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ABSTRACT: We examine the role of the metal—support interaction in modulating the activity
and selectivity of oxide-supported metal nanoparticles, focusing specifically on the Fischer—
Tropsch (FT) synthesis of ethanol (EtOH). Although it is well-known that oxide supports can
play a noninnocent role in heterogeneous catalysis, a comprehensive and predictive picture of the
role of such supports remains elusive. Using realistic computational models of supported
nanoparticles, we decouple the electronic and geometric aspects of the metal—support
interaction, and we show that the former can be largely understood in terms of charge transfer
between support and nanoparticle. The resulting metal—support interactions induce significant
changes in adsorbate binding energies, and thus significantly influence reaction thermodynamics

and kinetics. For the specific case of FT, we show how our model can be used to understand the

observed increase in EtOH selectivity when switching from silica to titania supports. More generally, we illustrate how these ideas
can be used to crudely predict the influence of a support even in the absence of detailed calculations and provide a general
framework for understanding the influence of various oxide supports on elementary association/dissociation reactions.
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1. INTRODUCTION

Heterogeneous catalysts are ubiquitous in large-scale chemical
production, with applications ranging from petrochemistry to
fine chemistry and pharma.' Yet a comprehensive and
predictive understanding of these catalytic processes is hindered
by the complexity of industrially relevant catalysts under
operating reactor conditions. While practical heterogeneous
catalysts are typically composed of metal nanoparticles
supported on metal oxide (often with added promoters),
both computational and experimental surface science ap-
proaches often focus on “model” single-crystal materials,
constituting the well-known “materials gap”."”> Although such
model studies have yielded significant insight into catalytic
mechanisms and activity, they frequently omit subtle (but
crucial) aspects including structure sensitivity and the role of
the metal—support interaction.

In particular, the influence of the support on catalytic activity
and selectivity has long been recognized. The well-known
strong metal—support interaction®* (SMSI) describes the
(often detrimental) reduced chemisorption following high
temperature reduction (typically for nanoparticles on reducible
oxide supports) due to a combination of encapsulation of the
nanoparticle by the support and/or charge transfer between
support and nanoparticle.’™'® However, more recently a
broader view of electronic metal—support interactions
(EMSI) was outlined by Campbell,’ encompassing both
beneficial electronic (charge transfer,”® ligand effects,'*>>
etc.) and geometric interactions (strain, relaxation, etc.)
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between the nanoparticle and support, as well as the possibility
for reactions at special sites at the metal-oxide boundary.”>~*’
This perspective opens the door to exploiting specific metal—
support interactions to optimize catalytic transformations.
Nonetheless, the choice of the optimal support is still most
often determined via empirical optimization, often with little
associated insight into the detailed role of the support.

In the present work, we examine and clarify the role of the
support in several key reactions related to the Rh-catalyzed
Fischer—Tropsch (FT) synthesis>** of ethanol (EtOH) from
syngas.’”*' Here, the choice of support is known to
dramatically influence the activity and EtOH selectivity of the
catalyst system,ls_ls’sz’33 leading in some cases to a significant
increase in the EtOH yield.">*>*® Examining several key
reactions and reaction intermediates with both silica and titania
supports, we isolate the electronic and geometrical aspects of
the metal—support interaction, and explain the experimentally
observed selectivity trends in terms of these interactions. More
broadly, we provide a general framework for predicting the
influence of various oxide supports on elementary association/
dissociation reactions in terms of electronic (charge transfer)
and geometric (relaxation) effects.
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2. METHODS

2.1. Model Systems. We study two common oxide
supports, silica (SiO,) and titania (TiO,), with differing surface
terminations representative of varying experimental conditions.
Both supports are frequently utilized in experimental FT
studies”™ > and are representative of an irreducible and a
reducible oxide support, respectively.**® We also examine
hydroxylated variants of both surfaces, which may occur during
operating conditions because of water dissociation (silica) or
hydrogen spillover (titania).

For the TiO, surface, the rutile form was used as this is the
most common polymorph of TiO,, and has been utilized
extensively in catalytic research. We examined the energetically
preferred (110) face,” yielding a set of hexa- and penta-
coordinated Ti*' atoms, with bridging oxygens (O,)
connecting the hexa-coordinated Ti** atoms. It has been
shown that an odd number of Ti layers can lead to an
overestimation of the TiO, surface energy,‘m’Arl therefore a TiO,
surface composed of four layers of Ti atoms was used. In
addition to the “clean” TiO, surface, we also considered a
hydroxylated TiO, surface where hydrogens are adsorbed along
the 0,,.">*?*™* Such a modification can arise from the effect
of hydrogen spillover, whereby adsorbed H atoms migrate from
the nanoparticle to support, partially reducing the surface Ti.**
Henceforth, the clean surface will be referred to as TiO,, and
the hydroxlated surface is referred to as (H)TiO,.

For the SiO, surface, the a-quartz polymorph was employed
as it is the most common polymorph of SiO,.*® Density
functional theory (DFT) calculations find that the (001)
surface is the most stable*” and reproduces the experimental 1
x 1 reconstruction.*”*® For the current study, we employed the
reconstructed surface of Goumans et al,,*’ which contains six
layers of Si atoms. Given that water is a by product of the
FT,*>*! we also considered a modification whereby water has
dissociatively adsorbed onto the surface, creating a series of
geminal hydroxyl groups.””*** Henceforth, the clean surface
will be referred to as SiO,, and the hydroxylated surface is
referred to as (OH)(H)SiO,.

