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Abstract. Reaching high selectivity at high conversion and high rate in the industrially
important selective hydrogenation of a,-unsaturated aldehydes is a challenging task. Among
current approaches reported in the literature, high selectivity towards the unsaturated alcohol
or saturated aldehyde is generally achieved at the expense of activity. The use of bimetallic
systems can lead either to selectivity or to activity enhancement, but generally not to both.
Herein, we show that, for cinnamaldehyde hydrogenation, combining Ni nanoparticles (Ninp)

and Ru single atoms (Rusa) on CNTs allows improvement of the hydrocinnamaldehyde
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selectivity, while obtaining a remarkable activity. The STY of Rusa-Nine/CNT is
approximately 60 times higher than that of the Rusa/CNT and 10 times higher than that of the
Ninp/CNT. Importantly, the resulting catalyst shows 94% selectivity at 99% conversion and a
good stability in flow. Insights into the cooperative “cocktail”’-type catalysis between Ninp

and Rusa were revealed from density functional theory calculations.

Keywords: selective hydrogenation, single atoms, ruthenium, palladium, nickel, hydrogen

spillover

1. Introduction

Controlling catalyst’s selectivity while maintaining its activity is a difficult task, especially
in selective hydrogenation reactions of organic substrates. The selective hydrogenation of a,f3-
unsaturated aldehydes is a representative example that arouses interest both from the
academic and industrial sides. First, it can be used to probe geometric, electronic or
confinement effects,[ 1] and second, the corresponding products are widely used in several
segments of the chemical industry. Cinnamaldehyde (CAL) is a classical model substrate, and
the main hydrogenation products, hydrocinnamaldehyde (HCAL) and cinnamyl alcohol
(COL) can be used as pharmaceutical intermediates, chemicals, perfumes or fragrances. The
performance of Pd, Ru or Ni supported catalysts have been evaluated for this reaction.[2]
Among these metals, Pd is by far the most active, and generally showed high HCAL
selectivity (Sucar > 80%).[3] Ru is less active and is generally preferred to produce COL,
although with moderate selectivity.[4] Non-promoted transition metals of the first row such as

Ni show low activity and are, as Pd selective, for HCAL production. The selectivity trend
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could be correlated with the metal d-band width,[5] the larger the d-band, the higher the

selectivity to the unsaturated alcohol (Ru > Pd = Ni).

An efficient strategy to tune catalytic performance for selective hydrogenation reactions
involved the use of bimetallic or dilute alloy catalytic systems.[6, 7] The promotion by
addition of a second metal can be explained by: 1) geometric/electronic effects; ii) appearance
of mixed active sites; and/or iii) a weakening of the M—H bond. Generally, the bimetallic
systems combined a metal that can activate H> and another one, usually more electropositive,
which can improve the catalytic performance. An intimate contact between the two metals is
not mandatory as long as hydrogen spillover[8] (diffusion of mobile H species from the metal
to the support) can occur, which is the case on reducible oxides,[9, 10] and carbon
materials.[11, 12] The exact nature of these H species (atomic H-, H", H") depends on the
nature of the support and is still the subject of studies.[10, 13, 14] The systems involving H-

spillover can be classified into four categories (Scheme 1).
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Scheme 1. Different pathways for H-spillover induced cooperative catalysis (see text for

description and examples).

The first category follows the pathway A. In that case, molecular hydrogen is easily

dissociated on a noble metal nanoparticle (NP) and the activated hydrogen reached the
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hydrogenating site (a non-noble metal NP) via H-spillover. Such mechanism was reported for
the selective hydrogenation of CAL to HCAL on Ni-Ir/TiO2 bimetallic catalysts.[15] Here,
the role of Irnp was to produce activated hydrogen, while CAL hydrogenation occurs on the
Ninp, whose electronic structure is eventually modified upon addition of Ir. This Ni-Ir system
was significantly more active than the monometallic ones, but less selective. A similar
mechanism was also reported for crotonaldehyde hydrogenation on Pt-Sn bimetallic catalysts,
in which Ptnp activated H».[16] For the second and third categories (pathways B and C),
metallic NPs are associated to isolated metal single atoms (SAs), resulting in a “cocktail” of
catalysts with species of different nuclearity. It is worth mentioning that in that case, the
system is not necessarily bimetallic. Although the use of single atom catalysts in (selective)
hydrogenation is quite widespread,[17, 18] these catalysts often suffer from difficulties in
activating H» due to their electrodeficiency resulting from a strong charge transfer with the
support. Consequently, specific sites (most of the time a heteroatom such as O[19, 20] or
N[21]) should be present at their vicinity on the support for heterolytic H» activation to
proceed. To overcome this drawback, metal SAs can be associated with metallic NPs that will
initiate the H-spillover. Pathway B has been proposed for the selective hydrogenation of CAL
on N1/C catalysts, for which Ninp activated Hz, and H-spillover on the carbon support
provided hydride species to Nisa, on which CAL is selectively hydrogenated into HCAL.[22]
Pathway C involves the cooperativity between noble metal NPs that activate H, and metal
SAs that perform the hydrogenation. Although this pathway has not yet been reported for
selective hydrogenation reactions, it has already been described on supported Pd catalysts for
C=C[23] and C=0[24] bond hydrogenation, as well as for hydrodeoxygenation reactions.[25]
In the last category (pathway D), the metal SA is directly deposited on a metal NP, resulting
in single-atom alloy (SAA) catalyst, for which H-spillover occurs on the surface of the metal

NP. This mechanism has been proposed for Ptsa-Cunp systems that selectively promote the
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hydrogenation of C=0O bonds in unsaturated aldehydes.[26, 27] For this latter category, the
NP can be also a noble metal NP, as for Ptsa-Aunp systems for HCAL production.[28] In
these SAA systems, H» activation is proposed to occur on Ptsa and hydrogenation on the

surface of the NP.

In the continuation of our studies on the cooperative catalysis between metal SAs and NPs[23,
29-32] herein, the catalytic performance of a Rusa/CNT catalyst (CNT: carbon nanotubes) for
CAL hydrogenation in apolar solvent is first evaluated in order to produce HCAL.[4] Then,
the catalytic performances of this catalyst were compared compared to the ones of Rusa-
Mnp/CNT catalysts (M = Ru, Pd, Ni) that can follow different pathways (B, C and/or D). The
main aim of the present work is to discuss the interaction between the active species as well as
the role of the Mnp in the Rusa-Mnp/CNT catalysts for selective hydrogenation. Insights into
the cooperative catalysis between Ninp and Rusa for CAL hydrogenation were revealed from

density functional theory calculations.
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2. Material and methods

2.1. Carbon nanotube synthesis

The carbon nanotubes were produced by catalytic-CVD in a fluidized bed reactor using
ethylene as carbon source. An AICoFeQOy4 catalyst was first pre-reduced under hydrogen
during 30 min at 650 °C. A typical experiment was carried out with ethylene (600 mL min™)
for 30 min to produce CNTs. The produced CNTs were purified (catalyst dissolution) by an
aqueous solution of H>SO4 (50 vol%) under reflux for 3 h. Finally, the CNTs were
functionalized by a treatment of purified CNTs with HNO3 under reflux at 140 °C for 3 h. The
mixture was then filtered and washed with deionized water until pH =~ 7. The final product

was collected and dried at 120 °C overnight.

