in the higher temperature region
(>500 K).

The total amount of desorbed carbonaceous products
(CO, CH,, H,CO, and CH;0H) should also be the same for
the two samples because the methoxy coverage was the
same (0.14 ML). We confirmed that the estimated ratio of
the total amount of carbonaceous products for the H- to L-
Pt/TiO,(110) samples was 1.1 based on their TPD peak areas
(see Tables S2 and S3). The selectivities toward the carbo-
naceous products were also estimated to be 31% (CO), 55%
(CH,), 9% (H,CO), and 5% (CH;OH) for H-Pt/TiO,(110),
and 12% (CO), 77% (CH,), 8% (H,CO), and 3% (CH;0OH)
for L-Pt/TiO,(110), as shown in Tables S2 and S3. Since the
TPD results were dependent on the Pt particle density, it
can be concluded that most of the methoxy intermediates
were decomposed on the Pt sites through diffusion and re-
verse spillover. Note that since the size distributions and
chemical states of the Pt nanoparticles in the H-
Pt/TiO,(110) and L-Pt/TiO,(110) samples were almost iden-
tical even after the samples were heated at 650 K (see STM
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Figure 3. (a) TPD profiles for methoxy intermediates on Pt/TiO2(110) surfaces with different Pt particle densities. Black curve: high particle density (5.4x10'
/m2, H-Pt/TiO2(110)), red curve: low particle density (2.4x10'® /m?, L-Pt/TiO2(110)). (a) CO (m/z = 28), (b) Hz2 (m/z = 4), (c) CH4 (m/z = 16), (d) formaldehyde
(m/z = 30), (e) methanol (m/z = 31). Note that the y-axis scale differs between (a)-(c) and (d),(e).
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and XPS results in Figures S4 and Ss, respectively), the ac-
tive sites of the two Pt/TiO,(110) samples were similar dur-
ing the decomposition reaction. It is worth noticing that
the two TPD profiles in Figure 3 were also different from
that for the bare TiO,(110) surface after exposure to 5 L
methanol vapor at RT, where only CH, was detected as a
decomposition product in the temperature range of
550~650 K (Figure S6).

It has been reported that dehydrogenation of methanol
to CO and H, is the major reaction pathway on flat Pt sin-
gle-crystal surfaces such as P(111)'*7 and Pt(100)®. A signif-
icant difference between such flat surfaces and the Pt na-
noparticles is that production of CH, from C-O bond scis-
sion is observed on the Pt nanoparticles.’>*9>° For example,
when the Pt nanoparticles were supported on an inert
AlLO,/NiAl(100) surface and heated after exposure to
methanol-d, (CD,OD) vapor at low temperature (100 K),
CO and D, were formed as major products and methane-
d, (CD,) as a minor product (<10%)." The desorption of CO

and CD, started at 300~350 K depending on the Pt coverage.

These results may indicate that flat terrace sites on the Pt
nanoparticles were active for dehydrogenation reaction
while specific defect sites such as edge/corner Pt atoms
(peripheral Pt atoms in the Pt nanoparticles) were active
for CH, production.