Turning to the nanoparticle model, we seek a representative
model that incorporates many of the physical properties that
are found under experimental conditions. Here we focus on Rh,
as Rh has been shown to have a good selectivity to C,,
oxygenates in FT.*! Transmission electron microscopy (TEM)
experiments have found that the average size of a Rh
nanoparticle is ~2.5 nm,***'™ with the lower end of the
size distribution being ~1.0 nm.***"3>> It is suspected that the
preferential shape of the nanoparticle is the cuboctahedral
shape, which has alternating (100) and (111) crystal
facets.’”®"®1* Extended X-ray absorption fine structure
(EXAFS)*>%%* and scanning tunneling microscopy (STM)
studies®>®* find that the nanoparticles preferentially form into a
roughly hemispherical shape, with an average nanoparticle
height of 0.4—0.5 nm>>®® On the basis of these studies, we
adopt a hemispherical three-layer cuboctahedral shape for our
nanoparticle model, for a total of 37 Rh atoms. This produces a
nanoparticle that is 1.5 X 1.0 nm at the base with a height of
~0.4 nm, which is within the size distribution found by
experiments. The Rhy, nanoparticle is shown schematically in
Figure 1b, while the oxide-supported Rh;, nanoparticle is
shown schematically in Figure 2. Note that since this
nanoparticle model reproduces many of the properties of the
corresponding bulk surface (vide infra), we expect that our
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(a) Periodic Rh (211) surface (b) Rhs7 nanoparticle

Figure 1. Graphical representations of the periodic Rh (211) surface
and the Rh;; nanoparticle used the current study. The step edge is
defined as the edge connecting the (100) and (111) facets.

(d) Rhs7/(OH)(H)SiO2

Figure 2. Graphical representations of the oxide-supported Rhs,
nanoparticle used in the current study.

results are fairly insensitive to the details of the nanoparticle
model.

To isolate the geometric (relaxation) and electronic (charge
transfer and/or “ligand” effects) aspects of the metal—support
interactions, we consider two different nanoparticle geometries
for each support surface. In the first model, the nanoparticle is
held fixed in the unsupported nanoparticle geometry (hence-
forth rig-Rh;;), while in the second the nanoparticle is allowed
to relax in the presence of the support (rel-Rh;). In this way, a
direct comparison can be made between the supported rig-Rhy,
nanoparticle and the unsupported Rhy, nanoparticle, allowing
us to isolate the electronic effects, while comparison with the
rel-Rh;, nanoparticle allows us to isolate the geometrical effects
caused by (local) relaxation of the nanoparticle by the support.
Note that in both cases the nanoparticle is allowed to relax
locally under the influence of any adsorbate before being
deposited onto the support.

2.2. Reactions of Interest. Given the complexity of the FT
reaction network,>>! a comprehensive study of the impact of
support on all possible routes to EtOH production is
prohibitive. Instead, we focus on those steps that have been
previously identified as either rate or selectivity determin-
ing.a'o’31 As such, we first examine the dissociation of an
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adsorbed carbon monoxide (CO) molecule into adsorbed C
and O,

CO->C+0 (1)

This reaction is well-studied on bulk Rh,*~7! with a barrier
approximately two times higher than the other processes, and is
a crucial pathway to higher alkanes and oxygenates.
Furthermore, methane (CH,) is a major undesirable
byproduct of FT,****37> and understanding the role of the
support in modulating selectivity toward EtOH vs methane is
vital. Based on the FT pathways given in Mei et al.>* and
Chuang et al.*! and microkinetic models of Rh surfaces,”"”> the
overall selectivity toward EtOH is determined by competition
between hydrogenation of, and CO addition to, adsorbed CH,,
Based on prior DFT modeling, the lowest barriers for CH,,
hydrogenation/insertion are when n = 2 or 3.”%”* Thus we also
examined the following selectivity-determining reactions:

CH,+H - CH,,, n=23 @)

©)

From eq 3, EtOH is produced by hydrogenation of the
resulting CH,CO species.

From these reactions, we have compiled a list of 10 key
intermediates leading to EtOH, given in Table 1.

CH, + CO - CH,CO, n=2,3

Table 1. Intermediates Considered in the Current Study

atomic species molecular species radical species

C co cH,
0 CH,CO CH,
H CH, CH,CO

2.3. Computational Methods. The DFT calculations were
performed within a locally modified version of the Atomistic
Simulation Environment (ASE),”* using the Vienna Ab Initio
Software Package (VASP, version 4.6.36).”°"7® The Perdew—
Burke—Ernzerhof (PBE) exchange-correlation functional” was
employed with the core potentials represented via the projector
augmented wave function (PAW) method of Blochl® as
modified by Kresse and Joubert.*' Energies were minimized
self-consistently using a 0.05 eV Gaussian smearing and mixture
of the Davidson® and RMM—DIIS®*%* algorithms, with a tight
SCF convergence threshold of 107 eV. Calculations involving a
bulk Rh surfaces utilized a 5 X 5 X 1 Monkhorst—Pack k-point
mesh,®® and all other calculations were performed at the I
point. For the TiO, and (H)TiO, surfaces, we employed the
DFT+U formalism of Dudarev et al.* in conjunction with a U
of 2.5 eV, which offers a good compromise between the
reaction energies and band gap of titanium oxide species.®’
Note that we find that the U correction yields only modest
corrections to the results presented herein.