2.2. Monometallic catalyst preparation

A dry impregnation method was used to prepare the ruthenium catalyst supported on CNTs
(Rusa+np/CNT). The desired amount of ruthenium(III) nitrosyl nitrate solution was added to
acetone (10 mL) containing 1 g of CNTs to introduce 1.2 % w/w of metal phase. The solution
was sonicated at room temperature for 1 h and magnetically stirred overnight. The solution
was then filtered and washed with acetone. The resulting solid was dried in an oven at 120 °C
overnight. Finally, the 1.2 % Rusa+np/CNT catalyst was reduced in a horizontal tube oven
under a nitrogen and hydrogen flow (20 vol% Hb») at 300 °C for 2 h (25 °C to 300 °C at 10 °C
min™). The same procedure was followed for the 1.2 % Pdnp/CNT and the 1.2 % Ning/CNT
catalysts, prepared using palladium(Il) nitrate Pd(NO3)2.2H>O and nickel(II) nitrate

Ni(NO3)2.6H20, respectively.

For the 1.2 % Rusa/CNT catalyst synthesis, the process consists in: 1) creating carboxylic

groups on the CNT support by nitric acid oxidation (step I); i1) decomposing these groups
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under an inert atmosphere to produce CO, some H»> and carbon vacancies (step II); and ii1)
depositing the metal on this defective support (step I1I).[33] Before the step 111, the desired
amount of (5*-1,5-cyclooctadiene)(#°-1,3,5-cyclooctatriene) ruthenium(0) [Ru(COD)(COT)]
was added to 30 mL of purified pentane under an inert atmosphere. Then, the solution was
added on the support (step III). The mixture was stirred for 1 h and washed with purified
pentane. The solid was dried under vacuum overnight. Finally, the catalyst was treated under

a nitrogen and hydrogen flow (20 vol% H>) at 80 °C for 1 h.

2.3. Bimetallic catalyst preparation

To prepare the bimetallic 2 % RusaNine/CNT catalyst, the desired amount of nickel(IT)
nitrate Ni(NO3)>.6H>O was added to an acetone solution (10 mL) containing the Rusa/CNT
catalyst to introduce 1 % w/w of the Ni metallic phase. After sonication (1 h at room
temperature) and stirring (overnight at ambient temperature), the sample was filtered, washed
with acetone, and dried in an oven at 120 °C. Finally, the 2 % RusaNine/CNT catalyst was
reduced in a horizontal tube oven under a nitrogen and hydrogen flow (20 vol% Hb>) at 300 °C
for 2 h (25 °C to 300 °C at 10 °C min™"). The same procedure was followed for the 2 %

RusaPdnp/CNT catalyst using PA(NO3)2.2H>0 as Pd precursor.

2.4. Characterization

The metal content in the catalytic materials was measured by inductively coupled plasma
optical emission spectroscopy (ICP-OES) performed on a Thermo Scientific ICAP 6300

instrument.

TEM analyses were performed by using a JEOL JEM 1400 electron microscope operating at
120 kV. The high-resolution analyses were conducted by using a JEOL JEM 2100F

microscope equipped with a field emission gun (FEG) operating at 200 kV with a point
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resolution of 2.3 A and a JEOL JEM-ARM200F Cold FEG operating at 200 kV with a point
resolution of > 1.9 A. The particle size distribution was determined through a manual
measurement of enlarged micrographs from different areas of the TEM grid (at least 300
particles). The SA/NP ratio (a number ratio) was measured from the STEM—-HAADF analyses

(around 30 STEM micrographs) of 5000-10000 elements, according to the sample.

The X-ray absorption spectra were recorded on the B18 beam line at the DIAMOND
synchrotron (Oxfordshire, UK). The samples, in the form of powder, were diluted with
polyvinylpyrrolidone (PVP) in an appropriate concentration inside a glove box and pressed to
form a pellet, which was then sealed in an aluminum pouch to avoid any oxidation. Spectra at
the Ru K-edge were collected at room temperature in fluorescence mode using a Si(311)
monochromator. The monochromator energy scale was calibrated via a third ion chamber
with a reference foil. The data analysis was performed using the ATHENA and ARTEMIS
software.[34] With ATHENA, the absorption edge, Eo, is determined, and the absorption due
to the isolated atom is subtracted, by fitting the pre-edge and post-edge regions to obtain y(k).
The software ARTEMIS is used to perform the fit of the EXAFS region to scattering models
in R-space obtained by FEFF, validated on standard compounds; the amplitude reduction
factor Sy° was fixed to 0.9 during fitting. The number of fitted parameters was always lower
than the number of independent points. The samples were also analyzed by X-ray
photoelectron spectroscopy using a VG Escalab MKII spectrophotometer, which operated

with a non-monochromatized Mg K, source (1253.6 eV).

2.5. Cinnamaldehyde hydrogenation in stirred tank batch reactor

Hydrogenation reactions were performed in a Top Industrie high pressure and temperature
stainless steel autoclave with a temperature/stirring/pressure controlling system. In a typical

experiment, a mixture of catalyst (0.004 mmol), nonane (1.5 mmol, 200 mg, as internal



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

standard), trans-cinnamaldehyde (4.0 mmol, 528 mg), and 30 mL of dioxane as a solvent was
ultrasonicated for 5 min, and then transferred into the high-pressure autoclave. The autoclave
was purged 3 times with Na. Then, the autoclave was heated to 100 °C and pressurized with
20 bar of Ha, setting the stirring rate at 1000 rpm. The reaction test duration was 6 hours.
Samples of the reaction mixture were taken periodically. The products were analyzed on a
PerkinElmer gas chromatograph equipped with Elite—SMS capillary column (30 m x 0.32 mm
x 0.25 mm) with a flame ionization detector. For recycling experiments, the same procedure
was followed. Between each cycle, the catalyst was separated by filtration and washed three
times with dioxane before being reused. TOF were calculated based on total surface metal
considering the presence of metal single atoms and when relevant metallic NPs. The metallic
dispersion for NPs was calculated from a universal mathematical relationship between the

average relative size of metallic crystallites and their dispersion.[35]

2.6. Coating of open-cell solid foam substrates with RuNi/CNT catalyst

Metallic open cell solid foams (OCSF) NiCr 2733 from RECEMAT (3010 m* m
geometrical specific surface and 92 % porosity determined thanks to X-ray tomography) were
precisely cut into cylinders (diameter: 4.3 mm and length: 25.0 mm) through electric arc
discharge machining. These objects were washed in acetone under sonication for 15 min at
room temperature and dried overnight. Then, the cleaned OCSF substrates were heated (5 °C
min') up to 600 °C under air atmosphere, followed by a 4 h plateau at this temperature.
Natural cooling down to room temperature completed the activation of the objects. A pre-
reduced 2 wt.% RusaNinp/CNT catalyst (300 °C, Hz atmosphere, 2h) was used to prepare a 60
g L'! suspension in water accordingly to the following procedure adapted from previous
works[36]: in a planetary ball mill (Retsch PM100), 20 mL of deionised water are mixed with
0.4 g of dextrin (Sigma-Aldrich) for 5 min at 300 rpm. Then, 0.4 g of triton X (Sigma-

Aldrich) are added and mixed again for 5 min at 300 rpm. Finally, 1.2 g of the RuNi/CNT
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catalyst are put in the mill and the mixture was ball-milled for 45 min at 500 rpm (3x15 min
with change in rotational direction). This suspension was used to dip coat a series of activated
foam cylinders. Excess suspension was removed by a careful air flow through the coated
structures. The samples were then dried overnight at 80 °C and weighed. A similar catalyst
content of 29.0 £ 3.0 gruni/oNT Lioam™' Was obtained for the different foam pieces,
corresponding to an estimated mean layer thickness of 15 pm (assuming a homogeneous
coverage). Coating homogeneity was characterized through optical microscopy (Keyence
VHX-6000) and SEM-EDX measurements help to confirm the mean thickness of the
coatings. Additional characterizations of the fresh coated catalysts were performed using
HAADF-STEM to check the impact of coating procedure on Ru-Ni active particles (size and

spatial distribution).