In the TPD profiles for the methoxy intermediates on the
H-Pt/TiO,(110) surface, the CO/H, desorption peaks (black
curves in Figures 3a and 3b) were broad and had a tail on
the higher temperature side. These results suggest contri-
bution from the methoxy species that diffused over the
short to long distance on the TiO,(110) surface and then re-
acted on the Pt sites. In contrast, the CH, desorption curve
(black curve in Figure 3¢ was more complex. The main fea-
ture was similar to the CO/H, desorption curves, but an
additional peak appeared around 600 K. The main feature
was probably due to the methoxy decomposition at the pe-
ripheral Pt sites. On the other hand, the temperature range
of the additional CH, desorption well corresponded to that
from methoxy species on the Oy, vacancies of the TiO,(110)
surface (Figure S6). As illustrated in Figure. S3, most of the
oxygen vacancies on the TiO,(110) surface were converted
to the hydroxyl groups after Pt deposition. However, since
the hydroxyl groups are desorbed as water at >450 K>,
the O, vacancies could be reproduced during the heating
in the TPD measurements and work as active sites for the
CH, formation. It has also been reported that oxygen va-
cancy formation energy on TiO,(110) is reduced by Pt dep-
osition® and the oxygen vacancies created close to the Pt
atoms on TiO, work as active sites for efficient C-O bond
scission of furfuryl alcohol molecules.>* Such oxygen va-
cancies could also be formed on our Pt/TiO,(110) surfaces
and promote the CH, production. The higher selectivity to
CH, in the TPD results for the methoxy intermediates on
the L-Pt/TiO2(110) also supports that the Pt-TiO, interfa-
cial sites such as peripheral Pt atoms in the Pt nanoparti-
cles and oxygen vacancies close to the Pt nanoparticles ef-
ficiently cleaved the C-O bond to produce CH, because the
diffusing methoxy intermediates firstly reached the Pt-
TiO, interfacial sites and then other Pt sites. When the
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particle density was decreased in the L-Pt/TiO,(110) sample,
more time was required for the methoxy intermediates to
reach the Pt nanoparticles, and the Pt-TiO, interfacial sites
were more activated for the arriving methoxy intermedi-
ates. Therefore, most of the methoxy intermediates were
decomposed at the Pt-TiO, interfacial sites to produce CH,
immediately upon arrival at the Pt nanoparticles and could
not reach the other Pt surface sites which are active for CO
production. Oxygen vacancies on the TiO,(110) terraces
could also contribute to the CH, production as in the case
of the H-Pt/TiO,(110) sample.

Formaldehyde and methanol were also observed as mi-
nor products in the TPD results, where their desorption
was promoted in the lower temperature region (<500 K)
when the density of Pt nanoparticles was increased, which
indicates that formaldehyde and methanol would be
formed preferentially on the Pt sites by partial dehydro-
genation of the methoxy intermediates and by recombina-
tion of the methoxy species (CH;0-Pt) and hydrogen (H-
Pt), respectively. On the other hand, in the high tempera-
ture region (>500 K), the desorption behaviors were not
significantly dependent on the particle density, which may
suggest that most of these species were produced on the
TiO, sites. It has been reported that the methoxy interme-
diates can be formed on the TiO,(110) surface in the ab-
sence of the Pt nanoparticles by exposure of a clean
TiO,(110) surface to O, gas and then to methanol vapor at
room temperature, followed by heating at 350 K22 The
methoxy intermediates are thermally decomposed into
formaldehyde and methanol by the disproportionation re-
action between two methoxy intermediates and desorb at
>550 K.>> The disproportionation reaction between the two
methoxy intermediates might occur to produce formalde-
hyde and methanol, particularly at >550 K.

Diffusion mechanism of methoxy intermediates on the
Pt/TiO2(110) surface

The TPD results clearly showed that thermal decompo-
sition of the methoxy intermediates on Pt/TiO,(110) was
controlled by their diffusion. However, we have not deter-
mined how these intermediates diffuse on the surface and
reach the active Pt sites during the decomposition process,
and how they become distributed over the entire TiO,(110)
surface after spillover from the Pt nanoparticles in the
methanol adsorption process. Sequential STM imaging and
DFT calculation were thus performed to elucidate the dif-
fusion mechanism of the methoxy intermediates. Figure 4
shows the results of sequential STM imaging of the meth-
oxy intermediates on the Pt/TiO,(110) surface. Both the Pt
and methoxy intermediate coverages were decreased com-
pared to those shown in Figures 1 and 2 to distinguish and
monitor each methoxy species accurately (see the large-
scale image (s0x50 nm?) in Figure S7 for reference). Each
grid point of the mesh drawn in Figures 4a-4d represents
the location of the Tiy sites, and every methoxy species in
the images is annotated by a number. In Figures 4a and 4b,
methoxy No. 11 moved to the next Tis site along the [001]
direction. In Figure 4c, methoxy No. 11 jumped along the
[170] direction and landed on the same Tis. row as methoxy
No. 10, followed by the departure of methoxy No. 10 and



Figure 4. (a)-(d) Diffusion of methoxy intermediates on the Pt/TiO2(110) sur-
face at room temperature. The STM images were acquired 12 s per frame
(5.0x5.0 nm?). The Pt/TiO2(110) surface was prepared by Pt deposition (0.01
ML) at room temperature, followed by annealing at 473 K for 10 min. The
images were taken after exposure to 2 L methanol vapor at room tempera-
ture. The methoxy coverage was 0.09 ML. A 50x50 nm? scale image is
shown in Figure S1.

