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Abstract

While the impact of the support on dispersed metal catalysts has been studied intensively, less is known
about the role of the metal on the active sites of the support. Here, we investigate such “inverse” effects
by assessing the interfacial acidity of Ptio/y-Al2O3(110) through first-principles calculations, using
pyridine adsorption on Al sites and H> dissociation over Al/O pairs as proxies for Lewis acidity. We found
that Pt-Al bonding generally weakens the monodentate pyridine adsorption mode at interfacial Al sites,
but interfacial metal-acid pairs enable a strongly adsorbing multidentate configuration with very different
vibrational signatures. Despite a seemingly weakened Lewis acidity, some interfacial Al/O pairs are highly
active for H> dissociation due to the divergent impact of the Ptjo cluster and surface reconstruction on the
multiple H> dissociation channels. The chemically diverse H» dissociation pathways and structural
perturbations of the support by the metal make traditional scaling relations inadequate. Instead, we
propose site-specific transition state scaling relations to describe interfacial H» dissociation barriers, and

ultimately, to understand the influence of dispersed metal clusters on their support.
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1. Introduction

Dispersed metal catalysts are among the most important materials for producing commodity
chemicals.! The importance of metal-support interactions on catalyst structure and reactivity has been
widely recognized,’ especially for multi-functional catalysts where the catalyst and its support are active.’
Charge transfer, adsorbate spillover, surface reconstruction, and oxide encapsulation are manifestations of
metal-support interactions.*” Metal-support interfacial sites are often implicated in catalytic reactions,
such as CO oxidation, water gas shift, biomass hydrodeoxygenation (HDO), and CO» hydrogenation to
methanol.>1? Advancements in catalyst synthesis and characterization have provided valuable atomic-
scale insights into the working mechanisms of these catalysts. !>

v-Al,O3-supported Pt clusters and nanoparticles are popular supported metal catalysts active for a
diverse range of reactions.!*!¢ The sub-coordinated surface Al sites on y-Al2Os can disperse Pt clusters
and facilitate acid-base reactions.!”? In this vein, the non-oxidative dehydrogenation of alkanes over Pt/y-
AL Os reveals several facets of its catalytic nature. Although Pt is the more active phase for this reaction,
the y-Al,O3 support has also been shown to exhibit some reactivity, as the high temperature (T > 550 °C)
and water-free reaction environment exposes many coordinatively unsaturated surface Al and O sites
(“defect” sites) which facilitate the reaction.?! The reaction over these non-reducible sites occurs through
a Lewis acid-base mechanism, which has been proposed to initiate by either the heterolytic cleavage of a
single C-H bond over an unsaturated Al/O pair or by the simultaneous breaking of two C-H bonds over
the pair.’??> On the other hand, the reaction over Pt clusters initiates through an oxidative addition step,
where the C-H bond is broken atop a single Pt atom.!> These diverse interactions between an alkane and
Pt/y-Al2O3; demonstrate the complex catalytic properties of even a simple supported metal catalyst.

Beyond considering each active site type in isolation, the interface between a metal species and an
alumina surface has also been shown to be active. For instance, the Au/Al,Os interface has been reported
to be active for the water gas shift reaction and the Ni/y-Al>O3 interface for the dissociation of COz in the
dry reforming of methane.'®?* In previous work, we demonstrated that interactions between Pty clusters
and dehydroxylated y-Al2O3(110) facilitate hydrogen spillover from Pt to the alumina sites and
dynamically restructure the support. We hypothesize that the Lewis acidity of the reconstructed Pt/y-
Al,03(110) interface differs from that of the virgin y-A1,03(110) surface.?*

Here, we investigate the role of Ptio clusters and surface reconstruction on the interfacial acidity
of Ptio/y-Al203(110) using pyridine adsorption on Al sites and H» dissociation over Al/O pairs as probes.
Ptio clusters and their induced surface reconstructions generally weaken pyridine adsorption in the

monodentate Al-N configuration, lowering the Lewis acidity of interfacial Al sites. Yet, metal-Lewis acid
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pairs often allow for stronger bound, multidentate Al-N/Pt-C adsorption configurations with very different
vibrational signatures of pyridine. Further, surface reconstruction renders some interfacial Al/O acid-base
pairs highly reactive for H» dissociation. To better understand these measures of Lewis acidity, we
constructed and analyzed correlations for the barrier of H> dissociation. Monodentate pyridine adsorption
only moderately correlates with the stability of the transition state (TS) of H> dissociation because a single
Al site can participate in multiple H> dissociation channels. Unlike conventional geometry-specific scaling
relations, we introduce site-specific TS scaling (TSS) relations and show that these are controlled by
underlying chemical similarity within distinct TS groups. We demonstrate TS similarity by geometry,
distortion/interaction, and electronic structure analyses. Ultimately, we reason that the influence of the
Ptio cluster on the acid-base reactivity of its support can be understood as perturbations to existing reaction

channels on the support.

