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ABSTRACT: Carbon monoxide is a ubiquitous molecule, a key
feedstock and intermediate in chemical processes. Its adsorption and
activation, typically carried out on metallic nanoparticles (NPs), are
strongly dependent on the particle size. In particular, small NPs, which in
principle contain more corner and step-edge atoms, are surprisingly less
reactive than larger ones. Hereby, first-principles calculations on explicit
Ru NP models (1—2 nm) show that both small and large NPs can
present step-edge sites (e.g., Bs and By sites). However, such sites display
strong particle-size-dependent reactivity because of very subtle differences
in local chemical bonding. State-of-the-art crystal orbital Hamilton
population analysis allows a detailed molecular orbital picture of adsorbed
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CO on step-edges, which can be classified as flat (7' coordination) and concave (17> coordination) sites. Our analysis shows that
the CO z-metal d,, hybrid band responsible for the electron back-donation is better represented by an oxygen lone pair on flat
sites, whereas it is delocalized on both C and O atoms on concave sites, increasing the back-bonding on these sites compared to
flat step-edges or low-index surface sites. The bonding analysis also rationalizes why CO cleavage is easier on step-edge sites of
large NPs compared to small ones irrespective of the site geometry. The lower reactivity of small NPs is due to the smaller extent
of the Ru—O interaction in the 7> adsorption mode, which destabilizes the 7* transition-state structure for CO direct cleavage.
Our findings provide a molecular understanding of the reactivity of CO on NPs, which is consistent with the observed particle

size effect.

1. INTRODUCTION

The adsorption and activation of carbon monoxide are
elementary steps occurring on the surface of transition-metal
nanoparticle (NP) catalysts during important chemical
processes such as the water—gas shift reaction (WGS)"* and
the Fischer—Tropsch synthesis (FTS).””” CO bonding to
metal surfaces or NPs can be described with the Blyholder
model, inspired by frontier molecular orbital (MO) theory in
molecular chemistlry.8 According to this model, the interaction
between the adsorbed CO molecule and the metallic surface
atoms is the result of electron donation (to the metal) and
back-donation (from the metal) via the So and 2z* MOs
(HOMO and LUMO, respectively, Figure 1la), analogous to
metal—carbonyl bonding in molecular complexes.” However, it
was shown more recently that only the formation of CO—d-
metal hybrid bands by means of perturbation theory can
account for CO electron density distribution as determined by
spectroscopy, "' raising the need for more-detailed theoretical
descriptions of CO adsorption on metal catalysts, such as the
o—n model'’ and the attraction—repulsion mechanism.'>"?
So far, CO—metal bonding models concentrated on flat
surface low-index sites (hcp, fcc, top). However, real catalyst
NPs present a large variety of sites beyond terraces of flat
surfaces, such as step-edge and kinks (Figure 1b). Additionally,
NPs have a finite character (NP size) that influences the
coordination of metal atoms and therefore their interaction
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Figure 1. (a) Blyholder model for CO adsorption on Ru surface sites.
(b) Different types of terrace and step-edge sites on metal NPs
(marked in yellow) of different sizes and experimental NP size effect
on reactivity.
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with adsorbates, such as CO."* The electronic structure of CO
adsorbed on other types of sites than flat surfaces as well as the
dependence of ¢ and 7 contributions to the bonding strength
on such sites is thus not clearly understood.

Understanding the bonding on step-edge sites is important
since they are proposed to be the active sites for the direct
cleavage of the strong C=0 bond (bond energy equal to 1072
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kJ mol™; for comparison, the value for C—C is equal to 346 kJ
mol™")” according to both experimental>™"” and theoretical
studies.'®"*?° First introduced by Hardeveld and Montfoort in
the 1960s,””*" By sites are among the most studied step-edge
sites, and they have been suggested to play a key role also for
the case of N, cleavage or alkyne semi-hydrogenation.”"*°~**
Regarding CO activation, it is known that small NPs are less
reactive toward FTS than large ones.”** This particle size effect
is often ascribed to the lack of By sites on small NPs,****%
although it has also been rationalized by alternative activation
routes involving H,, which would assist the CO activation
step."’8

Among transition-metal catalysts, Ru NPs are a very
appealing model system to understand the bonding and
reactivity of CO, since Ru is highly active in the conversion
of CO/H, to long-chain hydrocarbons (FTS) and in the WGS.
Experimental studies as well as theoretical treatments through
density functional theory (DFT) calculations on Ru slab surface
models agree in that CO activation occurs on Ru step-edge B;
as well as By sites of corrugates/open surfaces with much lower
activation energies (50—90 k] mol™") compared to flat surfaces
(227 kJ mol™)."7??372%% Ry catalysts also display a particle
size effect, i.e., a marked decrease in reactivity per surface atom
for small Ru NP catalysts (ca. 1-2 nm) compared to larger
ones (>10 nm), for instance in FTS.>>*

Here, we use first-principles calculations on explicit Ru NP
models with realistic sizes in combination with a crystal orbital
Hamilton population (COHP) bonding analysis to investigate
the electronic structure of CO adsorbed in Ru step-edge sites.
We use a MO interpretation of its band structure and show why
step-edge sites are more reactive toward CO activation than flat
surfaces and how the particle size effect can be understood from
the electronic structure rather than from only the abundance of
step-edge sites, as proposed so far.

2. COMPUTATIONAL DETAILS

Periodic DFT calculations were carried out with Vienna Ab Initio
Simulation Package (VASP) code,”** using a plane-wave basis set
with pseudopotentials (PAW method) and the Perdew—Burke—
Ernzerhof (PBE) exchange-correlation functional.*** Two different
Ru NP models (Figure 2) of 1 and 2 nm diameter size were
considered, as well as slab Ru surface models for comparison.

(a)

Figure 2. Initial Ru NP models used in this work: (a) Rug, and (b)
Ruy,; NPs.

Regarding the bonding analysis, from the plane-wave calculated
electron density, we partitioned the band-structure energy in terms of
local orbital-pair contributions within the COHP analysis.**~™*" This
approach is analogous to the crystal orbital overlap population
(COOP) analysis developed by Hoffmann in the context of extended
Hiickel calculations,*®* the goal of which is to extract chemical
bonding information out of a DFT calculation, e.g, bonding and
antibonding character of the electronic states. Further details on the
computational methods are described in the Supporting Information

(S1).

3. RESULTS

3.1. Stability of Defects on Ru NPs. The starting Ru
hexagonal close-packed (hcp) NP models expose only (001)
and (101) surface terminations. However, other surface
terminations and defects are found in real NP catalysts.”’ In
order to understand the most likely formed additional surface
terminations/defects in Ru NPs, we evaluated the energy of NP
structures formed by removal of different combinations of one,
two, and three atoms from the Rug; cluster, forming Rugs, Rus;
and Rug, NPs (Table SI and Figure 3a.1). As expected, the
most stable structures are obtained by removing the less
saturated atoms on the edge (5b/7/Sc or Sa/6/5b) or the
corners (2b/3a/5a) of the NP (Table S1). The cohesive energy
is proportional to the surface/volume ratio (~N7"3) and
decreases (in magnitude) with decreasing number of NP atoms.