The energy was minimized with respect to the ionic degrees
of freedom by means of the fast inertial relaxation engine
(FIRE),® as implemented in ASE, utilizing a force convergence
criteria of 0.05 eV A™'. Optimizations were carried out without
spin-polarization with a reduced (300 eV) plane-wave cutoff,
while subsequent spin-polarized single-point energies (and thus
all energy differences) were calculated using a 400 eV cutoff.
Tests performed on a periodic Rh (111) surface with an
adsorbed CO molecule and a rig-Rhy,/TiO, surface with an
adsorbed atomic oxygen employing this scheme have shown
there is a negligible impact on the final binding energies (<0.02
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eV). We therefore conclude that the optimized geometries are
negligibly affected by the reduced plane-wave cutoff, even for
species with a relatively “hard” pseudopotentials (e.g., O).

3. RESULTS AND DISCUSSION

Using the computational model described above, we analyze
the influence of metal—support interactions on the thermody-
namics and kinetics of the above-identified rate and selectivity
determining reactions. Since the associated change in reaction
exothermicity can be directly related to the shift in the binding
energies of the associated intermediates (see Section 3.2), we
begin by examining these binding energy shifts upon a change
in the oxide support and/or nanoparticle relaxation. We then
rationalize these shifts in terms of charge transfer between oxide
and nanoparticle using a simple model involving the bonding
character of states around the Fermi level. Finally, we relate
these binding energy shifts to the associated changes in reaction
exothermicity (and rate), and discuss the implications for FT
synthesis.

3.1. Binding Energies. We first define the binding energy
of an adsorbate to a surface in the usual fashion,

Egg =E 4)

where E e adsorbate 1 the total energy of the surface plus the
adsorbed molecule, E . is the total energy of the bare
surface, and E gpqe 1S the total energy of the adsorbed
molecule (in the adsorbate’s gas-phase geometry); in this sign
convention, a negative binding energy signifies an attractive
interaction between adsorbate and surface. To isolate the most
preferable binding sites for the adsorbates listed in Table 1, we
examined a periodic Rh (211) surface. Similar to our Rhy,
nanoparticle, the Rh (211) surface is composed of “terraces”
made up of the (111) facet, with each terrace being connected
to each other via a (100) facet. The Rh (211) surface prefers to
bind sEecies along the step edge between the (111) and (100)
facets,”" thus we explored various binding sites (such as the
bridge, hollow, and top) along the step edge for the Rhy,
nanoparticle. It should be noted that the nanoparticle contains
different bridge and hollow sites: an upper and a lower site. The
upper site is located near the top of the nanoparticle, between
the second and third layers, while the lower site is located
between the first and second layers. For the top site, we only
considered the second layer; we found that the third (upper)
layer of the nanoparticle typically binds adsorbates quite weakly
(with an Egg less than 25% of the step edge), while adsorption
on the first layer may contain direct interactions between
adsorbate and support (an effect which we leave as the subject
for a future study). For the CH,CO adsorbates, we observe that
the binding is through two binding sites: the carbonyl group is
located on a top site, while the CH,, fragments are located on a
neighboring bridge site. We thus denote these species via the
binding site of the associated CH,, group.

A comparison between the binding energies on Rh (211) and
Rhy;, (for the same local adsorption geometry) is given in Table
2. Note that the preferred binding sites for both systems are
qualitatively similar, that is, either along a step edge between
the (100) and (111) facets, or at a nearby hollow site.
Differences in binding energies are also very modest (typically
< 0.1 eV), although larger differences are observed for the
strongly adsorbed C/O atoms and CH,. These differences most
likely arise from changes in the metal d-states upon movin
from the periodic surface to a finite sized nanoparticle.””%~°
For the atomic species, we also note that there is a preference

surface—adsorbate Esurface - Eadsorbate
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Table 2. Binding Energies (Egg) for the Various Adsorbates
on a Rh (211) Surface and a Rh;, Nanoparticle (eV)

Rh;;
adsorbate binding site Rh (211) lower higher
co top” -197 —2.00
C (100) hollow 712 —7.64 —7.66
0 (111) hollow —5.46 —4.94 —5.18
H bridge =272 =275 —2.66
CH, bridge —4.33 —4.52 —4.39
CH, top® —1.94 -2.05
CH; bridge -2.17 =212 —2.14
CH,CO" bridge -1.57 -1.71 -1.70
CH,CO" bridge -2.67 -2.69 -2.18

“For the Rh;, nanoparticle there was only one top site of interest. “For
these species the upper and lower sites denote the location where the
CH,, fragment is located.

for the upper sites on the Rhy, nanoparticle (ie., the upper
bridge site for the hydrogen atom, hollows for the C and O
atoms). On the basis of these observations, we will take as the
most stable binding sites for the Rhy, nanoparticle those that
are analogous to binding sites on the Rh (211) surface.

3.1.1. Supported Rhs, Nanopatrticle. Before turning to the
supported nanoparticles, we note that it is more profitable to
consider shifts in the binding energies induced by the support
rather than absolute binding energies, since the former can be
trivially related to corresponding shifts in the reaction
thermodynamics (see Section 3.2). We define the shift in the
binding energy (AEgg) between the supported Rh;; nano-
particle and the unsupported Rh;; nanoparticle as

__ ppsupported unsupported
AEgg = Egg — Egg ©)

As such, a negative AEg corresponds to an adsorbate binding
more strongly to the oxide-supported nanoparticle.