2. Methods

2.1 Structural models
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Figure 1. The structure of two Ptio clusters of this work. (a) Geometry of a bilayer Ptio cluster (sites
tagged “-B”). (b) Geometry of a flattened bilayer Ptio cluster (sites tagged “-F”). The geometries present
two of many types of surface reconstructions at the dehydroxylated Ptio/y-Al>O3(110) interface, one where
Pti0-B inserts between Al and a subsurface O (panel a) and another where Ptio-F inserts between Alrva
and Oza (panel b). Al and O sites around the two clusters are enumerated by quadrant. The periodic image
of the 3" and 4" quadrants is below the 1% and 2" quadrants.



In this section, we introduce the supported Ptio/y-Al2O3(110) geometries considered in this work;
these geometries have been presented previously (Figure 1).”>* Motivated by the activity of Pt/y-Al,O3
for the non-oxidative dehydrogenation of alkanes, we have previously studied the geometry and stability
of Pt clusters of varying size, the dependence of reactivity on cluster size, the timescales of selected
elementary processes, and the electronic structure of the interface.” 1> 2% 2% We selected a dehydroxylated
8-layer (2x2) cell of y-Al>03(110), constructed from the non-spinel y-Al,O3 bulk cell, as the support for
bare Ptio clusters.?® The Ptjo cluster geometries considered here were previously optimized using a basin
hopping algorithm, where the potential energy surface of the Pt/y-Al2O3(110) system was represented by
a moment tensor potential fitted to density functional theory (DFT) calculations.” Our choice of the
alumina surface and Pt cluster structures was motivated by the low chemical potential of H.O and H»
under typical kinetics-controlled non-oxidative alkane dehydrogenation reaction environments (T > 550
°C and Pz ~ 107 bar or lower without co-fed H2O or oxidants).'>:?! These environments correspond to a
dehydroxylated y-A1O3(110) surface and bare Pt clusters.?’?’

The first Ptio cluster considered is a triangular bilayer one (hereafter denoted as Ptio-B), consisting
of 7 Pt atoms in the 1% layer and 3 in the 2"¢ layer (Figure 1a). Pt;o-B is inserted between Ali-4-B and a
subsurface O (surface Al and O sites are enumerated by quadrant); consequently, O2,-4-B is lifted atop
Alva-4-B, shifting the surrounding Alva-O bonds. Compared to Ptjo-B, the second Ptjo cluster is flatter
and pentagonal (Pt1o-F), with 9 Pt atoms in the 1% layer and 1 in the 2™ layer (Figure 1b). Unlike Pto-B,
Ptio-F is inserted between Alva-1R-F and O2,-1R-F. Alivp-1-F now bonds with the shifted O2,-1R-F,
breaking away from a subsurface O to its right. Beyond these explicit reconstructions, many Al-O bonds
surrounding the interface are strained due to bonding with Ptio and surface reconstruction. As surface and
interfacial strain are known to impact adsorption energies, calculations survey all Al sites surrounding the

two clusters.>% 3!

2.2 Density functional theory (DFT) calculations

DFT calculations were performed using the Vienna Ab-initio Simulation Package, version 5.4.1.3%
3% The exchange-correlation (XC) energy was calculated using the Perdew-Burke-Ernzerhof (PBE)
functional.®> The DFT-D3 method with the Becke-Johnson damping function was used to calculate the
van der Waals dispersion energy.>® 3" The core electrons were described using the projector augmented-
wave method, and one electron wavefunctions were expanded using a basis set of plane waves with kinetic
energy up to 400 eV.** 3% Spin polarization was used in all calculations. A dipole correction was applied

in the z direction for all calculations of surfaces; on the other hand, quadrupole corrections were used in



all calculations of gases.*’ In structural optimizations, the Brillouin zone was sampled at the I" point only.
On the other hand, in the electronic density of states (DOS) calculations, the Brillouin zone was sampled
using a (3x3x1) mesh.*! The projected DOS (PDOS) and crystal orbital Hamilton population (COHP)
calculations were performed using the LOBSTER code, version 4.1.0.*>*7 The electronic structure in each
self-consistent field (SCF) cycle was considered converged when the difference in total energy between
consecutive SCF steps fell below 10 eV. The top 3 and bottom 3 layers of the 8-layer slab were relaxed
during structural optimizations. The atomic positions were considered converged when the Hellmann-
Feynman forces on unconstrained atoms fell below 0.02 eV/A. Structural optimization of TS was
performed using the climbing image nudged elastic band (CI-NEB), dimer, and quasi-Newton
algorithms.**->° The vibrational frequency calculations were performed using the finite difference method

with a step size of 0.01 A. Each TS was verified to have only 1 imaginary frequency.

