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Abstract

NiCo nanoparticles are active catalysts for a number of reactions, as an interesting
alternative to noble metals. In particular, phosphine-covered NiCo nanoparticles with a 1:1
metal ratio were found to be active at room temperature for Si—H bond activation. However, it
was unclear which of the two metals was the active site and if the neighboring atoms
influenced the reaction efficiency. We designed nanoparticles with a nickel core and a limited
amount of cobalt surface sites, just below or just above a monolayer amount, to investigate
this question. We showed that the trend in catalytic activity is consistent with cobalt being the
active site, and it shows a higher activity when its immediate neighbors are cobalt atoms. This
was consistently observed with two phosphine ligands, PPh; and PnBus, while the first

allowed a higher conversion rate than the second.
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Introduction

Bimetallic heterogeneous catalysts have attracted tremendous attention from the 1960s.
Associating two metals proved to be a successful strategy to enhance both activity and
selectivity of given chemical reactions.!! More than only combining the properties of both
metals, it often resulted in new properties through promotional effects./! The development of
bimetallic nanoparticle syntheses yielding in morphologically well-defined nanoparticles led
to a better understanding of the synergies between metals which stem from electronic and
geometric effects.’*! Depending on the procedures and the miscibility of metals, either alloys,
Janus-like, heterostructures or core-shell nanoparticles could be obtained.[*® As a result of the
nanoparticle morphology, surface’s geometry and composition can be tuned so that active
sites are diluted or even isolated.[°®!

Combinations of transition metals (Fe, Co, Ni, Cu) sometime present a catalytic activity
competitive with these of scarce and expensive platinoid catalysts, which stimulated their
investigations. In particular, variously shaped nickel-cobalt nanoparticles were applied as
catalysts for many reactions such as methane dry reforming,®**! hydrogenations,™**® lignin
depolymerization,™* water splitting’®” and aldehyde hydrosilylation.”! For example, while
nickel alone is highly active for methane dry reforming, it rapidly deactivates because of coke
formation. The alloying with cobalt results in reduced sensitivity to coking because of its
ability to remove carbon deposits by oxidation.*?) Moreover, coke diffusion was accelerated
on the NiCo alloy, reducing the poisoning of Ni active site. The alloying leads to electronic
effects which decrease the bonding strength between Nickel and coke.™

Molecular additives also have a huge impact on the catalytic behaviour of metallic
nanoparticles, might they be native ligands for colloidal nanoparticles,” substrates of the
catalytic reaction®! or added Lewis acid or bases./?) For example, Guo et al. evidenced both

experimentally and computationally the hydrogenation ability of gold nanoparticles in



presence of small imines.!*”! This new reactivity was attributed to a synergetic activation of H,
by the gold surface and imines whose tight adsorption was prevented by electronic repulsion.
The authors compared such reactivity to these of Frustrated Lewis Pairs (FLP) catalysts,
which are able to activate small molecules in mild conditions.’>*! However, in this case the
frustration did not originate from steric repulsion between bulky Lewis acid and bases but
from electronic repulsion. Later Rossi et al. reported a gold catalyst, decorated by amine
ligands for the semi-hydrogenation of alkynes.””! The hemilabile di-amines were able to
coordinate the surface while activating H,. Recently, our group proposed a transition metal-
based semi-heterogeneous FLP catalyst formed between a NiCo surface and phosphines for
the activation of phenylsilane during the hydrosilylation of benzaldehyde.® Indeed, the
catalytic activity only appeared when combining the Lewis acid NiCo surface with a Lewis
basic phosphine. Moreover, an optimal catalytic activity could be reached for a limited range
of Tolman cone angles (130°-150°), suggesting that the steric hindrance around the catalytic
site is of paramount importance. Yet, the challenge remains to discriminate the role of the
local environment of metal sites in multimetallic compounds such as these NiCo
nanoparticles.