Analyzing the structures of the defect-containing NPs (Russ
and Rug,, Figure 3a.2), we observe that several of the metal
surface arrangements created display structures similar to those
present on (104), (100), and (111) extended surfaces.
Moreover, some of the Ru NPs containing these sites are
more stable compared to other possible structures with the
same number of atoms, in special By (104), ., and B; (104),,
sites in the Rug series and Bg (100),, B¢ (111), and B4 (100),
sites in the Rus, series (Figure 3a.2). From now on, the sites are
labeled B,, where n is the number of metal atoms that are in
close contact to an adsorbed species to the site (Hardeveld and
Montfoort notation).”” We also indicate the surface termi-
nation that contains such sites. B (104) sites are labeled either
“2-1-2” or “2-2-1” since they are analogous to sites on both
(104), and (104)y extended surfaces.

Due to the computational cost of calculations with the Ruj,;
NP model, we used the features observed for Rug; NPs and
analyze the formation of only the analogous most stable sites
on the Ruy,; NP. Figure 3b.1 shows the structure and stability
of such sites on Ruy; Compared to the smaller NP, the
difference in cohesive energy among the defect-containing
Rus,; NP structures is much smaller (ca. 1 vs 10 k] mol™ for
Rug;), since the excess of energy created by the generation of
more unsaturated atoms in the defects is averaged over a larger
number of atoms for the Rusy,; NP.

In the case of Rus,;,, three or five atoms were removed from
the original structure to form defects. For the Rus,, series of
NPs, we observe that By (111) and Bg (104),,, defects are
more stable compared to Bg (104),,;. For Rujg NPs, By
(100) , site is preferred over B (100). In fact, the formation of
the most stable defects on Ruj,; can be seen as the appearance
of new surface terminations on the original particle (Figure
3b.2), which contained originally only (001) and (101) low-
energy surfaces. Indeed, (104),, (100),, and (111) termi-
nations appear in the Wulff construction of a Ru hep NP (6/
mmm point group) generated with DFT-derived surface
energies (Figure 3b.3). The following terminations were
considered (ordered by increasing surface energy): (001),
(104), (100),, (101),, (104)g, (201),, (102),, (102)y, (111),
(210),, (210)5, (201)5, (101)g, and (100), (respective surface
energy values are shown in Table S2). The Wulff construction
represents the NP equilibrium shape of relative large structures
(>3 nm), for which the NP edge and corner energies are
negligible with respect to the size of the facets.

From our calculations of the explicit NPs, the Bg and By step-
edge sites are among the most stable defects that can be formed
in both Rus; (ca. 1 nm) and Rus,; (ca. 2 nm). The formation of
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Figure 3. (a.1) Structure of defects formed from the Rug; model and corresponding cohesive energy (in kJ mol™) as a function of N~'/3, N being the
number of atoms of the nanoparticle. (a.2) Detailed structures for selected defects. (b.1) Structure of defects formed from the Rus,; model and
corresponding cohesive energy (in kJ mol™) as a function of N™'/3, N being the number of atoms of the nanoparticle. (b.2) Most stable defects that
originate new surface terminations on Rus,;. (b.3) Wulff construction of a Ru hcp NP.

step-edges for Rus; and Ruy,; NPs is always associated with an
energy cost, consistent with their presence as defects. The
energy cost to form a By site on Rug; and Rus,; NPs is +56 and
+43 k] mol ™', respectively (details of the calculations provided
in SI). By sites are therefore only slightly more probable on
Rus,; compared to Rug, (within 10 kJ mol™"), as recently found
on Co NPs (2.9 nm diameter) by molecular dynamics
simulations.”” This is in contrast to the previous assumption
that By sites are only possible for larger Ru NPs (>2 nm).” It
should be noted that particles in real catalysts are constructed
from a finite fixed number of metal atoms originally coming
from the precursor (e.g, metal salt) that do not freely diffuse
across the support. Therefore, it is reasonable to assume that, in
spite of the cost to form defects, a distribution of particles with
different numbers of atoms (and sizes) will present them.

We then investigate the geometry and coordination environ-
ment of step-edge sites formed in both small and large Ru NPs
and their ability to activate CO.

3.2. CO Adsorption. 3.2.1. CO Adsorption on Extended
Surfaces. On the most stable flat surface (001), carbon
monoxide is preferentially adsorbed on a top site with an
adsorption energy of —187 kJ mol™’, calculated with the PBE
exchange-correlation functional. This value corresponds to an
overestimation of the adsorption energy of ca. 20 kJ mol™
compared to experiment (zero-point energy (ZPE) ex-
cluded),”> which shows that PBE is a good compromise
between cost and accuracy, since it allows evaluating large

systems such as Ruy,; NPs with a fairly good description. On
the Ru (001) surface, CO adsorption energy on bridge, fcc, and
hep sites takes values equal to —165, —167, and —176 kJ mol ™,
respectively, according to our calculations.

CO adsorption energy values and bond lengths for each of
the sites considered in our analysis can be found in Table S3.
The optimized structures of adsorbed CO on the different
surfaces models are available in the SI and shown in Figures 7
and S2—S6. Multiple adsorption strengths are found depending
on the type of site, reflecting the diversity of CO adsorption
modes on Ru surface sites. CO adsorption energies are found
within the range from —125 to —205 kJ mol™". CO binding to
step-edge sites can be either weaker (e.g., B¢(111) site, —125 k]
mol™") or stronger (e.g,, Bg (100)5 site, —205 kJ mol™") than
on the flat (001) surface (—187 kJ mol™).

Nevertheless, our calculations show that not only the
geometry of the Ru site dictates CO adsorption but also its
coordination. For instance, the sites B (104),;, and By
(104),,., are present on both the (104), or (104); extended
surface terminations, but with different coordination environ-
ments, as depicted in Figure 4. CO adsorbs (u,-n' geometry,
see Figure S3) on the B; (104), ., site of the (104)y surface
(CN =7, 7, 11, 7, 7, Figure 4b) with an adsorption energy
equal to —181 kJ mol™". On the (104),, surface B (104),  , site
(CN =7,7, 11,9, 9, Figure 4a), which has the same geometry
but is more saturated, the CO adsorption strength is much
lower and the adsorption energy is equal to —143 kJ mol™" (u;-
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Figure 4. B sites present on (a) (104), and (b) (104); surfaces (in
yellow). The numbers in the figure show the CN of the Ru surface
atoms.

NPs (Figures 3a2 and 3b.l1) is closer to that of the less
saturated sites of the extended surfaces.

For a given site, we observe a decrease in the coordination of
the metal atoms (CNGs are given in Table S3) when going from
the Ruj,; to the Rug, particle. By carefully analyzing CO
adsorption geometries (Figures 7 and $S2—S6) on the different
sites considered, we can generally distinguish two types of CO
adsorption modes that relate to the tendencies of adsorption
strength and bond length shown in Figure S.

(a) For some of the sites, CO adsorbs normal to the surface
in an 7' fashion (Scheme 1a) and higher CO—metal binding

n' geometry). The stronger metal-CO bond for the less-
saturated B(104),,, site can be understood from the bond
order conservation (BOC) principle: unsaturated metal atoms
bind more strongly to CO in order to compensate their lower
CN compared to the stable bulk metal, for which CN = 12.