3. Results

3.1 Pyridine adsorption and H: dissociation at interfacial Al sites
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Figure 2. Adsorption of pyridine and its vibrational signatures. (a) Geometry of adsorbed pyridine at
the Alii-3-F site near the Ptio-F cluster in a monodentate and a multidentate geometry. (b) Adsorption
energy of pyridine (AEqqs pyr, units of eV) and shifts in the 8a and 19b vibrational modes (Avg, and
Avygp, units of cm™) upon adsorption atop Al sites near the Ptjo-F cluster. When adsorbed in the



monodentate binding mode, AE 4 5,y 18 weakened on Al sites bound to the Pt cluster. The pyridine 8a
vibrational mode appears more sensitive to the adsorption strength than the 19b vibrational mode.

We begin with the adsorption of pyridine at interfacial Al sites near Ptjo-F and its vibrational
signatures (Figure 2). We selected pyridine as the probe molecule because its well-resolved ring
vibrational modes allows the user to easily quantify the strength and abundance of acid sites through
infrared (IR) spectroscopy. We compare the adsorption energy of pyridine and shifts in its 8a and 19b
vibrational modes as a sign of the extrinsic Lewis acidity of Al sites. On the bare y-Al>O3(110) surface,
pyridine adsorbs in a monodentate geometry on sub-coordinated Al sites, forming an Al-N bond.>!
Pyridine adsorption at the Ali-3-F, Aliva-2L-F, and Alive-3-F sites is largely weakened, by up to 0.87 eV
at Alim-3-F (Table S1). At Al sites not bound to Pt, pyridine adsorption could also be weakened if the
adsorption site requires further reconstruction, particularly at the Aliva-4-B sites by 0.54 eV (Figure S1).
The adsorption on certain Al sites not bound to the Pt cluster is slightly strengthened, particularly Alm-4-
F by 0.16 eV. Sites close to the Pt cluster can also adsorb pyridine in a multidentate geometry with C
bound to Pt and N bound to Al (Figure 2a) and stabilize it sometimes by more than 1 eV compared to the
monodentate Al-N configuration at the same site on bare y-Al,03(110) (Table S1).

As the adsorption mode of pyridine controls its vibrational signatures, blueshifts in the 8a and 19b
vibrational modes of pyridine are often correlated to surface Lewis acidity.’> °* In the monodentate
adsorption mode, a blueshift for both vibrational modes occurs, where the 8a mode is more sensitive to
adsorption energy than the 19b mode, in agreement with reported studies (Table S1).°! For instance,
comparing pyridine adsorbed at the Al site of bare alumina to that at the Aliva site, the 8a mode differs
by 7.2 cm™ but the 19b mode differs by only 3.4 cm™. All modes experience a severe redshift in
multidentate adsorption due to bonding between the aromatic ring and Pt. Overall, our pyridine adsorption
survey indicates that Pt's presence generally lowers the acidity of interfacial Al sites. Although most Al
sites bound to Pt become less acidic, some remote Al sites not bound to Pt become slightly more acidic,
where the adsorption energy of pyridine decreases by ~0.1 eV. The 8a vibrational mode of pyridine is

more sensitive than the 19b mode to differences in Lewis acidity.
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Figure 3. Hz dissociation energetics over Alii/O pairs. Prototypical geometry of the transition state (TS)
of H> dissociation over the (a) Aln/Oza and (b) Ali/Osa site pairs on the bare y-Al2O3(110) surface and
stability of the TS (Ers) and final state (FS; Ers) relative to H> gas. (c) Energetics (units of eV) of the
heterolytic dissociation of H» over Ali/O pairs near the Ptio-B cluster. (d) Energetics (units of eV) over
Al/O pairs near the Ptio-F cluster. TS stabilized by more than 0.1 eV are labeled green, those destabilized
by 0.1 eV are labeled red, and those that did not change by more than 0.1 eV are labeled blue. The most
reactive Al/O pair on each surface is highlighted in yellow. Although many Al sites binding to Pt are less
active, some Aliii/Os, pairs are more reactive due to surface reconstruction.

