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A deeper understanding of the relation between experimental reaction conditions and the surface

composition of nanoparticles is crucial in order to elucidate mechanisms involved in nanocatai-
www.rsc.org/journalname ysis. In the framework of the Fischer-Tropsch synthesis, a resolution of this complex puzzle
requires a detailed understanding of the interaction of CO and H with the surface of the catalyst.
In this context, the single- and co-adsorption of CO and H to the surface of a 1 nm ruthenium
nanoparticle has been investigated with density functional theory. Using several indexes (d-band
center, crystal overlap Hamilton population, density of states), a systematic analysis of the bond
properties and of the electronic states has also been done, in order to bring an understanding or
structure/property relationships at the nanoscale. The H:CO surface composition of this ruthe-
nium nanoparticle exposed to syngas has been evaluated according to a thermodynamic mode.
fed with DFT energies. Such ab initio thermodynamic calculations give access to the optima:
H:CO coverage values under a wide range of experimental conditions, through the constructio::
of free energy phase diagrams. Surprisingly, under the Fischer-Tropsch synthesis experimen. !
conditions, and in agreement with new experiments, only CO species are adsorbed at the surface
of the nanoparticle. These findings shed a new light on the possible reaction pathways underlying
the Fischer-Tropsch synthesis, and specifically the initiation of the reaction. It is finally show:,
that the joint knowledge of the surface composition and of energy descriptors can help to identify
possible reaction intermediates.

DOI: 10.7039/XXXXXXXXXX

1 Introduction

Fischer-Tropsch synthesis (FTS) is a catalytic process that converts
a mixture of carbon monoxide and dihydrogen in the gas phase

(2n+1)Hy +nCO — C,Hy, 12 +nH,0 [¢h

into mainly linear hydrocarbons and water (eq. 1). It is known for
around ninety years now! and it is still of high interest because
of its ability to produce fuels with lower environmental impact,
but higher financial costs, than regular production pathways. >3
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The FTS is assumed to proceed via three main processes: (-
the initiation step which corresponds to the coordination of CO
and H, and the formation of the chain starter; (ii) the propa-
gation step which involves different hydrogenation reactions as
well as carbon-carbon coupling reactions leading to the growth
of the hydrocarbon chain; (iii) the termination step correspond-
ing to the desorption of the hydrocarbons and water.% Each step
has its importance in the resulting products and several ways to
achieve high selectivity towards long chain hydrocarbons have
been studied both theoretically and experimentally.*7 The first
step of the reaction is still debated as different mechanisms are
usually proposed for the CO dissociation: the “carbide mecha-

Journal Name, [year], [vol.], 120 |1



nism” in which the adsorbed CO directly dissociates into C and O
at the catalyst surface and are subsequently hydrogenated to CH,
and H,0, 1:8-15 or the H-assisted mechanism13-1?, such as the CO
insertion mechanism proposed by Pichler and Schulz2? as well as
by Henrici-Olivé and Olivé2! or the enol mechanism proposed by
Storch et al., %2 in which an H atom binds to the CO before the C
— O activation leading to the formation of different intermediates
like COH or HCO helping the CO dissociation.

Among the catalysts used, ruthenium surfaces have been
widely studied, both theoretically and experimentally, regarding
CO adsorption and dissociation23-24 as well as H, adsorption25-26
and H,/CO co-adsorption. 2’ Surfaces have been studied both for
their own heterogeneous catalytic activities but also as models
for nanoparticle with large facets, with or without special sites
like step sites. Such sites have been evidenced as being of im-
portance in the catalytic process, as their effect on the adsorption
energies and dissociation barriers allows to facilitate reactions. %8
In the particular case of the Fischer-Tropsch synthesis, theoretical
and experimental studies have evidenced the role of steps. Re-
garding the initiation step, the DFT computed energy barrier for
CO dissociation drops from 54.3 kcal.mol~! to 21.3 kcal.mol~!
when the dissociation occurs at a step site.2? The blocking of the
steps by carbon atoms resulting from the CO dissociation poisons
the surface and prevent further CO dissociation under ultra high
vacuum conditions, whereas step blocking no longer dominates
CO dissociation at high CO pressure. 3°

Nanoparticles (NPs) have a periodicity much reduced com-
pared to flat or stepped surfaces. Since they possess more sur-
face irregularities and defective sites (Figure S1), they are good
candidates as catalysts. In fact ruthenium nanoparticles (RuNPs)
ranging from 1.3 nm to 2.9 nm have been experimentally stud-
ied as FTS catalysts in gaseous phase, showing the importance
of the catalyst size and of the stabilizing ligands towards FTS
activil:y.31 Same conclusions were drawn for larger (4-23 nm)
RuNPs.32 Other RuNPs (1.2 nm to 5.2 nm) have been studied
for FTS in aqueous phases demonstrating high selectivity towards
oxygenated species on dense RuNP surfaces.# In the case of ultra
small (~1 nm) to small (<3 nm) NPs, the edge/surface atoms or
apex/surface atoms ratios are large. The “nanoparticle as an as-
sembly of surfaces” model becomes less relevant, and very large
metal clusters should rather be investigated.

The purpose of the study we propose here is to theoretically in-
vestigate the adsorption of H, or CO at the surface of ruthenium
nanoparticles for several coverage values, as well as the H/CO
co-adsorption, in order to give an insight into the optimal surface
composition. We have considered a RuNP core with a diameter
of about 1 nm (55 metal atoms), a reasonably relevant model
with respect to experiments (between ~1 and 3.1 nm according
to synthesis conditions31:33:34), The dissociative adsorption of a
single H, molecule at the nanoparticle surface, as well as molec-
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ular CO adsorption, will first be probed in order to spot potential
favorable adsorption sites. The optimal coverage value of the sys-
tem for higher coverage of hydrogen and CO will then be studied
via ab initio thermodynamics calculations, a method intended to
take into account realistic conditions of a molecular system in
equilibrium with its environment.26:35-38 (T ) phase diagrams
considering RuNPs in equilibrium with two distinct H, and CO
sources were computed to provide an accurate description of the
surface species under a wide range of experimental conditions.
The main context of this study is the chemistry at the surface of
colloidal nanoparticles, although the results obtained under ultra
high vacuum conditions could also shed light on the structural
and electronic properties of clusters produced by sputtering pro-
39-42 Using several indexes (d-band center, %4345 crystal
overlap hamilton population*®) expanded in a local atomic ba-
sis set, a systematic analysis of the bond properties and of the
electronic states will be done, in order to build a bridge between
molecular coordination chemistry and the chemistry at the sur-
face of RuNPs, following on from our previous work.4> Several
experimental results obtained these last years on RuNPs31:33:47
will be revisited under this new perspective, but also in rela-
tion with the CO vibrations, which is a well-known probe of the
metal-carbonyl interaction in organometallic chemistry. Finally,
and thanks to the energy indexes and phase diagrams considered
in this study, a possible reaction intermediate is proposed, as a
possibly interesting piece in the complex Fischer-Tropsch puzzle.

cesses.

2 Single H and CO adsorption on a RuNP

All properties were evaluated on an hcp-based Rusg nanoparticle,
shown in Figure 1a and described in detail in the “theoretical and
experimental methods and models” section. The metallic charac-
ter of this nanocluster can be clearly seen on the projected density
of states (pDOS) of Rugs which is reported in Figure 1b. Close to
the Fermi energy, the total pDOS (in black) is dominated by the d
component (in red). The d-band center for the 44 surface atoms
and the 11 core atoms is calculated to be 2.6 €V and 3.6 €V. They
will be compared later with the RussH,,(CO); compounds. Al-
though the DOS and its decomposition over atomic orbitals are
useful in identifying molecule-surface interactions and in quanti-
fying the occupation of molecular orbitals or bands, they do not
give a direct proof of the interaction between two species and
of the nature of such interaction, i.e. bonding, non-bonding or
anti-bonding. This can be obtained by analyzing the so-called
crystal orbital overlap population (COOP4®) or the crystal over-
lap hamilton population (COHP#6:4%), which has been prefered
in the present work. Both functions provide an energy-resolved
visualization of chemical bonding in molecules or in solids (more
details are given in section 6). The COHP(¢) profile for the near-
est neighbor Ru-Ru interactions in Rugg is also reported in Fig-
ure 1b. It shows a bonding character of the states lying up to -5
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€V, and then a slightly antibonding character of the occupied va-
lence states close to the Fermi level, eg. This is reminiscent of the
electronic structure in small organometallic clusters.>9 The inte-
grated pCOHP (IpCOHP), a bond strength index, is found to be
45 keal.mol"!/Ru-Ru interaction.

