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ABSTRACT

Complex oxide systems with hierarchical order are of critical importance in material science and
catalysis. Despite their immense potential, their design and synthesis are rather difficult. In this
study we demonstrate how the deposition of small oligomeric (M0O3)i-¢ clusters, which can be
formed by the sublimation of MoO3 powders, leads to the formation of locally ordered layers
of (M0O3)1 monomers on anatase TiO2(101). Using both high-resolution imaging and theoretical
calculations, we show that at room temperature, such oligomers undergo spontaneous dissociation
to their monomeric units. In initial stages of the deposition, this is reflected by the observation of
one to six neighboring (MoOs3)1 monomers that parallel the size distribution of the oligomers. A
transient mobility of such oligomers on both bare TiO2(101) and (M0Os3); covered areas is key to
the formation of a complete layer with a saturation coverage of one (MoQO3); per two
undercoordinated surface Ti sites. We further show that such layers are stable to 500 K, making

them highly suitable for a broad range of applications.



Oxide clusters supported on oxide substrates are of great interest due to their importance in
materials science and heterogeneous catalysis.!” The nature and strength of their interactions not
only determine their structure, distribution, and stability but ultimately also their overall activity.®
8 Understanding their interactions at an atomistic level is, therefore, critical to tailoring oxide on
oxide systems to achieve the desired properties and activity. For example, in materials science, the
self-assembly of oxides into ordered structural motifs is one of the critical challenges for the design

9-12

of hierarchical materials,”"~ and in catalysis, the activity often depends on the dispersion and

binding configurations of the supported oxide clusters.? 13-4

Titanium dioxide, employed here, is a versatile oxide material with important applications in
many areas.'>1¢ It is often used as a model reducible oxide, and as such, understanding factors that
control the growth and aggregation of metal oxide clusters are of fundamental importance.
Moreover, the underlying principles can provide the guidance necessary to understand how to
prepare clusters of the desired size that would allow us to explore the relation between cluster size
and activity.'* 1719

In contrast, studies of metal oxide clusters on well-defined anatase surfaces are scarce.® 2’ Aside
from its role as support for MoOs-based thermocatalysts, anatase is of particular interest in

21-22

photocatalysis, where oxide clusters (such as clusters of WO3; and MoO3) may be employed to

enhance its photocatalytic efficiency and activity. 237

Our specific interest in TiO2-supported MoOs is primarily derived from its ability to act as both
a Lewis acid and base, and as a redox-active promoter. In this respect, this work connects directly
2,8, 17, 28-

to our prior studies of the cyclic (WO3)3 trimers on rutile TiO2(110) and other substrates.

2 In these studies, we focused on understanding how the binding of such clusters affects the



competition between catalytic dehydration, dehydrogenation, and condensation of alcohols as
model reactions.? 3 17-282% The acid/base properties of TiO-supported MoOs were demonstrated
in 1975 via NH3 and CO» titration methods by Mamoru?® while the redox activity of TiO»-
supported MoO3 was probed by electron paramagnetic resonance during butadiene oxidation by

32-33

Akimoto et al in 1973.3! Other studies have consistently shown the acidity/basicity and redox

3436 of this material since then, and some researchers have additionally focused on the

activity
dispersive and agglomeration resistant properties of TiO2-supported MoOs, as well.*> 37 From
these studies, it is clear that TiOz-supported MoOs3 possesses many properties that deem it a
promising catalytic material for a large variety of applications.

From a computational standpoint, many studies have been carried out to elucidate the structure,
reducibility and stability of supported molybdenum oxide clusters.’3*> However, relatively few
computational studies have dealt with the issue of molybdenum oxide clusters supported on TiO».
During the last decade, Paul and co-workers investigated the structure of MoO3 and M02Os species
on anatase Ti02(101).4*-** They found that the “distorted tetrahedral” mono-oxo species is the most
stable monomeric (Mo0O3); structure, which is largely in agreement with the results presented here.
At around the same time, Kim et al. showed similar results for MoOs on rutile TiO2(110).%

In this study, we follow the deposition of well-defined small (M0Os3), oligomers (n = 1-6)* 4 on
anatase TiO2(101) surface. Using high-resolution imaging via scanning tunneling microscopy
(STM), spectroscopic characterization by X-ray photoelectron spectroscopy (XPS), deposited
mass quartz measurements with crystal microbalance (QCM), and with theoretical studies via
density functional theory (DFT) we find that at 295 K the (M00Oz3)1-6 oligomers fall apart into

(M00Oz3)1 monomeric units with all Mo ions being in the (6+) oxidation state. The (MoO3);

monomers from each oligomer remain in close proximity forming groupings that at low coverages



reflect the distribution of gas phase (Mo0O3), oligomers. The higher stability of (M0QOz3); is
confirmed by DFT and a conceivable, low-energy dissociation path is derived. At intermediate
coverages, the groupings increase in size, indicating that the (M0O3), oligomers are transiently
mobile before they fall apart. Ultimately, due to such mobility, a complete layer with relatively
high order of (M00Q3); can be prepared. At all coverages, the (M0O3)1 overlayers exhibit thermal
stability all the way to ~500 K, where the onset of reduction and disordering is observed. This
work demonstrates a simple and generalizable method for the preparation of complex hierarchical

oxides.

Cluster Deposition and Dissociation at Room Temperature. As outlined in the Introduction
above and Experimental Methods sections, the sublimation of MoO3s powders leads to the
formation of gas-phase oligomeric (MoOs)n clusters (n = 1-6), with the distribution dominated by
(M0Q3)s. This cluster size distribution was determined previously using IRAS spectroscopy“® but
has not been confirmed via a direct high-resolution STM imaging. The results of such experiments
on anatase TiO2(101) are presented in Figure 1.