As a second probe for surface acidity, we computed and compared the energetics of the heterolytic
dissociation of H; at interfacial Al and O sites (Figure 3). We selected H» dissociation as it is a simple
representative of a larger class of Lewis acid-base elementary reactions, and we compared the dissociation
barrier relative to H, gas as a sign of Lewis acid-base reactivity.!® 2% 3* In our survey, we found little
differences in the H» dissociation barriers over remote Alii/O2a pairs not bound to the Pt cluster, except
over Alm-2-F/O2.-2L-F, where the TS (Ers; stability of the TS relative to the bare surface and gaseous H»)
is 0.15 eV less stable compared to that over an Ali/Oz, pair on bare y-Al203(110). Adjacent Ali/O2a pairs
bound to Pt generally become less reactive with a few exceptions. For instance, H> dissociation over the

adjacent Ali-2-B/O2.-2R-B pair is more exothermic than H» dissociation over the bare y-Al2O3(110)
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surface, and Ers is slightly lower (Figure 3c). We observed similar trends in the reactivity of adjacent
Al/O pairs involving Alrva and Alivy (Table S2). One exception is Aliva-3L-F/O3,-3L, where Ers is 0.15
eV more stable compared to that over an Aliva/Osa pair on bare y-Al2O3(110). These results largely
resemble pyridine adsorption, where pyridine's adsorption strength in the monodentate configuration is
generally weakened at Pt-bound Al sites but scarcely affected at remote Al sites.

Different from the adjacent Al/O pairs, several non-adjacent Ali/Os. pairs become much more
reactive after surface reconstruction (Figure 3c¢,d). In an extreme case over Alni-1-F/O3.-3L-F, the H>
dissociation barrier only 0.07 eV relative to the weakly bound H» precursor, much lower compared to that
over an Alin/O3, pair on bare alumina (Table S2). Overall, Pt and surface reconstruction appear to have a
bilateral effect on the barrier of H> dissociation over interfacial Al/O pairs, and some non-adjacent Al/O

pairs become highly reactive.



3.2 Predictive correlations for the barrier of H2 dissociation
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Figure 4. Predictive correlations for the H: dissociation barrier. (a) Correlation between the adsorption
energy of pyridine in the monodentate configuration (AEqg4s5,-) and the stability of the TS of Ho

dissociation (Ers), constructed using all datapoints corresponding to both the bare y-Al,O3(110) and the
two Ptio/y-AlO3(110) surfaces. (b) A general final-state scaling (FSS) relation for H> dissociation,
computed using all datapoints. (c) Site-specific FSS relations for H» dissociation. Although a moderate
correlation exists between AE 45 5 and Erg, there is considerable scatter because a single Al site could

facilitate multiple reaction pathways. Site-specific TSS relations perform much better than general TSS
relations.

As both the adsorption of pyridine and the dissociation of H» are linked to the Lewis acidity of
interfacial Al sites, the barrier of H> dissociation may be correlated with a descriptor. We attempted three
such predictive correlations: 1) pyridine adsorption energy at the Al site in the monodentate configuration
(AEqgspyr) and Erg, 2) a final-state scaling (FSS) relation, and 3) a Brensted-Evans-Polanyi (BEP)
relation (Figure 4 and S2). All datapoints corresponding to both the bare y-Al203(110) and the two Ptio/y-
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Al,O3(110) surfaces are used to construct the correlations. We found AE 45 - to be a moderate predictor
of Ers, with a coefficient of determination (R?) of 0.75 and a mean absolute error (MAE) of 0.21 eV
(Figure 4a). The scatter arises from multiple possible reaction pathways involving a single Al site; for
instance, the Ers of H» dissociation channels over Ali-2-B and Ali-1-F can locally vary by more than
0.6 eV. There is poor single-value correspondence between the two sets of energetics.

At first glance, the general FSS and BEP relations appear to be much worse predictors of the
dissociation barrier of H> than AE 4 1,y (Figure 4b and S2a). For the general FSS and BEP relations, R?
was 0.62 and 0.55, and MAE was 0.25 and 0.24 eV, respectively. We note the resemblance between the
distributions of FSS and BEP datapoints as the initial state of the reaction is a weakly-bound H>, whose
adsorption energy varies by less than 0.3 eV across Al sites (Table S2). Taking a closer look at the
distributions, we find a clear stratification: the H> reactivity of each Al/O pair scales better with Ers when
grouped than a general relation comprising all data, with MAEs reduced to 0.15 eV and below (Figure 4¢
and Table S3). This stratification is especially apparent for the non-adjacent Alm/O3z, pairs, all lying below
the data corresponding to adjacent Al/O pairs for both the FSS and BEP relations; we suspect that the
chemical nature of the dissociation trajectory of H» differs at this Al/O pair. On the other hand, the
correlation between AE 4 5, and Erg also improves by adopting site-specific correlations (Figure S2c).