2.7. Cinnamaldehyde hydrogenation in continuous flow reactor

4 coated foam objects were inserted in a home-made stainless steel milli-reactor (4.4 mm
internal diameter, length of active zone of 100 mm) corresponding to an involved mass of 42
mg of RuNi/CNT catalyst. The reactor was operated in co-current up-flow of gas and liquid.
The liquid solution is precisely fed thanks to a HPLC pump (Shimadzu, LC2 0 AD) and the
H> gas flow is controlled thanks to a mass-flow controller (Bronkhorst Elflow Prestige). Gas
and liquid feeding lines met at a simple T-junction upstream of the reactor. The liquid is
preheated in a stainless-steel loop with a thermoregulated oil bath to the desired temperature
before entering the reactive zone. Temperature and pressure were controlled and monitored
(Labview) through a regulated electrical oven and an equilibar back pressure regulator,
respectively. Downstream, gas-liquid separation and liquid collection and sampling were
made through a simple gravity driven separator. Liquid phase analysis was made offline

periodically thanks to a GC-FID equipment (Shimadzu Nexis GC2030).

10



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

In the continuous experiments, the catalytic foam objects were conditioned in situ under H»
flow (100 N mL min™') at the reactor temperature and pressure (160 °C and 20 bar) for 15
min. Then, the H> gas flow rate was set to 20 N mL min™ and the liquid was set to the desired
flow rate. The liquid mixture consists of a solution of 0.133 M of CAL (Sigma Aldrich, 99%)
and 0.032 M of tetradecane (Sigma Aldrich, 99%), used as internal standard, was prepared in
absolute ethanol (Sigma Aldrich) as solvent. Liquid flow rates varying between 0.2 and 1.0
mL min™! have been experienced, corresponding to contact times between 5.1 and 25.5 h

molcar™ molni+ra™.

2.8. Test to assess hydrogen spillover

To check for the H-spillover, WO3 is used to diagnose the activation of H» in the various
catalysts, because the spilled-over hydrogen migrates and readily reacts with the yellow WO3
to form dark blue HxWO3.[37] Samples made with 1 g of WO3 were mixed (or not) with 5 mg

of catalyst and treated with H2 (100 mL min) at 100 °C for 2 min.

2.9. Computational details

Periodic Density Functional Theory (DFT) calculations were performed using the ab initio
plane-wave pseudopotential approach, as implemented in the Vienna Ab initio Simulation
Package (VASP; version 5.4).[38, 39] The exchange—correlation potential was approximated
with the generalized gradient approximation to the Perdew-Burke-Ernzerhof functional[40]
and van der Waals interactions were taken into account through the D3 correction method of
Grimme et al.[41] The core electrons were modeled using the Projector Augmented Wave
(PAW) approach,[42, 43] and the valence monoelectronic states were expanded using a plane
wave basis set with a cutoff energy of 450 eV. Partial occupancies were estimated with a
Gaussian smearing (o) of 0.05 eV during all relaxations and extrapolating the energies to ¢ =
0.00 eV. As recently computationally modeled and described in our group,[44] the supported

11
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metal catalyst consists of an O-functionalized graphene (including experimentally probed
abundant oxygen functional groups and point defects) as carbon support, together with a
single Ru atom in a single vacancy and a small M3 nanoparticle (M = Ru, Pd, Ni) as
supported metal catalysts, the latter being hydrogenated with a ratio between adsorbed
hydrides and surface metal atoms above unity. I'-Centered (3x3x 1) k-point mesh generated
using the Monkhorst—Pack method was employed,[45] with spin polarization on the nickel-
containing systems. A vacuum region by at least 10 A between the periodically repeated slabs
was added to eliminate spurious interactions, and a dipole correction along the z-direction has
been considered.[46] All structures were optimized until forces were less than 0.015 eV A~
Transition states were first located using the Climbing Image version of the Nudged Elastic
Band, CI-NEB, method,[47, 48] and then properly optimized using the Quasi-Newton
algorithm. Finally, they were proven to show a single imaginary frequency by the
diagonalization of the numerical Hessian matrix with a step of 0.015 A in both positive and

negative directions of each coordinate.
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3. Results and discussion

This study involves the preparation of catalysts based on isolated SAs, metallic NPs or
mixtures of SAs and NPs with metal loading conventionally used for the CAL hydrogenation
reaction (1-2% w/w). The preparation and characterization of this type of catalysts on carbon
supports is not trivial. First, most carbon supports present in variable quantities sites capable
of stabilizing SAs.[49] Consequently, most carbon-supported NP-based catalysts (including
commercial ones) contain SAs, which can be easily visualized by aberration-corrected
scanning transmission electron microscopy (AC-STEM).[50] On the other hand, the
preparation and characterization of catalysts containing exclusively SAs with significant
metal loading (> 1 % w/w) is difficult.[51] In particular, the presence of clusters in such
catalysts is not always easy to demonstrate, even by combining several techniques, such as
high-angle annular dark-field STEM imaging (HAADF-STEM), EXAFS, and XPS (DRIFTS

analysis of carbon surfaces coupled to a probe molecule proves to be very challenging).[52]

3.1. Monometallic Rusa/CNT and Rusa+xe/CNT systems

A 1.2 % Rusa/CNT catalyst is prepared by a reported method that involves creating carbon
vacancies on the CNT support to stabilize the Rusa.[33] For this catalyst, the (*-1,5-
cyclooctadiene)(#°-1,3,5-cyclooctatriene) ruthenium(0) [Ru(COD)(COT)] precursor is used to
deposit ruthenium. ICP-OES analysis showed a metal content of 0.94 % w/w. The sample is
characterized by HAADF-STEM, XPS, and EXAFS. Fig. 1a shows a representative HAADF-
STEM image of the catalyst (lower resolution images are shown in Fig. S1(a-b)). This catalyst
contains almost exclusively Rusa (92 at%, see Fig. S1(c-d) for NP size distributions based on
total number of NPs and total number atoms[53]). In addition to Rusa, very few clusters

presenting a mean size of 0.8 nm are detected (number ratio Rusa/Runp = 201). EDX analysis

13
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demonstrates that the Ru species are homogeneously distributed on the CNT support (Fig.

S2).
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Figure 1. Characterizations of the Rusa/CNT catalyst (a) HAADF-STEM image (scale bar
= 10 nm). (b) High-resolution Ru 3p XPS spectrum. (¢) Fourier transform magnitude of the

experimental Ru K-edge EXAFS k?y(k) and fit results (phase-shift corrected).

XPS analysis is performed with introduction of the Rusa/CNT sample by a vacuum transfer

cell from a glove box under a controlled argon atmosphere, whereby any oxidation of the
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sample by air can be excluded. The Ru 3p binding energies at 463.2 and 485.3 eV (Fig. 1b)
are exceedingly high to correspond to Ru® on the carbon support (Ru 3p3 = 461-462 eV[54,
55]), and should be associated to a significant charge transfer from Ru to each of the
neighboring C atoms of the support. First-principles studies are carried out to model and
describe the geometric and electronic properties of O-functionalized graphene (as model
support) decorated with metal NPs and/or metal SAs.[44] In this case, the Ru-supported
catalyst model (Fig. 2) is used to interpret the XPS results obtained with the Rusa/CNT

sample.