The images shown in Figure 1a and b illustrate the clean anatase TiO2(101) surface prior to the
molybdenum trioxide deposition. The imaged surface (Figure 1a) displays large terraces with a
trapezoidal shape that are separated by 3.8 A high monoatomic steps.*’*® The atomic surface
structure is schematically shown using a ball-and-stick model in the inset of Figure 1b. The terraces
have a sawtooth corrugation composed of fully coordinated, 6-fold coordinated titanium atoms
(Tiec) and 3-fold coordinated oxygen atoms (Osc), as well as under-coordinated, 5-fold coordinated
titanium atoms (Tiec) and 2-fold coordinated oxygen atoms (Ozc). The high-resolution empty-state

STM image (Figure 1b), shows the rows of bright oval-shaped features along the [010] direction



originating both from the Oy, (red dots) and Tis. (blue dots).*® Generally, the TiO»(101) surface is
non-reconstructed and exhibits low concentration of point defects with oxygen vacancy defects
residing in the subsurface region.® 4950 This is reflected in our STM images (Figure 1a-b) where
only a few atomically sized imperfections can be observed, even after the sample is left in vacuum

at room temperature for several days.

Figure 1. (a) The large scale STM image of clean anatase TiO2(101) (175 x 175 nm?, sample bias,
Vs = +1.2 V, tunneling current, l; = 60 pA). (b) High-resolution STM image (5 X 5 nm?, Vs = +0.9
V, It =120 pA) of TiO2(101). The approximate positions of O2c and Tisc atoms is marked by red
and blue dots, respectively. The inset in (b) represents a ball-and-stick top view of the surface. Red
and purple spheres represent Osc and Oz, respectively, dark and light gray spheres represent Tiec
and Tisc, respectively. The rectangular surface unit cell (10.24 A x 3.78 A, DFT: 10.46 A x 3.83
A% and primitive unit cells are marked in green and yellow, respectively. (c) Large-scale STM
images (100 x 100 nm?, Vs = 1.9 V, It = 40 pA) after the deposition of 0.03 monolayer (ML) of
(Mo00s): equivalents at 295 K. Here 1 ML is defined relative to the coverage of Tisc atoms. Several
groupings of three neighboring bright features typically observed at low coverages are highlighted
by the dotted pink circles. (d) High-resolution STM image (35 x 35 nm?, Vs = +1.3 V, I, = 80 pA)
after the deposition of 0.03 ML of (M00Oz3): equivalents at 295 K. Several clusters with one, three,
four, five, and six bright spots are highlighted by white, pink, red, yellow, and cyan ellipses. The
inset in (d) shows a high-resolution STM image (3 x 3 nm?, Vs = 1.0 V, It = 80 pA) of a single
isolated bright feature such as the one highlighted with the white circle in (d).




STM images acquired after the deposition of a small amount of molybdenum trioxide (0.03 ML
of (MoOz3): equivalents) onto TiO2(101) at 295 K are shown in Figure 1c and d. Following the
deposition, new bright features with identical appearance and symmetry are distributed across the
surfaces. The diameter of each feature is ~5.8 A, and the apparent height is ~1.2 A. Although the
bright features are most often observed in clusters of threes (pink ovals, Figure 1c and d), small
fractions of single (white), four (red), five (yellow), and six (cyan) bright features can also be seen.
The statistical analysis of the number of neighboring bright features from several large scale STM
images such as the ones shown in Figure 1c and d yields a distribution of 9%, 6%, 60%, 7%, 2%,
and 12% for clusters of 1, 2, 3, 4, 5, and 6 bright features as displayed in Figure 2a (black bars).
This distribution is rather similar to the distribution of cyclic (MoQOz3)s.6 clusters (gray bars, Figure
2a) determined previously from the IRAS spectra of the (MoOs)x clusters isolated in a Kr matrix.*8
There, the breathing modes of cyclic clusters between 800 and 900 cm™ were used to determine
the population of 61%, 17%, 15%, and 7% for trimers, tetramers, pentamers, and hexamers,
respectively. This similarity between the distributions of neighboring bright spots in the STM and
the population of (MoOzs) clusters in IRAS suggests that the neighboring bright spots originate
from a single deposited (MoOzs)n (e.g., three bright spots originate from a single (M00O3)3). Since
the distances between the bright spots are too large to come from an intact (MoO3)n we assert that
the clusters fall apart on the TiO2(101) and that each bright feature corresponds to (MoO3)1
monomer.

Additionally the Mo 3d X-ray photoelectron spectroscopy (XPS) spectra (Section S1,
Supporting Information) show that all Mo is in (6+) oxidation state.?® Only two peaks due to Mo

3ds2and Mo 3ds, are observed at 235.5 and 232.3 eV. This suggests that there is only one type of



Mo cations in the deposited molybdenum oxide; i.e., all Mo atoms have the same chemical
surrounding and bonding configuration. This is further evidence that the (MoO3)s falls apart into
three identical (MoOs): monomers.

To confirm the assertion that each bright spot in the STM corresponds to (MoQz);, we
determined the absolute amount of deposited (MoOs): equivalents from Quartz crystal
microbalance (QCM) and XPS measurements (Figure 2b). In the QCM experiments, the areal
density of (MoOz3): was determined from the weight of molybdenum trioxide deposited on the
QCM sensor in the same position as that used for the deposition on the sample. This density was
subsequently correlated with the density of bright features in the STM as a function of deposition
time. The results of this correlation are shown as blue squares in Figure 2b. The slope (blue dotted
line) of this correlation is very close to unity (0.95 £ 0.03), showing that each bright feature in the
STM corresponds to (MoOz); monomer.

A similar correlation is obtained from the take-off angle-dependent XPS analysis (see Section
S2, Supporting Information) that is displayed as red squares in Figure 2b. The slope is also very
close to unity (1.04 + 0.03) confirming our assignment. Overall, the combined STM, XPS, and
QCM analysis reveals that the gas phase (MoOs)n clusters readily decompose at 295 K into

monomeric (MoOs): units.
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Figure 2. (a) Fractional population of the groupings of bright features with a different number of
neighbors observed in STM following the deposition of 0.03 ML (MoO3): equivalents on anatase
TiO2(101) at 295 K. (b) Correlation of the (M0Os3): areal density deposited per unit area from
QCM (blue) and XPS (red) measurements with the density of bright features per unit area in the
STM images. The dotted lines are the linear least-square fits to the data and yield the number of
MoO3 units in each bright feature.