(a)

(b)

Energy / eV

Total DOS
Ru-5s
- Ru-ad
Ru-5p

-100 0 100
-COHP pDOS

Fig. 1 (a) 55-atoms hcp-based RuNP and special sites at its surface;
(b) Projected DOS and COHP analysis for the nearest neighbor
interactions in the bare Ruggnanocluster. The average occupation of the
5s (n,), 4p (n,) and 4d (n,) bands are also reported, as well as the
d-band center for surface Ru atoms (dashed red line) and for core Ru
atoms (dotted black line) and the position of the Fermi level (brown
horizontal line). The low-lying 4p-DOS does not appear in this energy
range. pCOHP profiles are calculated for nearest neighbors only

Low coverage

In the colloidal context, RuNPs are usually prepared by hydro-
genating at room temperature an organometallic precursor under
a pressure of H, and in the presence of stabilizing ligands, such as
the polyvinylpyrrolidone polymer (PVP), which offers steric pro-
tection, or the bisdiphenylphosphinobutane ligand (dppb), which
offers both steric and electronic protection.>! The nanoparticles
are essentially covered with surface hydrides since H, easily ad-
sorbs and dissociates at the surface. In order to probe the ad-
sorption strength at various surface sites, we shall first consider
the coordination of a single hydride at the nanoparticle surface.
Many studies have shown the preference for a face-centered cu-
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bic (fcc, pu3) coordination of the H atom on the compact (0001)
surface for Ru.2%26:52 The Ru;; nanoparticle considered in this
study has a small (0001) facet on which the hydrogen atom can
be coordinated, as can be seen on Figure 1a. But this site as well
as the others many-fold sites on the studied nanoparticle are not
exact u and yj3 sites as the M-H distances are not equal, as shown
in Table S1. The adsorption energy obtained for u coordination
on the ruthenium nanoparticle is E,q, = -13.8 kcal.mol~!, which
is in the same order of magnitude as H adsorbed on (0001) sur-
face at small H coverage and for single H adsorption on RuNP
(-13.6 kcal.mol™1).23:53-55 [n addition to this (0001)-like site,
other surface sites have been investigated corresponding to 7, 1’
or u3 bonding (Figure 2a). Detailed geometries of the considerec
H adsorption sites are given in Table S1 . Adsorption energies a.
the RuNP surface ranges from -5.6 to -14.9 kcal.mol~! (see Tablc
S2), with a clear preference for u and p3 coordination. Adsorp

tion energies are similar to or weaker than those calculated or
the (0001) surface (-13.6 kcal.mol~!). No particularly strong ad-
sorption site has been found, unlike for differently shaped Rus;

nanoparticle where a subsurface defect caused E,ys to drop -
-27.3 keal.mol~!.4> Since the adsorption of CO is non dissoci

tive,%6 eq. 2 becomes E,4s(CO) = E(MssCO) — E(Mss) — E(CC
for a single carbon monoxide. Different coordination sites have
been studied, all of them are reported in Table S3 and on Figure
2b. Detailed metal-CO distances are also given in Table S4. Thc
20C isomer differs from the others because in that case the CC
is not coordinated via the carbon atom but by the oxygen atom.
This leads to a weak adsorption energy (less than 4 kcal.mol'™
and will not be furthermore considered. For the other structures

the coordination is done via the C atom in 1, u, y4, or both ¢
and O atom for the (17,n?) configurations. None of the RuNP/CC
isomers retained u3 coordination. Comas-Vives et al.>> showcd
that uz adsorption can be found on the 0001 plane but with ai.
adsorption energy of -40 kcal.mol~!. In our case, adsorption en

ergies range from -40.3 kcal.mol~! to -52.7 kcal.mol~!. This i
quite a narrow range considering that adsorption energies up tc
-59 kcal.mol~! have been found on Ru nanoparticles*>. This i
explained in the same way as for H adsorption: the high -5¢
keal.mol~! value as found on a very defective site with a subst.

face vacancy leading to strong adsorption, which is not modelleua
on the present nanoparticle. Another site however emerges as
a strong coordination site: the step-like sites, in the vicinity of
the tip (see Figure 1). The most stable n (2°©), u (10%°) and
(n,m?) (3%9) coordination are found for RuNP/CO adsorbates in-
volving at least one of the step-like site atom, as can be seen on
Figure 2b. Overall, the preferred CO coordination modes are n
and u, but considering the narrow range of energies, all coordi-
nation modes have to be considered for higher coverages. Those
results give references energies and adsorption trends for a single
atom/molecule, i.e. for a very low coverage.
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Fig. 2 Different adsorption sites at the Rugg surface for H atom (a) and
for CO (b) with different point of views. Each adsorbate*RuNP has been
optimized separately. Adsorption energies are given in kcal.mol~!

2.1 Multicarbonyl site at apex location

Metal atoms at apex sites of NPs are under coordinated. In the
case of RuNPs, they are known to be possible adsorption sites for
multicarbonyl ligands.3! We computed the adsorption energies
of one and two additional CO adsorbed on apex site starting from
the 2€0 isomer (see Figure 2b). The resulting DFT-optimized ge-
ometries are given in Figure S2 . Whereas edge-bridging (u) ad-
sorption is preferred on the bare RuNP, the second addition on
the same metal atom leads to a configuration with one atop CO
and one bridging CO. The third addition leads to three u-CO. De-
spite our attempts, we were unable to obtain the genuine multi-
carbonyl pattern, made of three terminal-CO coordinated to the
same Ru atom. However, in contrast with standard edge-bridging
CO, carbonyl ligands are not strictly perpendicular to the edge,
owing to their mutual electronic repulsion. In terms of adsorp-
tion strength, adding a second CO on this site (22¢°) does not
affect the mean adsorption energy, it goes from -49.8 to -49.9
kcal.mol!. The adsorption of a third CO (2°¢©) on the same
metal atom is less favorable than the atop grafting of carbonyl
ligands on three different ruthenium atoms (-46.7 kcal.mol! vs.
-51.8 kcal.mol'!). The vibrational frequency of the CO stretching
in 22€0 is found to be 1898 cm~!. Adding a second CO (2%€0)
only slightly affects the stretching of the atop CO which is down-
shifted to 1883 cm~!, whereas the second mode appears at 1785
em~!, as expected for bridging-CO. Finally, for 23¢© the CO vi-
brates at 1875, 1795 and 1777 cm ™.

1-20
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Fig. 3 (a) pPCOHP and pDOS for CO (the energies and profiles were
calculated with VASP: the o DOS is projected onto the C and O 2s and
2p. AOs, whereas the = DOS is projected onto the C and O 2p, and 2p,
AOs. The Kohn-Sham MOs were computed within the PBE functional 5"
with the Gaussian09 software 58, in a standard 6-31G** basis set%?); (b)
pCOHP for 2€0 and 23€© (The Ru-Ru interaction is not shown for the
sake of clarity). pCOHP profiles are calculated for nearest neighbors
only, with the exception of C-C interactions (2.5 A < Re_¢ < 3.2 A). The z
axis goes through the C and O atoms in 2°° (see Figure S3 for a more
detailed analyzis)

This case offers the opportunity to analyze the electronic fea-
ture of the carbonylation of a RuNP in terms of pDOS and pCOHP
and to compare it with CO adsorption at transition metal sur-
faces.®0. These functions for a free CO molecule, plotted in Fig-
ure 3a, provide reference data to be compared with the carbony-
lated RuNPs. Regarding chemisorption at surfaces, according to
the Blyholder model,®! the 50 and 27* which correspond to the
HOMO and the LUMO respectively, are the three most important
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MOs. When CO is brought toward a metal surface, its grafting is
ruled out by a o-donation from the 56 MO to the initially unoc-
cupied d orbitals of the metal substrate and by a back-donation
from the filled d orbitals of the metal to the 2z* MO. In this model,
the lower lying 17, 40 and 36 MOs do not significantly interact
with the band structure of the metal surface. Within DFT, the
pCOHP analysis plotted in Figure 3b for Rus;(CO) shows that
the 50 MO is strongly stabilized due to the interaction with the
substrate (a more detailed analysis is reported in Figure S3). As
already pointed out by Scheffler and Stampfl®° in the case of CO
adsorption on the Ru(0001) surface, there is also a significant in-
teraction between the 46 MO and the delocalized Ru—d,. states
of the surface metal atoms. The OA-resolved pDOS plotted in
Figure S3 also shows a resonance of 5s states at the 40 position,
not present in the bare Russ; nanocluster. As expected, the 3¢
MO does not play an important role in the CO-substrate bond-
ing. On the contrary to the adsorption on the Ru(0001) surface,
there is also a significant bonding interaction between the 17 MO
and the Ru—d; states. The 2x* MO, much more delocalized in
Rug5(CO) than in a free CO, is mixing with the d; component of
the metal. As a result, there is a total of 0.7 electron in the 27*
levels (whilst the 17 levels accommodate 4 electrons). IpCOHP
is lower for the adsorbed CO than for the free CO, owing to the
weak metal to ligand charge transfer from the Rugg core to the
27* MO which is observed in the pCOHP profile (437 kcal.mol!
vs. 454 kcal.mol!). Such one-electron derived energy must not
be compared to the bond dissociation energy (BDE) of CO (ca.
256 keal.mol 1) but it gives a valuable bond strength index which
variation is expected to follow BDE variations. Overall, this anal-
ysis agrees in general with the Blyholder model, but the details
of the bonding are somewhat more complicated. Regarding the
multicarbonyl case, Rug; (CO)5, the bonding picture is essentially
the same, with a broadening of the peaks, corresponding both to
different coordination sites and to a small through space bond-
ing/antibonding interaction between the carbonyl groups (green
curve in Figure 3b, at ca. -10eV).

2.2 High coverage. (T = 0 K, p = 0 Pa) limit
H chemisorption. The pressure (py,) and temperature (T) of
the reservoir of dihydrogen affects the coordination of H, at
the catalyst surface and can lead to different stable coverages. 62
From a theoretical point of view, we shall see in the following
that taking into account realistic experimental conditions in terms
of pressure and temperature lead to drastically different optimal
coverage values than DFT energies, which are the (T =0K,p =0
Pa) limit. But it is interesting to first analyze the DFT adsorptions
energies (eq. 2), in relation with the electronic features of the
metal core.