No. 11 in the reverse direction by one lattice unit along the
[001] direction. The adsorption of the two adjacent meth-
oxy intermediates may be hindered by repulsive interac-
tion between the intermediates. In the final frame shown
in Figure 4d, methoxy No. 11 moved further away from No.
10 by one lattice unit along the [001] direction. In Figures
4c and 4d, the occasional migration of other methoxy spe-
cies along the [oo1] direction was also observed, as

indicated by the arrows. The methoxy species can thus
move on the entire TiO,(110) surface through diffusion
along either the [001] or [1T0] direction.

A series of DFT calculations was then conducted to ob-
tain atomistic details into the diffusion processes of the
methoxy intermediates. Firstly, we checked the adsorption
energy of a methanol molecule on a TiO,(110) surface when
a single methanol molecule is adsorbed on a Tis. site with
a p(4x2) unit cell, which corresponds to a methanol cover-
age of 0.125 ML and coincides well with the experimental
results (0.14 ML). Figures S8a and S8b show the optimized
structures of a methanol molecule adsorbed on a Tis. site
in the forms of molecular and dissociated adsorption, re-
spectively; the adsorption energies were calculated to be
119 eV and 1.38 eV, respectively. Dissociation is thus fa-
vored, which is consistent with the previous reports.?728
Once the methoxy species is formed on the TiO,(110) sur-
face by spillover from the Pt nanoparticles, it is energeti-
cally stabilized. The diffusion of the methoxy intermediate
along the [001] direction was then examined. The direct
hopping model shown in Figure Sg was initially tested. In
this model, the methoxy species (CH;0-Tis) moves di-
rectly to the next Tis site. The calculated diffusion barrier
was 0.92 €V. The final state (Figure Sgc) was less stable
than the initial state (Figure Sga) by 0.13 eV, due to less
interaction between the methoxy species and HOy,. The
diffusion barrier can be decreased to 0.88 eV because the
new methoxy species in Figure Sge was less stabilized and
the transition state in Figure Sof was less affected by the
HO\,: species. Next, we tested a different model, the meth-
anol-mediated model, as illustrated in Figure 5. In this
model, the hydrogen atom of HO, is transferred to the
methoxy species to form a molecularly adsorbed methanol
temporarily, which then migrates to the next Tis site,
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Figure 5. (a)-(e) Selected configurations in the (f) potential energy profile illustrating the diffusion of methoxy species along the [001] direction via molecularly
adsorbed methanol (methanol-mediated model). Blue, red (pink), gray, and green balls represent Ti, O, C, and H atoms, respectively.



followed by the release of the hydroxyl hydrogen of the ad-
sorbed methanol to the neighboring O.:. The energy differ-
ence between the states in Figures 5a and 5¢ was 0.86 eV,
and the local minimum state was found at the state in Fig-
ure 5b, which is molecularly adsorbed methanol. The bar-
rier to form the molecularly adsorbed methanol is rather
small (0.23 eV) and it can diffuse to the next Tis site with
an activation energy as small as 0.68 eV, which was in
agreement with the activation energy (0.65-0.85 eV) esti-
mated in the previous STM study.” Considering the differ-
ence in the diffusion barriers between the two models, and
the adsorption energy difference before and after hopping
to the next Tis site, the methanol-mediated model in Fig-
ure 5 is more likely than the direct hopping model in Figure
S9. The methanol-mediated mechanism of methoxy diffu-
sion on a solid surface is new to the best of the authors’
knowledge.

The diffusion process along the [110] direction was also
examined. We first examined the diffusion path via a
chain-like CH;0-H-Oy, intermediate, as shown in Figure
S10 (1H model). After the CH;0-Tis bond is broken and the
CH;0-HO4, bond is subsequently formed, the CH;0-H-Oy,
intermediate with the H-Oy, hydrogen bond is formed at
the transition state (see Figure Siob). The methoxy species
is then reproduced on the Tis. site in the adjacent Ti row
by breaking the CH;0O-HO4: bond and making the CH;0O-
Tisc bond again. The barrier for this diffusion process was
as high as 1.22 eV, which indicates that this process is less
possible. The case where a methoxy species comes across
two hydrogens (H, and Hp) bonded to the two adjacent Oy,
atoms was then calculated, which is the 2H model shown
in Figure 6. This situation can occur when the methoxy
species of the methanol-mediated model in Figure 5 dif-
fuses along the [001] direction and meets another hydroxyl