Density functional theory (DFT) calculations are further employed to assess the thermodynamic
driving force for the dissociation of adsorbed (MoOz)n clusters. The most abundant cyclic (MoO3)s
is chosen as a model for the calculations. We have carried out an extensive search for the most
stable binding configuration of (MoO3)3 (Section S3, Supplementary Information) using a smaller
(4x6) surface cell—corresponding to a (MoOs)s coverage of 0.042 ML or ~0.10 (MoOs)s/nm?,

Following the initial screening, we have carried out additional calculations on a larger (6x8)



surface cell (~0.021 ML or ~0.05 (MoOs3)s/nm?) for the energetically most favorable configurations
that are shown in Figure 3. The most stable adsorption configuration for (MoOz3)s (Figure 3a) is
found to bind with an adsorption energy of -529 kJ/mol/(MoQg3)3 or -176 kJ/mol/(MoQOs); in the
larger surface cell (revealing notable repulsive interactions in the smaller surface cell, see Figure
S3). In the most stable (M0O3)3 configuration, one terminal Mo=0 group on each Mo(V1) is bound
to three different Tisc sites, leaving the second Mo=0 group on each Mo(VI) pointing into the
vacuum and the remainder O bridging Mo atoms. It is interesting to note that binding energy of
the second most favorable configuration is only 3% less stable (5 kJ/mol/(Mo0Q3): difference, see
Figure S3e and f, Supplementary Information) where the cluster is rotated on the surface ~180°
relative to the most stable configuration. This underscores the fact that the potential energy surface
may contain many similar minima.

The two most stable structures for an isolated (M0oO3): monomer are shown in Figure 3b-c. In
both structures, two (MoO3)1 oxygens are bound to two Tisc sites in the same row, while the
Mo(V1) is bound to one Oz oxygen of TiOz in the (M0oOz)1 monomer shown in Figure 3b and to
two Oc oxygens of TiO in the (MoOs)1 monomer shown in Figure 3c. In both structures, one
Mo=0 functional group remains free and pointing away from the surface, making the most stable
(M0Os3)1 monomers mono-oxo species. Their calculated adsorption energies of -227
kJ/mol/(Mo0O3): and -223 kJ/mol/(MoQOz). are significantly stronger than that of (MoO3)a.
Combined with an obvious entropic driving force (1 (MoOz)s converting to 3 (MoQOs)1), we
conclude that the dissociation process is heavily exergonic regardless of which monomer is
created. It is worth noting that the most stable (M0O3); structure we have identified here is the
same as that found by Paul and co-workers using a purely GGA functional (i.e., without dispersion

or correlation corrections).***4 Additionally, despite the different surface, the MoOgz structure on



rutile TiO2(110) found by Metiu and co-workers® is also nearly identical, displaying the same
coordination environment as the monomer shown in Figure 3c (two Mo-O2c and two O-Tisc bonds,
a single Mo=0). While the (MoO3)1 monomer shown in Figure 3b has slightly stronger adsorption
energy (by ~5 kJ/mol/(Mo0Q3);) than the (MoOs)1 monomer shown in Figure 3c, the two are well
within typically cited DFT errors and thus should be regarded as essentially isoenergetic. Other
(Mo0s): adsorption configurations that we explored (from an extensive search on the (6x8) surface
cell) are significantly less stable di-oxo species and are shown in Section S4 of the Supplementary
Information.

To further facilitate the comparison of the theory with the experiment, we have simulated empty-
state STM images that correspond to the structures of adsorbed (MoOs3)sz and the two contending
(Mo0:s): that are shown in Figure 3. While the simulated (MoO3)z image is somewhat larger than
that of the two (MoOs)1 monomers, their spatial appearance is rather similar, with one brighter
maximum along [101] direction and two fainter maxima along the [010] direction. From the spatial
extent of the images, one can conclude that both Mo(V1) and terminal O of the Mo=0 functional
groups are being imaged. Overall, even though a simple visual comparison (Figure 1d, inset) does
not yield a definitive assignment, a comparison of the measured and simulated dimensions of each
bright species strongly suggests that the bright spots are not the trimer structure shown in Figure
3a. As mentioned previously, the apparent width of the bright features in the high-resolution STM
images is ~5.8 A, while the width of the simulated trimer STM images shown in Figure 3a-iii
(along the [101] direction) is ~8.9 A. The two simulated monomer STM images appear to have
the same dimension of ~5.9 A as shown in Figure 3b-iii and Figure 3c-iii. Unfortunately, a
conclusive assignment of the monomer to the bright features seen in the high-resolution STM

images (Figure 1) is not possible based on the available experimental and computational evidence.



Nonetheless, we have chosen to perform further calculations using the (MoO3z)1 monomer shown
in Figure 3c (despite its negligibly weaker adsorption energy) because it appears to display the
same orientation to the TiO> surface as that seen in the high-resolution STM images (Figure 1d,
inset), with the brightest maxima pointing in the positive [101] direction instead of in the negative

[101] direction (as defined in Figure 1 and Figure 3).
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Figure 3. Most stable adsorption configurations for (a) cyclic (MoOs)3 trimer and (b) (MoOs)1
monomer on TiO2(101) as determined by DFT. Side (i) and top (ii) views of the ball and stick
models. Corresponding adsorption energies (in kJ/mol/(Mo0Qz3)1) are shown in (ii). The simulated
STM (Vs = +3.0 V) images for each structure are shown in (iii). Anatase TiO2(101) atoms: Light
gray represents Tisc, dark gray Tisc, red Osc, and purple O2.. MoO3s atoms: turquoise are Mo and
magenta O.