We have studied the ruthenium nanoparticle with various H
coverage values ranging from 0.02 ML to 2.5 ML. Several config-
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Fig. 4 Adsorption energies E,qs(L) calculated with eq. 2 as a function
of the coverage value (blue curves) and as a function of the d-band
center, g, (red curves, coverage values are also indicated in blue). Top:
hydrogenation; bottom: carbonylation

urations for the adsorbed H have been considered for each cover-
age value including some cases with subsurface hydrogen atoms,
although hydrides are not expected to easily dissolve into ruthc
nium, even at very high pressure (see Figure S4a and Table S5).
For the two lowest coverages, as hinted by calculations on a single
H atom, a configuration with only edge-bridging and face-cappin¢,
H atoms is found to be the most stable, but as the coverage in-
creases, 1 coordination modes appear. For 2.5 ML, non dissoci
ated n2-H, can also be found on the surface, possibly due to =
weaker back bonding from the metal to the c* MO of H; at such
high coverage. The dissociative adsorption energy per hydride is
reported in Figure 4a as a function of the coverage value. The
higher the coverage value, the weaker the adsorption strength. T -
other words, at the (T = 0 K, p = 0Pa) limit, the optimal cov-
erage is very far from a saturation of the surface. The second
plot in Figure 4a shows the dependence of E,4s(H) as a function
of the d-band center of surface metal atoms, g;: the lower the
d-band center of hydrogenated Rug; clusters, the weaker the av-
erage adsorption energy, as expected. Moreover, the adsorption
energy decreases faster than g;, owing to strong steric interac-
tions between H atoms at high coverage. In summary, adsorption
energies are strongly related to the intrinsic electronic properties
of the metal core and to steric effects, and cannot account for the
experimental optimal coverage which lies between 1.3 and 2.0 H
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per surface ruthenium atom. >%63

pDOS(¢) and pCOHP(¢) of RugsH,q (1.6 ML) and RugsHyqq
(2.5 ML) are plotted in Figure 5. In both cases, the d-band center
of the metal core, g4, is stabilized with respect to the bare Rug;
NP by 0.4-0.5 eV, due to bonding interactions with surface ligands
that widens the d band (in red on the pDOS plot, to be compared
with Figure 1b). As it is already the case for Ru;g, the highest Ru
states have an antibonding character which slightly weakens the
Ru-Ru bond strength, whereas pCOHP(Ru—H, ¢) is always pos-
itive below the Fermi level. Regarding RussH;;,, the main dif-
ference with respect to RugsH,, is the appearance of states lying
between -13 €V and -12 eV. It is related to the coordination of
undissociated dihydrogen molecules (green curve in the pCOHP
plot), which are the result of the local geometry optimization.
They were not introduced in the initial geometry to be optimized,
but a high coverage of the metal surface lowers the M—c* back-
bonding responsible for H, dissociation. Given that dihydrogen
complexes M(n2-H-H) have proven to be very important in the
chemistry of ruthenium, such o complexes being able to act as re-
action intermediates, this is an interesting result. Unfortunately,
it will be shown later in this article that such high coverage is
unlikely to be observed. But this results gives an interesting indi-
cation that co-adsorbed species able to mobilize the d AOs of the
RuNP surface could favor the sideways coordination of H,.

CO chemisorption. The CO on the Ru(0001) adsorption sys-
tem has been widely studied. The adsorption energy varies with
coverage from 38 to 42 kcal.mol’! in the 0.33 ML to ~0 ML cov-
erage regime.%45% According to investigations performed in the
temperature range 80-400 K with IR reflection-absorption spec-
troscopy, the preferred site is the atop site for coverages up to
0.33 ML and then reduces to 29 kcal.mol™! at high coverage.°
CO adsorption and dissociation on ruthenium surfaces has also
been investigated quite extensively at the DFT level, often in the
context of the Fischer-Tropsch reaction. 5:16:19,29,30,67.68 The case
of RuNPs stabilized only by carbonyl ligands is now going to be
considered. On the experimental side we took as reference an
article published by the Philippot and Chaudret groups.33 In this
work, CO adsorption has been used as a probe to identify the
available surface sites. Their location on 1.7 nm RuNPs@PVP and
2.0 nm RuNPs/dppb and their characterization has been achieved
by infrared and solid state NMR spectroscopy. After exposure of
the samples under 0.5 bar of CO, titration experiments revealed
the absence of remaining hydrides on the surface, whereas the
13C MAS NMR spectra of these RuNPs exhibit a strong signal near
250 ppm assigned to bridging CO ligands with an additional peak
near 190 ppm that may arise from multicarbonyl sites at apex
locations of the particle.3! These results are now going to be
analyzed in terms of DFT energies and wavefunctions of several
Rug5 (CO)n NPs. Again, several coverage values were considered
ranging from 0.02 ML to 1.70 ML (see Figure S4b and Table S6).
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The average adsorption energy, E,4s(CO), is reported in Figure
4b as a function of coverage. CO is strongly bound to the sur-
face, from -50 kcal.mol'! for low coverage values, up to ca. -36
kcal.mol'! only for 1.7 ML. The average adsorption energy calcu-
lated for 0.25 ML (Rug5(CO)44) is slightly lower than the adsorp-
tion energy of a single CO group (section 2) as expected from
the lack of steric discomfort of the 11 CO and from the similar
gy value (-2.73 eV vs. -2.58 eV). As previously observed with H,
there is a nice correlation between adsorption energies and the
d-band center of the metal core (red plots in Figure 4b). These
adsorption energies involve that co-adsorption of H and CO in
similar amounts will not be easy to achieve under experimental
conditions, since CO is more strongly coordinated than H by a
factor of 4 to 3 according to coverage.

pDOS(¢) and pCOHP(¢) for Rug5 (CO)¢, (1.5 ML) are plotted in
Figure 5c. As already analyzed in section 2.1, the bonding picture
is less simple than the usual Blyholder model, which relies only
on a joint 56 donation and 27* back-donation.®! Both the 4¢
and the 56 MOs interact with the surface, whereas a substantial
back-donation from the RuNP metal core to the 27* MOs arises in
addition to the interaction between the 17 MOs and the d; states
of the substrate. The pCOHP(¢) curve is strongly reminiscent of
the multicarbonyl pCOHP(¢) curve plot in Figure 3b, with a broad
40 band and two broad 17 and 50 bands. Since the 56 MO is
mainly non-bonding between C and O, it is not responsible for
the CO-bonding (blue curve) between -13 eV and -10 eV, which
can be safely assigned to the 1x MOs. The splitting of the 1x
curve is due to a bonding/antibonding interaction between the
carbon (green curve) and oxygen atoms of the carbonyl bound
to the same Ru atom, the so-called multicarbonyl ligands. With
respect to what is usually analyzed on close-packed surfaces, 60-69
this is a novel electronic signature of metal NPs saturated with
atop and edge-bridging CO ligands.

2.3 Phase diagrams

Hydrogen chemisorption. Several geometry configurations
have been considered for each coverage value,”? Their total en-
ergy, the number of hydrides per type of coordination, the stan-
dard Ru-H vibrational frequencies and the surface area Anp (eq.
8) are given as the input of the aithermo code, which identi-
fies which is the most stable configuration for each temperature
(T) and pressure (py,) in a specified range of temperature and
pressure. Figure 6a shows the resulting (7, py,) phase diagram,
whereas A,G(T) for py,= 1 bar and py,= 107 bar, characteristic
of standard nanoparticle synthesis via the organometallic route
and via the molecular physics way respectively, are reported in
Figures 6b and 6c. The (T, py,) phase diagram obtained without
taking into account the Ru-H vibrations, i.e. the zero point en-
ergy (ZPE), is reported in the SI (Figure S5). As mentioned in
a previous study, 26 whereas it does not qualitatively change the
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diagrams, each surface composition being significantly shifted to
higher T and lower p.

Using the same methodology, we showed earlier that coverages
above 1 ML on Ru(0001) are not the most stable at any consid-
ered values in the (T,p) domain, in agreement with experimental
data. 26 Titration experiments achieved on 1.5 nm spherical hep
RuNPs@PVP showed that they can accommodate at least 1.3 hy-
dride per surface ruthenium atom.%3 Other experiments on 1.6
nm silica supported RuNPs estimate that 2.0 hydrides per surface
atom can be found.>> On the theoretical side, the phase diagram
calculated for Russ evidence six stability domains ranging from
1.6 H by surface atom to the bare surface when the temperature
increases. For 1.2 ML, there is a transition between two different
configurations with the same coverage value for high tempera-
tures: from 1.2 ML; to 1.2 ML, three hydrogen atoms that are in
U3 coordination switch to u. In typical medium vacuum pressure
(p = 1077 bar), the transitions between the different coverages
occur at 168 K for 1.6 ML to 1.2 MLy, at 275 K for 1.2 ML, to 0.8
ML, 337 K for 0.8 ML to 0.4 ML and 368 K for 0.4 ML to the bare
nanoparticle. Those low temperatures evidence the fact that un-
der these conditions no, or very little, H adsorption is expected at
room temperature and above. Increasing the pressure at 1 bar of
hydrogen dramatically changes the stability of the different cov-
erages. For instance, the bare nanoparticle is now the most stable
only above 755 K; the nanoparticle with 0.4 ML between 755 K
and 705 K; 0.8 ML between 705 K and 542 K; 1.2 ML; between
542 K and 347 K and 1.6 ML under 347 K. It is worth noting that
none of these external conditions favor isomers with subsurface
hydrogen atoms, even high pressures. Unlike the surfaces, cover-

age ratios above 1 ML are favored in most of temperature rangc
for the two pressures, and 1.6 ML is the most stable coverag:
under standard conditions, in agreement with the experimenta.
value of at least 1.3 hydride per surface ruthenium atom. 31,63

CO chemisorption. Ab initio thermodynamic phase diagram,
have also been calculated in order to estimate the optimal cover
age of RuNPs by carbon monoxide. Figure 6d shows the ab initir
thermodynamics phase diagram with (eq. 8) vibrational contri-
bution from the adsorbed CO. A,G(T) is plotted for p = 1 bar ir.
Figure 6e and for p = 1077 bar in Figure 6f. The (T, pco) phasc
diagram without ZPE corrections is reported in Figure S6. In con
trast with H, ZPE corrections have little influence on A,G.

