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Abstract

The synthesis of Co-Ru bimetallic nanoparticles was performed by co-reduction of Co(ll) and
Ru(lll) salts in octan-1-ol, acting both as a solvent and a mild reducing agent. The metal
composition was varied in the entire range, from pure Co to pure Ru. Although Co and Ru
are miscible in the bulk, the formation of nanoalloys is not straightforward and requires
selecting carefully reaction parameters such as the nature of the solvent and that of the
metal precursors. The formation of nanoalloys was unambiguously evidenced by HAADF
STEM-EDX analyses. The particle size and the size dispersity were found to decrease with
increasing Ru amount, yielding very small and monodisperse particles for the richest
compositions in Ru. The unsupported particles were tested for the acceptorless alcohol
dehydrogenation using (+)-octan-2-ol and octan-1-ol as model substrates. The results clearly
show a synergetic effect since the bimetallic particles exhibit better performances than their

monometallic counterparts.



1. Introduction

Bimetallic nanoparticles (NPs) are fascinating objects that present a wide variety of
parameters to play with such as the nature of the metals, composition, microstructure and
morphological parameters.l’2 Depending on the mixing pattern of the two metals, different
architectures can be generated such as phase-segregated Janus and core-shell particles or
ordered (intermetallics) and random nanoalloys;® these two last compounds tending to
exhibit different physico-chemical properties.2 The possibility to finely adjust their electronic
structure by judiciously selecting the two metals is very appealing, particularly for catalytic
applications..4 In addition, mixing a noble metal with a non-noble one is a way to combine
the generally high catalytic activity of the former and the superior selectivity of the latter.
This very often results in enhanced catalytic performances for the bimetallic catalyst

compared to its single-metal counterparts.”

For Fischer-Tropsch catalysis.,s'7 it has been known for a long time that very small
amounts of Ru, used as a promotor, help to increase the reducibility of Co species.”®
Recently, there has been an increasing interest in Co-Ru bimetallic catalysts for various
reactions such as the hydrogenation of furfural to furfuryl alcohol,’ the decomposition of the
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Li,CO3 discharge product in Li-CO, batteries,” the hydrolysis of aminoborane, the
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conversion of CO, to methane™ or the oxygen and hydrogen evolution
reactions. Bimetallic compounds are often generated through high temperature pyrolysis
under neutral atmospheres and the active phase is stabilized thanks to interactions with a
carbonaceous support such as carbon quantum dots, carbon nanotubes or graphene.le'ls'zo'
22 |n some cases, the Co-Ru NPs are directly embedded in a carbon-based material, as a
result of the preparation procedure, ensuring a better particle stabilization.!%*"%2°
However, because of the high temperature used in these syntheses, ill-defined, albeit

isotropic particles are generally obtained with a broad size distribution.

On the contrary, methods aiming at preparing unsupported NPs by soft-chemistry
routes are very scarce. Nevertheless, they are highly desirable because they would allow
designing particles with specific structure, crystal habitus and surface state. These particles
would also be more easily characterized than when deposited on a support and would
present all their surface sites available for catalysis. Moreover, the influence of alloying on

the properties of the material could be studied independently of the interactions with a
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support. Lastly, despite their size in the nanometer domain, the Co-Ru bimetallic NPs can be

2223 Tg the best of our

easily recovered due to their interesting magnetic properties.
knowledge, Zitoun et al. were the first to report the formation of unsupported Co,Ruipo
particles prepared through organometallic pathway.23 The magnetic particles were stabilized
with  poly(vinylpyrrolidone) and characterized using HRTEM, WAXS and SQUID
magnetometry. Although both structural and magnetic data were in favor of the formation

of alloyed NPs, no definitive proof of an alloy could be obtained.