SiO, and (OH)(H)SiO, Supports. The AEgs for the
adsorbates listed in Table 1 interacting with the SiO, and
(OH)(H)SiO, supported rig-Rh;; and rel-Rh,; nanoparticles
are given in Table 3. Examining the shifts for the rig-Rh;,/SiO,
model, we see that the electronic support effects for SiO, are
quite small, 0.11 eV or less in magnitude for the lower bridge
and hollow sites. For the upper bridge and hollow sites, we do
see a moderate shift to weaker binding for the strongly
interacting C, H, and CH,CO species, and a larger shift to
stronger binding for the O atom; however the remaining
species show an insignificant shift in the binding energies.
Hydroxylation of the SiO, surface (i, rig-Rhsy,/(OH)(H)-
SiO,) does not significantly change the above results—most
binding energies change by less than 0.10 eV when going from
the rig-Rh;,/SiO, surface to the rig-Rh;,/(OH)(H)SiO,
surface.

However, upon relaxation to the rel-Rh;,/SiO, and rel-Rhs,/
(OH)(H)SiO, surfaces we do find some modest changes to the
binding energies. Generally, relaxation leads to binding energy
shifts that are systematically more negative (attractive) by
~0.1-0.3 eV. We attribute this to an increased Rh—Rh bond
length upon relaxation, decreasing the coordination of Rh
atoms and thus increasing the adsorbate—Rh;; binding in
conjunction with the bond order conservation model.”> Overall,
we conclude for the silica-based supports that relaxation effects
caused by the presence of the support are more important than
the electronic effects, and that the influence of the support
overall is modest. This is in good accord with the conventional
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Table 3. Changes in Binding Energies (AEg;)” for the
Various Adsorbates with a Silica (SiO,) Based Support (eV)

Rh.,/SiO, Rhs,/(OH)(H)SiO,
adsorbate rigid relaxed rigid relaxed
Top
CO —0.01 —0.10 0.02 —-0.09
CH; 0.09 -0.16 0.06 —0.08
Low
C 0.04 —0.18 0.05 —0.12
(¢] 0.08 —0.17 0.08 —-0.14
H 0.11 —-0.25 —0.08 —-0.23

0.02 —0.06 0.01 —0.03
CH; 0.06 —0.09 0.02 —0.06
CH, 0.07 0.00 0.07 0.01
CH,CO 0.07 —0.08 0.07 —-0.03
CH3CO 0.05 —0.18 0.01 —0.14

High

C 0.13 —0.15 0.06 —0.10
O —0.18 —0.4S§ —0.19 —0.40
H 0.11 —0.11 0.07 —-0.09
CH, 0.0 —0.08 0.04 —0.04
CH;3 0.02 —0.06 0.02 —0.06
CH, 0.06 —0.02 0.04 —0.01
CH,CO 0.16 0.02 0.10 0.05
CH;CO 0.05 -0.12 —0.04 -0.13

“Change in binding energy defined such that Ejfrorted = pgnsupported 4
AEg.

viewpoint of silica as an inert support.® Nonetheless, it is
important to point out that the binding energies of very
strongly adsorbed (particularly atomic) species are still slightly
perturbed by the metal—support interaction. Although the
resulting support-induced binding energy shifts are small
relative to the total binding energy, these shifts are quite
large on an absolute scale (several tenths of an eV), and thus
may induce nontrivial influences on reactions which involve
such reactants/products/intermediates (see Section 3.2).

TiO, and (H)TiO, Supports. The AEgg’s for the adsorbates
listed in Table 1 interacting with the TiO, and (H)TiO,
supported rig-Rh;; and rel-Rhy; nanoparticles are given in
Table 4. Examining the AEgg’s for the rig-Rhy,/TiO, surface, it
is immediately apparent that the electronic influence of the
TiO, support tends to (sometimes considerably) strengthen
the adsorbate—Rh;, binding, with this effect generally more
significant for the lower bridge and hollow sites than for the
upper bridge and hollow sites. While this effect is fairly modest
for the molecular, H, and CH;CO species (with a AEg; < 0.11
eV), we see a much stronger electronic support effect for the
remaining species, with a AEy; between —0.24 and —0.35 eV
for the lower binding sites; for the upper binding sites the
stronger binding is generally <0.10 eV, with the exception of C
and O; here the binding energy is stronger by 0.29 and 0.49 eV
in magnitude, respectively.

Upon relaxation to the rel-Rhy,/TiO, surface, these trends
are enhanced as adsorbates are further stabilized relative to the
unsupported nanoparticle. Similar to the SiO, and (OH)(H)-
SiO, supports, we attribute this enhancement to the lengthened
Rh—Rh bonds in the Rhy; nanoparticle, in addition to a slight
flexing of the bottom Rh layer. Both of these effects cause
decreased Rh coordination, which in turns increases the
binding strength. Generally speaking, the effect of the relaxation
contributes 0.1—0.2 eV in magnitude; however we found a

dx.doi.org/10.1021/cs4006277 | ACS Catal. 2013, 3, 2881-2890
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Table 4. Changes in Binding Energies (AEg)” for the
Various Adsorbates with a Titania (TiO,) Based Support
(eV)

Performing a Bader charge analysis%’94 and summing the

resulting Bader charges over the Rhy, nanoparticle, we can
extract the total number of electrons transferred either to or
from the oxide surface. These results are presented in Table S.