With the strong evidence for (Mo00Oz)s dissociation and higher stability of (MoOz)1 species
provided above, a natural question is how such a multistep process proceeds and what the rate-
limiting steps are. To accomplish this, we first follow the areal distribution of the resulting three
(M003)1 monomers (“trios”). Experimentally we find that the neighboring monomers are always
distributed on at least two Tisc rows. The four observed configurations are summarized in the high-
magnification STM image and the corresponding structural models from DFT in Figure 4a. Two
configurations span three neighboring rows and we term them linear cross-row trios (aligned)
(LCT) and bent triangular trios (BTT) with directions between the neighboring monomers along
[111] or [111] directions. The other two configurations span only two neighboring rows with two
of the monomers along [010] direction and the third in the adjacent row. We term them acute
triangular trios (ATT) and obtuse triangular trios (OTT). The energies of all four configurations
(see Figure 4a) are within 5 kJ/mol/(M00O3)1 (197-192 kJ/mol/(M00s)1). The statistical evaluation
of the STM images (Figure 4b) shows that the observed populations are also identical within the
error of the analysis. We have simulated the STM image for the ATT configuration and the result
can be found in Section S5 of the Supporting Information.

Interestingly the fifth possible configuration, with all monomers on the same Tisc row, a linear
along-row trio (LAT, Figure 4a), is never observed in the STM. The DFT calculations show that
the adsorption energy of this configuration is somewhat lower (186 kJ/(M00Oz3)1) than the other
ones such that a Boltzmann weighted population would be about ~3% at 295 K making it unlikely
to be observed (this value accounts for the degenerate configurations of the other trios). In addition,
the LAT configuration places the monomers at the ends of the trio closer to each other’s images
due to the limited size of the DFT slab than do the other configurations. Thus, it is very likely that

the LAT configuration experiences greater electrostatic repulsions that would reduce its binding



strength. We speculate, therefore, that the true isolated LAT binding energy is in fact comparable
to the other configurations, making it thermodynamically just as favorable. We thus conclude that
the first step of the (M0oOz)s unfolding and dissociation has to occur across the two neighboring

Tisc rows which would explain the absence of the LAT configuration.
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Figure 4. (a) High-magnification STM image illustrating the four experimentally observed
configurations of three neighboring (MoOs)1 monomers (trios) resulting from the (MoOs)s
dissociation on anatase TiO2(101). The corresponding ball and stick models show the
corresponding structures and their adsorption energies as determined by DFT. The acronyms for
the configurations refer to linear cross-row trio (LCT), bent triangular trio (BTT), acute triangular
trio (ATT), and obtuse triangular trio (OTT). The fifth, configuration labeled linear along-row trio
(LAT) is not observed experimentally. (b) The population of LCT, BTT, ATT, OTT, and LAT
configurations determined from STM images after the deposition of molybdenum trioxide at 295
K. The distributions were evaluated in five 100 x 100 nm? STM images from the same experiment.

As seen in Figure 5, this conclusion is supported by DFT calculations showing dissociation
of the cyclic (MoO3)s proceeds via a multistep pathway in which the (MoO3)s ring indeed opens

and unfolds, as its first step, across (or nearly across) the two Tisc rows that the trimer initially sits



between (see the rows of dark grey Tisc spheres running along the [010] direction in Figure 5a).
This pathway was revealed by continuing to run AIMD in the NVT ensemble for an addition 1.5
ps past the initial ~10 ps to ensure that the lowest energy conformation of (MoO3)3 was found. At
an increased temperature of 2000 K to accelerate the decomposition process, 1.5 ps was all that
was needed to accomplish complete decomposition. This strategy allowed us to identify which
bonds are most likely to break as (MoOz3)s spontaneously dissociates along the MD trajectory and
to then replicate the trajectory as a CINEB. We also note that in this process there is an active
involvement of the surface which deforms along with the cluster to facilitate bond breaking: a fact
which would make a simulation via NEB, without the input from the short AIMD trajectory,
unlikely to yield low decomposition barriers. This method proved to be essential to acquiring the
results presented in Figure 5. While extensive attempts were made to find other possible pathways,
none could be identified beyond those revealed during AIMD—all alternatives explored exhibit
prohibitively high reaction barriers (> 100 kJ/mol). However, we note that the phase space of this
system is large, and it is likely that other pathways for (MoO3)s decomposition are possible.

The (M0Os3)s decomposition pathways in Figure 5 exhibits nine total stationary states according
to the CINEB method employed. The constituent (MoOz)1 units of the (MoOs)z trimer are labeled
as constituent monomers (CM) “1”, “2”, and “3” in Figure 5a to aid the discussion. Each step
within the pathway appears to be driven by the creation of new Tisc-O bonds. As mentioned above,
the first step, (a) — (b), involves ring opening of cyclic (MoO3)sz to form an open (MoQO3)3 trimer
where the free Mo=0 oxygen of CM #1 is able to coordinate to an additional Tisc. As seen in steps
(b) — (c), CM #1 then encroaches into the space of monomer #2 in order to form a Ti-Oz bond and
fully break from the open trimer (see the (M00O3)2 + (M00Os3): configuration in Figure 5¢). From

there, in steps (c) — (e), the (M0Os3), dimer reorients and re-bonds with CM#1 in order to form a



new and very stable open (MoOz3)s trimer (calculated adsorption energy of -200 kJ/mol/(MoO3)1).
However, based on visual inspections of the AIMD trajectory that the decomposition pathway is
derived from, steps (c) — (e) should be regarded as largely approximate as its structures do not
replicate those seen along the AIMD trajectory as well as the other steps shown here do. This is
due to the tendency of the 0 K CINEB method to smooth out motion perpendicular to the reaction
coordinate, which here effectively decouples the decomposition steps from the dynamic modes of
the substrate induced at finite temperatures. Once the structure seen in Figure 5f is formed, the
pathways more faithfully follows the AIMD trajectory. In these steps, (f) — (i), the newly formed
open (MoOs)s trimer (structure (e)) rapidly decomposes into three monomeric (MoOs3)1 units.
According to the results shown in the graph of the reaction pathways in Figure 5, structure (e) is
calculated to be essentially isoenergetic with the final decomposed state (structure (i) in Figure 5),
exhibiting an effective decomposition barrier of ~92 kJ/mol/(MoOs3)s. Such a barrier should be
surmountable at modest temperatures (= 297 K). The estimated temperature is based on simple
first order kinetics calculations to achieve experimentally observable decomposition/reassociation
rates (~1073 turnovers/s) with a standard prefactor of 10 s™.