Overall, although AE 4,y and E7g are generally moderately correlated, the relationship cannot
discern differences among the energetics of the multiple possible reaction channels occurring over a single
Al site, leading to considerable scatter. On the other hand, site-specific correlations for the H> dissociation

barrier perform much better.
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3.3 Analysis of the TS of H: dissociation
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Figure 5. Structural similarities among the TS of H2 dissociation. (a) Key bond lengths and angles in
the TS of H» dissociation, as indicated on that over the adjacent Ali/Oza pair. (b) Site-specific correlations
between Ers and the H-H bond length. (c) Site-specific correlations between Erg and the O-H®" bond
length. (d) Correlations between E¢ and the O-H-H bond angle. Correlations between Erg and structural
characteristics denoted in (a) are site-specific and nearly parallel; outliers in the Ali/O2a correlations are
due to the bonding between Al and Pt.

The stratification of H> dissociation barrier scaling relations at the Ptio/y-Al2O3(110) interface
departs from typical single-descriptor-based scaling relations and warrants a closer inspection. Intuitively,
we hypothesize that stratification occurs because each TS group is chemically distinct and responds
differently to structural perturbations induced by the Pt;o cluster. We performed geometric, energetic, and
electronic structural analyses on the H» dissociation TS at the bare y-Al2O3(110) surface and the metal-
support interface. Like the FSS and BEP relations, we expect stratification in these geometric and energetic
signatures.

We begin by comparing the structure of the TS, particularly the bond lengths and angles among
the 4 atoms involved in the TS (Figure 5 and S3). Like the TSS relations, we observed stratification when
correlating E and various structural characteristics. Each Al/O pair appears to follow a distinct structural
correlation, where E ¢ is more strongly correlated with the O-H bond length, the H-H bond length, and

the O-H-H bond angle (Figure 5b-d). Barring a few outliers, these site-specific structural correlations are
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remarkably parallel. Recalculating the structural characteristics and Erg as differences relative to those of
the TS of H dissociation over the corresponding Al/O pair on bare y-AloO3(110) results in nearly unified
correlations (Figure S4a-c). These correlations indicate structural similarity within each TS group and
structural difference among TS groups, highlighting their differing underlying chemistry. Crucially, they
also demonstrate that these reaction channels at and near the Ptio/y-Al2O3(110) interface can be treated as
structurally perturbed by metal-support interactions compared to those on the bare y-Al,O3(110) surface,
confirming our hypothesis.

Despite these important implications of the stratified structural correlations, they cannot
individually fully inform the underlying chemistry. For example, the stretching of an H-H bond may
happen due to either (or both) charge donation from the occupied H> o orbital or charge donation to the
unoccupied H, o* orbital.>> As such, we next seek to group the contributions of these structural qualities
through a distortion/interaction analysis and understand the fundamental chemistry through an electronic

structural analysis.
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Figure 6. Distortion/interaction analysis of the Hz dissociation TS. (a) Correlation between Er g and
the energy penalty to stretch the H> molecule to the TS geometry (Egef,p,). (b) Energy penalty to distort

the respective Ptio/y-Al203(110) surface to the TS geometry (Eger surs)- (€) Interaction energy between

the distorted molecule and surface to form the TS geometry (Ej,;). Like with the structural characteristics,
correlations between Erg and each energetic component are stratified.

To elucidate the collective contributions of the various structural characteristics, we performed a
distortion/interaction (D/I) analysis of the TS of H, dissociation (Figure 6).°® We partitioned Erg into
three components: E.f 5, as the energy penalty to stretch the H-H bond distance of gaseous H to that in
the TS geometry, Egef surs as the energy penalty to distort the Ptio/y-Al2O3(110) surface to that in the TS
geometry, and E;,; as the interaction energy between the stretched H> molecule and the distorted surface
(Ers = Eqepn, + Eaef surr + Eine)-