Rh;,/TiO, Rh,,/(H)TiO,

adsorbate rigid relaxed rigid relaxed Table S. Charge (e”) for the Rhy, Nanoparticle on the

Top Various Oxide Supports
CO —0.11 —0.16 0.06 —0.15
CH, —0.04 —0.11 022 —0.06 Rh;;/TiO, Rhy,/(H)TiO,

Low rigid relaxed rigid relaxed
C -035 —041 0.13 -0.16 Qur 283 265 —1.40 142
0 ~023 -022 -0.02 -032 Rhy /SO, Rh,,/(OH)(H)SiO,
H —0.05 —041 020 —0.12 — —
CH, —024 —039 0.07 0.04 rigid relaxed rigid relaxed
CH, —036 —0.41 0.15 0.03 Qur 0.27 025 020 020
CH, 0.03 0.00 0.07 —0.10
CH,CO —0.11 —0.09 0.01 —0.07 For the silica surfaces, we find only a small net transfer of
CH,CO —0.11 —0.74 0.09 —0.17 charge from the nanoparticle to the surface (~ 0.25 ¢”) for both

High the rigid and the relaxed nanoparticles. This is to be expected as
c —029 =053 0.10 —0.17 silica is conventionally considered a “neutral” support in terms
o —049 —075 —022 —031 of its Lewis acidity/basicity,*® and the binding energy shifts for
H —0.08 —0.17 0.15 —0.12 the SiO, and (OH)(H)SiO, surfaces are fairly small. In
CH, —002 —0.08 0.07 —005 contrast, for the TiO, based supports we find a significant
CH, —008 —022 0.07 —0.06 amount of charge has been transferred between the nano-
CH, 0.03 —0.10 0.02 0.01 particle and the support. For the clean TiO, support, 2.83 and
CH,CO 022 001 021 001 2.64 electrons are transferred to the oxide support for rigid and
CH,;CO —0.02 —0.17 0.01 —0.16

“Change in binding energy defined such that Egprorted = pansupported
AEgg,

much higher relaxation effect for the H species at the lower
bridge site and for the CH;CO species at the upper bridge sites.
Overall, considering both electronic and geometric effects, these
sizable binding energy shifts portend significant changes to the
associated thermochemistry and kinetics.

We also explore the corresponding hydroxlated titania
surfaces. Such hydroxyl termination may arise under reaction
condition from spillover of atomic hydrogen from the
nanoparticle to the support, formally reducing the Ti atoms
and generating surface hydroxyl groups. In contrast to the rig-
Rh;,/TiO, surface, for the rig-Rh;,/(H)TiO, surface we see a
trend of weaker binding under the electronic influence of the
support. The electronic contribution is fairly moderate, around
0.2 eV or less in magnitude. Relaxation to the rel-Rh;,/
(H)TiO, surface, tends to counteract this trend, with the
relaxation tending to stabilize adsorbates by 0.1—0.3 eV. Here,
the electronic and geometric metal—support interactions tend
to cancel, yielding (on average) a small net attractive shift in
typical binding energies.

Looking across the various oxide supports and surface
terminations, we find that the geometric contribution to the
metal—support interaction yields a fairly consistent stabilizing
influence of 0.1—0.3 eV to the binding of adsorbates. Since this
geometric effect is governed by the local relaxation of the
nanoparticle, it depends only indirectly on the detailed
chemical composition of the underlying oxide support. In
contrast, we find that the electronic contribution to the metal—
support interaction is highly variable in both magnitude and
sign, and depends sensitively on both the composition and
termination of the underlying oxide. We hypothesize that the
preponderance of this electronic effect arises from charge
transfer between metal and nanoparticle.
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relaxed nanoparticles, respectively. On the basis of a charge
density difference analysis, we find that these electrons are
donated to the 2p surface states of the O,. This is further
supported by the Bader charge analysis which shows O, in
contact with the nanoparticle gaining about ~0.16 electrons
each. For the hydroxylated (H)TiO, surface, charge density
difference analysis shows additional density transferred to the
Rh;; nanoparticle, originating from Tig. d-states and from the
surface hydroxyls. This results in ~1.40 electrons transferred
from the (H)TiO, support to nanoparticle. The charge density
differences for the rig-Rh;,/TiO, and rig-Rhy,/(H)TiO,
surfaces are shown in the Supporting Information, Figure S1.

These results are both consistent with the anticipated Lewis
acid/base properties of the oxide support, and confirmed by
prior XPS observations. Irreducible oxides like silica feature
low-lying valence and high-lying conduction bands, yielding
Lewis neutral behavior and minimal charge transfer between
support and metal, and is thus characteristic of the silica
support’s innocent behavior. In contrast, reducible oxides, such
as TiO,, often act as a weak Lewis acid, accepting electron
density because of the residual oxidizing power of the surface
oxygens.”” Hydrogen spillover introduces hydroxyl groups to
the surface, which act as Lewis basic centers, donating electron
density.” In addition, prior XPS studies of Rh/TiO,'*™'%%
have shown that the Rh 3d;/, peak shifts up in energy with
respect to the bulk, consistent with positive charging of the
nanoparticle. The introduction of surface hydroxyl groups
(such as those found on the (H)TiO, support) has been found
to gfi&lclls negative peak shifts, indicative of negative charg-
ing.”" "

To understand the effect of the charge state of the
nanoparticle on adsorbate binding, we applied a charge to the
unsupported Rh;; nanoparticle that approximately corresponds
with the charge found on the supported nanoparticles from the
Bader charge analysis, and then recalculated the binding energy
of the various adsorbates. It should be noted that since the
nanoparticle has metallic character, the charge on the

dx.doi.org/10.1021/cs4006277 | ACS Catal. 2013, 3, 2881-2890
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unsupported nanoparticle will be distributed largely uniformly
across the entire nanoparticle, whereas charge transfer from the
supported nanoparticle was dominated by the bottom of the
nanoparticle; however, we believe the model still provides
qualitative insight into the role of nanoparticle charge. We focus
on the lower binding sites and top site, as those sites showed
the most significant changes in the binding energies. The results
of the charge model are given in Table 6. Overall, it is clear that