The present work aims at providing a deeper understanding of the nature of this catalytic
active site for phenylsilane activation, based on an experimental approach. For NiCo
nanoparticles, we recently developed a synthetic route that allows the controlled deposition of
cobalt on a fcc Ni core.” We propose here to investigate the catalytic activity of NiCo
nanoparticles with a controlled sub-stoichiometric amount of Co surface sites to better
understand the influence of their close environment (Co-rich or Ni-rich). We showed that the
trend in phenylsilane conversion is consistent with cobalt being more active when surrounded
by a Co-rich environment. This was consistently observed with two phosphine ligands, PPh;

and PnBus, while the first allowed a higher conversion rate than the second.



Results and discussion

Synthesis and characterization of NiCox nanoparticles with x = 0.1, 0.2 or 1.0

NiCo nanoparticles with thin shells. NiCo nanoparticles (NPs) with low cobalt amounts were
synthesized by modifying a one-pot two-step protocol (Figure 1A) developed for NiCo
nanoparticles with Co/Ni = 1, for which the synthetic parameters were studied in detail.[*3"!
Briefly, Ni NPs were formed during a first step by the reduction of Ni(acac), with oleylamine
(OAm, 22 equiv.) in the presence of tri-n-octylphosphine (TOP, 3 equiv.) at 220 °C for 2 h,
under a nitrogen atmosphere.®” The reaction mixture was cooled to room temperature.
Co0,(CO)sg (in chosen stoichiometry) was added to the reaction mixture, which was heated to
120 °C for 20 minutes to ensure complete dissolution of the cobalt precursor and then heated
to 180 °C for 1 h. NiCo nanoparticles were isolated by centrifugation and washed with THF
and EtOH (Figure 1). By tuning the quantity of the cobalt precursor introduced during the
second step, a cobalt shell with chosen thickness was deposited on the Ni core. Two Co/Ni
ratio (x) were used: 0.1 and 0.2, and the nanoparticles were compared with the Ni NPs
obtained at the end of the first step (labelled x = 0, no shell). They were also compared with
NiCo nanoparticles prepared with the same amount of TOP (3 equiv.) and OAm (22 equiv.),
similar to these of our previous study®? (x=1.0, thick shell, TEM and XPS showed on
Figure S1 and S2, respectively). All these nanoparticles present close enough average size and

size distribution, meaning that they develop a similar specific surface area.

Characterization of the nanoparticles. Based on our recent work with x = 1.0, for samples
with x=0.1 and 0.2 we expected the cobalt atoms to deposit at the surface of the nickel
nanoparticles. In order to verify this, we first performed chemical analysis, using two
methods: energy dispersive X-ray spectroscopy (EDS) on a scanning electron microscope

(SEM) and X-ray fluorescence spectroscopy (XRF) (Table 1). Both techniques provided fairly



similar results, considering that they were operated under different conditions (raw powder for
SEM-EDS, pellets on cellulose for XRF) and suffer from different biases. For both samples,
the Co/Ni observed in the NiCo NPs is consistent with a quasi-quantitative incorporation of
the cobalt in the final sample powders.

A geometrical model allowed estimating the Co shell thickness for Co/Ni ratio from 0.1 to 1.0
(Figure 1F, see Sl section 4 for the model description). A monolayer of Co (0.33 nm thick) is
expected to be deposited for x = 0.2 while the shell thickness is expected to be 1.4 nm for
x =1.0. For x = 0.1, there is not enough cobalt to form a full monolayer, so a non-continuous
shell is expected.