Expectedly, Ers and each energy component follow stratified correlations. Eg.r g, is fully
analogous to the H-H bond distance in the TS and indicates that the longer the H> molecule must stretch

in its approach to the surface, the less stable the TS. Egqf g p Tepresents the required distortions of the
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active site structure beyond simply the distance between the Al/O pair involved in the TS, which by itself
correlates poorly with the E7g (Figure S3a and S4d). E ¢ 5 5, indicates that the more the active site must
distort, the less stable the TS. Finally, E};,; represents the interaction strength between the stretched H»
molecule and the distorted active site. E};,,; and the structural characteristics indicate that to stabilize the
TS, the interaction between H> and the O site should be minimized, which is expressed in a mild preference
for H» to remain near the Al end of the Al/O pair and the preference for a wider H-H-O angle (Figure 5
and S3b). Like the correlations between the structural characteristics and Erg, we expect that the results
of the D/I analysis could also be interpreted in terms of deviations from the reference TS structures.
Plotting the differences in the energetic contributions from those of the TS on bare y-Al,O3(110), we again
find nearly unified correlations, indicating structural similarity within stratified TS groups (Figure S5).
Overall, the D/I analysis allows us to combine the individual structural aspects into general
qualities of the TS complex. The site-specific correlations between Ers and each energy component
indicate that a favorable TS should minimize H> and active site distortion and the interaction between H»

and the O site.
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Figure 7. Electronic structure of the TS of H: dissociation over Alimi/Oza. (a) Projected density of states
(PDOS) of the TS of H; dissociation over the adjacent Ali/O2a pair of the bare y-Al,O3(110) surface. (b-
d) Crystal orbital Hamilton population (COHP) between (b) Al and H¥, (¢) Oz, and H*, and (d) H®" and
HY.

Although the structural and energetic analyses demonstrate that a favorable H» dissociation TS
should present an Al-biased structure, and that metal-support interactions can guide existing TS

geometries on bare y-Al20O3(110) towards it, it is unclear why such an arrangement is favored. To

understand this tendency, we analyze the underlying electronic interactions in the TS of H» dissociation
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(Figure 7). Using the TS of H» dissociation over the adjacent Aliii/O2a pair of the bare y-Al,O3(110) surface
as an example, we first examine PDOS of the TS complex and charge density difference isosurfaces
(Figure S6a). The PDOS and charge density differences show a strong polarization of the H> molecule by
the Ali/Oza pair, with interactions between H> and the Lewis-basic Oz, and the Lewis-acidic Al The
interaction between H> and O explains the negative correlations between E g and 8,yy, as 3-center 4-
electron bonding is often associated with linear geometries. Further quantification by COHP analysis
indicates that the interaction between O2, and H®" contains both bonding and anti-bonding components,
while the interaction between H® and Al is of purely bonding character. This difference in the interaction

modes explains the negative correlations between Erg and 7,,_, s+ and Al-biased structural arrangements

of favorable TS structures. The purely-bonding interaction between H® and Al is also compatible with the
moderate positive correlation of Erg and AE g5 pyr» @S AEgqs pyr 18 an explicit indicator of Lewis acidity.
Similar electronic interactions are found for H» dissociation over the non-adjacent Ali/Os. pair (Figures
S6 and S7). Overall, our electronic structure analysis informs the chemistry underlying the structural and

energetic correlations, forming a basis for understanding trends in the stratification of TSS relations.

4. Discussion

4.1 Surface and interfacial acidity of Pt/y-Al203 and their role in bifunctional reaction mechanisms

Our data indicates a moderate correlation exists between AE 45y and Erg of Ha dissociation due
to the importance of Al Lewis acidity in stabilizing H», but a significant scatter also exists because a single
Al site participates in multiple Hz dissociation pathways. Generally, it has been recognized that the acidity
of an active site probed by the adsorption of a basic probe molecule does not necessarily indicate its
activity in an elementary acid-base reaction.’” In our case, the lack of better correlations underlines the
importance of active site structure, as evidenced by the utility of site-specific TSS relations. The roles of
O site basicity and Al/O site structure were highlighted when H> and CHgs dissociation barriers over y-
Al>03(110) were compared as a function of OH coverage.'® Hydroxylation-induced Al site reconstruction,
surface O sites’ enhanced basicity, and novel reaction channels were reported to lower H> and CHgy
dissociation barriers at a low OH coverage (ca. 3 OH/nm?) compared to the fully dehydroxylated surface.'®

Although the enhanced reactivity of interfacial AI/O pairs due to metal-support interactions
appears exciting, we recognize that our present results are only applicable to harsh reaction environments
with a negligible coverage of hydroxyls on y-Al:O3(110). At high (8.9 OH/nm?) hydroxyl coverages,
almost all surface Al sites on y-AlbO3(110) will be blocked, and metal clusters can only interact through

the surface hydroxyl groups.’® > In this case, Pt clusters will affect the Bransted acidity of the surface, as
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oxidation of the cluster by the reverse spillover of H' has been reported. On the other hand, due to the
strong adhesion of Pt clusters to surface Al/O sites, smaller Pt clusters (2-3 atoms) have also been reported
to displace OH groups on hydrated y-Al,03(110) by inserting between Al and O.%° Beyond the bare Al and
O sites considered here, we expect Pt clusters to have a noticeable impact on the Lewis acid/base reactivity
of hydroxylated y-Al203(110) surfaces as well; though, we anticipate the influence to be far more complex
as, alongside Pt clusters, adsorbed water is also known to induce surface Al reconstruction.'® 2