By itself, the above analysis would indicate that the population of fully decomposed (MoO3)1
monomers should be roughly equal to the population of open (MoO3)s trimers in the form of
structure (e) with perhaps a minor contribution coming from structure (d). This could indicate that
other decomposition pathways are more favorable to decomposition than the one found here.
However, the most likely reason for the seeming discrepancy is the absence of thermal effects and
collective dynamics from the pathways shown in Figure 5 since the cyclic (MoOs)s trimer was
shown to rapidly decompose to structure (g) within our (accelerated) AIMD simulations in a

remarkably short amount of simulated time (10 ps to get to structure (c) at 1000 K; only ~1.5 ps



to proceed to structure (g) at 2000 K). Therefore, we posit that this is indeed a reasonable
decomposition pathway for cycle (MoOs)s, overall consistent with the experimental evidence
when paired with the corresponding AIMD simulations. The AIMD trajectories can be found in

Section S6 of the Supplementary Information.
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Figure 5. (MoOs)3 decomposition pathways as determined by AIMD and the CINEB method.
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4,

The electronic properties of adsorbed molybdenum trioxide. As already discussed, we find
that all Mo atoms are in the (6+) oxidation state. To complete the analysis of the electronic structure

of molybdenum trioxide on TiO2(101), we calculated the projected densities of states (pDOS) as



shown in Figure 6 for the following scenarios: (a) gas phase (MoQOs3)sz and bare TiO2(101) in their
equilibrium geometries; (b) spatially separated (MoOs); and bare TiO2(101) in distorted
geometries that correspond to their conformations when adsorbed; (c) cyclic (MoO3)3 trimer
adsorbed on TiO2(101) as schematically shown in Figure 3a; and (d) three (MoO3)1 monomers that
result from the dissociation of (MoO3)s (Figure 4a, ATT configuration). The presented pDOS are
decomposed into local DOS contributions from the oxygen and titanium of TiO2(101) (red and
gray lines, respectively) and local DOS contributions from the oxygen and molybdenum of the
molybdenum trioxide (magenta and cyan lines, respectively). The pDOS are shifted so that the
Fermi level of the undecorated anatase TiO2(101) surface is at 0 eV (shown as a vertical dotted
black line) while maintaining the same vacuum energy for all systems (+5.7 eV here). We also
indicate the energy of the top of the valence band and bottom of the conduction band of the
undecorated TiO2(101) using vertical green and blue dotted lines, respectively.

From the inspection of Figure 6a and b, we conclude that the electronic states of TiO2(101) are
altered only slightly (mostly due to rehybridization of occupied Ti orbitals) as a result of surface
distortion needed to accommodate the cyclic (MoOz)s trimer. No shift of the valence or conduction
bands is observed. In contrast, geometric distortion of (MoOz3); leads to the upward shift of its
highest occupied molecular orbital (HOMO) to more closely align with TiO2(101) pDOS.
Comparison of Figure 6b and ¢ shows that the surface does not experience any further electronic
alteration due to adsorption of (MoOs)z apart from a slight downward shift (~0.15 eV) of the
valence and conduction bands. However, significant changes in the (MoQ3z); pDOS are seen upon
adsorption, most notably the creation of three gap states within the bandgap of TiO2(101).
Inspection of the orbitals in the relevant part of its wavefunction reveals that Mo 4d and O 2p

empty states are most responsible for the topography of the simulated STM images shown in



Figure 3. We thus conclude that these gap states are centered on those orbitals. In fact, based on
the area under Mo and O pDOS curve of each MoOs in Figure 6¢ (cyan and magenta lines,
respectively), we can conclude that the imaged orbitals are ~75% Mo 4d empty states and ~25%
O 2p empty states. Inclusion of the single gap state that slightly overlaps the bottom of the TiO-
conduction band results in a breakdown of 66% from Mo 4d, 21% from (M0O3)3 O 2p, 7% from
Ti 3d, and 6% from TiO2> O 2p empty orbitals. Thus, the trimer gap states are dominated by Mo
4d states. Figure 6¢ and d show how the pDOS change upon the dissociation of cyclic (MoO3)3
trimer into three (MoO3)1 monomers (ATT used as an example). The TiO2(101) surface remains
electronically unchanged, but significant rehybridization of the orbitals in MoO3 is seen. Most
notably, the three previous gap states coalesce into a single gap state containing 250% more states

than before, with ~33% coming from Mo 4d and ~67% coming from O 2p empty states.
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Figure 6. pDOS for different configurations of molybdenum trioxide on anatase TiO2(101). (a)
Spatially separated (MoOz)s and bare TiO2(101) in their equilibrium geometries. (b) Spatially
separated (MoOz); and bare TiO2(101) in distorted geometries that are adopted after the
adsorption. (c) (MoOz)3 adsorbed on TiO2(101) (see Figure 3a). No further geometric relaxation
occurs from pDOS (b) to (c). (d) Three (M0oOs)1 monomers formed as a result of (MoO3)s
dissociation on TiO2(101) (see Figure 4a, structure ATT). Schematics on the right illustrate the
configurations for calculated pDOS.