However, for the case of the By (104),,, site on (104)
surfaces (i3> geometry in both cases, see Figure 4 and S4),
CO binds much more strongly for the site containing more-
saturated Ru atoms (CN = 7, 9, and 10) on the (104)y surface
(—208 kJ mol™") (Figure 4b) compared to the less-saturated
site present on the (104), surface (—164 k] mol™") (Figure 4a).
As it will be discussed in section 3.4.3, the origin of this unusual
trend can only be understood in terms of the electronic
structure.

If CO adsorption properties depend not only on the type of
site considered, but also on the coordination of the metallic
atoms, we may wonder what happens for Ru NP models of
various sizes.

3.2.2. CO Adsorption on Ru NPs. Figure S shows the CO
adsorption energies and C—O bond lengths for the sites
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Figure S. (a) CO adsorption energy and (b) adsorbed C—O bond
distance on Ru extended surfaces and NPs. Gray, extended surface;
blue, Rus,;; green, Rus;. The C—O distance on the free CO is equal to
1.13 A for the free molecule calculated at the same level of theory.

considered in this study and located on Ruj); and Rug; NP
models (section 3.1). The values for sites with the same
geometry on extended surfaces are shown for comparison. Note
that only the less saturated versions of the two possible By sites
on the (104) extended surfaces (vide supra) are considered
here. This is because the saturation (i.e, CNs) of By sites on

Scheme 1. Coordination Modes of the CO Molecule on the
Different Ru Sites: (a) 7' and (b) n* Types

I T
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strengths are obtained for the small Rug; NPs compared to
Ruy,; (panel a and entries 1—7 of Table S3), while the C—O
bond of the adsorbed molecule is equal to ca. 1.2 A irrespective
of the site coordination (panel b). This is the case for hcp
(001), Bs (104),.,,, and B (100), sites, which will be called
from now on flat sites.

(b) For other sites, CO adsorption occurs in a tilted 7
configuration (Scheme 1b) and CO—metal adsorption strength
is lower on the Rug, system than on Ruy,;. (panel a and entries
11—17 of Table S3). In this case, however, C—O distances of
the adsorbed molecule can be as large as 1.4 A and always
decrease for the small NPs (panel b). This is the case for By
(104),5.1, Bg (100)5, and B (111) sites, which we will call
concave sites.

The high stability of CO on an #7* adsorption with more-
saturated atoms in a concave site is counterintuitive, since
unsaturated metal atoms are expected to bind more strongly to
CO according to the bond order conservation principle. This 7>
CO coordination to metal sites is similar to what has been
reported on molecular Ru organometallic cluster analogues,
Ru6(112—;,t4—CO)2(CO)13(116—C6Me6)53 or Rug(ps-H) (17-py-
C0),(CO)5(n>-CsH,Me),>* whose structures have been
determined from X-ray crystallography.

C—O stretching frequencies calculated with DFT (Table S5)
lie in the range of 1750—1960 cm™ for flat sites, whereas they
are much lower for concave sites (918—1142 cm™"). In the case
of the By (100)y site, for instance, the C—O bond length
reaches an extremely elongated distance equal to 1.38 A for the
most coordinated site on the extended surface. The
corresponding calculated C—O bond stretching frequency on
this site is equal to 918 cm™'. Interestingly, some early
experimental data from the 1980s describe unusually low CO
stretching frequencies (range 1065—1245 cm™') upon
adsorption on Mo (100),>> Fe (100),”° Cr (110),"” and K-
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modified Ru (001) single-crystal surfaces,® which were
assigned, at that time, to a “tilted precursor for the CO
dissociation”.° Also, flat-lying CO molecules chemisorbed to a
Cu (311) step-edged surface were identified by angle-resolved
photoemission spectroscopy.5

It should be noted that B (100), and B¢ (111) do not follow
the overall NP-size-dependent CO adsorption trend observed
within flat and concave types of sites, respectively (Figure Sa);
ie., for Bg (100), the adsorption strength decreases for the site
on the small NP and for B¢ (111) it increases. This is because,
for these two sites, there is a change in the CO adsorption
geometry according to the system on which the site is located.
For instance, CO adsorbs with a ys#” geometry on the Bg
(111) site of the extended surface and on Rus,,, but g,-* on
the Rug; NPs (Figure S6). Therefore, instead of a decrease in
the adsorption strength as it would be expected for a concave
site, a higher binding with C—O bond length equal to 1.2 A is
observed for the less saturated By (111) site on Rus..

3.3. CO Activation. 3.3.1. Low Coverage: CO Activation
Energy Trend. Next, we evaluated carbon monoxide dissoci-
ation through a direct pathway. The activation energy values for
each of the sites are shown in Table S3 and Figure 6.
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(001) B, (104),,, B, (100), B;(104),,, B, (100); B, (111)

Figure 6. Activation energy for CO direct dissociation on Ru extended
surfaces and NPs. All activation energy values are referenced to the
corresponding CO adsorbed state: E,, = Erg — Ej5, where E is the
electronic energy in kJ] mol™. Gray, extended surface; blue, Rus,s;
green, Rug,.

Transition-state (TS) optimized structures for the different
sites can be found in Figures 7 and S2—S6. We define the
activation energy as the difference between the TS (electronic)
energy and the energy of the precursor structure where CO is
adsorbed (IS).

We first observe that the energy barriers for all the step-edge
sites considered here (extended surface sites) are much lower
(174 to 47 kJ mol™') compared to that of the (001) extended
surface (247 kJ mol™'), especially for the concave sites.
Therefore, not only B sites from (104) surfaces, typically used
to model the reactivity of step-edge sites, are able to activate
CO with low energy barriers, but also other types of sites, such
as Bg with (100); and (111) surface geometries.””*" This
difference in reactivity was previously ascribed to (i) the
enhanced back-donation from Ru to antibonding CO orbitals
of the adsorbed molecule on step-edge sites and (ii) the greater
stability of dissociated C* and O* fragments on step-edge sites,
as a thermodynamic factor which influences the kinetics.*’

Comparing the activation energy within each type of step-
edge site, we observe that CO splitting typically presents similar
barriers on a Ruj,; NP or on an extended surface site, whereas
it is surprisingly more energy demanding on the small Rus; NP
sites for all of the evaluated metal ensembles (Figure 6). The

more difficult CO activation on smaller clusters is consistent
with what has been shown for Rh and Fe NPs by previous DFT
studies.””" While for some sites little energy barrier differences
are found for different NP sizes—e.g., Bs (104),.,.1, range 96—
100 kJ mol™" (entries 11—14 of Table S3)—others present
significant differences in the energy barriers. In the case of the
B (111) site, for instance, the activation barrier is equal to 71
kJ mol™" on an extended surface vs 61 kJ mol™" and 155 kJ
mol™ on Ruy,; and Rug, (entries 18—20 of Table S3),
respectively, representing an energy difference between the
most and the least active systems of 94 kJ mol™". The more
difficult CO activation on smaller NPs is consistent with the
observed decrease of rate in CO activation during FTS for
smaller NPs, even though the size range considered here is
small compared to those investigated experimentally.”®

Figure 7. Optimized structures for adsorbed CO (left), transition state
(TS) for CO direct splitting (middle), and dissociated C* and O*
atoms (right) on the By (100)g site in different systems: (a) (100)g
extended surface, (b) Rus,; NP, and (c) Rug; NP.