The diminution of adsorbed CO ligands as the temperature in:
creases is less drastic than calculated for hydrogen. Since CC
ligands adsorb more strongly than H atoms, the bare RuNP is no-
expected to be obtained in the [0, 1000 K] range under 1 bar o-
pressure. At p = 1077 bar, the most stable structure has 1.75 Cu
per surface atom from 0 K to 96 K ; 1.5 between 96 K and 305
K ; 1.25 between 305 K and 405 K ; 1.0 between 405 K and 480
K, 0.75 between 480 K and 534 K ; 0.5 between 534 K and 607
K ; 0.25 between 607 K and 632 K, and bare at higher temper-
ature. At p = 1 bar, the stability of structure covered with CO
is even more important as there is no temperature in the consid-
ered 0-1000 K range for which the bare nanoparticle is the most
stable. Between 1000 K and 918 K, the most stable is 0.5 ML;
between 918 K and 825 K it is 0.75 ML; between 825 K and 682
K 1.0 ML; between 682 K and 513 K 1.25 ML; between 513 K
and 164 K 1.50 ML and under 164 K it is 1.75 ML. Therefore,
under standard conditions, the most stable coverage is 1.50 ML
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are reported in the Sl, see Figures S5 and S6)

(Rus5(CO)¢g). This coverage corresponds to CO adsorbed prefer-
ably in u coordination, with also 1 adsorption favored (34 ¢ and
25 1). Due to the irregularities of the surface, a few number of
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face-capping p3-CO also lie on it, and one (1,n2)-CO is coordi-
nated in the vicinity of the tip. As expected from experiments, 3!
multicarbonyl are observed at apex sites with the in-between u-
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and 7- coordination pattern described earlier. This trend is ob-
served for all coverage ratios above 1.00 ML. For 1 ML coverage
and under, the #/n ratio is way higher, and structures with the
higher number of u-coordinated CO are the most stable accord-
ing to A,G(T). For coverage ratios under 0.5 ML, multicarbonyl
coordination is not favorable enough to overcome the u prefer-
ence.

3 Hand CO co-adsorption on a RuNP

3.1 Experimental context and (T = 0 K, p = 0 Pa) study

Let us first draw up an overview of the theoretical knowledge on
the Ru(0001) surface. According to DFT calculations, CO adsorp-
tion on H covered Ru(0001) surface is an activated process, with
the lowest barrier being 6 kcal.mol !, i.e. very easy to overcome
at r.t.%7 Experiments performed in the same study revealed an
additional non-activated reaction channel, due to CO adsorption
at defects, and possibly due to the motion of H-atoms within the
H overlayer. According to DFT, at high hydrogen coverage (1ML)
CO adsorbs preferentially atop. DFT calculations also showed that
for the H co-adsorption with CO, the lateral interactions are repul-
sive, and H and CO prefer to segregate rather than to form mixed
structures.23 In addition, this study showed that CO is little in-
fluenced by co-adsorption, except when 1 ML of atomic hydrogen
is pre-adsorbed. In that case, the adsorption strongly decreases:
it was found to be -9 kcal.mol! (atop-CO with four fcc-H), -12
kcal.mol! (atop-CO with four hep-H), +3 kcal.mol! (hep-CO
with four fee-H), and less than +3 kecal.mol! (fce-CO with four H
in hep sites). Within the employed functional (PW91), these num-
bers have to be compared to the adsorption of CO (43 kcal.mol 1)
and to the simultaneous adsorption of one CO ligand and one
H atom, which yields two close adsorption energies according to
their respective bonding: 43 kcal.mol ! (atop-CO and fcc-H) and
42 keal.mol™! (hep-CO and fee-H).

Geometries. We have considered several combinations of H and
CO coverages, which are summarized in Figure 1 and in Figure S7
as well as in Table S7. In those covered RuNPs, the surface com-
position ranges from 0.02 ML to 1.23 ML for hydrogen and from
0.02 ML to 1.5 ML for CO. Several starting configurations were
considered for each composition, with 11-CO or u-CO or u3-CO
only, or with a combination of these three types of coordination
in different proportions, the hydrogen being mostly coordinated
in u or us sites, with in some cases a few number of atop-H. Re-
gardless of the starting geometry, the optimization leads to mainly
u-H and p3-H with some atop H when the total number of ligands
increases, whereas CO is mostly atop and edge-bridging coordi-
nated, with a very few number of threefold CO and an overall
preference for u-CO. As already observed with Rug(CO), NPs,
multicarbonyl sites appear at apex and edge positions when the
CO coverage increases. It is worth noting as well that one or two
(1,m?)-CO, i.e. carbonyl ligands lying parallel to the surface, arise
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in the vicinity of the surface tip. On such a non-symmetric and
corrugated NP, geometry optimizations of u-CO-covered RuNPs
often lead to a small amount of face-capping CO, as already ob-
served in Russ(CO), compounds. For instance, a starting geom-
etry with 0.5 ML H and 0.5 ML u-CO relaxes to a configuration
in which more than half of the initial u-CO has switched to ei-
ther n or ps coordination. For a same H coverage value, in-
creasing the amount of adsorbed CO leads to a higher number
of n-coordinated CO, but the preference for ©-CO is still observed
as, even for 0.25 ML H:1.50 ML CO (i.e. RuggH;;(CO)¢) the
number of u-CO exceeds the n-coordinated ones. The same pref-
erence is also observed when increasing the quantity of adsorbec
hydrogen for a constant CO coverage. The opposite can be said or
u3-CO, as their number is quite constant and low, so their propor
tion lessens when the number of surface ligands raises. Overal.
optimal geometries are characterized by coverages with a higl:
amount of u-CO ligands, a lesser amount of 1-CO, and a very few
number of u3-CO (see Table S7 for a description of the coordina-
tion modes of carbonyl compounds for each considered surfac:
coverage).

Adsorption energies. Let’s move on now to adsorption ener-
gies. As already recalled, in the colloidal context we essentially
refer to in this article,>! the synthesis of RuNPs is performed by
hydrogenating at r.t. an organometallic precursor (py,: 3 bar) ir
the presence of an ancillary ligand. Using PVP, the surface is fully
covered with H atoms only. According to our calculations, the
H, average dissociative adsorption energies is -9.3 kcal.mol! foi
1.6 ML on Rug;. Addition of CO to H-covered RuNPs can then be
done. Hydrides and carbonyl ligands compete for sites on the su.
face, with a strong -40 kcal.mol! average adsorption energy for
1.5 ML CO on a bare Rugg NP, in line with a carbonyl-poisoning
of the catalyst. Recently, addition of CO on a solid sample of hy-
drogenated Ru@PVP NPs was monitored by '3C solid-state NMF.
spectroscopy. 33 It showed that upon allowing the system to re
act for a long time period, coordination of CO occurs first in #
bridging mode and then in a terminal one. Besides, in the same
article, the authors demonstrated that although the surface or
Ru@PVP and Ru/dppb accommodates between 1.2 and 1.6 hv-
drides per surface Ru atoms, no hydride could be detected aft~
treating these NPs with CO at r.t. The catalytic hydrogenation of
styrene under mild conditions was also evaluated. Whereas full
conversion to ethylbenzene and ethylcyclohexane was observed
on RUNP@PVP and RuNP/dppb, almost no conversion was ob-
served on the same NPs saturated with CO, even at 80°C and af-
ter 60 hours, probably because a CO-saturated surface impedes
the coordination of styrene. It seems however possible to ob-
tain nanoparticles with both H and CO lying on the surface, by
CO, reduction by H, at 120°C. As a matter of fact, the resulting
NPs were proved to be reactive towards styrene, in contrast with
the RuNP/CO@PVP and RuNP/CO/dppb. According to our DFT
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calculations, the average adsorption energy of 11 CO groups on
an H-saturated RuNP (Rus;H.,(CO),;, 1.60 ML H:0.25 ML CO)
is -41 kcal.mol'l, i.e. it is very favorable according to thermo-
dynamics. In order to shed light on the poisoning effect of CO,
let us consider for example the energy yield of the exchange re-
action RugsH-,4(C0O); +32CO — RugsHyy (CO) 45 +24 H,. The
desorption of 24 H, molecules and the adsorption of 32 addi-
tional carbonyl compounds is exothermic by 18 kcal.mol! per
CO ligand. The further replacement of 22 hydrides by the same
number of carbonyl ligands is exothermic by 20 kcal.mol! per
CO ligand. These results clearly show that without the help of
a high pressure of H, with respect to CO, hydrides are not ex-
pected to be present on the surface of RuNPs. The influence of (T,
Pco, PH,) on the possible co-existence on both species on RuNPs
in equilibrium with gas-phase H, and CO will be examined in a
forthcoming section.
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Fig. 7 pCOHP profile for RussH;4(CO),. d-band center levels are also
given for surface Ru atoms (dashed red lines) and for core Ru atoms
(dotted maroon lines). The d-band center energies, g, (in eV. Red:
surface atoms, maroon: core atoms), are calculated with respect to the
Fermi level

Electronic features and practical consequences. But prior to
this, the pCOHP profiles and d-band centers indexes are now
going to be analyzed when a moderately hydrogenated RuNP,
RuggH;;(CO),, is progressively covered with CO ligands (n =
22 —66). The results are summarized in Figure 7. They all ex-
hibit the same features: a bonding Ru-Ru interaction, which turns
slightly antibonding below the Fermi energy; two Ru-C patterns,
centered at -11 eV and -14.5 eV, corresponding to the 40co and
50co donation to the metal surface; one 17co band at low CO
coverage, also centered at -11 eV, which is split into two com-
ponents when the coverage increases, as already discussed previ-
ously; a wide antibonding metal-to-27* band just below the Fermi
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energy, which intensity is proportional to the number CO lying
on the surface; a large bonding Ru-H pattern centered at -11 €V,
which surface is significantly smaller than the Ru-C bands ow-
ing to the higher number of CO ligands and to the stronger Ru-C
bond strength. In the case of RussH;; (CO),,, IPCOHP(Ru-C) is
found to be 102 kcal.mol! per Ru-C bond, whereas IpCOHP (Ru-
H) is found to be 48 kcal.mol! per Ru-H bond. Regarding the
center of mass of the occupied d-band, let us first recall that the
d-band center of the surface atoms (g;) and of the core atoms
(&4,) of the naked Rugs nanocluster lie at 2.6 €V and 3.6 eV be-
low the Fermi level (Figure 1b). Upon going to RugsH;; (CO),,,
the bonding interaction between the substrate and the CO and H
ligands involves a stabilization of €;5. A destabilization of &, is
observed as well, which can interpreted as a new involvement of
a fraction of the d electrons of the surface atoms in the bonding
with surface species, instead of the bonding with the core metal
atoms. &, and &, energies even cross beyond RugsHy1(CO) s,
in line with an electronic saturation of the metal substrate by sur-
face species. The d electrons of surface atoms are more and more
involved with the coordination of carbonyl groups and hydrides.
As a consequence, the bonding interaction between the d AOS
of the core atoms and of the surface atoms, which is at the ba-
sis of the strong stabilization of g, in less saturated RuNPs, is
reduced. By the way, the IpCOHP indexes follows this trend: Ip-
COHP between surface and core atoms in these RugsH;;(CO),
compounds is found to be 1.86 eV for n=22 and 1.75 eV for
n=66; in the mean time, the interaction between core atoms is
slightly strengthened (1.60 eV vs. 1.70 eV), whereas the interac-
tion between surface atoms is lowered (1.93 eV vs. 1.53 eV).