Transmission electron microscopy (TEM) was performed on the samples with x = 0.1 and 0.2
(Figure 1C and D, respectively) and compared with these of Ni NPs (x = 0, Figure 1B) and
x =1.0 sample (Figure S1). Like the Ni NPs, the NiCo nanoparticles showed a spherical
morphology. The average diameters were 13.2+1.5nm and 11.9+1.1 nm for x=0.1 and
x =0.2, respectively (Figure 1E). With such size distribution, TEM does not allow to
comment on the shell thickness variation from the first to the second sample. However, it can
be noted that these diameters might be slightly higher than these of the Ni NPs
(10.5 £ 1.2 nm), consistently with the formation of a cobalt shell, which is in agreement with
our previous work on thicker shells.” The shell thickness is moreover consistent with these
expected from our geometrical model. In agreement with the presence of a thin cobalt shell,
no crystalline cobalt phase was detected by X-ray diffraction on powder (showed on Figure
S3). All samples presented the most intense peak of Ni fcc (at ca 44 °) but the Scherrer length
of NiCop and NiCog, was about 1.5 nm (see Table S2). In these cases, the Ni core is quasi
amorphous which is not surprising considering the high amount of TOP used in the synthesis.
Although the average crystallite size of our samples could not be related to the Co/Ni ratio,

the nanoparticles were in every case polycrystalline.
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Figure 1. (A) Two-step synthesis of NiCoy nanoparticles. TEM pictures and size distributions
for samples with various Co/Ni ratio (B) x =0, (C) x =0.1, (D) x = 0.2. (E) Average diameters
and (F) geometrical model of the Co shell thickness related to the Co/Ni ratio, where each red

dot from left to right shows the formation of successive monolayers (ML).



Co/Ni ratio
Synthesis SEM-EDS XRF XPS Ni-Co 3p
0.10 0.08 0.08 0.14
0.20 0.16 0.18 0.19
1.00 1.03 1.12 0.99

Table 1. Quantification of Co/Ni ratio with three methods (SEM-EDS, XRF and XPS).

Because of the low contrast between Co and Ni, the very low thickness of the shell and the
large ligand amount, chemical mapping techniques such as EDS performed in scanning
transmission electron mode, or high-angle annular dark field, were not enough sensitive for
precise elemental composition determination. Rather, X-ray photoelectron spectroscopy
(XPS) was used as a surface-sensitive and chemically-resolved spectroscopy.

XPS of the NiCo 3p, P 2p, Ni2p, and Co 2p regions for samples with x=0.1 and 0.2 is
presented in Figure 2 in comparison with these of the Ni nanoparticles (x = 0). It confirmed
the formation of an oxidized layer on the surface of the nanoparticles. The spectra were
analyzed with CasaXPS following the methodology of our previous works?%**3 and fitting
parameters can be found in the SI. The Ni2p region (Figure 2C) was fitted with two
components:®® metallic nickel at a binding energy (B.E.) of 852.3 —852.7 eV (dark green)
and NiO (B.E. 855.6 —855.9 eV, light green). The Co2p region was fitted with three
components:®® metallic cobalt (B.E. 777.8 —778.1 eV, dark red), CoO and CosO, (both
around 780.9 eV, light red). The P 2p region was fitted with doublets with a splitting of
0.85 eV (Figure 2B). It presented the features of reduced P species (129.1 —129.4 eV, dark
blue) at binding energies lower than elemental P (130.0 eV), and two types of oxidized P
species. The first (130.2 — 131.0 eV, blue) was attributed to TOP bound to the surface. The
second (132.7 — 133.0 eV, light blue) stemmed from phosphate or tri-n-octylphosphine oxide
(TOPO) produced by the oxidation of TOP.B*!

The oxidized species observed for Ni (light green), Co (light red) and P (light blue), were

expected as they were possibly formed during the synthesis and/or as the result of the washing



in air. However the presence of these species was not an issue for the catalytic reaction: since
it was conducted in reducing conditions, it is expected that the surface state presents less
oxidized species, as evidenced previously by near-ambient pressure XPS on NiCo NPs?¥ and
in agreement with our recent work.”® Moreover, the presence of reduced P species of
phosphide type suggested that some P was incorporated in the metallic surface, a phenomenon
previously observed on NiCo nanoparticles.”