group (HOw). As shown in Figure S3, surface hydroxyl
groups are originally present on the Pt/TiO,(110) surfaces.
In the 2H model, the hydrogen (H,) of H,O,p, is trans-
ferred to the methoxy species to form metastable molecu-
larly adsorbed methanol, as shown in Figure 6b, and then
the oxygen atom of the adsorbed methanol makes a bond
with Hy, of HyObr after breaking the bond with Tis. (Fig-
ures 6b to 6d). In the conversion process of Figures 6b to
6d, the transition state was more stabilized compared with
that of the 1H model in Figure Sio because the CH;0 spe-
cies can interact with two hydrogens (H, and Hp), and the
metastable intermediate illustrated in Figure 6d can be
formed. At the state shown in Figure 6d, the bond dis-
tances between the oxygen of CH;0O and the two hydrogens
(H. and Hyp) are 0.99 A and 1.68 A, respectively, while those
of H.-O,pr and Hp-Op e are 1.85 A and 1.01 A, respectively
(see Figure Su). Therefore, CH;0-Hy, and H,-O, b form hy-
drogen bonds. This intermediate is then converted to the
original state, which is CH;0-Tis. + 2HO, in Figure 6h via
the states shown in Figures 6e to 6g. The highest activation
energy of the elementary steps in this diffusion model was
0.64 eV. In the diffusion along the [110] direction, interac-
tion of the methoxy species with an additional hydrogen
atom of the HOy, species was a key to stabilize the transi-
tion state and lower the diffusion barrier. A similar diffu-
sion mechanism has been reported for the diffusion of eth-
anol molecules on a TiO,(110) surface along the [110] direc-
tion.? Enhanced molecular diffusion along the [001] direc-
tion assisted by HOy, has also been reported for catechol°,
water3 and NO3 molecules.

It is noted that the diffusion path in the 2H model took
the adsorbed methanol state, which is similar to that in the
methanol-mediated model shown in Figure s5; the activa-
tion energies were 0.64 eV and 0.68 eV, respectively, which
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are comparable. The difference between the two models is
that the 2H model requires the interaction of the adsorbed
methanol with an additional adjacent hydrogen (Hp of
HpObir). In this sense, diffusion along the [110] direction
would be less frequent than that along the [001] direction.
Preliminary estimation of rate constants for diffusion (dif-
fusion coefficient, D [m?-s?]) along the [001] and [110] di-
rections was carried out as shown in Table S4. D can be ex-
pressed as D = Dyexp(—E/kgT), where Dy, E, kg, T are
pre-exponential factor, activation energy, Boltzmann con-
stant and temperature, respectively. The diffusion barriers
calculated in Figures 5 and 6 (0.86 eV and 0.76 eV, respec-
tively) were used as the activation energies. The D, values
for diffusion along the [001] and [170] directions were esti-
mated to be 2 X 1077 m*s™ and 9 X 1071° m?*s”, respec-
tively. The latter value was more than two orders of mag-
nitude lower than the former one, which would be because
a methoxy intermediate (CH;O-Ti+H-O,) needs to find
and meet an additional hydrogen of HOw,.

Our STM observations and DFT calculation results
clearly show that the methoxy intermediates can diffuse
over the entireTiO,(u110) surface, either along the [001] or
[170] direction, via the molecularly adsorbed methanol
state with the aid of hydrogen adatoms bonded to O,.
Therefore, the methoxy intermediates can reach the active
Pt sites where the decomposition reaction occurs, which is
reflected in the TPD results shown in Figure 3, and can also
be distributed homogeneously on the surface after spillo-
ver from the Pt nanoparticles in the methanol adsorption
process.