The formation of ordered (MoOs3):1 overlayer. We follow the progress of (MoOz3)s adsorption
and dissociation on the surface at higher coverages, STM images after the deposition of 0.10 and
0.17 ML of (Mo0s3): equivalents are shown in Figure 7. As the coverage is increased to 0.10 ML

(Figure 7a and b), the (MoO3)1 monomers start to agglomerate into larger islands (several



highlighted by cyan ellipses, Figure 7b). These islands are frequently narrow, elongated along the
[111] or [111] direction, and composed of a single chain of (MoOs):1 (few highlighted by blue
arrows, Figure 7a), but a few (MoOs): trios (one ATT highlighted by a dotted magenta circle, Figure
7b) can still be recognized. The significant amount of clustering at this relatively low coverage is
surprising and suggests that the gas phase molybdenum trioxide oligomers such as (MoOs3)z and
or the resulting (MoOs): are mobile. The time-lapse sequences of STM images (not shown)
demonstrate that the chemisorbed (MoOz3): do not diffuse, and the shape of the islands does not
change with time. This suggests that clustering likely occurs transiently when the gas phase
(MoO3)n clusters land on TiO2(101). Similar clustering has been observed on TiO2(101) previously
for water and methanol at 80 K.%*>2 There, we concluded that the molecules have to be mobile in
some sort of precursor state before they chemisorb and become immobile at such low temperatures.
The mobility of the intact (MoOz)n clusters upon landing is further supported by our statistical
analysis displayed in Figure 7c. The quantitative comparison between the distribution of the cluster
sizes at 0.03 ML (Figure 2a) and 0.10 ML (Figure 7c) shows that the percentage of (M0Q3); trios
decreased dramatically while the percentage of the 2D MoOs islands made of multiples of three
units (i.e. with six, nine, twelve, etc.) increased noticeably and dominate the distribution. We take
this as an evidence of cyclic (MoOs3)3 diffusion prior their dissociation into immobile (M0O3):
monomers. Further coverage increase to 0.17 ML (Figure 7d-e), demonstrates continued clustering
and the formation of islands, always maintaining an elongated shape (a few of them are indicated

by yellow arrows, Figure 7€) but no apparent long-range ordering is observed.
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Figure 7. (a, d) Large-scale STM images (100 x 100 nm?, Vs = 1.9V, I; = 40 pA) of (a) 0.10 ML
and (d) 0.17 ML of (M0O3): deposited on TiO2(101) at 295 K. Blue arrows in (a) point to the
individual MoOs chains. (b, ) Zoom in STM images (50 x 50 nm?, Vs= 1.5V, I = 50 pA) of (b)
0.10 ML and (e) 0.17 ML of (M0Os):. Magenta circle and cyan ellipses in (b) illustrate one of the
isolated (MoOz3): trios and several (MoOs): island, respectively. Yellow arrows in (e) mark the
frequently observed elongated (MoOs): islands. (c) Experimental distribution of the clustered
(Mo0Os)1 monomers on anatase TiO2(101) determined from the STM images after the deposition
of 0.10 ML of (Mo0O3):1 equivalents at 295 K.

The experimentally inferred immobility of (MoO3):1 monomers can be further probed via DFT.
As shown in Figure 8a, the reaction pathways for “along-row” (i.e., along the [010] direction) and
“cross-row” (i.e. along the [111] or [111] directions) diffusion are calculated to have the overall
barriers of 83 and 188 kJ/mol/(M00O3)1, with the mechanism illustrated by the schematics in Figure

8b and c, respectively. While the cross-row barrier of 188 kJ/mol/(Mo00Q3); is extremely high and



not surmountable till very high temperature (= 614 K), the along-row barrier should be accessible
already upon a modest temperature increase (= 273 K). The estimated temperatures are based on
simple first order kinetics calculations to achieve experimentally observable diffusion rates (~107
hops/s) with a standard prefactor of 1013 s, Each diffusion path proceeds through two transitions
states and contains a stable intermediate in the form of one of the two di-oxo (Mo0Os3):
configurations shown in Figure S4a (for along-row) and Figure S4b (for cross-row) in the

Supporting Information.
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Figure 8. (a) Reaction pathways for along-row (blue) and cross-row (red) diffusion as determined
from DFT/CINEB. The numerical values represent energy levels of each transition state and stable
intermediate relative to the mono-oxo (MoO3): configuration. Schematics in (b) and (c) show top
views of the structures determined for (b) along-row and (c) cross-row (red) diffusion pathways.
The initial configuration for (MoQO3); is identical with that shown in Figure 3c. Transitions states
are labeled as TS and dashed arrows have been placed along each reaction path to guide the eye.

Further molybdenum trioxide dose to the coverage that approaches fully saturated first layer (0.5
ML) is shown in the STM images in Figure 9a and b. The (M0O3)1 monomers are found to evenly
cover the entire surface indicating that the deposited (M0Oz3), clusters have to be mobile on the
top of already deposited clusters that dissociated and bind as (M0O3):. Such mobility allows for
the completion of the first layer before the nucleation of the second layer is initiated. The high-
magnification STM image (Figure 9b) further shows that locally the (M0Os)1 monomers are

arranged with a (2x1) periodicity (blue parallelogram) forming nm-sized ordered domains. The



red and cyan lines indicate the positions of the representative line profiles that are displayed in
Figure 9c. The line profiles demonstrate the average (M0O3)1— (M00O3); spacings of ~7.6 and ~5.5
A along the [010] and [111] directions, respectively. This is in a good agreement with the
periodicity expected for a (2x1) superstructure that is schematically displayed in Figure 9d. The
simulated STM image for this configuration can be found in Section S5 of the Supporting
Information. The adsorption energy of the 0.5 ML configuration in Figure 9d is calculated to be -
180 kJ/mol/(MoQs)1. A comparison of the adsorption energy of -180 kJ/mol/(MoQs): for the
saturated surface (Figure 9d), with 197-192 kJ/mol for (MoOs3); trios (Figure 4a), and with -223
kJ/mol/(MoO3); for isolated (M0Oz): (Figure 3c) clearly shows that the repulsive interactions are
significant and lead to ~20% reduction of the adsorption energy. Despite that, the interactions
remain significantly stronger than the interactions between the molybdenum trioxide layers.
Therefore, in the presence of low diffusion barrier of (M0Os3)s on the top of (M0Os3): in the first