The XPS region from 56 to 76 eV (Figure 2A) is of huge interest for these samples since it
corresponds to the 3p region for both Co (56 — 64 eV) and Ni (64 — 76 eV). This region was
fitted as in our previous studies®” and confirmed the presence of both reduced metals (Ni in
dark green, Co in dark red) as well as oxidized ones (Ni in light green, Co in light red)
although the deconvolution was less precise than for the 2p regions due to the overlap of the
peaks. Most importantly, this region allows directly comparing the relative amount of Ni and
Co on the surface, with an inelastic mean free path (IMFP) of ca 19 — 20 nm. The last column
of Table 1 indicates the observed ratio based on the Co and Ni peak areas. The surface ratios
were slightly higher than the average Co/Ni ratio in both samples, which is consistent with the

fact that Co was on top of the Ni core.
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Figure 2. X-ray Photoelectron Spectra of samples with x =0, 0.1 and 0.2, for (A) Ni-Co 3p
region, (B) P 2p region, (C) Ni 2p region and (D) Co 2p region.
Altogether, XPS confirmed that the samples with x =0.1 and 0.2 presented a surface with
species that are similar with these of the x = 1.0 sample studied before, with the amount of
cobalt as the variable parameter. In all cases, the surface is cobalt-rich with coexistence of
reduced and oxidized species. XPS also confirmed the expected trend in terms of Co
abundance, which is significantly lower for x = 0.1 than for x = 0.2, consistently with the
geometric model. Thus, these samples were investigated for the activation of Si—H bond of
phenylsilane in the presence of an additional phosphine and we looked for the influence of the

Co/Ni ratio on the catalytic activity.
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Influence of the Co/Ni ratio on the catalytic conversion of phenylsilane

Catalytic reaction. Our previous study for Co/Ni = 1.0 showed an optimal catalytic activity in
the presence of an additional phosphine, for a limited range of Tolman cone angles: 130 —
150 °.®! Therefore, we selected triphenylphosphine (145 °) and tri-n-butylphosphine (132 ©)
for evaluating the influence of the Co/Ni ratio. The catalytic reaction was the Si—H activation
of phenylsilane, resulting in the hydrosilylation (partial or total) of benzaldehyde (Scheme 1,
see experimental section for details). It was performed with the two main samples with x = 0.1
and 0.2, and for comparison with the two references samples with x=0 and 1.0. All
experiments were carried with a constant total metal charge of 20 mol% (2 mg), consistently
with our preliminary work.[?®! The phenylsilane conversions, measured by 'H NMR using
mesitylene as internal standard, are indicated in Table 2 for experiments without phosphine or

with one of the two phosphines of interest (a typical NMR spectrum is showed on Figure S4).

NiCo, (2 mg)
o) 0.1 PR,
SiH, R = Ph or nBu Si(H)z-o H
1 + 2.5[ j H -
©/ 1 eq. Mesitylene ©/ (O/k®>
THF 13
RT, 24h

Scheme 1. Catalytic conversion of phenylsilane in the presence of NiCox NPs and a

phosphine.

. PhSiH; conv. (%)
Entry | Co/Ni - PPhs PnBUs
1 1.0 0 100 57
2 0.2 € 16 11
3 0.1 € 2 2
4 0 € € €

Table 2. Phenylsilane conversion measured by "H NMR with mesitylene as an internal

standard (e stands for traces conversion).
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As expected, the reactions conducted in the absence of phosphine yielded no significant
conversion (Table 2, first column, entries 1 to 4). In addition, the absence of cobalt in the
sample led to no conversion (entry 4), regardless of the presence of phosphine, which was
consistent with our previous work.

In the presence of PPhs, the phosphine expected to be the most efficient due to its optimal
Tolman cone angle, the sample with x = 1.0 showed a quantitative conversion (expected from
our previous study). A low conversion of 2 % was found for the x = 0.1 sample (entry 3) and a
significantly higher one of 16 % was found for the x=0.2 sample (entry 2). Thus, the
conversion increased with the amount of Co.