Conclusion

We have studied the dynamic behavior of methoxy
intermediates and its effect on methanol decompositionon
the Pt/TiO,(110) surface using STM, TPD, and DFT
calculations. Methoxy intermediates were produced by the
dissociative adsorption of methanol molecules on the Pt
nanoparticles at room temperature, followed by spillover
to the Tis sites of the TiO,(110) surface. The methoxy inter-
mediates were distributed over the entire suface and
thermally decomposed into CO and CH, at >350 K on the
Pt sites through their reverse spillover. The activity for the
decomposition reaction and the product selectivity were
dependent on the Pt nanoparticle density, indicating that
the diffusion of the methoxy intermedates can control the
reaction. Sequential STM imaging showed that the meth-
oxy intermediates diffuse along the [001] or [110] direction,
and can move over the entire surface. DFT calculations
suggested that the formation of molecularly adsorbed
methanol intermediates is a key for diffusion along the
[001] and [110] directions. They can move to the nearest
neibor Tis. sites or to the Tis sites located in the adjacent
Tisc rows with activation energies less than 0.7 eV, which
explains the facile approach of the methoxy intermediates
to the Pt active sites where decomposition occurs. The
present results clearly show how the intermediate
adsorbates diffuse on the catalyst surface and reach the
active sites to yield the corresponding products, and that
atomic-level understanding of the dynamic behavior of
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intermediate adsorbates is crucial to elucidate the origins
of catalytic activity and product selectivity in oxide-
supported metal catalysts.
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Experimental procedures

All experiments were performed in an ultra-high vacuum (UHV) chamber with a base pressure below 3x108 Pa.
As-received rutile-TiO2(110) wafer (Shinkosha Co., Japan) was first immersed in 10% HF solution, and then
calcined in air at 1100 K for 12 h.'2 After being loaded into the UHV chamber, the wafer was cleaned by cycles of
Ar* sputtering (2 keV) and vacuum annealing (1000 K) to obtain an atomically flat TiO2(110)-(1x1) surface. Pt was
deposited at room temperature by Pt vapor generation through electron bombardment of a Pt rod (99.98%, Nilaco
Co., Japan) with application of a high voltage (typically 850 V) between the filament and the Pt rod. The Pt coverage
was estimated from the X-ray photoelectron spectroscopy (XPS) peak area ratio of Pt 4f72—Ti 2pasi2, where 1 ML
was defined as the density of the (1x1) units of the TiO2(110) surface, i.e., 5.2x10'® /m2. After Pt deposition at room
temperature, the Pt/TiO2(110) surface was annealed at 473 K for 10 min in the UHV chamber to obtain a uniform
size distribution of Pt nanoparticles. Methanol (Superpure reagent grade, Fujifilm Wako Chemicals, Japan) was
purified by several freeze-pump-thaw cycles using liquid nitrogen prior to introduction onto the Pt/TiO2(110) surface
and was dosed at room temperature through a variable leak valve by backfilling.

STM measurements were conducted using a JEOL JSPM4500S microscope. Images were recorded using an
electrochemically etched W tip at room temperature, with a sample bias voltage of +1.2-2.6 V and a tunneling
current of 0.1-0.2 nA. Temperature-programmed desorption (TPD) measurements were performed by heating the
sample surface from room temperature to 700 K at ca. 2 K/s using shielded and differentially pumped quadrupole
mass spectrometer.3 All TPD spectra were normalized with respect to the heating rate.

Density functional theory (DFT) calculations were performed using VASP 5.447 with the projector augmented
wave (PAW) and plane-wave basis set methods.? The kinetic energy cutoff for plane-wave expansion was set to
400 eV, and the exchange-correlation interaction between electrons was described by the Perdew-Burke-Ernzerhof
functional (PBE).®"° TiO2(110) surfaces were modeled as a five TiOz2 trilayer slab with a (4x2) unit cell. The vacuum
layer was 20 A. The bottom two layers were fixed throughout calculations, while the upper three trilayers and the
adsorbates were relaxed using a quasi-Newton algorithm until the energy difference was smaller than 105 eV. The
k-point mesh was set as 2x2x1. The climbing nudged elastic band (NEB)'" method was used to calculate the
diffusion and dissociation barriers.



Table S1. Estimation of relative sensitivity factor (RSF) for carbon monoxide, methane, formaldehyde, and
methanol in the quadrupole mass spectrometer used in the TPD measurements. RSF can be expressed as
RSF=RsxRrxRq, where Rs, Rr, and Ra are the source sensitivity factor,® the fragmentation factor,b and the
quadrupole transmission,® respectively. The RSF values were normalized assuming the RSF value for a nitrogen
molecule (N2) to be 1.00.