The weakening of the surface-surface and core-surface inter-
actions, related to the increase of &;. toward the Fermi energy
suggests that small surface atoms may migrate under the surface.
It is in qualitative agreement with previously calculated diffusion
barriers of H atoms from the fcc site toward the closest octahe-
dral site (os), which were found to be high on Ru(0001) surface
with a 1/4 ML surface hydrides coverage (25 kcal.mol'l), whereas
an increase of the hydrogen coverage above 1 ML reduced this
diffusion barrier (18 kcal.mol1).26 In both cases, the reaction
was found to be endothermic, by 22 kcal.mol! and 7 kcal.mol™!
respectively. As expected from the g; and [pCOHP indexes, the
fec site-os site diffusion barrier in RugsH;; (CO)gq, drops to 11
keal.mol! (see Figure S8), but the reaction remains endothermic,
by less than 4 kcal.mol'!. Unfortunately, we shall see in section
3.3 that a surface saturated with CO ligands, with additional 1/4
ML surface hydrides is not expected to be obtained under FTS
conditions. Nevertheless, this result confirms that the &5, &
and IpCOHP indexes may be related to some interesting surface
and subsurface adsorption features. The interesting summary of
this study is that, in the limit of saturated surfaces, the interac-
tions between surface metal atoms weaken. To some extent, this
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may facilitate the migration of small species toward the sublayer.
In the mean time, subsurface metal atoms could compensate the
decrease of the first-layer/sublayer interaction, by making new
bonds with subsurface species.

3.2 IR spectra
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Fig. 8 Calculated CO stretching frequencies as function of the CO and
H coverage. The averaged IpCOHP indexes for CO bonds are also
reported (red dashed line, from left to right: n-CO, u-CO, u3-CO ,

(n.n*)-CO)

The vibrational frequencies for all the CO at the RuNP surface
were calculated for selected cases. The computed vibrational CO
frequencies according to the coverage are shown on Figure 8.
We shall first comment the purely carbonylated cases that will
be compared to recent DFT calculations on similar compounds
which were recently published as additional support to observed
frequencies for supported RuNPs.>> A discrepancy between the
IR spectra of supported RuNPs>® and colloidal RuNPs 33 deserves
additional comments. In the latter case, to which we have often
compared our results from the beginning of this paper, a series of
IR spectra of the Ru@PVP nanoparticles was recorded in the re-
gion of CO absorptions for different times of reaction. The spec-
trum initially shows a single absorption at 1945 cm'!, assigned to
bridging carbonyl ligands, which after 12 h at room temperature
transforms into a very broad and more complex band centered at
1970 cm™! resulting from multiple individual bands which can be
either terminal or bridging CO ligands. In the case of supported
RuNPs, a distribution of bands is obtained, where the band which
exhibits the highest relative intensity is centered at 2046 cm™! in-
stead of 1945 or 1970 cm™. Our simulated spectrum for the 1.5
ML case (Rug5(CO)g,) is very similar to a recently calculated DFT
spectrum®>, apart that it is downshifted by ca. 100 cm™, proba-
bly owing to the different functionals used in both studies (PBE vs.
revPBE) and to a stronger back-donation with the PBE functional
which weakens the CO bond strength. Owing to the complex-
ity of the experimental spectra, making a secure assignation of
the experimental peaks is not easy, since standard DFT methods
are not able to compute reliable intensities of the normal modes
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of vibration. But overall, the IR frequencies of our Rugs;(CO)q
structure, which is essentially intended to describe a stable equi-
librium structure under CO exposure, i.e. with a mixture of bond-
ing situations, agree rather well with the broad band recorded
after 12h at r.t. for RuNPs@PVP. Although the theoretical spec-
trum is slightly downshifted with respect to any of the aforemen-
tioned experiments, it provides a reliable hierarchy of frequen-
cies, ranging in our case from 1700 cm™! to 2000 cm™!: two fre-
quencies below 1600 cm™ correspond to CO adsorbed on step, a
pre-dissociated state unlikely to be observed in a large amount on
small NPs; the scarce u3-CO lying on the surface are responsible
for the lowest part of the simulated spectrum; the highest part of
the spectrum is related to terminal CO; the bridging CO lie in be-
tween. The high frequency calculated at 2176 cm™! is a strongly
delocalized mode that involves carbonyl ligands mainly located a.
apexes and edges. On going from Ru;;(CO),, to Rug5(CO)gq the
CO stretching mode shifts to higher frequency, in agreement both
with the recent experiments made on RuNPs33:5> and with th¢
knowledge in surface science.”! This trend follows the averag:
IpCOHP value, which is respectively 418, 430 and 449 kcal.mol '
for Rug5(CO),,, Rug5(CO)55 and Rug5(CO)ge. This increase oi
the CO bond strength is also related to the increase of the d-bar..!
center value of the surface atoms as the coverage increases (2.93

2.98 and 3.02 eV with respect to Eg). &; seems to indicate tha*
the d-orbitals and their electrons are less and less available fo

subsequent back-donation to the 27* MOs.

Let us now move on to some RuNPs both hydrogenated anc
carbonylated. In all the cases reported in Figure 8, a significan.
amount of hydrogen atoms is needed to shift the calculated spec-
trum to higher frequencies, by ca. 50 to 100 cm™. Again, this
result correlates rather well with the IpCOHP value as well a,
with g;. Rug5(CO),,H,, with n=0, 11, 22 and 33: IpCOHP —
418, 423, 421 and 428 kcal.mol'l, g; = 2.93, 2.94, 2.98 anc
3.0 eV Rugs(CO)43H,, with n=0, 11, 22: IpCOHP = 430, 43(
and 441 kecal.mol}, &, = 2.98, 2.99 and 3.02 eV; Rugs (CO)43H,,
with n=0, 11: IpCOHP = 449 and 450 kcal.mol !, g; = 2.98 anc
3.12 eV. The IpCOHP values are reported on Figure 8 (red dashec
lines) in order to better visualize their correlation with the fre-
quencies shift which affects all CO coordination modes. Agaii..
this underlines that such simple criteria, built on a one-electron
picture, are quite powerful and that they bring a full set of valu-
able information and analysis in addition to the numbers deliv-
ered in computational chemistry.

3.3 Phase diagrams

In the Fischer-Tropsch process, the catalyst is exposed to a mixed
atmosphere of gaseous H, and CO. The previous phase diagrams
account for the adsorption of a single kind of ligand at the RuNP
surface. Including a second one in the ab initio thermodynamics
allows to establish 3D phase diagrams as a function of H, pres-
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Fig. 9 Phase diagram for H, and CO adsorption on RuNP at 300 K (a) and 450 K (b). Horizontal domains corresponds to only CO adsorbed
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sure (pn,), CO pressure (pco) and temperature. By fixing the
temperature, 2D phase diagrams can be plotted as a function of
the respective pressure of the ligands. Figure 9 shows two (pp,,
pco) phase diagrams calculated at T = 300 K and T = 450 K,
which result from the DFT energies of all the structures in Figures
S4 and S7. Again, even if several compositions and configurations
have been considered, only the most stable ones according to A,G
are reported in Figure 9.

The ab initio thermodynamics phase diagram calculated at 300
K is divided in three domains. In the largest one, only CO is ad-
sorbed at the RuNP surface. It ranges from UHV-like pressures of
CO and H to standard pressures and beyond. In order to have
hydrides only lying on the surface, two separated sources should
be set up, with pco kept under 10~!7 bar and py, set to at least
1073 bar. Such conditions lead to a specific H-zone in the phase
diagram, with various compositions. Finally, an oblique domain
is observed for which H and CO can be coadsorbed on RuNPs. In
order to reach it pco has to be kept below 10~!! bar, far below
the usually employed pco = 1 bar in the FTS conditions.
(pu,>pco) = (1 bar, 1 bar), we find that the most stable cover-
age is 1.5 CO ML, without any hydrides. Increasing the temper-
ature to 450 K, shifts the three domains in the diagram. Below
(pu,>pco) = ( ~107° bar, ~10~'* bar) CO and H do not ad-
sorb at the RuNP surface. Increasing pco above this threshold re-
sults in CO-only covered RuNPs, and in the same way, py, higher
than 1077 starts to yield covered RuNPs provided that pcg is low
enough. The H/CO co-adsorption domains is much reduced as
compared to the one at 300 K but is also closer to standard exper-
imental conditions as it includes pressures going from (pm,,pco)
= (1073 bar, 10~ '2 bar) to (pu,,pco) = (10° bar, 10~ bar). Nev-
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ertheless, at (py,,pco) = (1 bar, 1 bar), the most stable coverage
is still 1.5 CO ML.