Table 6. Changes in the Binding Energies (AEgg) for the
Various Adsorbates with Varying Nanoparticle Charge (eV)*

adsorbate Rhi3 Rh,,/TiO, Rh3? Rh,,/(H)TiO,
CO 0.00 —0.11 —0.05 0.06
CH; —0.19 —0.04 0.07 0.22
C —0.06 —0.35 —0.07 0.13
O 0.33 —0.23 0.11 —0.02
H —-0.26 —0.05 —0.10 0.20
CH, —0.21 —0.24 0.07 0.07
CH; —0.33 -0.36 0.12 0.15
CH,CO —0.07 —0.11 0.05 0.01
CH;CO -0.35 —0.11 0.13 0.09

“Adsorbate geometries are as in Table 2.

positive charging yields stronger adsorbate—metal binding,
while negative charging results in a weaker adsorbate—metal
binding. With the exception of the atomic species, the
directionality (and many times, the magnitude) of the change
in the binding energies are in good agreement with the trends
in the binding energy shifts observed with the explicit TiO, and
(H)TiO, supported rig-Rh;, nanoparticle.

To probe the mechanism by which nanoparticle charging
yields systematic shifts in adsorbate binding, we performed a
balanced crystal orbital overlap population (BCOOP)’>*°
analysis using Kohn—Sham orbitals from VASP projected
onto an atom-centered Gaussian basis set.”’ "> The BCOOP
analysis yields the bonding and antibonding character of
particular regions within the density of states (DOS), with
bonding and antibonding contributions denoted as positive and
negative, respectively. A representative BCOOP curve for CH,
adsorbed onto a top site of the Rhy, nanoparticle is given in
Figure 3. In general, from the BCOOP analysis we find that the
DOS around the Fermi level are primarily antibonding (with
respect to the metal-adsorbate bond) in nature. Adding
(inducing a negative charge state) or removing (inducing a
positive charge state) electrons from the nanoparticle shifts the
Fermi level, thus populating or depopulating antibonding
adsorption states. As such, positive nanoparticle charging
depopulates antibonding states around the Fermi level, which
would in turn yields stronger binding between the adsorbate
and the Rhj, nanoparticle, while negative charging has the
opposite effect.

Certainly this crude model is incomplete, as can be seen from
the failure of the charge model to at least qualitatively predict
the change in binding energies for the strongly interacting
atomic species. Examining the various moments from the
density of states for the unsupported and supported nano-
particles, we also see that the s and p bands of the latter are
broadened comparatively because of the interactions with
surface 2p orbitals from the oxygens on the support (see
Supporting Information, Table S3). Note that we find a
negligible change in the d-band moments of the Rhj,

nanoparticle, and thus we believe that the contributions to
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CH3 orbitals
Rh sp-bands
Rh d-bands
COOP

101

Level

States (ab. units)
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Figure 3. COOP analysis of CH; adsorbed onto a top site. Bands with
are bonding and antibonding with respect to the metal-adsorbate are

given as positive and negative, respectively.

the change in the binding energies because of this broadening
play a larger role for the atomic species than the effects of
charge transfer.

3.2. Thermodynamic and Kinetic Consequences.
Support-induced binding energy shifts of reactants, products,
and intermediates will significantly impact associated reaction
thermodynamics and kinetics. Using Hess” Law, we can write
the reaction energy (AE,,,) for a particular surface reaction as

N

products
AE, = AESSTPhase 4 Z Egg(product)
i=1
N,

reactants

Epg(reactant))
j=1

(6)

where AEES™'¢ s the gas-phase reaction energy for the
reaction in question. However, a more useful measure of the
support’s impact on the AE_’s is to consider a AAE_
between the unsupported and oxide-supported Rh;, nano-
particle, that is, the change in the reaction energy induced by
the metal—support interaction,

AAEm - AE:xlﬁ)ported _ AE;rrllsupported (7)

The AAE,,, for a particular reaction can then be expressed,
in turn, in terms of the associated binding energy shifts of the
reactants and products,

N,

reactants

AAE_ = Z AEgg(product) — Z AEpg(reactant;)

i=1

(8)
where AEgg is defined in eq 5, with the AEgg’s taken from
Tables 4 and 3. For eq 8, we use the AEgg’s for only the most
stable binding sites (i.e, the high site for the atomic species,
and the low/top sites for the remaining species).

Si0, and (OH)(H)SiO, Supports. The rig-Rhy,/SiO, and rig-
Rh,/(OH)(H)SiO, surfaces generally exhibit almost negligible
AEgy’s, indicating a very small electronic support effect, and
yielding only small changes in the AAE’s, less than 0.10 eV in
magnitude (see Table 7). However, upon relaxation to the rel-
Rh;,/SiO, and rel-Rh;,/(OH)(H)SiO, surfaces, we see more

Npmducts

j=1
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Table 7. AE,,, for the Rh;, Nanoparticle and Changes in Reaction Energies (AAE,,,) for the Various Reactions with a Silica

(8i0,) Based Support (eV)