Figure 2. Top and side views of atomistic structure of the Rusa+np catalyst model. Atomic

Color Scheme: Ru (Celadon Green); O (Candy Apple Red); C (Philippine Gray); H (White).

Analyzing the electronic distribution, a partial atomic charge around +0.9|e| is observed for a
Rusa anchored to a single vacancy; highlighting the Ru-to-C charge transfer (see Fig. S3 for

the detailed characterization of the Rusa+np system).
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To gain insight into the dispersion of the Ru species on the Rusa/CNT catalyst, the
coordination environment of Ru is investigated using EXAFS (Fig. 1c). The sample shows
only one shell centered around 2.1 A and no detectable peak due to Ru-Ru interactions which
would appear at 2.6-2.7 A, where only termination ripples can be observed. These results are
indicative of Rusa or very small clusters. The EXAFS data were fitted with a single
coordination sphere of C atoms to keep the number of fit parameters to a minimum. The Ru—
C bond coordination numbers in this coordination sphere are estimated to be 7.0 at a distance
of 2.12 A, suggesting that the Rusa lies on a Stone-Wales defect (5775 pair).[56] However, a
simplified atomistic model (Model-I, see Fig. S4a) shows that Rusa initially in the 7-
membered ring converges towards a CN = 5 at a distance of 2.16 A, as well as being
thermodynamically infeasible (binding energy of +50.2 kcal-mol™!). Therefore, other more
stable models with CN as close to 7 as possible are explored, with Rusa in a multiple vacancy
of the O-functionalized carbon support (Model-II to -1V, see Fig. S4(b-d)). The
thermodynamically more stable model, with Rusa in a single vacancy of the same carbon
support, is also studied (Model-V, see Fig. S4e). The DFT models have been used in
ARTEMIS?? to generate FEFF paths to be compared with the experimental EXAFS data as
shown in Fig. S5. The Ru—O/Ru—C distances in the Model-I and Model-IV are the ones that
give the best agreement with the experiment. The distances in Model-V do not seem enough
compatible with the experimental EXAFS data, since there is a large discrepancy between the
oscillations produced by the model with those of the experiment, which are in phase
opposition. Thus, due to the average information provided by the EXAFS technique, the
coexistence of Model-I, Model-IV, and Model-V is feasible, the latter being the minority
species compared to the first two. Because of the steric hindrance observed around the metal

center in Model-I and Model-1V, Model-V is the most suitable model to carry out the
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selective hydrogenation of CAL (further details about this choice will be provided at the end

of this section).

The selective hydrogenation of CAL is performed on the 0.94 % Rusa/CNT catalyst at 100 °C
under 20 bar of H» in dioxane. Besides the main products COL and HCAL, further
hydrogenation leads to the formation of hydrocinnamyl alcohol (HCOL). Diacetal formation
is not observed, since it requires the use of alcoholic solvents.[57] The catalytic performances
are presented in Table 1. This catalyst shows very low activity for CAL hydrogenation at 100
°C, with a TOF 1 of 8 h'! and a Sucar of 73% at 5% conversion. The lack of reactivity of the
Rusa/CNT catalyst can be explained by the fact that electron-deficient Rusa are not able to
dissociatively chemisorb H». In fact, the coordination of H; is feasible with an adsorption
energy of up to -12 kcal-mol™!, but neither the homolytic dissociation of H> on the Ru atom
alone (H-Ru—H) nor the heterolytic one by Rusa and adjacent C atoms (RuH+CH) are
achieved. While the former gives H> recombination, the latter is not favorable from
thermodynamics, with reaction energies in the range of 4-28 kcal-mol™! (see Fig. S6a).
Therefore, to improve the reactivity of Rusa via H-spillover, the reactivity of Rusa combined
with Runp deposited on the same support is first examined. A catalyst containing a mixture of
Rusa and Runp is prepared from a solution of ruthenium(IIl) nitrosyl nitrate. HAADF-STEM
analysis of this 1.21 % Rusa+np/CNT catalyst shows: 8 at% Rusa, a ratio Rusa/Runp = 5, and
a Runp size = 1.1 nm (Fig. S7). The use of this catalyst allows an improvement of activity

(TOF1n = 181 h!) but not of selectivity (SucaL = 72%).
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Table 1. Catalyst performance for cinnamaldehyde hydrogenation.

@\/\/ / - \ @\/\/
_0 HCAL OH
=
caL ™\ A7 ool
_~_OH
coL
Catalyst NP size Ratio CAL conversion STY TOF S20 (%)
-1ya -I\b
(nm) SA/NP at1 h (%) (h') (h™) HCAL HCOL COL

0.94 % Rusa/CNT 0.72 +0.05 201 0.6 8 8 73¢ 13¢ 144
1.21 % Rusanp/CNT 1.15+0.46 5 15.2 154 181 72 6 22

0.99 % Pdnp/CNT 1.54 +0.47 3 97.8¢ 4800° 7130°¢ 84.3 12.3 34
2 % RusaPdnp/CNT 1.87 +1.22 8 74.1¢ 3085¢ 5406°¢ 90.4 8 1.6

1.2 % Ninp/CNT 9.56 £ 2.87 12 4.7 46 307 91.8 8.2 0
2 % RusaNinp/CNT 1.29 +0.49 17 53.8 487 637 94.8 52 0

¢STY (molcar mOlmewar” h') at 1 h reaction.  TOF (molcar molsutmeta’ h') at 1 h reaction. € Selectivity at 20% conversion. ¢ At 5%

conversion. ¢ At 15 min reaction time.
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For H-spillover-induced cooperative catalysis to operate, H-spillover from Runp to Rusa should
be feasible. However, the H-spillover on the Rusa+np system is unfavorable from a
thermodynamic point of view. All H atoms from Runp susceptible of experiencing spillover (i.e.,
located close to an oxygenated functional group) were tested, the reaction energies obtained
being positives and ranged from 3 to 12 kcal-mol™! (see Fig. S6b for a detailed description).
Since it is not possible to activate H> on Rusa and H-spillover from Runp to Rusa is hampered,
Rusa in the Rusa+np/CNT catalyst should be poorly active for hydrogenation due to the lack of
Rusa-H species. For this reason, the hydrogenation of CAL on Rusa is not computationally
studied. The absence of H-spillover on this catalyst was also experimentally evidenced. Spilled
over H species readily reacts under mild conditions with WOs3 (yellow powder) to form dark blue
HxWO3.[58] As shown in the photographs of Fig. S8a, the WO3 alone exhibited an unchanged
color after H» treatment for 10 min. at 100 °C. When mixed with the Rusa+np/CNT catalyst, no
change of color is noticed (Fig. S8b). As the H-spillover cannot operate between Runp and Rusa
on the CNT support, the performance of the 1.21 % Rusa+np/CNT catalyst should be attributed
mainly to Runp. The reaction mechanism for the semi-hydrogenation of CAL to HCAL and COL
on Runp is studied by DFT (the energy profile is summarized in Fig. S9, and Fig. S10 shows the
structures corresponding to the reaction profile). The CAL adsorption can occur through the C=C
or the C=0 double bond, the first mode being especially favorable (-57 and -45 kcal-mol!,
respectively). The hydrogenation process is thermodynamically favorable for the two possible
products, with reaction energies ranging from -19 for COL to -28 kcal-mol™! for HCAL. The
kinetically most energy-demanding step according to the two preferred mechanisms is always the
first H insertion, with average energy barriers around 25 kcal-mol™!. This could explain the small