In order to understand why the direct CO cleavage energy
barriers are higher for the less saturated sites of the small NP,
we compared the energy diagrams for CO splitting on each of
the sites considered on either Rug;, Rus,3, or periodic extended
surfaces (Figure 8). Since the activation energy is the difference
between the TS structure and the adsorbed CO molecule
energies, both (i) strong CO adsorption and (ii) lack of TS
stabilization are factors that increase the energy barrier to form
C* and O* from CO¥*.

The increased CO adsorption strength on flat sites—as well
as B¢ (111), which presents CO 7' adsorption on Rug,—of the
small NP indeed contributes to increase the activation energy
for CO dissociation, especially in the case of Bg (104), ;, and
Bs (111) sites (see Figure 8b,f). However, the increase in
adsorption energy for these sites on Rug; with respect to Rug,;
(equal to 15 and 33 kJ mol™" for By (104),,, and By (111),
respectively) itself does not explain the larger difference in
activation energy (47 and 94 kJ mol™" for B (104),.,, and B,
(111), respectively). Moreover, the difference in adsorption
strength is not important for the remaining flat sites. For
concave sites, since small NPs have lower CO adsorption
energies, we should expect an even lower activation energy for
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Figure 8. Energy profiles (electronic energy) for the CO dissociation
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corresponding clean surface (or NP) and the gas-phase CO molecule.
Gray, extended surface; blue, Ruy,3; green, Rug;.

the CO dissociation (section 3.2), in contrast to what is
obtained here.

So as to verify whether the thermodynamics of CO splitting
influences the energy barriers for this reaction, we plotted the
activation energy as a function of the reaction energy values
(Brensted—Evans—Polanyi (BEP) plot) for the different
systems considered in this study (Rug; Rusy;, and extended
surfaces), shown in Figure S7. The BEP plots are shown
separately per type of step-edge site. First, the BEP plots
evidence that only 6-fold (Bg) sites are able to dissociate CO
exoenergetically, irrespective of the particle size. This shows
that the stabilization of adsorbed C* on 4-fold sites is
significantly higher than in the 3-fold sites (B; sites), once
O* is, for all the cases, located in a bridge site. Indeed, C*
species are ca. 60 k] mol™" more stabilized in the 4-fold position
of the Bs (104),,, site compared to the 3-fold position of the
same site. The increased stabilization of adsorbed carbon on 4-
fold sites forming reconstructed square-planar aromatic
structures has been previously reported for Ni and Co.”

Regarding the linear BEP relationship, expected to be valid
within each type of site, the points corresponding to the sites
on Rug; are for most of the cases out of the linear trend that is
displayed by Ruj,; NPs and extended surfaces step-edge sites
(Figure S7). Much higher barriers are observed for the smaller
particle than what is expected from the reaction energy.
Particularly on the B; (100), and By (111) sites (entries 8—10
and 18—20 of Table S3), where although the CO activation is
more exoenergetic on Rug, compared to Ruj,; or the periodic
extended surfaces, the energy barriers are much higher for the
smaller NPs. The higher stability in the CO dissociation
product (C* and O*) on the Rug, compared to the Ruy,; NP

system is likely due to the enhanced curvature of the Rug; NPs,
which increases the C—O distance on the dissociated state and
thus reduces the repulsive interaction between the products C*
and O*, For instance, in the case of the By (100), site, the C—
O distances of C*+O* activation products on Ruj,; and Rug;
are equal to 3.47 and 4.06 A, respectively (3.58 and 4.17 A for
B (111) site).

In conclusion, neither the adsorption strength nor the
reaction thermodynamics can account for the more difficult CO
activation on smaller Ru NPs as calculated by DFT. The reason
for this behavior must then be linked to the lower stability of
the TS on Rug; compared to Rus,; or the extended surface
itself, which will be further analyzed in detail in section 3.4.

3.3.2. High Coverage. During the course of reactions
involving CO activation, the surface of the catalyst is covered
with a significant amount of CO molecules. This is the case for
FTS, whose reactants are CO and H,. Since CO adsorption
strength is much stronger than H, adsorption on Ru (ca. 180 vs
40 kJ mol™ on the (001) surface), CO is the main surface
species. Previous contributions have shown that, under FTS
reaction conditions, the CO coverage on Ru NPs, defined as
the number of CO molecules per surface metallic atom, lies in
the range of 1.0—1.5 monolayer (ML).****®* In particular, we
recently used a combined experimental—theoretical DFT
approach to evaluate CO chemisorption on Ru hcp NPs
supported on SiO,.°° Such high CO coverages are expected
during FTS in real catalysts due to the hi§h pressures (up to S0
bar) typically employed in this reaction.

Hence, we also have evaluated CO direct splitting under high
coverage conditions (ca. 1.0 ML) on Ruy,; NP step-edge sites.
This model was chosen because (i) it is representative of
nanometric size NPs, (ii) the step-edges of Rus,; are more
reactive than those present on Rug, (section 3.3.1) and finally
(iii) the curvature of the NP allows a higher CO coverage than
on periodic extended surfaces.

Table 1 shows the calculated CO adsorption, activation, and
reaction energy values for CO direct cleavage on different sites
of a CO-covered Ruj; NP model (for details of the
calculations, see computational details section of the SI). The
optimized structures of adsorbed CO, TSs, and dissociated
states under high CO coverage are depicted in Figure 9. For all
the step-edge sites considered, the adsorption energy decreases
compared to low coverage conditions (compare adsorption
energy values in Table 1 to Table S3), due to the repulsion of
neighboring molecules. Interestingly, CO displays a very weak
binding to B4 (111) site at such high coverages, with an
adsorption energy of only —43 kJ mol™" (Table 1, Entry S),
which is comparable to reported values for CO adsorption
under high coverage at NPs terraces (—42 kJ mol™).** The low
adsorption strength reported here for this specific site contrasts
with the common assumption that step-edges are blocked by
strongly adsorbed CO moieties during reactive conditions.
Indeed, the other step-edge sites considered bind CO rather
strongly, with adsorption energy values ranging from —184 to
—109 kJ mol™ (Table 1, entries 1—4).

The CO activation causes an increase in the number of
adsorbed species; i.e., the surface coverage increases after CO
dissociation since two species (adsorbed C* and O%) are
formed from only one (the adsorbed CO). At such high
coverage, there is a strong repulsion between the C* and O*
and the neighboring CO molecules, and for that reason all the
reaction energies are significantly less favored than at low CO
coverage. For example, the CO dissociation on By sites
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Table 1. Energetics of the CO Adsorption and Direct
Dissociation on Rus,; NP Step-Edge Sites at ca. 1.0 ML CO
Coverage

entry site type E,g () mol™) E,, (k] mol™") AE,_, (k] mol™)

1 B (104),1, —140 219 180
2 B (100), —154 250 212
3 B (104),,, ~109 151 124
4 B, (100), —184 117 112
S Bg(111) —43 122 115

3 6 6

9CT

eo
e

e

Figure 9. Optimized structures for adsorbed CO (left), transition state
(TS) for CO direct splitting (middle), and dissociated C* and O*
atoms (right) on the (a) B5(104) 515, (b) Bs (100),, (c) Bs (104),,.,,
(d) Bs (100)g, and (e) By (111) sites at ca. 1 ML CO coverage. The
metal atoms composing the site are shown in yellow.

experiences a shift from exoenergetic (entries 16 and 19 of
Table S3) to endoenergetic (entries 4 and S of Table 1) when
going from low to high CO surface coverage. For the specific
case of Bj sites, there is also a significantly more endoenergetic
character when going from low to high coverage.