In both cases, H-only and CO-only adsorbed coverages follow
the same coordination trends as for single adsorption. The most
stable co-adsorbed structures are the same for the two consid-
ered temperatures. In each case the favored coverage is the one
for which the number of u coordinated H and CO is the highest.
Multicarbonyl sites arise when the global coverage exceeds 1 ML.

4 Discussion

We have found that H, cannot compete with CO during the ad-
sorption process on the substrate, even when considering adsorp-
tion energies only, i.e. without taking into consideration activated
grafting. Owing to the large differences in adsorption energies
between the two adsorbates, under a 1 bar pressure of H,, H-
only covered RuNPs are expected for low pressures of CO (for
instance, below ca. 107 bar at T = 450 K). Regarding kinetics,
which were not considered in the present study, one can refer
for example to a recent experimental work, dealing with the ini-
tial dissociation probability of D, on Ru(0001) as a function of
its kinetic energy for various CO pre-coverages between 0.00 and
0.67 ML at a temperature of 180 K, studied by molecular-beam
techniques.”? The results indicated that CO blocks D, dissocia-
tion and that non-activated sticking and dissociation become less
important with increasing CO coverage, and vanishes at 0.33 ML.
However, at D, kinetic energy higher than 8 keal.mol! the site-
blocking capability of CO decreases rapidly. Coming back to the
colloidal context, there is a puzzling contradiction with the lack
of hydrides suggested by our calculations and the capability of
small RuNPs to be efficient FTS catalysts, a reaction which obvi-
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ously requires H atoms and CO groups. It could a priori be related
to the chosen methodologies, i.e. either the DFT functional, the
lack of kinetically-based sticking energies, or the simplicity of the
thermodynamic model. An overestimation of the CO adsorption
energy due the DFT functional does not seem to account for this
apparent discrepancy. New phase diagrams have indeed been cal-
culated after tuning the adsorption energies per CO or H ligand,
as reported in Figure S9. A lowering by ca. 13% of CO adsorption
energies (i.e. ~ 7 kcal.mol! per CO), does not enlarge the coex-
istence domain of the two adsorbates. It is shifted to higher pco
values, but under a 3 bar pressure of syngas, carbon monoxide is
still expected to be the only grafted species on the surface, with
1.3 CO/Rugys. By performing partially relaxed potential energy
surface scans, we have also tried to estimate a possible coopera-
tive/uncooperative effect during the adsorption of CO on an hy-
drogenated surface or conversely during the adsorption of H, on
a carbonylated surface. No such effect seems to facilitate the ad-
sorption of H, or to hamper the adsorption of CO. The resulting
energy curves, reported in the SI (Figure S10), show a barrierless
adsorption of CO on an hydrogen-saturated RuNP, whereas CO
and H, adsorb on Rug5(CO)4s with a low barrier height (~ 10
kcal.mol! and 12 kcal.mol'! respectively).

600000
Norbornene
£ 580000 - THF
E
2
E
£ 560000
£ Norborane
540000 | x
2 3
time / min

Fig. 10 Gas chromatography spectrum recorded after reaction of 37.5
mg of 2-norbornene with 100 mg of RUNP@PVP in a 80 mL
Fischer-Porter tube obtained under 3 bar of syngas at 150°C

This result led us to start doing new titration experi-
ments. 33:47:63 As recalled earlier, the titration of surface hydrides
can indeed be achieved via the estimation of olefin conversion
into alkanes.3! 1.3 nm RuNPs@PVP previously exposed to syngas
at 3 bar (1:1 molar mixture of H, and CO) and 80°C or 150°C
have not been able to convert norbornene into norborane, thus
proving experimentally an insignificant amount of H atoms co-
ordinated on the surface, which are found as traces (Figure 10).
This experimental result confirms that the FTS reaction occurs on
CO-saturated RuNPs which accommodate a very low amount of
H atoms, if any. It is not in contradiction with a recent work deal-
ing with silica-supported RuNPs, which was not able to decide
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if the presence of surface hydrides could result from remaining
chemisorbed hydrogen even upon pretreatment of the sample at
350 °C and 10> mbar prior adsorption of '3CO, or alternatively
could being formed by reaction of surface silanol groups with sur-
face Ru atoms in contact with the silica surface.>> According to
our joint experimental/theoretical study, the latter assumption is
more likely. This is a very important result regarding the initia-
tion of the CO consumption reaction. Yet, the H-assisted route
has been shown to facilitate CO dissociation, whereas barriers for
the unassisted dissociation channel are significantly higher. It has
also been reported that direct CO dissociation is inconsistent with
reported FTS rate equations. !4 Moreover, at high CO coverage
CO desorption/adsorption is fast, as shown in the same article
by a microkinetics model. Another recent work based on mi
crokinetics simulations predicted that surface coverages are dom-
inated by CO, C and O, according to the reactivity regime (CC
dissociation, chain growth termination, or water removal, respec-
tively).”3 Overall, these results suggest that the dissociative ad-
sorption of H, on CO-saturated RuNP surfaces is a rare event, anc.
that the progressive formation of transient species, resulting f -
example from a substantial O coverage’® among other assumj
tions, could then facilitate the adsorption of H, after an unea._
initiation of the reaction. At the atomic scale, the first steps of
the Fischer-Tropsch reaction should be modeled on a RuNP with
a high coverage of CO and a very low number of hydrides. Sucl.
study is under progress in our group.

Fig. 11 (a) Possible carbide-water reaction intermediate
(Rus5(C0)g5(C)(H,0)) of the Fischer-Tropsch reaction

However, we shall now consider one reaction intermediate,
that could possibly be encountered on the H-assisted or carbide
pathways, and which design results from the analysis of the ¢,
and IpCOHP energy indexes and from the lack of hydrides on
the surface in a significant amount. The underlying idea is to
consider that a thermodynamic driving force may favor the coor-
dination of a dihydrogen molecule on a CO-saturated ruthenium
surface. The intermediate reported in Figure 11 results from the
reaction Rugg (CO) g +Hy — Rug5(CO) 5 (C) (H,O) (reaction 1),
that would occur at the interface between the (001) and (101)
planes. It exhibits a us-carbide which lies in the ruthenium sur-

1-20 |13



face and which is both coordinated to four surface Ru atoms and
to a core Ru atom. This insertion is facilitated by a lowering of
the Ru-Ru bond strength and by the d-band center of the core
atom which high value may not work again the partial insertion
of an atom. Due to the saturation of the surface by CO ligands,
Ru-Ru bond lengths of the four-fold site are significantly elon-
gated with respect to the bare RuNP, and it is even more pro-
nounced after the C-insertion (Rugs(CO)g(C)(H,0): ~2.81 A;
Rug5(CO) gy ~2.75 A; Rugg: ~2.64 A). This reaction is exother-
mic by 22 kcal.mol !, partly due to the adsorption energy of H,0
(~17 kecal.mol'!). According to this rather large exothermicity,
this reaction is competitive with the adsorption/desorption of CO
equilibrium (the adsorption of one additional CO to Rug5(CO)g4q
is exothermic by ~20 kcal.mol! only, instead of ~50 kcal.mol!
on the bare Rus; cluster). The resulting phase diagram, plotted in
Figure 12, confirms that the formation of such stable intermediate
competes with the sole adsorption of carbon monoxide.

10°
1.47 CO / C*H,0*

1.60H
1.20H
10° 1.47 CO / C*H,0* osoH
0.40H

1.25C0

105 1.00 CO
. 0.75CO
3
2 0.50 cO
S . 1 0.25¢C0
g 1077 1 1.60H /0.25CO
1.14H/0.25 CO
0.75H/0.50 CO
1015 - 0.25H/1.00 CO
0.25H/0.75 CO
Bare RuNP -

=] 0.25H/0.50 CO
g = Bare RuNP

102 T T T T

1020 1015 100 10° 10° 10°
Py, / bar

Fig. 12 Phase diagram for H, and CO adsorption on a 1nm RuNP at
450 K. The diagram differs from Figure 6 by taking into account
Rus5(C0O)g5(C)(H,0) (red domain)

It is also interesting to notice that the hypothetical reac-
tion Rugs (CO) g + Hy — Rugs (CO) g5 (C) +H, O, (reaction 2), is
exothermic by 5 kcal.mol'!, in line with the high d-band center
value of the Ru core atoms. From a thermodynamic point of
view, and provided that kinetics do not impede it, the dissocia-
tion of C-O immediately followed by the formation of water on
the surface could favor the adsorption of H,. The picture on
the bare Rugg cluster is very different. The counterpart of re-
action 1, Rug;(CO) +H, — Ru;;(C)(H,0), is almost athermic
(-1 kcal.mol'l), whereas reaction 2 becomes endothermic by 11
kcal.moll. Since the adsorption energy of water is similar to the
Rug5(CO) gy case (-12 kcal.mol 1), this 11 kcal.mol! value can
be attributed to an unfavorable coordination of the carbide in a
fourfold site of the surface. Besides, the carbide lies above the sur-
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face and it is not anymore coordinated to a ruthenium core atom,
both in Ru;; (C) (H,0) and in Rugg (C). This analysis further con-
firms that surface species possibly involved in the Fischer-Tropsch
mechanism may not have the same geometries nor the same ad-
sorption energies on a surface saturated with CO and on a bare
surface, due to electronic effects.