AAE,,
AE,, Rh.,/SiO, Rh.,/(OH)(H)SiO,
adsorbate Rhy; rigid relaxed rigid relaxed
CO->C+0O 0.82 —0.04 0.50 —0.15 —0.41
CH, + H —» CH; 0.06 —0.07 0.08 —0.06 0.06
CH; + H -CH, —0.02 —0.10 0.20 —0.02 0.16
CH, + CO — CH,CO 0.70 0.06 0.08 0.04 0.09
CH; + CO = CH;CO 0.33 0.00 0.01 —0.03 0.01

substantial shifts in the reaction energies, particularly for
reactions involving atomic reactants/products. From Table 3, it
is these atomic species that are most significantly affected by
the metal—support interaction. In particular, for rel-Rhy,/SiO,
and rel-Rh;,/(OH)(H)SiO, we see an increase in the
exothermicity for the CO dissociation reaction eq 1 with
AAE,’s of —0.50 and —0.41 eV, respectively. This is attributed
to the stronger binding for the atomic species induced by the
relaxation of the nanoparticle in the presence of the support.
For methane production (eq 2), we see an increase in the
endothermicity of 0.20 and 0.16 eV for the rel-Rh;,/SiO, and
rel-Rh,,/(OH)(H)SiO, surfaces, respectively.

While we reserve detailed discussion of the impact of these
shifts to the overall EtOH selectivity to section Section 3.3, it is
important to note that these significant shifts correspond to a
change of tens of k] mol™' in the exothermicity of these
elementary steps, and thus significant changes to the
equilibrium of these elementary steps, even for an “innocent”
silica support. Perhaps even more important, because of the
well-known Brensted—Evans—Polyani (BEP) relation-
ship,®1%°71% these shifts also portend potentially significant
changes to the kinetics of the elementary steps, with increased
exothermicity tending to lower reaction barriers and enhance
rates. As such, we would anticipate enhancement in the CO
dissociation process, and a slight decrease in the rate of
methane formation.

TiO, and (H)TiO, Supports. From Table 4, recall that TiO,
tends to induce stronger adsorbate binding, further accentuated
upon relaxation of the nanoparticle. Thus, from eq 8,
dissociation reactions (yielding more adsorbed products than
reactants) will generally become more thermodynamically
favorable (i.e., more exothermic), while association reactions
generally become less favorable. Looking at the detailed AAE’s
for TiO, (see Table 8), it is apparent that this trend holds in
almost all cases. Focusing specifically on the rel-Rh;,/TiO,
system, note that the thermodynamics of the CO dissociation,

Table 8. AE,,, for the Rh;, Nanoparticle and Changes in
Reaction Energies (AAE,,,) for the Various Reactions with a
Titania (TiO,) Based Support (eV)

AAE

Rh;,/(OH)(H)
AE,_, Rh;,/TiO, TiO,

reaction Rh,; rigid relaxed rigid relaxed
CO—-C+0O 0.82 —0.67 —0.12 —0.18 —0.53
CH, + H - CH; 0.06 —0.04 0.15 —0.07 0.11
CH; + H - CH, —0.02 0.47 0.58 -0.23 —0.01
CH, + CO — CH,CO 0.70 0.24 0.46 —0.12 0.04
CH; + CO = CH;CO 0.33 0.36 -0.17 -0.12 —0.05
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methane formation, and CO addition to methylene reactions all
undergo significant shifts consistent with this trend, with the
former become more exothermic by over 1 eV. The one
notable exception is CO addition to methyl, which (for the
relaxed nanoparticle) becomes somewhat more exothermic. On
the basis of the BEP relations, these results suggest significant
changes in the kinetics of the associated elementary steps, with
potentially significant implications on overall EtOH selectivity.
The implications of these results for FT are discussed in detail
in Section 3.3.

As expected, shifts in reaction energies on the corresponding
hydroxylated surfaces are far more modest, consistent with the
modest binding energy shifts on (H)TiO, given in Table 4.
Because of the electronic metal—support interaction, general
trends for the rig-Rh;,/(H)TiO, model are the opposite of the
above, with association reactions becoming slightly more
exothermic. However, CO dissociation, too, becomes (slightly)
more exothermic, in contrast to qualitative expectations.
Incorporation of relaxation largely opposes the electronic
metal—support interaction, further moderating the shifts in
binding energy and the resulting changes to reaction
exothermicity.

3.3. Implications for FT Synthesis. The above results
clearly demonstrate that the metal—support interaction can
induce significant changes to adsorption energies, and therefore
to the thermodynamics and kinetics of elementary processes.
Although we have shown explicit results for a variety of
reactants, intermediates, and products of relevance to FT, the
implications on the overall EtOH selectivity are a priori unclear.
To this end, previous detailed microkinetic modeling has
shown that EtOH selectivity is determined largely by a
competition between H and CO addition to the surface
adsorbed CH;.”®> As such, we will focus our discussion on the
influence of the support on these two crucial competing
processes.