Base peak Rs RF Ra RSF

Carbon monoxide (CO) 28.00 1.00 0.93 1.00 1.07
Methane (CHa4) 16.00 1.41 0.44 1.00 0.72
Formaldehyde (H2CO) 30.00 1.64 0.31 1.00 0.58
Methanol (CH3OH) 31.00 1.77 0.41 1.00 0.83
Nitrogen molecule (N2) 28.00 1.00 0.87 1.00 1.00

a Cited from the NIST database on electron-impact ionization cross sections for 70 eV'2 and Ref. [13].

b Cited from the NIST database.'

¢ The quadrupole transmission can be regarded as effectively constant in the mid-mass region (16—40).'® Therefore,
the Ra value was assumed to be 1.00 for all the gases.

Table S2. Estimation of the selectivity toward carbonaceous products (CO, CHs4, H2CO, and CHsOH) from TPD
spectra for the H-Pt/TiO2(110) sample.

CO CHa H2CO CH3OH
(1) TPD peak area 3.34x107° 3.78x107° 5.21x1010 3.70x10-10
(2) (1) divided by RSF 2 3.12x10° 5.26x10°° 8.98x10-10 4.46x1010
(3) Product amount ® 2.96x10°° 5.25x10° 8.98x10-10 4.46%x1010
(4) Product selectivity (%) © 31 55 9 5

@ The RSF value for each product was taken from Table S1.

b The amount of CO product was calculated by subtracting the fragmentation from H2CO and CH3OH, and the
amount of CH4 by subtracting the fragmentation from CH3zOH. The total product amount was 9.6x10-°.

¢ Product selectivity was defined as the ratio (%) of the target product amount to the total product amount.

Table S3. Estimation of the selectivity toward carbonaceous products (CO, CHs4, H2CO, and CHsOH) from TPD
spectra for the L-Pt/TiO2(110) sample.

Cco CHa H2CO CHsOH
(1) TPD peak area 1.15x10° 4.72x10° 3.84x10-10 2.25%10-10
(2) (1) divided by RSF 2 1.08x10° 6.55%10° 6.62x10-10 2.71%10-10
(3) Product amount ® 9.89%x10-10 6.55%10° 6.62x10-10 2.71%10-10
(4) Product selectivity (%) © 12 77 8 3

@ The RSF value for each product was taken from Table S1.

b The amount of CO product was calculated by subtracting the fragmentation from H2CO and CH3OH, and the
amount of CH4 by subtracting the fragmentation from CH3zOH. The total product amount t was 8.5x10-°.

¢ Product selectivity was defined as the ratio (%) of the target product amount to the total product amount.



Table S4. Estimation of rate constants for hopping (v [s7']) and diffusion (D [m2-s-']) of methoxy intermediates on
Pt/TiO2(110) along [001] and [110] directions. 2

v, [s71]P D,y [m2s1] ¢ E [eV]
Hopping v, [001] direction 4x1012 - 0.86
Diffusion D, [001] direction - 2x107 0.86
Hopping v, [110] direction 9x10° - 0.76
Diffusion D, [110] direction - 9x10-10 0.76

@y and D can be expressed as v = v,exp(—E/kgT) and D = D, exp(—E /kgT) , respectively. v, and D, are pre-
exponential factors for the hopping and diffusion prcesses, respectivly, and E, kg, T are activation energy,
Boltzmann constant and temperature, respectively. The diffusion barriers calculated in Figures 5 and 6 (0.86 eV
and 0.76 eV along the [001] and [110] directions, respectively) were used as the activation energies.

b Firstly, v at T=300 K was estimated from the sequential STM images in Figure 4. For example, since 9 methoxy
intermediates among the total 16 ones moved along the [001] direction in Figures 4a to 4d (36 s), v was determined
to be 0.016 s*'. And then v, was calculated using v = v, exp(—E /kgT) , where v, E, kzT are 0.016 s!, 0.86 eV and
0.026 eV, respectively. v, for diffusion along the [110] direction was estimated in the similar manner.