layer, the formation of a full first layer is not that surprising.
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Figure 9. (a-b) STM images of TiO»(101) after the deposition of saturation amount (~0.5 ML) of
molybdenum trioxide at 295 K. Image conditions: (a) 50 x 50 nm?, Vs = 1.4 V, 1;=50 pA, (b) 12.5



x 12.5nm?, Vs = +1.1V, Iy = 60 pA. The (2x1) unit cell of locally ordered structure is illustrated
with blue parallelogram. (c) Line profiles taken along the directions indicated in (b). (d) Structural
model of the (2x1) overlayer (blue parallelogram) of (MoOs)1 monomers on TiO2(101), with
calculated adsorption energy of -180 kJ/mol/(M00Oz3)1. Coloring scheme in panel (d) is identical to
that used in Figure 3.

Thermal stability of the (MoOs3)1 overlayers. In this section we follow the (MoOs)1 monomers
on TiO2(101) as a function of annealing temperature to determine their stability towards reduction
and diffusion into the TiO2 bulk. Selected STM images for 0.04 ML of (MoOs): equivalents
deposited at 295 K and subsequently annealed at 450, 550, and 650 K are shown in Figure 10. The
as-prepared sample (Figure 10a) shows the typical distribution of (MoO3)1 monomers as discussed
in the previous sections.

The images obtained after annealing to 450 K (Figure 10b) show only subtle changes in the
morphology and the distribution of (M0Os):. The statistical analysis shows that the distribution
after annealing to 450 K is similar to that before annealing (Figure 2a). This provides further
evidence that once the gas phase (MoOs)n clusters dissociate and form (MoOs): monomers they
become immobilized. It also suggests that the effective (M0Oz); diffusion barrier is higher than the
calculated value of 83 kJ/mol (Figure 8) since this would suggest observable diffusion above ~
273 K.

Further annealing at 550 K induces pronounced changes in the surface morphology, as shown in
Figure 10c. A broader distribution of non-uniform bright features with different sizes and heights
can be observed but some similarities with the distribution at 295 K (Figure 10a) is retained.
Additionally, the density of bright spots decreased slightly, by ~18%. These changes suggest
structural changes of the (MoOz): and some level of coalescence. The trend continues after

annealing at 650 K (Figure 10d) where even bigger bright features (black dotted circle) appear. At



higher (M0O3): coverages, analogous annealing-dependent behavior is observed (see Section S7,

Supplementary Information).
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Figure 10. (a—d) STM images (45 nm x 45 nm, Vs = 1.5 V, It = 50 pA) of 0.04 ML (Mo00O3)3
deposited on TiO2(101) at 295 K (a) and subsequently annealed in UHV at (b) 450 K, (c) 550 K,
and (d) 650 K. (e) The relative distributions of Mo oxidation states for (MoO3)1/TiO2(101)
determined from XPS Mo 3d spectra (see Section S8, Supporting Information).

Complementary information about the chemical state of the molybdenum trioxide on the

TiO2(101) was obtained from the XPS measurements as a function of the coverage and annealing



temperature (Figure 10b). A set of annealing temperature-dependent Mo 3d core-level spectra
acquired for ~ 0.09 ML of (MoOz3): equivalents with the details of the analysis are described in
Section S8 of the Supporting Information section. As already discussed with Figure 2, the spectrum
for as-prepared (MoOz)1 monomers, can be fit by a single spin-orbit doublet that corresponds to
Mo in (6+) oxidation state (Mo 3ds/, at 232.3 eV).2 > This is true for all measured coverages shown
in Figure 10b and no changes are observed upon annealing to 450 K. After annealing to 550 K, the
Mo 3d spectra reveal an onset of reduction with 9% and 6% contributions from (5+) and (4+)
oxidation states at all coverages (observed at 231.0 and 229.6 eV), respectively.>*>* Further
reduction is observed after annealing at 650 K and the extent being slightly higher at low
coverages. Interestingly, despite the observed reduction, the annealing did not lead to a decrease
in the overall Mo coverage on the surface. The changes observed in the XPS correlate well with
the annealing-dependent STM images discussed above (Figure 10a-d and Figure S7), where Mo
shows a tendency toward reduction to the lower oxidation states as the temperature is increased
above 450 K.

The structural stability is also reflected in the energetics for the removal of an oxygen atom from
(Mo0s)1, which was determined by DFT. Starting from (MoOs)1, the activation barrier for the
formation of (M00O.); and a co-adsorbed O atom (bound to Tisc) was calculated to be ~144 kJ/mol
with an endothermicity of 83 kJ/mol. Interestingly, this result suggests that the reduction of titania-
supported (MoOz): is kinetically and energetically hindered while it is likely favored entropically

(2 mol going to 2 mol).

In summary, we have synthesized highly-ordered overlayers of (M0oO3)1 monomers on anatase

Ti02(101) at 295 K by depositing the (MoOzs), oligomers from the gas phase. We have shown



previously that such oligomers where (M00O3)z is the dominant species can be prepared via a simple
thermal sublimation of MoOs powders. Here, a combination of high-resolution imaging via STM,
spectroscopic analysis by XPS, and deposited mass measurements using QCM with theoretical
studies via AIMD and DFT is employed to follow the deposition and dissociation as a function of
coverage and temperature.

At low coverages, we find groupings of the (MoOz): monomers on the surface that reflect the
distribution of deposited (MoOz)n oligomers. Repeated imaging demonstrates that the (MoOz)1
monomers are immobile at 295 K. For groupings of three (MoO3): that originate from dominant
(M00s3)3 oligomer, detailed STM analysis shows four distinct equally populated configurations
that span at least two Tisc rows. Notably, the configuration of three (MoOz3)1 on the same row is
missing, indicating that the initial ring opening step occurs across two Ti rows. This is confirmed
by AIMD simulations and DFT calculations, which further reveal that the (MoO3)1 monomers are
thermodynamically preferred over the cyclic (MoOs3)s oligomer. In the most stable configuration,
each (MoOz3)1 monomer is bound with two O atoms to neighboring Tis sites and with Mo to two
O sites, leaving one Mo=0 pointing into the vacuum.