5 Conclusion

The present work is a computational chemistry study of the sur-
face composition of ruthenium NPs blended with a systematic
analysis of their wavefunction, thanks to electronic descriptors
(pDOS, d-band center, COHP, IpCOHP). Considering the simulta-
neous adsorption of H, and CO on nanocatalysts is an important
scientific goal, owing to its relevance to the Fischer-Tropsch syn-
thesis and the methanation reaction. The H,:CO surface compo-
sition of Rugs, a 1 nm RuNP, exposed to syngas has been evalu-
ated according to a thermodynamic model fed with DFT energies
and vibrational frequencies that account for ZPE contributions to
energies. This ab initio thermodynamics method provides a con-
nection between the microscopic and macroscopic regimes since
it gives the preferred surface composition as a function of en-
vironmental conditions, provided that no relevant structural as-
sumption has been neglected in the sampled structures. This
study aims at designing a model of RuNPs covered with a rele-
vant CO:H, stoichiometry. As already underlined by us in a recent
mechanistic study dealing with an enantiospecific C-H activation
using ruthenium nanocatalysts,”*4 computational chemistry cal-
culations need to be performed on relevant structural models, i.e.
with a realistic surface - and possibly subsurface - composition.
Yet, in the context of ultra small and small NPs, slab models can-
not account for actual NPs, owing to different electronic features
and to the presence of edges and apexes on the surface, which
may involve different surface compositions.

The experimental access to these informations requires the
use of several techniques of characterization, sometimes in con-
junction with DFT or theoretical models in order to secure the
assignation of experimental data (high energy XRD, NMR, XPS,
IR, GC...). The surface compositions provided by the ab initio
thermodynamics method used in the present work are accurate
enough to state that it can support experiments and should be
used as part of a multiscale strategy aiming at evaluating the
catalytic, optic or magnetic properties of organometallics NPs.
The phase diagrams given in this study are relevant both in the
organometallic synthesis context (p near 1 bar and T near room
temperature or higher) and in the sputtering production context
(p near 107 bar and low T). The resulting phase diagrams have
been systematically compared with experimental data,31-33:47:63
as well as with a very recent combined experimental/theoretical
work dealing with the surface composition of RuNPs under H,
or CO atmospheres, but which did not consider a possible co-
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adsorption at the DFT level.>> In order to evaluate the ratio of
surface hydrides at temperatures relevant to FTS conditions on
RuNPs, new titration experiments have been done at 80°C and
150°C in addition to the experimental compositions previously
published. 33:63 According to ab initio thermodynamics, RuNPs ac-
commodate 1.5 H per surface Ru atom under an H, pressure of 3
bar at r.t., a somewhat higher coverage value than usually admit-
ted on the Ru(0001) surface. 25 When hypothetically submitted to
a pressure of CO of 2 bar at r.t., naked RuNPs are covered with 1.5
CO per surface Ru atom. When exposed to a mixture of H, and
CO, phase diagrams show only a very small domain of coexistence
of both adsorbates on the surface at very low pressures of carbon
monoxide. At 450 K and 3 bar of syngas, a high amount of CO (1-
1.5 ML) is expected to be found on the surface, but without any
H. This is in full agreement with new experiments, which have
showed that only traces of hydrides can be found on the surface
of small RuNPs, even at 150°C, i.e. a temperature slightly be-
low the Fischer-Tropsch synthesis on these nanocatalysts. These
findings shed a new light on the possible reaction pathways un-
derlying the FTS, and specifically the initiation of the reaction.

Thanks to an analytic projection from plane augmented wave
(PAW) wavefunctions onto a localized Slater basis set, an added
value of the present work is the analysis of the DOS and of the
COHP, an atom-resolved chemical bonding indicator. Together
with the d-band center model, the COHP index has been success-
fully compared to IR data and systematically used to interpret
adsorption energies. We also show that these energy descriptors
can be used in order to design reaction intermediates that could
be involved in the complex mechanism that underlies the Fischer-
Tropsch reaction. We suggest that the simultaneous dissociation
of CO and formation of water could be a thermodynamic driving
force regarding H, coordination. The interesting outcome of this
reaction would be a ps carbide, which relative stability depends
on the surface coverage.

The Fischer-Tropsch reaction network is complex, its mecha-
nism is still unresolved, and the present study opens new ques-
tions. Since ultrasmall RuNPs have a low activity with respect
to FTS,3! it would be interesting in a further theoretical study
to evaluate the role of other surface ligands, such as dppb, on
the catalytic activity of larger RulNPs: do they modulate the elec-
tronic structure of the metal catalysts? Do they favor the presence
of special sites? Is there a cooperative effect between them and
hydrides that would increase the H:CO ratio?.

Possible kinetic effects during the adsorption process may arise
in experiments, whereas the ab initio thermodynamics method is
based on an equilibrium assumption. Even if in the present study
these phase diagrams account with the experimental findings,
kinetically-activated adsorption processes could be more impor-
tant with other ligands or metals. Consideration of such effects
will be the scope of our next study.
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6 Theoretical and experimental methods
and models

6.1 Modeling the nanoparticles

RuNPs exist in a wide range of shapes and sizes, from small spher-
ical (~1.0 nm) hcp nanoparticles to larger rod-like structures,
according to the synthesis conditions and more particularly due
to the stabilizer used for their preparation. For instance, ultra-
small 1 nm RuNPs were produced using a betaine adduct of N-
heterocyclic carbene and carbodiimide as stabilizer, 34 whilst 1.3
nm and 2.3 nm spherical RuNPs were obtained using respectivel:r
the PVP polymer>! or an octylamine (CgH;,NH,).”> It is alsc
noteworthy that, when alkylamine ligands are used as stabilizers,
the decomposition of the ruthenium precursor in mild conditions
leads to nanoparticles of different shapes according to the length
of the carbon chain. Thus, classical spherical RuNPs are obtainea
using CgH;,NH, as stabilizer whereas a rod-like structures arc
obtained using C;,H,sNH, or C;cH;3NH,. Although RuNPs ex
hibit hep structures, to the best of our knowledge there is a unique
exception of synthesized fcc RuNPs, between 2.4 and 5.4 nm. 7

Most of the time, slab models are used to describe large
nanoparticles, since their facets can suitably be described by ar:
infinite surface,1%77 but in the case of small nanoparticles (<&
nm), the slab model becomes fairly relevant, as the surface o.
the nanoparticle does not exhibit large, regular facets and as «
so-called quantum-size effect is expected to occur.”® We chose tc
focus on a 1 nm 55-atoms hcp cluster, which is slightly smalle:
than the experimental RuNP@PVP we shall often refer to in tho
present article. The shape is mainly spherical but its surface ",
shaped to mimic irregularities that probably statistically exist in a
collection of small hcp nanoparticles. This average representatioi:
of small RuNPs differs from the perfect hcp crystal considered by
Comas-Vives et al. >®, which exhibits two (001) planes and twelve
(101) planes. As shown in Figure 1, our model is also a spher-
ical hep crystal shaped by slicing an hep structure by two (001
planes and (101) planes. A tip has been added in order to intro-
duce a B4 and a B5 sites. Removing one line of atoms betweer.
two (101) planes generates a slightly corrugated facet. In tha:
way, we aim at designing a versatile model of Ru catalysts tha*
could experimentally be involved in Fischer-Tropsch synthesis.

We have considered several adsorptions sites: top sites (1)
where the ad-ligand is adsorbed above one surface Ru atom,
bridging sites (i) where the ad-ligand is coordinated to two sur-
face Ru atoms, three-fold face capping sites (u3) where the ad-
ligand is adsorbed on a triangular facet, four-coordinated sites
(ug) where the ad-ligand is simultaneously adsorbed on four
metal atoms. In the case of CO a coordination mode for which
both C and O adsorbs at the nanoparticle surface (1,17%) was also
considered.

In order to define the bridging character u, and the hapticity
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n™, we have considered an atom of the ad-ligand as coordinated
to a given metal atom when the metal-atom distance is lower than
2.1 A forH, 2.5 A for C and 2.3 A for O.

6.2 DFT Calculations

All the calculations were performed using the Vienna ab initio
simulation package, VASP7%-80 within the framework of density
functional theory. Projector augmented waves (PAW) 8182 were
used, with a plane-wave kinetic energy cutoff of 500 eV. All the
calculations used the Perdew-Burke-Ernzerhof form of the gen-
eralized gradient approximation.>’ The supercell used was 27 x
27.5 x 28 A large, ensuring at least 16 A of vacuum between
to successive images of ligand-covered Russ. d83
culations were performed with a Gaussian smearing (o) of 0.02
eV, the energies being therefore extrapolated for c0=0.00 eV. The
atoms positions were optimized until the criterion of the residual
forces on any direction being less than 0.02 eV/A was met. Vibra-
tional modes were calculated using the dynamical matrix scripts
from Henkelman’s group.

The obtained total energies were then used to determine ad-
sorption energies. CO and H, do not adsorb in the same way at
the nanoparticle surface. Whereas CO adsorbs in its molecular
form, H, is known to undergo dissociation during the adsorption
process.
are calculated using equation 2, which includes the cost of the
H-H bonds breaking. The general formula for a co-adsorption
process is:

T'-centere cal-

Therefore, the adsorption energies given in this paper

[E(MssLAL2) —E(Mss) — — E(L") — - E(L?)]

E, IZLI HZLZ -
ads( ) ) kl ‘2

where M = Ru; L}, 12 = H, (k = 2), CO (k =1).

6.3 ab initio thermodynamics

It is possible to calculate the free energy and other thermody-
namic functions of solids and liquids, using first principles meth-
ods. Such method has successfully been applied to explain or
predict thermodynamic material properties, and in particular sur-
face properties at the solid-gas interface.26:35-38  We have ap-
plied this calculation in order to determine a phase diagram de-
pending on the H or CO coverage of the surface on the nanopar-
ticle (from 0.02 to 2.5 ML for H and from 0.02 to 1.70 ML for
CO). In practice, the energies of the nanoparticle covered by H
or CO, under a wide range of pressure and temperature, is ob-
tained from the T = 0 K and p = O Pa ab initio energies of the
same nanoparticle. The Gibbs free energy of adsorption per unit
area of different ligands on the bare metal nanoparticle (MNP),
A,Gnp(T, p), requires to calculate the Gibbs free energy for the re-
action MNP+ Y, miL; = ¥, miL,
as the reference:

with the bare nanoparticle chosen
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Fig. 13 Lower part (in red and black): average adsorption energies
Eqgs(nH,mCO) (eq. 2, absolute values, in kcal.mol™). ; upper part (in
green and blue): average adsorption energy with respect to another CO
coverage (eq. 9, absolute values, in kcal.mol ™). Circles size is
proportional to |E,gs|.