Activation energy values are also significantly increased
compared to CO low coverage conditions due to repulsion at
the TS. However, the increase is much more pronounced for
the flat step-edge sites than for concave ones. Therefore, flat
sites experience a sharp decrease of reactivity toward CO direct
activation with increasing CO coverage, with higher activation
energies equal to 219 and 250 kJ mol™". On the other hand, the
concave B (104),,.4, B¢ (111), and B, (100)5 sites are still able
to directly activate CO with affordable energy barriers at high
coverage, with activation energies of 151, 122, and 117 kJ
mol ™!, respectively (see Table 1).

The CO activation process at high coverage as calculated
here assumes the migration of spectator CO molecules around
the step-edge site to accommodate the newly formed C* and
O* species. In previous DFT studies,” CO direct splitting on a
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Ruyg, NP B (104),.,, site at high CO coverage (1.55 ML) was
evaluated considering separately the energy cost of forming a
vacancy prior to reaction (119 kJ mol™) plus the intrinsic
barrier for the activation of another CO molecule on the “local
low coverage” step-edge (150 kJ mol™"), giving rise to a global
energetic cost of 269 kJ mol™".

Our results for this specific Bs (104),.,, site suggest that, at
least from an energetic point of view, the migration of CO
molecules in the proximity of the step-edge site during CO
cleavage is more favorable (energy barrier of 219 kJ mol™" for
cleavage with migration) than the pathway with prior CO
desorption (estimated as 140 k] mol™" (desorption) + 126 kJ
mol ™" (activation at low coverage) = 262 kJ mol™"). It should
be noted that C—O bond cleavage may also occur from
hydrogenated intermediates produced by reaction with
adsorbed hydrogen on the NPs terraces during FTS,*® which
is consistent with the reaction rate law typically showing a
dependence on the H, pressure. The hydrogen-assisted CO
activation route via the HCOH* intermediate on a Ru,,; NP
terrace covered with 1.55 ML CO, for instance, is less energy
demanding (165 kJ mol™) than the direct cleavage on the Bj-
type site (269 kJ mol™') according to DFT calculations
reported elswhere.”® Similarly, water and alkyl chains, also
present on the catalyst surface during FTS, were also suggested
to assist CO bond cleavage.”"** Since terraces are relatively less
abundant on smaller particles, hydrogen-assisted pathways are
also consistent with the particle size effect on FTS.

Comparing the energetics for CO direct activation on the
step-edge sites of Rus,; described in this work with that of
reported hydrogen-assisted routes on Ru,,, NP terraces at 1.55
ML coverages (165 kJ mol™),*® ie, both at realistic CO
coverage, we see that direct CO activation on any of the
concave sites evaluated—Bg (104),,, (151 kJ mol™), By
(100); (117 kJ mol™), and Bg (111) (122 kJ mol™)—
presents more-affordable energy barriers, which supports the
proposal that step-edge sites are the active sites for CO
activation. If this is the case, then the CO activation rate
dependence on NP size could be explained not only on the
basis of the abundance of step-edge sites discussed so far in the
literature, but also on the different reactivity of unsaturated
step-edge sites of small transition-metal Ru NPs as reported
here. In any case, bimolecular CO activation pathways cannot
be discarded in the context of FTS,°° and most likely both
direct and assisted CO dissociation process are competitive, as
suggested by recent experimental investigations.’”

3.4. Bonding Analysis. As described in sections 3.2 and
3.3, the trends in CO adsorption and cleavage on step-edge
sites with respect to NP size cannot be understood by simply
comparing the energy and geometry of the adsorbed species.
We thus applied a COHP analysis to our electronic structure
calculations in order to evaluate the CO internal bond as well as
the CO—metal site interactions on the basis of a chemically
intuitive molecular approach.”” The COHP analysis describes
the bonding, nonbonding, and antibonding character of the
interaction of a selected pair of atoms by partitioning the DFT-
generated band-structure energy in terms of orbital-pair
contributions. Since our calculations are based on the Projected
Augmented Wave (PAW) method, which uses a set of
(nonlocalized) plane waves as basis set, a projection scheme
is needed beforehand, leading to the projected COHP
(pCOHP) curve.** The pCOHP quantity is generally
represented as —(pCOHP), so that positive and negative
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Figure 11. (a.1) DOS and (a.2) pCOHP curves for CO adsorption on (001) hcp site (extended surface). (a.3) Schematic representation of 7-
interactions on a hcp site. Adapted from ref 10. The DOS and pCOHP curves as well as the schematic representation of z-interactions for B4 (100)g
site (extended surface) are shown in (b.1), (b.2), and (b.3), respectively.

values correspond, respectively, to bonding and antibonding
states.

We will start our analysis by considering the isolated CO
molecule. The CO molecular orbital diagram together with the
electron density isosurfaces corresponding to the MOs and the
carbon/oxygen projected density of states (pDOS) are depicted
in Figure 10a,b. The pCOHP curve for the C—O pair generated
from a periodic calculation is shown in Figure 10c. From the
pCOHP analysis of CO, most of the bonding contributions on
the C—O bond come from the 30 and 1z orbitals, which,
according to the pDOS curves, are both polarized toward the
oxygen atom. The 40 and S6 MOs are only slightly involved in
the bonding and can be therefore primarily assigned to the
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oxygen and carbon lone pairs of CO Lewis structure,
respectively, in view of their larger contribution on the oxygen
and carbon CO atoms, respectively (see pDOS curve in Figure
10b).

3.4.1. CO Adsorption on a Flat Site. In the following, we
briefly describe the electronic structure of CO adsorbed as an
1" species on a flat (001) hcp site. This analysis is used as a
benchmark, since the electronic structure of CO adsorbed to
such sites has been extensively studied and is well understood,
for example, for the cases of flat Ni or Pt surfaces.'”'#” A more
detailed description is provided in the SI. We refer to donation
and back-donation concepts to explain CO bonding to the
metal (Blyholder model), which are standard in molecular
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chemistry, even though rehybridization models are common in
the literature and needed to explain CO MO mixing with each
other upon adsorption.'”"!

Upon CO adsorption to the (001) hcp flat site, CO MOs
rehybridize with metal bands and with one another (within the
CO molecule) and transform into rather delocalized bands,
named as the “tilde” of the original MOs, as shown in Figure
11a.1. Especially interesting for our analysis is the formation of
the d, band from the mixing of the metal d, band with 17 and
27* MOs, which is exclusively located around the oxygen atom
as a “lone pair”. From the pCOHP analysis (Figure 11a.2), we
see that, within the CO molecule itself (C—O pair, blue line),
the bonding contributions come from the 45, 5 (o-bonding)
and 1% (z-bonding) bands, while d, and 27* bands are
antibonding. Regarding Ru—C interactions (CO binding to the
metallic surface site, red line), all these bands are bonding, with
the exception of 277*, which is also the only nonpopulated band
above the Fermi level.