increase in activity (at 100 °C the reaction can occur) as well as the still not too high selectivity
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(Runp could give both products because both are energetically similar). Even so, it seems that
Runp gives HCAL as the main hydrogenation product, since the species are more strongly
adsorbed, making the H-insertions surmountable. The TOF obtained with this catalyst (TOF, =
181 h'!) is in the same range as those obtained with Ru/C catalysts containing Runp for CAL
hydrogenation (15-450 h'!).[4] Consequently, pathway C (Scheme 1) cannot operate between
Runp and Rusa on carbon support. Finally, the H-spillover operability was also verified for the
different models of Rusa anchored in an MV proposed previously (Fig. S4). On the one hand,
through an energy decomposition analysis for Rusa in a SV (Model-V and Rusa+np system, see
Fig. S11), it is found that the only model capable of experiencing H-spillover from
thermodynamics is Model-1I. However, neither of the two coordination modes for CAL (C=C or
C=0) is favorable on the Rusa—H species of this model. On the other hand, the Model-IV does
allow the adsorption of CAL (only through the aldehyde function) but the H-spillover is not
favorable on this model (around 13 kcal-mol™). Therefore, the most thermodynamically stable
model with Rusa located in a SV (Model-V) is the only model that leads to the formation of the
Rusa—H species and to the coordination of CAL. This model therefore seems the most relevant to

explore the reactivity of the system.

As pathway C cannot operate between Runp and Rusa, cooperative catalysis with two other
metals associated in the form of NPs to Rusa, palladium and nickel, is therefore addressed in the

following.

3.2. Heterobimetallic RusaPdne/CNT and RusaNine/CNT systems

Palladium is much more active than ruthenium for this reaction and usually produces HCAL

with good selectivity. Supported Pd catalysts are also known to promote H-spillover,[59] and
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since this phenomenon has been reported for a Pd-Ru/C catalyst,[60] a cooperativity between
Pdnp and Rusa could be expected. It is verified by DFT that, in the case of the RusaPdnp system,
the H-spillover process can occur due to the slightly favorable thermodynamics, between -4 and -
9 kcal'mol™! depending on the H atom (see Fig. S12 for the characterization of RusaPdnp catalyst
model, and Fig. S13 for a detailed description on the computed values). A 1.2 % Pd/CNT
catalyst is first prepared from palladium nitrate (4 at% Pdsa, ratio Pdsa/Pdne = 3, Pdxp size = 1.5
nm, Fig. S14) to assess the reactivity of Pdxp. Considering the very low concentration of Pdsa in
this sample, it is named 1.2 % Pdxp/CNT. This catalyst is very active for CAL hydrogenation
(TOF1smin = 7130 h'"), and as expected it presented a high Sucar of 84.3 %. Hydrogenation of
CAL at 150 °C and 50 bar on 5%Pd-1% Ru/CNT catalysts containing metallic NPs has already
been reported in the literature.[61] On this bimetallic catalyst, the conversion of CAL and the
Scor were better than on the monometallic counterparts. To probe for possible cooperativity
between Pdnp and Rusa, 1 % Pd w/w palladium is deposited from Pd nitrate on the 0.94 %
Rusa/CNT catalyst to produce 2 % RusaPdnp/CNT (0.82% Ru + 1.03% Pd from ICP). This
catalyst shows 1.7 at% Rusa, a ratio SA/NP ratio of 8, and a Pdnp size of 1.9 nm (Fig. S15). In
such a heterobimetallic catalyst, Rusa should act as reactive nucleation centers for Pd deposition.
Thus, in addition to predeposited Rusa, many Pdnp are found to be associated to Rusa (Fig. S16
for EDX analysis). Consequently, both pathways C (Pdnp+Rusa) and D (Rusa@Pdne SAA
catalyst) could coexist in this system. XPS analysis performed on this sample did not allow
distinguishing isolated Rusa from Pdnp@Rusa SAA. Indeed, the Ru 3p spectrum of this sample
(Fig. 3, blue line) is similar to that of the Rusa/CNT catalyst (Fig. 3, black line), pointing either
to the absence of a significant charge transfer in the SAA or to a high proportion of isolated Rusa

in the sample It was experimentally verified that H-spillover is operative on this catalyst (Fig.
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S8c). The combination of Rusa and Pdnp allows SucaL to be increased, reaching 90.4 %. The
TOF decreased (TOF5min = 5406 h'!) compared to the 1.2 % Pdnp/CNT catalyst (TOF5min =
7130 h'!), suggesting lower activity for Rusa compared to Pdnp or activated Pdsa (that is, Pdsa—H
species after an H-spillover mechanism from Pdnp). If it appears that cooperative catalysis
induces a better selectivity for HCAL thanks to Rusa (present on the support or on the Pdnp), the
very high activity of Pdnp makes it difficult to decide on the activity of the Rusa-H species. For
this, a metal with an activity significantly lower than Pd is used for the hydrogenation of CAL:
nickel. Although less efficient than Pd because of a stronger M-H bond,[62] carbon-supported Ni

catalysts are also active for H-spillover.[63-66]
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Figure 3. Comparison of the Ru 3p XPS spectra of the Rusa/CNT, RusaPdne/CNT, and

RusaNinp/CNT catalysts.
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It was independently verified by DFT that H-spillover can operate in the RusaNinp system,
resulting in a thermodynamically favorable process with reaction energies between -4 and -7
kcal-mol’!, very similar to the values obtained for the RusaPdnp system (see Fig. S17 for the
characterization of RusaNinp catalyst model, and Fig. S18 for a detailed description on the
computed values). It is worth noting that in systems where Ru and Ni are directly associated, it
has been reported that it is Ru that activates Ha to provide H species to Ni, which contributes to
higher catalytic performance.[67-70] For CAL hydrogenation on Ni-Ru systems, contrasting
results were reported. 99% Ni-1% Ru bimetallic NPs, in which small amounts of Ru were
deposited by galvanic displacement on the Ninp surface, were investigated by Zhang et al.[71]
This catalyst, which could contain Rusa on Ninp (SAA type) shows, at 100 °C and 15 bar, a
conversion similar to that obtained with Ninp, but is more selective towards HCAL (Sucar = 79.1
% for the Ni-Ru system and 54.1 % for Ninp). Surprisingly, at 150 °C and 10 bar, a selectivity of
97.5 % to HCOL was reported for a Ni-Ru catalyst containing magnesium/aluminum

hydrotalcite.[72]

A 1 % Ni/CNT catalyst (1.02 % Ni from ICP) is prepared from nickel nitrate (= 0 at% Nisa, ratio
Nisa/Ninpe = 12, Ninp size = 9.5 nm, Fig. S19). The low Ni dispersion on this catalyst is in
accordance with mean Ninp size reported in the literature for Ni/CNT catalysts.[73-75] This
catalyst shows low activity (TOFn = 306 h!), and presented a high Sucar of 91.8%, in
accordance with the reactivity of Ni/C catalysts for CAL hydrogenation.[76-78] To probe
cooperativity between Ninp and Rusa, 1 % Ni w/w nickel nitrate is deposited on the 0.94 %
Rusa/CNT catalyst to yield 2 % RusaNinp/CNT (0.72% Ru + 1.07% Ni from ICP). A loss of Ru
occurs during catalyst preparation. Ruthenium leaching could be due to dissolution with nitrate

salts of Ru clusters presenting Ru atoms of high surface energy during the impregnation
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procedure. This catalyst shows 3 at% Rusa, a ratio SA/NP = 17, and a Ninp size = 1.3 nm (Fig.
S20). We do not believe that Nisa could be easily formed during the preparation of this
bimetallic catalyst since the stabilizing sites for SAs (the carbon vacancies) are already occupied
by the Rusa, or have been passivated during the reduction of the Rusa/CNT catalyst. In addition,
galvanic replacement is unlikely as the Rusa are already oxidized, and for Ni it will be favored in

the opposite configuration.