At intermediate coverages, the size of the groupings increasing, and cross-row elongated islands
are seen. This is taken as an evidence of the transient mobility of the (MoO3), oligomers before
their dissociation.

Finally, a saturation surface layer of (M0oO3): monomers with local (2x1) order can be formed
indicating facile diffusion also on top of already (MoOz3): covered areas. Energetically, the
adsorption energy of the monomers decreases with increasing coverage from— 223 kJ/mol to 180

kJ/mol due to electrostatic interactions.



Annealing depend studies reveal that at all coverages, the overlayers are stable to 450 K, with
all Mo in (6+) oxidation state. Starting from 550 K, a fraction of the (MoQOz3)1 becomes reduced to
(5+) and (4+) oxidation state ant the reduction continues as the temperature is increased further.
Commensurate with the reduction, STM images reveal progressively higher levels of disordering
in the (MoOs): overlayers.

Overall, we have revealed the intricate mechanism of the interaction of the oligomeric (MoO3)n
clusters with TiO2(101) and dissociation into monomeric (MoO3); units that can completely fill
the surface. We find that large surface deformations are required to lower the energy of transition
states during the decomposition indicating the importance of collective surface dynamics in the
cluster decomposition kinetics. This is most apparent in the first Mo-O bond breaking event which
forces the formation of Mo-O-Ti bonds to have a cross row geometry and limit the ability of the
material to form LAT configurations upon further decomposition. The transient mobility of the
oligomers on the surface is found to be responsible for the formation of the complete, locally
ordered layer. These observations point to the critical role of surface templating in the formation
and growth of these materials and can serve as guide to synthesize of other hierarchical oxide

materials.

Experimental Details. The experiments were performed in a commercial UHV system
(Omicron), which is equipped with variable-temperature scanning tunneling microscopy (VT-
STM), a dual x-ray source for Mg Ko and Al Ko radiation and a hemispherical electron analyzer
(Omicron, EA125). The system comprises two separate chambers pumped by a combination of
three turbomolecular pumps, one titanium sublimation pump, and one ion pump, resulting in a

base pressure of <7 x 10" Torr. The anatase TiO2(101) sample employed in this study is a natural



mineral crystal (5 x 3 x 1 mm?®), oriented and polished. The sample was mounted on a standard
Omicron tantalum sample plate via thin tantalum foil clips and heated using a pyrolytic boron
nitride (PBN) heater on the manipulator. The sample temperature was measured using a Type K
thermocouple attached to the manipulator heating stage. The absolute temperature of the sample
was checked with an infrared pyrometer (Heitronics, model KT19.81 Il, 8-10 um) and was found
to be identical within £15 K to that measured by the thermocouple at all temperatures. Well-
ordered TiO2(101) (judged by STM and XPS) was prepared by repeated cycles of Ne® ion
sputtering at 295 K, and UHV annealing at 930 K. All STM images were recorded at 295 K in
constant current mode (using electrochemically etched tungsten tips) at a positive sample bias in
the range 0.7 to 2.2 V and with feedback currents between 30 and 90 pA. In the XPS measurements,
Al Ka radiation has been used to excite Mo 3d, Ti 2p, and O Is. A Shirley background was
subtracted from all core level spectra. The Mo 3d core-level spectra have been decomposed into
several components, whose individual shape consists of a Donjach-Sunjié profile convoluted with

a Gaussian distribution.%®

The Mo oxide overlayer has been prepared by the deposition of (MoO3)s clusters in UHV onto the
clean TiO2(101) surface held at 295 K. The (MoOz3)s cluster beam has been generated by thermal
sublimation of MoO3 powder at 830 K in a thermal evaporator (CreaTec); the evaporation flux
(0.2-1.1 ngs™cm) was monitored with a water-cooled quartz crystal microbalance (Inficon). The
The surface overage molybdenum oxide is given in monolayers (ML), where 1 ML is defined

relative to the number of surface Tisc ions of 5.17 x 10 cm™,

Computational Details. We utilized the CP2K electronic structure package (version 6.1)°’ to
perform unrestricted Kohn-Sham calculations of (M0Oz3)s clusters on Anatase TiO2(101) surface.

The modified Perdew-Burke-Ernzerhof (PBE)%®*° exchange-correlation functional for solids



(PBEsol),% along with D3 type dispersion correction®® (with a cutoff of 15 A) was employed to
model the system. Geodecker-Tetter-Hutter (GTH)®? norm-conserving pseudopotentials were
applied for description of the core electrons and the nuclei. For all elements present, double-
Gaussian MOLOPT basis sets®® were used to describe the electrons, along with a plane wave cutoff
of 400 Ry, in a gaussian — plane wave hybrid basis set scheme. The GGA+U scheme with a
Hubbard parameter (U-J) of 8 eV for the Ti 3d states.®* This results in a bulk anatase TiO2 work
function of 5.1 eV, which agrees well with that obtained from photoemission electron microscopy
experiments reported by Xiong et al.%® While many studies that use other quantum chemical
packages typically employ a much lower Hubbard parameter, a larger value is required here due
to our use of Mullikan charges to assess the populations needed to implement the GGA+U scheme
within CP2K (differing from the method used in plane wave codes). Lastly, we also implemented
a correction along the z-axis to rectify the surface dipoles due to the asymmetry of the slab surface.
Brillion Zone integration is performed within the /”-Point approximation, which is adequate due
to the very large simulations cells used here. Further details concerning our computational methods
can be found in Section S9 of the Supporting Information. All structural info for the computational

models found in this work can be likewise be found in Section S10.
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