A similar trend was observed for the reaction conducted with PnBus, although the conversions
were generally lower: 2%, 11% and 57 % for x=0.1, 0.2 and 1.0, respectively. This
confirmed that the cobalt amount and/or the Co/Ni ratio have a significant influence on the
catalytic reaction.

Because the presence of cobalt atoms was a requirement for the Si—H activation to proceed,

we decided to re-examine these data while considering that surface Co was the active site.

As the Co amount in the catalyst varied between the experiments, we normalized the
phenylsilane consumption by the total Co amount for each catalyst, as described in the SI (see
Section 5). Decreasing the Co/Ni ratio of core-shell NiCo nanoparticles resulted in Co-poor
surfaces, as schematized on Figure 3C, until reaching a cobalt-free surface (case (a)). In the
case of a submonolayer of cobalt (x =0.1), the cobalt atoms may not be neighbors to each
other (b), or alternatively, they may form small islands (c). When the amount of cobalt is
above one monolayer (x=0.2 and 1.0), a continuous Co shell can be formed (d), or
alternatively, a less regular shell with some richer and some poorer-containing cobalt regions

may co-exist (e). The quality of our TEM data does not allow to make a final assessment, but
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we can propose as a reasonable hypothesis that the higher the x value, the richer in Co the
environment for a given cobalt active site. Furthermore, once the first cobalt monolayer is

formed (x = 0.2), the number of cobalt surface active sites remains constant.

If the active sites were not influenced by their close environment, we expected to differentiate
two regimes as depicted in Figure 3D (grey dashed line). At low x (x < 0.2), the catalyst
would present only accessible surface Co because Co is expected to be deposited
homogeneously on the Ni core and because there is not enough Co to form a monolayer. All
Co should be accessible and sharing the same intrinsic activity. Thus, the normalized catalytic
activity (by mol of Co) should be a plateau in this first regime. At higher x (x > 0.2), samples
contained enough Co to form at least one complete Co layer. An increasing amount of Co
becomes non-accessible, buried under the external active Co layer. The normalized catalytic
activity should therefore slightly decrease in this second regime. Such trends were not
observed. Rather, regardless of the phosphine, the normalized activity increased with
increasing Co amount (Figure 3B).

We suggested that the close environment of the Co surface active sites could influence their
intrinsic activity. If a Ni-environment positively stimulated the Co active sites, we would
expect a catalytic activity maximum for a sample exhibiting less than a Co monolayer (Figure
3D, green dashed line). This was also not observed, ruling out this hypothesis. On the
contrary, for the two phosphines tested, the normalized activity increased over the whole
range tested, suggesting that the enrichment of the Co active sites’ environment in cobalt
stimulated their catalytic activity (Figure 3D, red line). The catalytic activity increased
however slower for samples exhibiting increasing amounts of inaccessible Co. Altogether, the

results suggest that the catalytic activity of NiCoy nanoparticles for Si—H activation is
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enhanced when the surface cobalt sites are in a Co-rich environment, close to the one of a

pure Co surface.
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Figure 3. (A) Graphical representation of phenylsilane conversion, (B) Normalized catalytic
activity (mol PhSiH3 consummed/mol Co, dotted vertical line indicates the theoretical
position of the monolayer), (C) schematic representation of a nickel surface covered with an
increasing number of Co atoms up to a Co multilayer and (D) expected evolution of the

normalized catalytic activity depending on the total Co amount and its accessibility.