The occurrence of H-spillover on this catalyst was experimentally evidenced at 100 °C. As
shown in the photographs of Fig. S8d, when mixed with the RusaNinp/CNT catalyst, the WO3
changed of color upon H» treatment, pointing to its reduction to HyWOs3 by H spillover species.
The color change is however much less marked than in the case of the RusaPdnp/CNT sample
(Fig. S8c). In this heterobimetallic system, the Rusa act as nucleation centers for Ni deposition.
The first consequence of a high nucleation rate is that Ninp are significantly smaller in
RusaNinp/CNT catalyst (1.3 nm) than in the Ninp/CNT one (9.5 nm). The EDS elemental
mappings of the RusaNine/CNT catalyst present on Figure 4a and Figure S21 illustrate a highly
dilute Ru phase on Ninp, suggesting the presence of Ru-Ni SAA (Rusa@Ninp). The EDS
elemental mapping of quasi SAA involving Pd on Ninp shows a much higher contribution of
Pd,[79] compared to the Ru contribution we have measured. In addition, a number of atom-sized
bright spots (highlighted by the yellow circles on Figure 4a,b) have been attributed to individual
Ru atoms distributed on the surface of Ninp.[80] Although we cannot ruled out the presence of
low nuclearity Ru clusters/patches on Ni nanoparticles, the STEM-HAADF micrographs clearly
indicate the presence of Rusa on Ninp. Thus, the 2 % RusaNinp/CNT catalyst contains a cocktail
of isolated Rusa and Ru-decorated Ninp, Rusa@Ninp (see Fig. S22 for representative HAADF-

STEM images).

24



| — Y (O § 1) T}

002
IHMI Ni
A | s w7
| [l L1 I IL‘IIII Ru
0.00nm Distance 19.80nm

Figure 4. (a) STEM-EDX analysis of the RusaNinp/CNT catalyst. (b) STEM-HAADF

micrograph of the RusaNinp/CNT catalyst.
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Consequently, both pathways B (NinptRusa) and D (Rusa@Nine, SAA catalyst) could proceed
in this system. XPS analysis performed on this sample allows distinguishing isolated Rusa from
Rusa@Nine SAA. In fact, the Ru 3p spectrum of this sample (Fig. 3, red line) is different to that
of the Rusa/CNT catalyst (Fig. 3, black line). For the RusaNinp/CNT catalyst, two species are
present, the isolated Rusa showing a Ru 3p3/2 binding energy at 463.2 eV as in the Rusa/CNT
catalyst, and a new species at 459.2 eV. This new peak can be attributed to Ninp-interacting Ru
species in SAA. It is worth noting that the significant binding energy shift compared to what is
expected for the Ru’ species on carbon (Ru 3p3» = 461-462 eV[54, 55]) points to a significant
charge transfer from Ninp to the Ru atoms (Ru®~ species). The presence of electron-rich Ru
species has already been reported in the case of the Ni-Ru[81, 82] and Co-Ru[83] bimetallic
systems, as well as in the case of Ru-Ni SAA catalysts.[80] Thus, in a 0.5 %Ru-5 %Ni/MMT
catalyst (particle size in the range of 1.5-4.5 nm) in which each Rusa was surrounded by three or
four Ni atoms, the Ru 3p3/2 binding energy was measured at 458.8 eV.[81] The Ni 2p high-
resolution XPS spectrum (Fig. S23) shows mainly the presence of nickel oxide (NiO and/or
Ni203),[84, 85] with a binding energy at 855.6 eV. This high binding energy can be explained by
the high sensitivity towards oxidation of small Ni particles due to the most reactive low-
coordinated metallic Ni sites,[86] and/or by the charge transfer from Ni to Ru and/or from Ni to
carbon.[87] The single-atom alloy catalyst model is based on the previous RusaNinp system by
replacing one Ni atom of the Ninp with one of ruthenium, resulting in a Ninp-coated surface Ru
(the formation energy, Efom, of each possible Ni—-Ru exchange is presented in Fig. S24). The
thermodynamics of all these substitutions is favorable, so the formation of this type of SAA
model can take place. According to the calculations, it is determined that the most stable

configuration occurs with the Ru atom located in the upper-middle part of the Ninp (Ni/46
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configuration). Analyzing the electronics of this RusaNine SAA system (see Fig. S25 for
atomistic structure and charge distribution), a partial atomic charge around +0.8 and +1.5e| is
observed for Rusa and the Rusa@Ninp species in SAA, respectively. The difference comes
mainly from a charge transfer by the surrounding Ni atoms, in addition to the presence of

hydrides species on the nanoparticle surface.

The 2 % RusaNinp/CNT catalyst shows an activity (TOFi, = 637 h') much higher than that of
0.94 % Rusa/CNT (TOFn = 8 h'!') and twice that of 1.2 % Ning/CNT (TOF 1, = 306 h'!). In
addition, the Sucar reaches a value of 94.8 %, which is the highest obtained among all the
investigated systems. It is worth mentioning that smaller Ninp supported on carbon are not
expected to activate H, more easily than large NP.[88, 89] In addition, several works in the
literature have shown that for hydrogenation reactions, an optimal size of Ni particles is around
10 nm; smaller particles being less active.[90, 91] Consequently, we did not believe that a Ni
particle size effect can explain the higher performance of the RusaNinp/CNT catalyst compared

to the Ninp/CNT catalyst.

Remarkably, Sucar remains very high even at high CAL conversion (Fig. 5), as a selectivity of
94 % to HCAL was achieved at 99 % CAL conversion with this catalyst at 100 °C and a pressure
of 20 bar. In other words, the product selectivity was independent of conversion, which is
generally not observed in this reaction with carbon-supported Ru catalysts.[92-95] This catalyst
ranks above the Ru-based catalysts described in the literature, both in term of activity and HCAL
selectivity.[4] It also shows good stability, since no modification in activity or selectivity was
noted after five recycling experiments. It has been shown that the presence of Ru can promote
the reduction of Ni oxides on Ni/CNT catalyst.[ 74] However, the increased performance of the

RusaNinp/CNT catalyst compared to the Ninp/CNT catalyst cannot be attributed to a better
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reduction of Ni in the bimetallic catalyst, since it is known that Ni/CNT catalyst prepared from

nickel nitrate are efficiently reduced at 300 °C[73, 74].
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Figure 5. Evolution of CAL conversion and product selectivity on the 2 % RusaNing/CNT

catalyst. SucaL (red diamonds); SucoL (blue triangles); and ScoL (orange squares).