Figure 11a.3 displays a “MO diagram” schematically
representing the CO 7 interaction with the (001) hcp site
described by the pCOHP analysis above and adapted from ref
10. For the sake of clarity, only one Ru atom and one d orbital
are represented. The diagram shows how the 1z orbital is
stabilized upon CO adsorption, which relates to its polarization
toward the carbon atom. The d, band (oxygen lone pair) is
only slightly shifted down in energy and remains spread below
and above the Fermi level. The population of the d, band which
is not present on the free molecule has two effects: (i) it is
responsible for the weakening of C—O bond and red shifts C—
O stretching frequencies with respect to the gas phase
(antibonding C—0), which corresponds to the electron back-
donation from the metal to CO, and (ii) it contributes to CO
binding to the surface (bonding C—Ru), which stabilizes the
system.

3.4.2. CO Adsorption on a Concave Site. We now turn our
attention to CO adsorption on the concave By (100)y site of
the extended surface. For this site, 46, 56, and 17 states can be
identified as narrow bands in the C and O pDOS (Figure
11b.1), respectively, at approximately —11.0, —7.5, and —6.5 eV
with respect to the Ep, analogous to the case of the flat site. The
broad d, and 27* bands are also present in the range from —4
to 0 eV and around +3 eV, respectively.

The features observed for the o system on the (001) hcp site
are also present for the B4 (100)g site, namely the electron
redistribution between C and O on the 56 band. Additionally,
56 is even more stabilized than 17 on the concave site
compared to the flat one (see the splitting of the two 55 and 17%
narrow bands in Figure 11b.1 compared to Figure 11a.1), which
indicates higher CO—metal ¢ bonding. However, the most
remarkable differences between CO adsorption on flat and
concave site concern the 7 interactions.

Although 17 and 27* bands present similar characteristics for
both types of sites, d, can no longer be regarded as an oxygen
lone pair for the case of CO #* adsorption on By (100)y site, in
contrast to the case of the 7' adsorption on (001) hcp. This is
because the d, band has components on both C and O for the
case of the concave site, as observed in the decomposition of
the pDOS (Figure 11b.1). As a consequence of electron
delocalization of this d, band within C and O, its position is
shifted down with respect to the Fermi level on the concave
site. Whereas d, has components 1 eV above the Fermi level on
the (001) hcp site, it is completely below Eg for By (100)

(compare Figures 11a.1 and 11a.2), which impacts the bonding
patterns.

Inspection of the pCOHP curves for the By (100)g site
(Figure 11b.2) shows an increase in the electron density back-
donation from the metal to the molecule when compared to
(001) hep site, since the d, antibonding band is completely
filled in the B¢ (100)y site, resulting in a significant weakening
of the C—O bond (blue line). Similar to the case of the flat site,
the d,, is Ru—C bonding (red line), but in this case most of the
band is filled with bonding contributions owing to a stronger
Ru—C bond than for the flat sites.

Another important difference in the pCOHP bonding
pattern between the two types of sites concerns Ru—O
interactions. In the case of the (001) hcp site, Ru—O
interactions are slightly nonbonding, whereas they are strongly
bonding for the B4 (100)y site (compare Figures 11a.2 and
11b.2, orange line), as expected from the distance between the
O and the Ru surface atoms (3.06 and 2.2 A for (001) hcp and
Bs (100)y sites, respectively). This means that, apart from
carbon, oxygen’s interaction with the surface also contributes to
the bonding of CO to the metal site.

In order to understand the Ru—O interactions on the By
(100) site, we compared the orbital-decomposed C and O
pDOS curves corresponding to the CO molecule adsorbed on
the (001) hcp flat and on the By (100) concave sites (Figure
12). While C and O p, and p, orbitals (z is taken along the C—
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Figure 12. Orbital-projected carbon and oxygen DOS for CO
adsorption on (a) (001) hcp and (b) B¢ (100)y sites on extended
surfaces.

O bond axis) are degenerated in the case of CO adsorption on
the (001) hcp site according to the projection scheme (Figure
12a), they are not equivalent for the B4 (100)j site (see Figure
12b). The main difference is that, in the concave site, the p
orbital of the oxygen atom (shown in green in Figure 12§
presents components not only in the energy range of the x
bands (17, d,, and 27*) like for the (001) hcp site, but also in
the energy range of the 46 band. This indicates that the 46
band, which is exclusively located on the C—O bond axis (z)
for the case of the (001) hcp site, is extended toward the Ru—O
bond axis, forming a Ru—C—O—Ru 46 bonding band on the By
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Figure 13. DOS and pCOHP curves for CO adsorption on (a) (001) hcp and (b) B4 (100)g sites in Rus,; and Rug; NPs.

(100)g site. The pCOHP Ru—O curve (Figure 11b.2) shows
that the bonding character comes mainly from 45 and 1%
interactions, meaning that the CO 7 system is also involved in
the Ru—O bonding.

A rather simple picture to understand CO bonding to the By
(100)y site is to consider that the oxygen lone pair present in a
hypothetical ' CO adsorption geometry on a concave site (d,
band, equivalent to a molecular LUMO) forms a new ¢ Ru—O
bond with unoccupied metal d states of neighboring Ru atoms
(HOMO) that tilt the molecule to an 7* configuration. As a
consequence, part of the electron density is shifted from the
oxygen atom to the Ru—O bond axis, delocalizing the d, band
over the CO molecule and stabilizing the system. Decom-
position of the Ru—O pCOHP curve for the three Ru atoms on
the B, (100)g site (Figure S8) shows that, indeed, mostly the
two Ru atoms in closer proximity to the oxygen atom
participate in the Ru—O bond.

With all the previous information in hand, we propose a
revised “MO diagram” view of CO 7 bonding to a metal site
upon an 7° configuration, shown in Figure 11b.3. In this
simplified picture of the CO adsorption to the B4 (100)y site,
we see that, while 17 and 27* bands present rather similar
shape compared to the case of the (001) hep site (Figure
11a.3), the d, band is now spread along the carbon and oxygen
atoms of the CO molecule and lies completely below the Fermi
level. Since the CO bonding to the metal surface is a
combination of ¢ donation and 7 back-donation contributions,
the latter is much more important for the concave site and has,
as consequence, both C—O elongation (from 1.20 A on (001)
hep to 1.38 A on By (100);) and higher adsorption strength
(=176 to —208 kJ mol™') compared to the flat (001) hcp site.

The pDOS/pCOHP analysis of CO adsorption on the
remaining sites on extended surfaces (Figure S9) shows that the
conclusions derived for (001) hcp and Bg (100)g sites are
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actually general and can be extended to all flat and concave sites
considered in this work, respectively. Nonetheless, the
remaining question is why there are different CO adsorption
behaviors for flat and concave sites with respect to the NP size.

3.4.3. NP Size Dependence of CO Adsorption. In order to
understand how the interplay of ¢ donation and 7 back-
donation effects on the different CO coordination modes
affects CO’s adsorption and bond length for the different
particle sizes (Figure Sa), we also evaluated DOS and pCOHP
curves for the adsorption on (001) hcp and By (100); sites in
Ruy,; and Rug, (Figure 13). For both sites on Ruy,s, the
electronic structure and bonding are very similar to those
described for the site on an extended surface (Figures 11),
which is translated on the similar adsorption energy values and
bond lengths for both cases (Figure Sa and b). Nevertheless, for
both sites on the small Rug;, which are less saturated, important
differences are observed.