For the addition of H to CHj, silica support (independent of
surface termination) reduces the exothermicity of the hydro-
genation by approximately 0.2 eV, which will tend to slightly
shift equilibrium away from methane formation. Kinetically, we
expect only modest changes based on the change in
exothermicity; assuming a moderate @ value (<0.5) for the
association reaction,'”*'** a BEP relation would predict only
very small changes to the associated activation energy.
Furthermore, silica has essentially no impact on the
thermodynamics or kinetics of the CO addition to methyl.
We thus conclude that silica has little impact on the
determination of the selectivity for the final products. Note,
however, that given the significant changes in the CO
dissociation thermodynamics (and likely kinetics, as well), the
overall activity of the catalyst may be nontrivially enhanced via
the metal-silica interaction.

dx.doi.org/10.1021/cs4006277 | ACS Catal. 2013, 3, 2881-2890
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This picture changes dramatically for the TiO, support. For
the TiO,, a combination of electronic and geometric effects
reduced the exothermicity of H addition by 0.58 eV. If we
assume a @ =~ 0.3,'%* BEP relations would predict an increase in
the associated activation energy of ~0.2 eV. From their
microkinetic model, Choi and Liu find that such increases in
barriers yields ~50% increase in EtOH selectivity.”> Further-
more, we find that CO addition to CH; is favored by an
additional —0.17 eV on TiO,. Using a similar analysis,
microkinetic modeling predicts a further slight increase in
EtOH selectivity.”> In contrast, hydroxylation to (H)TiO,
largely mitigates both these effects, yielding a fairly “inert”
support that is much similar to silica in terms of its effect on
selectivity.

These observations are consistent
observations of silica->%3>3372195
supported Rh nanoparticles, where it is observed that the
former exhibits greater methane selectivity on average.
Furthermore, a direct comparison between the silica- and
titania-supported catalysts have shown a slight decrease in
methane selectivity and a dramatic increase (from zero to
~30%) in C,, oxygenate formation (including an 11% increase
in EtOH yield) for the latter.>® These observed support-
induced selectivity modifications are substantial, although
somewhat smaller than would be expected based on the
above analysis. This is likely due to a combination of factors,
including the presence of additional C,, oxygenate products
(not included in the prior analysis), partial spillover-induced
TiO, hydroxylation under reaction conditions, and/or lateral
adsorbate—adsorbate interactions. Although our model focuses
on the low-pressure regime (with isolated adsorbates), we do
not anticipate that inclusion of lateral interactions would
qualitatively change the above trends since the fundamental
geometric and electronic aspects of the metal—support
interaction are largely independent of adsorbate coverage.
Thus, while a more complex model (e.§., accounting for
coverage-dependent CO binding energies'®”"'*) would likely
offer enhanced quantitative accuracy, our analysis is nonetheless
able to clearly attribute these selectivity changes to a
combination of support-induced charge transfer and nano-
particle relaxation, leading to significant changes in adsorbate
binding and thus reaction thermodynamics and kinetics.

with prior experimental
L 33,63,106—108
and titania->>%

4. CONCLUSIONS

Metal oxides are ubiquitous as support materials for metal
nanoparticles in heterogeneous catalysis, and we have shown
how the resulting metal—support interaction can yield
significant modifications to the binding of adsorbates to a
representative Rh nanoparticle. Taking FT synthesis of ethanol
(EtOH) as a representative example, we examined the influence
of common silica and titania supports. We have found that a
silica-based support has little effect over the binding energies
when compared to the unsupported Rh;, nanoparticle, while a
titania-based support yields considerable changes. Decoupling
the electronic and geometric aspects of the metal—support
interaction, we find that geometric relaxation of the nano-
particle because of the presence of the oxide support yields a
fairly systematic increase in adsorbate binding by ~0.1—0.3 eV,
independent of the nature of oxide, because of relaxation-
induced strain and increasing metal—metal bond distances. In
contrast, the electronic contribution to the metal—support
interaction is far more sensitive to the composition and
termination of the oxide. We are able to rationalize the latter in
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terms of charge transfer between support and nanoparticle.
Here, Lewis-neutral silica yields little charge transfer, and thus
little electronic support effect, whereas the TiO, and the
hydroxylated (H)TiO, supports lead to a positive and a
negative nanoparticle charging, respectively. In turn, nano-
particle charging modulates the adsorption energies by
populating or depopulating states of antibonding character
around the Fermi level. Crucially, these (sometimes significant)
shifts in adsorbate binding energies induce corresponding
changes to the reaction thermodynamics and kinetics for
elementary steps involving these adsorbed species.

For the specific case of FT, we showed how the metal—
support interaction can be exploited to influence the EtOH
selectivity over methane. On the basis of the microkinetic
model of Choi and Liu,”® we can conclude that the overall
selectivity toward EtOH production on the TiO, support is due
to the increased activation energy for the final hydrogenation
step leading to methane, coupled with a small decrease in the
activation energy for CHj insertion into CO. In contrast, silica
yields only modest changes to these important selectivity
determining steps.

Although our quantitative results have focused on FT,
support effects are ubiquitous in heterogeneous catalysis. More
generally, the above ideas can be used to crudely predict the
influence of a support even in the absence of detailed
calculations. From eq 8, if Nyoducts > Nreactants (eg, a
dissociation reaction), and the oxide support tends to induce
stronger adsorbate binding (e.g,, TiO,), then the support will
tend to increase the exothermicity of the corresponding
elementary step. Similarly, such a support would tend to
decrease the exothermicity of association reactions. The
tendency of a particular support to induce stronger/weaker
adsorption is dictated by the metal—support interaction, factors
which can be considered quite generally without regard to the
details of any particular catalytic transformation.

A complete picture of metal—support interactions is certainly
complex, and may also include direct catalysis by the
oxide,"'>"'* reactions at the metal—support interface,”* >’ or
nanoparticle m01'phology.8’51’52’60’62’115’116 Nonetheless, the
present study provides a detailed picture of the influence of
common silica and titania supports on the reactivity of
supported metal nanoparticles, and a decoupling of the
metal—support interaction into electronic and geometric
components. As such, it also provides some initial steps toward
a more rational and less empirical selection of oxide supports to
optimize reaction activity and selectivity.
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