3.3. Operability of the RusaNine/CNT catalyst in continuous flow

The RusaNinp/CNT catalyst has been wash coated on millimeter-scale NiCr foam substrates in
order to test its ability in continuous flow operation (see experimental details for the procedures).
These continuous tests are also interesting to discuss catalyst stability with easy access to
relatively high turnover number (TON). Fig. S26 presents typical optical photographs of foam
objects used in this study before and after the coating step. A relatively homogeneous covering
has been obtained, also validated by SEM analyses (Fig. S27). STEM-HAADF analyses show

that the coated RusaNinp/CNT catalyst has not been significantly affected by the coating process
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(Fig. S28). A slight increase in Ni mean particle size (2 nm after coating for 1.3 nm before
coating, Fig. S29) and decrease in SA/NP ratio (13 after coating for 17 before coating) were
noticed. Continuous flow experiments have been performed for different liquid flow rates at
constant temperature and constant pressure with an excess of hydrogen. Fig. 6 depicts the results
obtained in this series of experiments. Fig. 6a and Fig. 6b show the evolution of CAL conversion
with time on stream and the corresponding selectivity-conversion profile, respectively. It can be
seen that a decrease in liquid flow rate tend to increase the CAL conversion and to decrease the
HCAL selectivity in a scheme of consecutive reactions. It is noticeable that the decrease in
selectivity starts at a lower conversion in continuous flow in comparison to the batch reactor.
Non-ideal plug flow hydrodynamics with a small amount of liquid back-mixing may contribute
to explained part of this result. Nonetheless, possible changes in the fine catalyst structure due to
the coating process cannot be excluded but they were not sensible to the available
characterizations techniques. It can be seen also that conversion is stable for each liquid flow
rate, and a return to the initial flow rate of 1.0 mL min™! at the end of the sequence leads to an
identical conversion close to 30%. The results obtained can be reworked to be plotted as a
function of contact time, typical of continuous catalytic reactor operation (Fig. 6¢). This
representation clearly makes appearing a linear behavior typical of a pseudo-zeroth order for
CAL when conversions lower than 90% are obtained. This behavior tends to become closer to
first order for the highest conversions (> 90%). The Site Time Yield (STY)) observed in the
continuous experiments is plotted against the Turn-Over Number (TON) in Fig. 6d. For the
lower conversions, because of the pseudo-zeroth order, this average activity along the catalyst
bed appears independent of the concentration (or conversion level) and is representative of the

constant local activity.
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Figure 6. a) Time on stream evolution of CAL conversion in continuous flow experiments. b)
Corresponding HCAL selectivity vs CAL conversion. ¢) Evolution of CAL conversion with

contact time. d) Evolution of Site Time Yield (STY) with Turn-Over Number (TON).

A stable STY profile is obtained, up to a relatively important TON of 1300 moluz molni+ra™,
indicating a good stability of the coated catalyst. The lower STY obtained at a liquid flow rate of
0.2 mL min! is not to link with deactivation, but with the change in apparent order with the high
conversion obtained at this point. This is confirmed with the control experiment repeated at 1.0

mL min™! at the end of the sequence, where a similar STY is reached again. Overall, the catalyst
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appears stable after the coating process, and can be operated in continuous flow, wash coated on

structured internals.

Mechanistic study on the RusaNine/CNT system

DFT calculations are used to understand whether the observed effect is related to the presence
of activated isolated Rusa (pathways B - NinptRusa) or to Ru atoms bound to the Ninp
(pathways D - Rusa@Ninp in SAA catalyst). Consequently, the metal species present in the
RusaNinp SAA system are the Ni atoms of the Ninp and the Ru atom bound to the Ninp
(Ru@Ninp) as a model of SAA (see Fig. 7 for the atomistic structure and Fig. S24 for a detailed
electronic and electric characterization of the most stable catalyst model), as well as the activated

1solated Rusa.

Figure 7. Top and side views of atomistic structure of the RusaNinp SAA catalyst model.
Atomic Color Scheme: Ru (Celadon Green); Ni (Apple); O (Candy Apple Red); C (Philippine

Gray); H (White).
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To further understand the experimental observations, the reaction mechanism for the selective
hydrogenation of CAL on the three metal species of the SAA catalyst model is studied in the
DFT framework. Starting from the role of nickel in Ninp, the coordination of 1,4-dioxane as the
solvent used is first considered (see Fig. S30a), resulting in an adsorption energy of -21.4
kcal-mol’!. After, the energy profile and the corresponding structures are summarized in Fig. S31
and Fig. S32, respectively (the energy profiles are presented as potential energies, thus, not
considering entropies). On 3 (representing the RusaNinp SAA catalyst model, see Fig. S31 and
Fig. S32), the reaction begins by a m coordination of the alkene or carbonyl function of CAL. In
both cases, the resulting intermediates are strongly adsorbed on the Ninp surface (4Nhcy at -43.2
and 450 at -35.8 kcal-mol’, respectively) by the m interaction of the double bond with a Ni
atom (in a top adsorption site), and by the presence of two H-bonds between the organic
substrate and -COOH functional groups of the support. Therefore, solvent molecules should be

easily decoordinated from the Ni atoms by the presence of CAL.

Because the atoms forming the double bonds have different connectivity, the first H addition on
both atoms is considered additionally for all studied cases. Additionally, given the high coverage
conditions, where there are several H atoms around CAL, the H attacking the organic moiety is
always the closest. From 48fcy, the first hydrogenation step is thermodynamically relatively
unfavorable on both carbon atoms, being the preferred on the carbon connected to ~-CHO group
by about 10.8 kcal-mol! (42&,.,2, red pathway in Fig. S31). In both cases, the energy barrier is
practically identical and around 40-42 kcal-mol™!, so the first step is hardly achievable from the
kinetic point of view. The situation changes particularly in terms of reaction energy for the
second H addition (42520.,2), favored by thermodynamics, regardless of the obtained reaction

intermediate. The energy barriers, moreover, are notably lower than those of the first, around 15
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kcal-mol™!. On the other hand, starting from 425, the first hydrogenation step is only slightly
thermodynamically unfeasible on the oxygen atom (4tqon, dark yellow pathway in Fig. S31) by
around 5.7 kcal-mol™!, while the energy barriers remain kinetically difficult to access, at around
36-38 kcal mol™'. Both thermodynamics and kinetics are favored in the second hydrogenation
step of the C=0 bond (42'&20]1), especially the latter, with drops in the energy barrier down to
15-25 kcal mol!. Once HCAL or COL is obtained, it is strongly coordinated on the surface
(average desorption energy of 39 kcal-mol™') due to the interaction of Ninp with the aromatic ring
through the n?(C) coordination mode. Finally, the catalyst can be recharged under H pressure by
a thermodynamically favorable process. Therefore, the hydrogenation of CAL is difficult on

Ninp, the first hydrogenation always being the most energy-demanding step.

Concerning the role of ruthenium in the Rusa@Nine SAA model, the coordination of the solvent
1,4-dioxane is only -1.9 kcal-mol™! (see Fig. S30b), which gives the Ru atom greater availability
as active site. The energy profiles and the corresponding structures are summarized in Fig. 8
(most favorable mechanisms), Fig. S33 (complete hydrogenation pathways), and Fig. S34,
respectively. From 3 (Fig. S33 and Fig. S34), the adsorption of CAL (42‘%]{ and 42‘2{(‘, depending
on the coordinating C=C or C=O0 function, respectively) is favorable from the thermodynamic
point of view in both cases, and higher in the case of C=C coordination (binding energies of -
23.8 and -14.0 kcal-mol’, respectively). The © coordination of the organic substrate on the Ru
embedded in Ninp is very similar to those previously found on Ninp, while no H-bonds are

observed since the active center is relatively far from the functionalized carbon support.