Anp

—Yinipi(T, p)

AqGne(T, p) = 3)
A,G is normalized per unit area by dividing through the
nanoparticle surface area Axp. The use of chemical potentials
accounts for the temperature and pressure effect on ligands (L;)
adsorption on the nanoparticle surface for a given metal NP. It
is assumed that for condensed phases the difference u(Y;n,L}) —
U(MNP) can be approximated by the difference between the cal-
culated electronic energy including (eq. 4) or not (eq. 5) thermal
variations of internal energies, as well as pV terms and entropy
contributions. Such approximation has given good results, proba-
bly owing to some cancellation of the pressure- and temperature-
dependent terms of the condensed phases. Eq. 3 becomes :

AG

AG°® — Zniﬂi(TJ’) /(Anp) €]

AG

AE — Zniﬂi(TJ’) /(Axp) (5)

The chemical potential for ligands L;, coming from an external
reservoir in equilibrium with the colloidal solution, can then be
calculated from the standard chemical potential and the activity
of the ligand. In the case of ligands coming from the gas phase
such as CO and H; in this case, the p-dependence is introduced
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in each L; chemical potential through an ideal gas law. It comes:
(T p) = 17 (T, p°) KT (%) ©)

U (L;, T, p°) can usually be calculated from Hj. and S5 values
given in thermodynamic tables8* (u®(T,p°) = H?(T) — TS2(T))
or computed from first-principles calculations done at OK. In this
case the standard chemical potential, i.e. G3(L), is given by: 8>

w7 (T.p°) = EPTH (L) + H e (T) = TS} (T) ™

By taking into account vibrational contributions, eq. 3 be-

comes: )
AE =¥, (mipi(T, p) + FyiP)

AG = 8
a A (8)
: ib _ rvib ib
with FIZIL;* = E:;‘Li* - TSZ(‘Li*
Table 1 Calculated vibrational frequencies (cm~!) for several
coordination modes on the RuNP.
T subsurface H in an octahedral site.
Coordination type Frequencies
n 1860 400
u 1400 940 630
Ru-H u3 1300 900 550 500
H, 2230
us’ 1141 964 785
n 1900 506 432 429
u 1750 410 335 305
Ru-CO us 1670 350 280 229
(n,1m%) 1415 450 380 280 245
Ua 1306 460 214

All these equations have been implemented in a program,
aithermo, aiming at considering co-adsorption processes. It pro-
vides (T,p) phase diagrams which show the most stable surface
composition according to A,G (eq. 8). A,G can as well be plotted

1
Eads (l’lH7 mCO + pCO) = ; [E (M55 Hn (CO)

In the case of the hydrogen adsorption, coverage values under
1.0 ML exhibit only u or uz configurations. This differs from re-
sults obtained on the flat Ru(0001) surface for which only uj3 co-
ordination are favored, 2 but it agrees with results on an hep clus-
ter where u adsorption was found to be the most stable even at
higher coverages.>® Atop hydrides appear above 1 ML, in agree-
ment with previous results obtained on Ru(0001) where the most
stable configurations were found for total occupation of the fcc
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as a function of T or p in order to simultaneously see the evolu-
tion of A,G as a function of the temperature or the pressure. All
the diagrams given hereafter are for temperature ranging from 1
K to 1000 K, far below the melting point of ruthenium bulk (2602
K), and pressure from 10~20 bar up to 10° bar. It accounts for
the stability of the adsorbed species without considering kinetics
effects. It is also to be noted that the ab initio thermodynamics
equations use ideal gas law, so the high-pressure part of the di-
agrams must be considered with caution. For co-adsorption, the
aithermo code provides phase diagrams either at a given temper-
ature for both ligands pressures varying, or, one ligand pressure
can be fixed, depicting the stability domains for the other liganc
pressure and the temperature variable.

The H-RuNP vibrational modes taken into account here werc

obtained by computing the vibrational frequencies on Ru,3 icosa-
hedral clusters covered with H. The H-H stretching mode for noi:

dissociated adsorbed H, was also computed in the same way. In
the case of CO, we used the mean frequency given by the compu
tation of normal modes on optimized Russ5-CO clusters for eack
type of coordination. The vibrational frequencies used in the ¢*
initio thermodynamics equations are listed in Table 1.

All the considered surface compositions, from 0.02 ML (RuggF}
to 2.5 ML (RugsgH, ) for the adsorption of H, and from 0.02 ML
(Rus55CO) to 1.70 ML (Rug5(CO),,) for CO are shown in Figures
S4 and S7. For a same coverage, different configurations werr.
probed,their description is given in Tables S5 and S6. All con-
sidered surface composition are also reported in Figure 13, to-
gether with the average adsorption energies with respect to the
bare Ruggs NP (eq. 2). Another interesting information is provided
by the adsorption energy relative to the closest less saturated clus-
ter considered in this study. In that way, the thermodynamic yield
corresponding to the adsorption of additional CO ligands on a»
already hydrogenated and carbonylated surface is also reportec!
in the upper part of Figure 13. It is simply given by, for the addi-
tion of p CO ligands to a RuggH, (CO),,:

m+p) _E(MSSHH(CO)m) _pE(CO)] C)

sites followed by top sites. For high CO coverages, the preferred
coordination modes are 17 and u. This is still true for coverages
under 1.00 ML where structures with mixed 11 and u coordinated
CO are more stable than with only n adsorptions.

6.4 Analysis of the electronic structure
One of the cornerstones of quantum chemistry is its ability to

provide simple and powerful models able to rationalize phenom-
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ena. It has been shown in several studies that the adsorption
strength of chemical species on metal surfaces can be under-
stood in terms of Hammer and Ngrskov’s d-band center model:
the closer to the Fermi level the d-band center of a metal sur-
face, the higher the adsorption energy of ligands. 6-43-4> But this
model is only related on energies and it lacks explicit informa-
tion on the electronic structure. Yet, although VASP is well suited
for efficiently calculating the wavefunction of metal systems, it
works in reciprocal space, which makes the quantum chemical
information not easy to handle. This is why Hoffmann proposed
the crystal orbital overlap population (COOP) concept, 48:69 based
on Extended Hiickel theory, and which provides an overview of
the bond strength in crystals and of the bonding vs. antibond-
ing character of the states. The crystal orbital hamilton popula-
tion (COHP) was then introduced in the framework of DFT by
Dronskowski and Bléchl. 46 COHP is a partitioning of the band-
structure energy in terms of orbital-pair contributions, and it is
therefore based on a local basis (eq. 10).

COHPyy(g) = Y cjievHuy 8 (€ — £4(K)) (10)
nk

The Lobster package which has been used in this work, 86:87
allows to calculate COHP curves projected in a local atomic basis
set (pCOHP), and also reliable atom-projected density of states
(pDOS), both directly based on plane-wave DFT output as given
by the VASP package.

The d-band center, g, is computed as the normalized, energy-
weighted integral of the density of states (DOS), projected onto
all d atomic orbitals (AOs) of a selected set of metal atoms:

E
e Yalm fEnl:in €ng, (a,€)de
d — E
LaXm gy, na, (0. €)de

where m runs over the five d AOs and ny,(a,€) is the atom-
projected density of states on the d,, AO of atom o. We chose
to integrate up to the Fermi energy, as previously proposed by
us, %> which is a lower bound for the d-band center usually calcu-
lated. In that previous study the DOS was projected with VASP.
Yet it uses identical Wigner-Seitz spheres for all orbitals of a given
atomic species, which does not comply with the different spatial
extent of these atomic orbitals. We now use the pDOS calculated
with the Lobster program. A comparison done on some test cases
does not show large differences between the ¢, values calculated
with both approaches. The pCOHP and pDOS properties obtained
for the Ru,H4(CO),, and RuyH,(C4Hg), clusters with different
basis sets were carefully analyzed and compared to their well-
known molecular orbitals. > The so-called pbeVASPfit basis set of
Lobster was chosen for Ru, with additional 5p functions({4p, 4d,
5s, 5p}). Otherwise mentioned, and owing to the lack of symme-
try and to the absence of a privileged adsorption facet on the con-
trary to slab models, COHP profiles between two types of atoms
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were calculated by taking into account all their valence AOs.

For hydrogenated and/or carbonylated species, the basis set
was completed with 1s function on each H atom and 2s and
2p functions on each C and O atoms. Owing the atomic ba-
sis set on which the projection is achieved, the calculation of at
least 12n +m + 8k bands is necessary for a RugsH,,(CO); com-
pound. Note that for all compounds considered in this work, the
charge spilling, a criterion that assesses the quality of the projec-
tion, is systematically lower than 0.7%. The integrated pCOHP
(IpCOHP = fg:m pCOHP(¢)de), calculated in some cases, provides
a qualitative information of the average bond strength in covalent
systems.

6.5 Experimental hydride titration

Following the experimental procedure proposed by Martinez-
Prieto et al. 3, a Fischer-Porter (80 mL) vessel was filled with 100
mg of 1.3nm + 0.2nm RuNPs@PVP (~8% Ru), pressurized with
3 bar of syngas (1:1 molar mixture of H, and CO) and heated
either at 80°C and 150°C for 24 h. The hydrides adsorbed were
then quantified following a previously reported procedure, which
consists in the titration of surface hydrides with norbornene and
measure the amount of alkane formed. %3 The Fischer-Porter ves-
sel is depressurized at 80°C or 150°C. After that, the RuNPs@PVP
are re-dispersed in 10 mL of THF and react with 2-norbornene
(37.5 mg, 0.4 mmol, 5 equiv.). After 24h of vigorous stirring in
a 10 ml flask, the amount of norbornane formed is measured by
gas chromatography (GC) analysis.
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