For the (001) hcp flat site, decreasing the particle size from
Rujy; to Rug, causes a better stabilization of the 56 band
relative to 17 (compare the two pDOS curves in Figure 13a)
and a decrease in the electron back-donation (d, band becomes
less intense). The (slight) increase in the adsorption strength
(adsorption energy changes from —180 to —184 kJ mol™" on
Ruy,; and Rug, (001) hep sites, respectively) can thus be
ascribed to stronger ¢ bonding on the less saturated site, an
effect is in line with what one expects from the bond order
conservation principle. The adsorption energy value for the
(001) hcp site on an extended surface is equal to —176 kJ
mol ™. It should be noted that & back-donation occurs in both
small and large particles for the (001) hcp flat sites, which is
evidenced by the C—O bond length of 1.21 A, larger than that
of the free CO (1.13 A). However, as explained above, this
effect has a limited influence in dictating CO adsorption
proprieties for the case of flat sites, as opposed to concave ones.
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In the B4 (100); concave site, the 55 bonding contributions
retain the same energy range with respect to 17 when going
from the site on Rus,; to Rug; (Figure 13b). However, the Ru—
O interactions and the 7 system are significantly modified when
changing the particle size. Ru—O bonding interactions all drop
in intensity compared to other components of the pCOHP
curve, especially in the case of 45 and 1% bands. Accordingly,
the d,, band becomes less intense for the smaller particle, which
indicates a reduced electron back-donation for the site on Rus;.
Therefore, because of the lack of Ru—O stabilization and
electron back-donation, which play important roles for CO
bonding to this type of site, the adsorption strength sharply
drops from an adsorption energy of —202 k] mol™" on Rus,; to
—160 k] mol™ on Rus, for the B4 (100); site. The smaller
extent of electron back-donation is confirmed by the C—-O
bond length, which decreases from 1.38 to 1.32 A when going
from the Rusy,; to the Rug; NP. The extent of back-donation
can also rationalize the stronger CO adsorption strength to the
concave Bg(104), , ; site of the (104)y surface (more saturated,
dc_o = 1.31 A) compared to that of the (104), surface (less
saturated, dc_o = 1.30 A), as exposed in Figure 4.

In order to obtain further quantitative evidence of the NP
size dependence of the electron back-donation, we also
evaluated the evolution of C and O charges from the CO
free molecule to CO adsorption on the different sites of
extended surfaces compared to Rug; NP. The electron density
transfer from the metal to the 7 system of the molecule (back-
donation) has an effect of equilibrating the lack of electron
density on the carbon atom of the CO molecule, which has
partially given away its 5o electron lone pair to the metal. The
carbon charge can thus serve as an indication of the balance
between ¢ donation and the extent of electron back-donation.

The atom partitioning of the electron density (Bader charge
(qs) analysis, shown in Table 2) shows that C is electron-

Table 2. Bader Charge (qg) Analysis of Adsorbed CO

qs,c (e) q8,0 (e)
entry site type surface Rug; surface Rug;
1 - +1.20° —1.20¢
2 hep (001) +0.46 +0.49 —091 —0.98
3 B, (104),,, +0.69 +0.62 -1.02 -1.03
4 B, (100), +0.61 +0.62 —1.02 —1.04
S B, (104),,, +0.26 +0.48 ~-1.02 -1.08
6 B, (100), 0.00 +023 —1.00 —1.04
7 B, (111) +0.24 +0.68 -1.02 -1.06
“Free CO.

deficient (gz = +1.2 e) in the free CO, with —1.2 e on the
oxygen atom (Table 2, entry 1). Upon CO adsorption, the
oxygen remains negatively charged, with a charge comparable
to that of the free molecule (g range from —1.1 to —0.9 e),
while the electron density around the carbon atom increases
significantly.

By comparing flat and concave sites on extended surfaces, we
see that carbon is much less electron deficient for the latters (g
from 0 to +0.26 e, entries S—7 of Table 2) than for the formers
(gp from +0.46 to +0.69 e, entries 2—4 of Table 2). This is in
agreement with the higher stability and population of the
delocalized d, bands on concave sites with respect to flat ones,
as discussed above on the basis of the electronic structure. The
CO #* adsorption on the By (100)y site is the most extreme
case, since the strong electron back-donation completely

equilibrates the carbon atom electron deficiency to a Bader
charge value of zero. Not surprisingly, this site is also the one
for which CO presents the highest adsorption strength among
all the evaluated step-edge sites (adsorption energy value of
—208 kJ mol™).

3.4.4. Transition State for CO Dissociation. Can we also
understand CO activation NP size dependence from the
electronic structure and Bader charges? Since the stability of the
TS for direct CO dissociation on step-edge sites was identified
as the main factor causing the higher energy barriers on Ru;,
compared to Ruy,; (section 3.3.1), we analyzed the electronic
structure of the TS on the flat hcp (001) and concave B, (100);
site on the extended surface as well as on Ruy,; and Rug,
systems. The case of the (001) hcp site is treated separately in
the SJ, since the TS structure for this site contains the oxygen in
a top position that is unique among all the sites studied here.
We start our analysis by considering the CO dissociation TS for
the Bg (100); site on the extended surface.

The pDOS and pCOHP curves corresponding to the TS for
CO dissociation on the B4 (100)5 site of the extended surface
are shown in Figure 14a. The electronic structure of the TS no
longer resembles that of the adsorbed CO. The C—O distance
on this TS is equal to 1.89 A, indeed pointing to a late, more
product-like TS. Two sharp bands appear in the C and O
pDOS curves around the energy values of —12 and —18 eV
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Figure 14. DOS and pCOHP curves for CO direct dissociation TS on
Bg (100) in (a) the extended surface, (b) Rusys, and (c) Rug, NPs.
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with respect to the Fermi level, which correspond to the 2s
carbon and oxygen orbitals, respectively. Additionally, a broad
teature relative to C and O p orbitals mixed with metal d-bands
is observed above —7 eV. According to the pCOHP analysis,
some occupied bands are still bonding with respect to C—0O,
meaning that C and O still interact on the TS despite the large
C—O distance. Those are mainly located in the energy range of
C and O p orbitals. Regarding Ru—O and Ru—C interactions,
they present bonding contributions, which are below Ep and
thus occupied.