Once CAL is adsorbed, the possibility of first hydrogenating one carbon or another of the alkene

group, as well as the carbon or oxygen atoms of the aldehyde group, opens up again. From a
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thermodynamic point of view, the first hydrogenation turns out to be slightly endothermic for the
C=C bond, and slightly exothermic for the C=0 bond, with reaction energies between 0.7
(42‘}‘[‘;(;“, wine pathway in Fig. 8) and -2.2 kcal-mol™' (4388, dark yellow pathway in Fig. 8).
The importance lies in the kinetics of the reaction, since both paths are energetically low. In fact,
with an activation barrier of 16.9 kcal-mol!, hydrogenation of the easiest C atom of the alkene
group can occur under operating conditions (temperature of 100 °C). However, the activation
barrier of the aldehyde group (23.2 kcal-mol™'), although also affordable, is above the desorption
energy of the reactant (14.0 kcal-mol™!). Therefore, a high activity on Rusa@Ninp is expected
with respect to C=C hydrogenation due to the low competition between the coordination of both
functions, in addition to the C=0O decoordination process. The second hydrogenation step of the

alkene to obtain HCAL (43‘?{2\CH2) is slightly disadvantaged from thermodynamics by 7.7
kcal-mol’!, although the reaction kinetics are reasonably fast as in the first step (21.8 kcal-mol!).
In the case where the first step of the aldehyde hydrogenation reaction takes place, the second
step leading to the formation of COL (42‘:{2‘0},) is thermodynamically favorable (-4.3 kcal-mol™),
while from a kinetic viewpoint is also accessible with an energy barrier value of 14.1 kcal-mol™.
Finally, the desorption of HCAL and COL from the Rusa@Ninp site entails a low energy cost
around 18.6 and 23.3 kcal-mol’!, respectively, which further reinforces the preferential activity

and selectivity of HCAL in the Ru-based SAAs.

34



10 9.2 i

ok i
©
£
©
g ot -
>
[=)
e
2
3+
& o\ e 3+
20 k- i
. -19.4
-20.5 42 on
- 4SAA
23.1 4cH,cH 3+
a0l -28.1

1 1 1 1 1 1 1 1

Reaction Coordinate

e C=C via PhCH,CH— e C=0 via —CH(OH)

Figure 8. Reaction profile of CAL semi-hydrogenation to HCAL (in wine) and COL (in dark

yellow) on the Ru@Ninp site of the RusaNine SAA catalyst model (black for the initial common

step). The energy is referenced with respect to the hydrogenated (Ru—Ni)-supported catalyst (3)

and CAL().

Regarding the role the isolated Rusa site of the RusaNinp SAA system, the coordination of 1,4-
dioxane on the Rusa and Rusa-H species is -31.2 and -4.1 kcal-mol™!, respectively (see Fig.
S30(c-d)), clearly chemisorbed in the case of the bare Rusa. Subsequently, the energy profiles

and the corresponding structures are summarized in Fig. S35 and Fig. S36, respectively.
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Unexpectedly, the formation of the active species Rusa-H by means of an H-spillover process
(3y) turns out to be somewhat unfavorable from thermodynamics, unlike the RusaNinp system
(4.1 vs -7.0 kcal-mol!, respectively). The presence of the Ru atom on the Ninp is causing a subtle
strengthening of the metal-H interactions, as in the case of the monometallic Rusa+np system.
The integrated pCOHP (IpCOHP), an average bond strength index, is 55.2, 25.7, and 27.1
kcal-mol! per metal-H interaction in the Rusa+np, RusaNinp, and RusaNinp SAA catalyst
models, respectively. This fact limits the possibilities of Rusa-H being an active species for CAL
hydrogenation. In the case of an H-spillover phenomenon (as experimentally evidenced, since
some Ninp do not contain Ru), the reaction begins only by the favorable C=0 bond coordination
of CAL on Rusa-H (432 cjjo, binding energy of -18.5 kcal-mol"). Coordination of the C=C bond
is not observed, mainly because of steric hindrance, along with a preference for H-bonds with the
support away from the Rusa. It should be noted that on Rusa only the n'(O) coordination mode is
observed, distinct from Ninp or Rusa@Ninp, for which the n?(C=0) one is favored over others.
Nevertheless, the study of CAL hydrogenation on Rusa is especially relevant to rule out the

formation of COL in SAA catalysts, as observed experimentally.

Starting from 431 cyo, the first hydrogenation step is a thermodynamically favorable process for
both pathways, the average reaction energy being around -19 kcal-mol™!. In contrast, neither
pathway is kinetically easy, since although the lowest energy barrier is 28.3 kcal-mol™!, the
transition states of both pathways greatly exceed the adsorption energy of the organic substrate.
In the case of being able to overcome them (thanks to the experimental reaction conditions),
from any of the reaction intermediates, the second hydrogenation step proceeds exclusively by
using molecular H> (wine and red pathways in Fig. S35). If a second H-spillover occurs, the

processes would be energetically very unfavorable (orange and dark yellow pathways in Fig.

36



S35). Finally, hydrogenation thanks to dihydrogen could give rise to the formation of COL
(42‘}‘lz on-n)» Which remains coordinated through the hydroxyl group. According to these results,
the isolated Rusa species seem not to be sufficiently active and, therefore, the production of the

alcoholic compound is rather scarce.

4. CONCLUSIONS

Carbon nanotube supported Ru single atoms have been associated to metal nanoparticles (Ru,
Pd, Ni) to probe H-spillover assisted cooperative catalysis in cinnamaldehyde hydrogenation.
The Rusa/CNT catalyst shows poor performance for this reaction (TOF = 8 h™!, Sycar = 73 %)
due to its difficulty to active Hz. No cooperativity was observed when Rusa are associated to
Runp because H-spillover cannot operate in the Rusa+np/CNT system for thermodynamic
reasons. The performance of this catalyst (TOF = 181 h'!, Sucar = 72 %) should be consequently
associated to the Runp. The association of Rusa to Pdnp allows H-spillover to operate to produce
Rusa-H species. For this RusaAPdne/CNT catalyst, the selectivity towards HCAL is improved
(SucaL = 90 %) compared to the Rusa/CNT (SucaL = 73 %) and Pdnp/CNT systems (SucaL = 84
%). However, the very high activity of Pdnp precludes probing the activity of Rusa-H species.
The deposition of Ni on the Rusa/CNT catalyst results in a system containing two distinct Ru
species: isolated Rusa and Rusa associated to Nine (Rusa@Nine, SAA). The hydrogen spillover
from Ninp to isolated Rusa can operate but is not favorable from Rusa@Ninp to Rusa. The
RusaNinp/CNT catalyst shows much better performances in terms of activity and selectivity
compared to the Rusa/CNT and Ninp/CNT systems. This RusaNinp/CNT catalyst also shows

excellent recyclability and promising performances in a lab-scale flow reactor. DFT calculations

37



revealed that the selective hydrogenation of CAL to HCAL is a slightly endothermic reaction,
kinetically accessible only by the Ru site on the Rusa@Ninp single atom alloys. The Rusa-H
species does not allow HCAL formation due to steric reasons, however it favors the production
of COL through a kinetically limited pathway. In the SAA, the activation barriers for the
hydrogenation reaction on Rusa@Ninp (21.8 kcal-mol ™) is much lower than on Ninp (39.5
kcal-mol ™). The introduction of Rusa on the Ninp greatly reduced the barriers necessary for the

first H addition and the HCAL desorption.
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