In general, support acidity has important ramifications for bifunctional reactions catalyzed by Pt/y-
AlO3 which invoke acid/base reaction steps on the support or at the interface. Revisiting the non-oxidative
dehydrogenation of alkanes over Pt/y-Al>Os3, the perturbed Lewis acid/base reactivity of interfacial Al/O
pairs will influence the background activity due to the support. Here, our scaling relation-based approach
can serve as an expediate way to assess the impact of metal-support interactions. In the steam reforming
of ethanol over Pt/y-Al>Os, ethanol dehydration to ethylene takes place over Lewis acid sites on the
support.®! Ethylene in the temperature-programmed desorption (TPD) of ethanol started desorbing at a
lower temperature on Pt/y-Al,O3 than y-ALOs itself, but at a significantly lower concentration because
much of the transiently produced ethylene decomposed on the Pt sites.®! Considering that dispersed Pt
clusters can alter the abundance and strength of Lewis acid/base sites on the support, we anticipate that
our approach may be extended to develop a multi-site kinetic model which includes metal-support
interactions. An enhanced Lewis acid/base reactivity of interfacial sites may ultimately favor a
bifunctional mechanism for ethanol reforming. In the HDO of m-cresol over supported Pt/y-Al>O3,
dehydration of (partially) hydrogenated intermediates by Lewis acid sites on the support was proposed as
the C-O bond cleavage step.'*%? Alloying Pt with Co or Ni improved the reactivity due to enhanced acidity
of the y-A1,Oj3 support from Co or Ni.%?> We note a similar effect in the product selectivity of polyethylene
hydrogenolysis over nickel aluminate catalysts.®> Focusing on Pt, as the influence of Pt clusters on the
support surface structure depends on cluster size,” ®© we anticipate that the reactivity of a Pt/y-Al>Os
catalyst for HDO will not only depend on the number of Pt sites but also on the dispersion of the Pt
clusters.

Beyond simply considering the Lewis acid/base activity of the support surface, several studies
have recognized that the proximity of active support sites and metal sites can activate multidentate
adsorbates. For instance, the dissociation of CO» is a key step in the dry reforming of methane and the
reduction of COa. Over y-Al2Os-supported metal catalysts (e.g. Ni and Cu nanoparticles), CO; has been
shown to dissociate over interfacial metal/Al pairs.?* %* On the other hand, Pt/MgO has been shown to be

active for the water-gas shift reaction, where the formation of the carboxyl intermediate at the

16



Pt/MgO(100) interface was identified as the rate-determining step at realistic CO coverages.®> These
observations are echoed in our present work, as we observed that pyridine can adsorb in a multidentate
mode at the Pt/y-AlbO3(110) interface, involving both Pt-C and AI-N interactions. Despite the
attractiveness of these interfacial sites, we recognize that they may also compromise selectivity. For
instance, the abundance of Lewis acidic tetrahedral Ni?* sites near Ni nanoparticles in nickel aluminate
catalysts was found to be positively correlated with the selectivity for methane in polyethylene

hydrogenolysis.®*

4.2 Characterization of metal/Lewis acid bifunctional catalysts using pyridine

The pyridine adsorption calculations indicate that pyridine adsorption is weaker in the
monodentate configuration at Pt-bound Al sites and stronger in the multidentate configuration.>* As metal
clusters are known to bind to the Lewis acid sites of y-Al>O3, a naive conceptualization is that a supported
metal catalyst should have fewer and weaker Lewis acid sites on the support.!”- >>? To our knowledge,
there is no consensus on how dispersed Pt species influences the abundance of Lewis acid sites on an
acidic support, as quantified by pyridine chemisorption.%® ¢’ For Pt/y-Al,Os, surface Lewis-acid sites has
been reported to be slightly weaker based on the position of the 8a vibrational mode of adsorbed pyridine
(a shift from 1615 cm™ to 1613 cm™!, much weaker than those found here), but they also has been reported
to be more abundant based on the integrated 19b peak area.®® ® Catalyst synthesis and pretreatment
procedures influence the acidity; particularly, the acidity of y-Al>Os is sensitive to residual Na*, K*, F,
and CI" and the OH coverage.!* '8 7% 7! The importance of metal-acid site balance in bifunctional
hydrocracking catalysts necessitates control experiments to guide catalyst design.”?