3.4.5. NP Size Dependence of CO Activation. By comparing
the electronic structure of the TS for CO dissociation on the B4
(100); of the extended surface (Figure 14a) to that on a site on
the Ruy,; NPs (Figure 14b), the same patterns are observed.
Nevertheless, the TS for CO cleavage on the B, (100)j site of
the Rug; NPs (Figure 14c) presents major differences by
comparison with the two former ones. We see that the center of
the oxygen p states mixed with metal bands is higher in energy
in the case of Rug; compared to Rus,; whereas bands
associated with carbon p orbitals lie in the same energy
range. The fact that O 2p band is higher in energy in the TS
suggests that the Ru—O bonding is weaker for the site on the
small NPs. The smaller extent of the Ru—O interactions seems
thus responsible for the weaker stabilization of the CO
dissociation TS and consequentially for the higher activation
energy in the By (100)y site of the Rug, (83 kJ mol™") when
compared to Ruy,; (45 k] mol™') and the extended surface (47
kJ mol™"). The role of the M—O bond in facilitating CO
dissociation on step-edges was also pointed out as the reason
for the increased reactivity of Fe-promoted Rh By sites in a
recent DFT study.®®

The weaker Ru—O interaction for the TS of CO dissociation
on the Bg (100)g site of the small Ru NPs compared to the
larger ones is similar to the effect previously discussed, which
explained the decrease of the CO adsorption strength on
concave sites when going from the Ruj,; to the Rus; NPs. In
the case of CO adsorption, the weaker oxygen binding to the
surface decreased the electron back-donation and also the
charge density on the CO carbon atom. Bader charge analysis
for the TS structures on the Bg (100)y site located both on the
extended surface and on Rug, (entry S of Table 3) also shows

Table 3. Bader Charge (g;) Analysis of CO Dissociation TS
Structures

gsc () qs0 (e)
entry site type® surface Rug, surface Rug,
1 hep (001) —0.40 -0.38 —0.60 —0.67
2 B, (104), ,, ~0.39 —0.38 —0.76 -073
3 B, (100), ~0.33 -029 —0.74 —0.74
4 B, (104),,_, —038 —0.40 -073 —0.72
s B, (100); —0.48 —038 —0.78 —073
6 B (111) —041 —0.34 073 073

that the carbon atom of the TS structure is surrounded by more
electron density in the case of the surface (g5 = —0.48 e) as
opposed to the small NPs (g5 = —0.38 ¢), even though it is no
longer possible to identify the bands involved in the electron
back-donation as for the case of an adsorbed CO molecule.
Inspection of the Bader charges on the TS structures of the
remaining concave step-edge sites evaluated in this work (Table
3) shows that the carbon charge can also be used to understand
the intensity of the Ru—O interaction and thus the reactivity

toward CO activation for these sites. For the B, (111) concave
site, carbon also holds less electron density in the TS on the
Rug; (qg = —0.34 e) than on the extended surface (g5 = —0.41
e), which reflects the increased energy barrier for CO cleavage
on the site of the small NP (155 kJ mol™') compared to the
extended surface (71 kJ mol™). In the case of By (104),,,, a
concave site, carbon’s Bader charge is equivalent among the two
systems (g = —0.40 and —0.38 e for Rug, and the extended
surface, respectively), also in agreement with the similar CO
cleavage energy barrier (98 and 100 kJ mol™!, respectively).
While Ru—O saturation-dependent stabilization may be
expected for the concave sites, analogous to the case of
adsorption, it may be surprising that the trend also holds for flat
sites. This is because a CO molecule adsorbed in an 7'
geometry has to tilt and also form an #*-coordinated TS for
CO dissociation (TS structures in Figures S3 and SS). The
pDOS and pCOHP curves for intermediate structures in
between the adsorbed CO and the TS for its dissociation
(extracted from the NEB) for the B (104),.,, site (Figure S10)
show indeed the formation of an #’-bonded species whose
electronic structure is very similar to that of CO adsorbed on a
concave site, in which the Ru—O bonding extent is larger for
the more saturated site of the large NP, as shown previously. In
the case of flat sites, the Bader charge differences are smaller,
though. For the By (100), site, for instance, C’s charge is equal
to —0.29 e on the Rug; site (energy barrier of 214 kJ mol™) as
compared to the extended surface site (qz = —0.33 e, energy
barrier of 174 kJ mol™'). These results demonstrate that our
rationale to understand CO activation using chemical bonding
is actually general across the different types of step-edge sites.

4. CONCLUSION

In this work, we addressed the nature of CO adsorption and
activation on Ru NPs of distinct sizes by means of first-
principles calculations. We found that step-edge sites such as By
and B sites can be accommodated in both smaller (1 nm) and
larger (2 nm) Ru NPs, contrary to the assumption that they can
only be formed on larger particles. Step-edges relevant for CO
activation are among the most energetically favored defects
formed on these NPs. The estimated energy required to form
the most stable combination of Bj sites is equal to 56 and 43 kJ
mol™" for Ru NPs of 1 and 2 nm size, respectively.

Two distinct types of step-edge sites were identified with
respect to CO adsorption: flat and concave. While on flat sites
CO adsorption geometry is typically #' normal to the surface
analogously to sites in low-index surfaces, for concave sites we
observe a preferential CO adsorption in a tilted 7> geometry
previously recognized experimentally on single-crystal surfaces
as well as in molecular cluster organometallic analogues. As
expected from bond order conservation, CO adsorption
strength increases on flat sites of smaller NPs. However, the
binding of CO is unexpectedly weaker on the concave sites of
smaller NPs.

Using state-of-the-art crystal orbital Hamilton population
analysis, we provide a molecular interpretation for CO bonding
on concave step-edge sites of Ru NPs that allows rationalizing
(i) the difference between the nature of CO adsorption on flat
and concave sites as well as (ii) the unusual particle size effect

on CO adsorption:
(i) For both flat and concave sites, the electron back-
donation from the metal to the molecule is due to the
population of a CO—metal d mixed band that contains
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contributions from the 1z and 27% MOs of the CO
molecule. Whereas for the CO ;' adsorption on a flat site
this band is localized in the oxygen atom of the CO
molecule as an electron lone pair, the Ru—O interaction
is able to distribute the electron density in the case of 7
adsorption on a concave site, where both C and O atoms
display equivalent contributions to the band. As a
consequence of the electron delocalization, this band is
stabilized and more populated below the Fermi level,
being the electron back-donation much more effective for
concave step-edge sites than for flat ones.

(i) Concerning the particle size effect on CO adsorption, we
conclude that o donation increases the CO bonding on
the less saturated flat sites present on small NPs, whereas
the weakening of the Ru—O bond between the oxygen of
the CO molecule and the surface reduces the back-
bonding and thus the CO adsorption strength on
concave sites of smaller Ru NPs. Therefore, there is a
tendency for smaller NPs to favor 7' adsorption
compared to ;2. This bonding analysis is general within
each category of sites and accounts for CO adsorption
properties over a range of distinct step-edge sites with
various geometries, such as Bs or By sites.

Regarding CO activation, we found that step-edge sites are
much more reactive on larger NPs than on smaller ones. The
lower reactivity of smaller NPs toward CO cleavage is therefore
not due to the lack of step-edge sites, but rather to the higher
energy barriers for CO cleavage on the less coordinated step-
edges of small NPs. Furthermore, we show that thermody-
namics, through the commonly used Brensted—Evans—Polanyi
relationships, fails to account for this effect, which can to be
interpreted using CO bonding molecular models. The weaker
Ru—O interaction that leads to less back-donation in the #*
adsorbed state is also the origin for the higher CO direct
cleavage energy barriers on step-edge sites of smaller NPs. The
trend holds for both flat and concave types of sites, since in any
case CO molecule has to be tilted to an 7*-bonded TS in order
to dissociate.

The findings described in this contribution rationalize the
observed particle size dependence of CO activation, showing
how an electronic-structure-based molecular understanding
combined with realistic catalysts models can be crucial in order
to understand the activation of small molecules on the step-
edge sites of metallic nanoparticles.
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B NOTE ADDED AFTER ASAP PUBLICATION

ESI optimized geometries (ZIP) were added and Figure 1 was
corrected on December 28, 2016.
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