Conclusion

In conclusion, we gained a better understanding of the nature of the active site of bimetallic

NiCo nanoparticles for phosphine-assisted hydrosilylation. By varying the ratio cobalt/nickel
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introduced in a two-step colloidal synthesis, we tuned the cobalt content of the nanoparticle’s
surface. We compared the catalytic activity of cobalt-free nickel surfaces, nickel surfaces
decorated by cobalt islands and pure cobalt surface covering a nickel core. For both
phosphines used as molecular partner to the metallic catalyst, the catalytic activity for the
hydrosilylation of benzaldehyde by phenylsilane decreases sharply when the surface cobalt
content was reduced. This ruled out a synergistic effect between nickel and cobalt because it
would have resulted in an activity optimum for intermediate surface amounts of cobalt.
Rather, we showed that the most beneficial configuration was a cobalt site sitting in a cobalt-
rich environment.

In the future, developing a synthesis of morphologically similar cobalt nanoparticles would
allow comparing the influence of the Ni and Co cores on the surface activity of cobalt.
Moreover, now that the catalytic activity has been clarified from the point of view of the
surface, it would be of great interest to understand the catalytic activation mechanism
involving a phosphine with controlled steric hindrance. DFT computations on such a system
could lead to new insights for understanding the role of phosphines as molecular partner to

enhance the activity of metallic nanoparticle catalysts.

Experimental section

Reagents and general information. Oleylamine (OAm; 98%), benzaldehyde (99.5%),
phenylsilane (PhSiHs; 97%), triphenylphosphine (PPhs; 99%) anhydrous tetrahydrofuran
(THF; 99.99%, inhibitor free) and mesitylene (Mes; 98%, dried and degassed prior to
utilization) were purchased from Sigma-Aldrich. Tri-n-octylphosphine (TOP; 97%), tri-n-
butylphosphine (PnBus; 99%), dicobalt(0) octacarbonyl (Co,(CO)s; >95%), and nickel(II)
acetylacetonate (Ni(acac),; anhydrous, min. 95%) were purchased from Strem Chemicals and

stored in a glovebox. Deuterated chloroform (CDCls; 99.5%) was purchased from Euriso-top.
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All chemicals described above were used without further purification. Glassware was kept in

an oven at 120 °C prior to utilization.

General procedure for the synthesis of NiCo nanoparticles. NiCo, were synthesized
according a one-pot two-step colloidal synthesis, depositing a cobalt shell on preformed Ni
nanoparticles. The glassware was taken out from the oven and a three-neck round bottom
flask equipped with a temperature finger and an air cooler was charged with the oleylamine
(22 equiv., 27 mL) which was subjected to three cycles vacuum/N, to degas as much as
possible. Ni(acac), (1 equiv., 3.73 mmol, 958 mg) and tri-n-octylphosphine (3 equiv., 5 mL)
were collected in the glovebox and added under N, to the flask containing oleylamine. The
mixture was once again subjected to three cycles of vacuum/N, and thereafter heated up to
220°C. After 2 hours, the mixture was cooled to room temperature. Co,(CO)s (x/2 equiv., x =
0, 0.1, 0.2, 1.0) was added to the mixture which was heated to 120 °C for 20 minutes, then to
180 °C for 1h (short heating program). Thereafter the mixture was cooled back to room
temperature and washed three times distributing the reaction mixture in four 50 mL
centrifugation tubes. Nanoparticles were redispersed with 10 mL THF and 30 mL EtOH was

then added to foster aggregation before centrifugating at 9000 rpm for 10 min.

Hydrosilylation of benzaldehyde by phenylsilane. In the glovebox, 10 mL vials were
charged with phenylsilane (1 equiv., 0.16 mmol, 40 puL), benzaldehyde (2.5 equiv., 20 pL),
mesitylene as internal standard (1 equiv., 22 pL) and 2 mL THF. A catalytic amount of
nanoparticles (2 mg) and triphenylphosphine (0.1 equiv., 4 mg) or tri-n-butylphosphine
(0.1 equiv., 3 mg) were then added. After 22 hours, 'H NMR tubes were prepared by diluting

a drop of the reaction mixture in CDCl;.
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The intrinsic activity of a cobalt surface site, sitting on a nickel nanoparticle, is comparatively

higher when its neighbours are cobalt atoms vs. nickel atoms.
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