¢ D, was calculated using the equation D = [2/(41), where [ and 7 are jump length and average lifetime of a
adsorbate at the stable binding sites, respectively.l'® 171 In the case of diffusion along the [001] direction, the jump
length is the distance between the nearest neibor Tisc sites (0.30 nm), while from each Tisc site the methoxy species
can hop to two neighboring Tisc sites. Therefore the average lifetime at the Tisc sites is given by T = 1/(2v). Similarly,
I and T for diffusion along the [110] direction were determined be 0.65 nm and 1/v, respectivly.
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Figure S1. Dependence of methoxy coverage on methanol exposure for the Pt/TiO2(110) surfaces loaded with
0.04 ML Pt (L-Pt/TiO2(110), black open squares) and 0.11 ML Pt (H-Pt/TiO2(110), red open circles), respectively.
The surfaces were annealed at 473 K for 10 min after Pt deposition at room temperature and then subjected to
methanol exposure at room temperature.
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Figure S2. (a) STM image of the TiO2(110) surface after exposure to 5 L methanol at room temperature. Scale:
4x8 nm2, (b) STM image of the same area after removal of the hydroxyl groups by applying the high bias sweep
(3.0 V), and the line profile across the white dotted line in the STM image. The bright spots are located on the
bridging oxygen (Owr) rows and are suggested to be the methoxy species filling the Our vacancies.
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Figure S3. (a) STM image (50x50 nm?) of the L-Pt/TiO2(110) surface (same image as Figure 2a in the manuscript).
The inset shows the magnified image marked by the white dotted square. (b) The line profiles across three different
kinds of bright spots in the inset of (a). According to their shapes and heights, they are assigned to oxygen
vacancies (Vo), hydroxyls (HOwr), and pair of hydroxyls (pair-HOwr), respectively. (c) The apparent heights and
coverages of the three species on the clean TiO2(110) surface, L-Pt/TiO2(110), and H-Pt/TiO2(110) surfaces.
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Figure S4. STM images and the histograms of the Pt nanoparticles of the H- and L-Pt/TiO2(110) surfaces after
heating at 650 K for 1 min. (a) H-Pt/TiO2(110) surface with 0.11 ML Pt. (b) L-Pt/TiO2(110) surface with 0.04 ML Pt.
The images were measured at room temeperature. Scale: 50x50 nm?2.
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afte additional heating at 650 K for 1 min. The solid black lines are the fitted curves of the Pt 4f spectra for the H-
and L-Pt/TiO2(110) surfaces after the additional heating. The ratio of the Pt 4fs»2 to the Pt 472 peak area was fixed
to be 0.75. The FWHM of the deconvoluted peaks was 1.7+0.1 eV. The Pt 4f72 peaks at 71.7 and 73.2 eV were
tentatively assigned to metallic and cationic Pt atoms, respectively. The cationic Pt atoms could be formed at the
Pt-TiOz interface. The ratio of the cationic Pt to the metallic Pt peak area was ~0.3 for both samples.
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Figure S6. TPD spectra from the TiO2(110) surface after exposure to 5 L methanol at room temperature.



Figure S7. Wide scan STM image (50x50 nmZ2) of the Pt/TiO2(110) surface shown in Figure 4, which was obtained
after exposure to 2 L methanol vapor at room temperature. The methoxy coverage was 0.09 ML. The Pt/TiO2(110)
surface was prepared by Pt deposition (0.01 ML) at room temperature, followed by annealing at 473 K for 10 min.

Figure S8. Optimized structures of methanol adsorbed on a Tisc site of the TiO2(110) surface. (a) Molecular
adsorption. (b) Dissociative adsorption. Blue, red (pink), gray, and green balls represent Ti, O, C, and H atoms,
respectively. Adsorption energies for (a) and (b) were 1.19 and 1.38 eV, respectively.
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Figure S9. (a)-(g) Selected configurations in the (h) potential energy profile illustrating diffusion of a methoxy
species along the [001] direction (direct hopping model). Blue, red (pink), gray, and green balls represent Ti, O, C,
and H atoms, respectively.
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Figure $10. (a)-(c) Selected configurations in the (d) energy profile illustrating diffusion of a methoxy species over
a H-Owr site along the [110] direction. (e) CHsO-H and H-Oxr distances during the diffusion process. Blue, red (pink),
gray, and green balls represent Ti, O, C, and H atoms, respectively.
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Figure $11. (a) CH30-Ha and Ha-Oapbr distances and (b) CH3O-Hb and Ho-Obpr distances during the diffusion
process of the methoxy species along the [110] direction shown in Figure 6. See Figure 6a for the locations of Ha,
Oa,br, Hb, and Op,pr.
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