The chemisorption of pyridine on transition metal surfaces differs from the M-N adduct
configuration on metal oxides, as indicated by vibrational spectroscopy.’>’> At low coverage and low
temperature (ca. 100 K), pyridine adsorbs on Pt(110) and Pt(111) flat,”*’® similar to the multidentate
configuration of our prior work but in an upright monodentate adsorption configuration at high coverage.
Here, upright pyridine’s vibrational signatures are reminiscent of pyridine adsorbed on Lewis acid sites.”
Irreversibly bound a-pyridyl species, whose principal ring vibrational modes fall in the same 1200-1700
cm™! window as pyridine, can be produced by warming the surface to ca. 300 K or by chemisorption at
similar temperatures.” 7> As such, considerations have been reported to avoid these complications when
characterizing conventional catalysts. First, the infrared (IR) spectra of adsorbed pyridine can be assigned
to separate pyridine and a-pyridyl peaks.””>7® Second, it has been reported that pyridine chemisorption at

elevated temperatures (ca. 400 K or above) suffers less from this issue.”
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4.3 TSS relationships at the metal-support interface and the mechanism of Hz activation

TSS relations at and near the metal-support interface are stratified and reflect the non-uniform
impact of Pt on the acid/base reactivity of the support. Similarities among H-H bond activation, alkane
dehydrogenation, and alcohol dehydration over y-AlO; have been recognized.? >* We expect other
Lewis-acid/base reactions at and near the metal-support interface to be affected in a site-specific and
adsorbate-specific fashion.

As the closest analog to H> dissociation, CHs dissociation over y-AlO3; has been extensively
compared to H» dissociation.'® C-H bond activation over oxides and oxygen-precovered metal surfaces
entails either a homolytic reaction, whose TS resembles that of the oxygen rebound mechanism,® or a

surface-stabilized heterolytic reaction.®!

General scaling relations have been reported for both
mechanisms.?*** Although deviations from conventional scaling relations have been recognized at the
metal-support interface,’!® the stratified TSS relations here represent a different perspective focusing on
local structural deviations. These finer differences resemble the impact of strain on the reactivity of metal
surfaces, where each surface and adsorbate respond differently to the same applied strain.’® 3¢ As metal-
support interaction and reaction-induced strain on the support have been observed by time-resolved
microscopy,’’ characterizing and analyzing the multi-timescale kinetics using site-specific scaling
relations could be an effective strategy.

Aside from structural perturbations to TS geometries, the stratification of TSS relations is likely
also due to the differing mechanisms through which Hz dissociation proceeds, as we have shown in our
structural and energetic analyses. The mechanism of heterolytic H> activation has been extensively studied
in molecular systems. d” transition metal and lanthanide hydrides are known to catalyze the c-bond
metathesis reaction, while main-group frustrated Lewis pairs (FLPs) are known to dissociate H».3% %% The
resemblance between the dissociation of Hz over the non-adjacent Ali/Osa pair and H» activation over
main-group FLPs has been recognized,'® and similar H> dissociation TS geometries have been reported
on O-defective CeOs surfaces, ZnO, and other systems.®*° The near-linear H>-donor configuration in the
TS of our calculations agrees with that observed over molecular FLPs and surfaces.’> **°! The Al-biased
structural arrangement in our analyses resembles that reported in mechanistic investigations of H»
activation by molecular FLPs, where the most feasible H» activation TS geometries favor the Lewis-acidic
acceptor while attempting to minimize interactions between H» and the donor.>> Overall, these structural
and chemical influences which result in TSS stratification reflect the diverse chemistry of metal-support

interfaces.
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5. Conclusions

We studied the influence of Pt clusters on the Lewis acidity of dehydroxylated y-Al>O3(110)
through first principles calculations. The bonding between Pt and y-Al>O3(110) and subsequent surface
reconstruction generally weaken the monodentate pyridine adsorption mode at the interfacial sites but
create a stronger multidentate pyridine adsorption mode with very different vibrational signatures. Even
though the heterolytic dissociation of H» is a Lewis acid-catalyzed reaction, the correlation between the
monodentate pyridine adsorption energy and the H> dissociation barrier shows considerable scatter. This
scatter stems from each Al participating in multiple H> dissociation channels and being affected differently
by metal-support interactions. Instead, site-specific TSS relations outperform the general scaling relations.
Geometric, energetic, and electronic structural analyses reveal the chemical distinctness of the reaction
pathways. The stratified structural and energetic correlations and TSS relations suggest that the influence
of a dispersed metal species on Lewis acid/base reactions occurring at and near the metal-support interface

can be understood as perturbations to existing reaction channels occurring on the bare support.
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