Recently, we reported the high activity and selectivity of unsupported Co NPs for the
acceptorless dehydrogenation of alcohols.”* The catalysts were very efficient for the
gualitative conversion of secondary alcohols while being inactive for primary ones. We also
showed evidence of the presence of very small Ru NPs at the surface of the Co particles, that
contributed to stabilize the catalytic activity, resulting in unmodified performances after
three successive runs contrary to noble metal-free particles.”> These results were an
incentive to shift from Ru-decorated Co NPs to Co-Ru bimetallic particles where the two
metals would be homogeneously distributed inside the materials, ie. to generate

nanoalloys.

In this paper, we describe a simple soft chemistry procedure to prepare unsupported
CoyRu1gox particles that rely on the use of commercially available metal precursors and a
long-chain alcohol used as the solvent and a mild reducing agent. The nature of the Co and
Ru precursors, as well as that of the alcohol were found to be keys to obtain alloys rather
than phase-segregated materials. The magnetically recoverable nanoalloys were tested for a
particularly important technological transformation: the acceptorless dehydrogenation of
alcohols, using long-chain alcohols as model substrates. The results show that Co,Ruigo.x NPs
are very efficient catalysts while a clear synergetic effect between the two metals can be

observed.

2. Experimental

2.1. Chemicals

Ru(lll) acetylacetonate (Alfa Aesar, 99 %), RuCls-xH,0 (Sigma Aldrich, 99.9 %), Co(OAc),-4H,0
(Sigma Aldrich, > 98 %), tetrabutylammonium hexafluorophosphate (Sigma Aldrich, > 99 %),
octan-1-ol (AlfaAesar, > 99%), (+)-octan-2-ol (Alfa Aesar, > 98%), n-decane (Carl Roth, > 99%),
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butane-1,2-diol (Fluka, 98 %), ethanol (VWR, Normapur) and acetone (VWR, Normapur)
were used without any further purification. Co(ll) acetylacetonate hydrate (Sigma Aldrich, 97

%) was dried overnight in an oven at 60 °C before use.

2.2. Synthesis procedure

The Ru and Co metal precursors were dissolved at room temperature in the selected solvent
(octan-1-ol or butane-1,2-diol) with the desired Co/Ru molar ratio and a total metallic
concentration of 16.3 mmol L. The mixture was flushed with Ar in order to prevent metal
oxidation. The solution was then heated up to the boiling point at a rate of 10 °C.min™. After
90 minutes under reflux, the solution was cooled down to room temperature. The
nanoparticles were recovered by centrifugation at 20 000 rpm and washed once with
absolute ethanol and once with acetone before being dried in an oven at 50 °C overnight.
The samples are denoted CosRuigox Where x is in the range 0-100 and stands for the molar

percentage of Co in the bimetallic sample.

2.3. Characterization techniques

Linear sweep voltammetry measurements were carried out at 25 °C and at 60 °C in the
presence of [N(C4Hg)4]PFs as the supporting electrolyte with a sweep rate of 5 mV-s . The
working, reference and auxiliary electrodes were respectively a Pt microelectrode of 25 um
internal diameter, a saturated calomel electrode and a Pt wire.

X-ray diffraction patterns were collected using a Panalytical X'pert pro diffractometer
equipped with a Co anode (AKo = 1.7889 A) and a X'celerator detector. The refinements
were carried out using MAUD software,”® based on the Rietveld method combined with
Fourier analysis.

Thermogravimetric and thermodifferential analyses were performed using a Setaram Labsys
Evo thermobalance under He from room temperature to 800 °C with a temperature ramp of
10 °C min~". Analyses were carried out under He atmosphere (Alphagaz 2 quality, O, < 0.1
ppm) in order to limit oxidation of the metal particles and avoid uncontrolled decomposition
of the surface ligands. The thermobalance is coupled to an IR spectrometer and a GC-MS
apparatus. Every minute, both an IR spectrum and a mass spectrum of the gas phase

resulting from the pyrolysis of the powder are recorded.



Routine transmission electron microscopy (TEM) and high-resolution microscopy (HRTEM)
characterizations were performed using JEOL ARM 200F (equipped with a cold-field emission
gun operated at 200 kV and a CEQS aberration corrector of the objective lens) and JEOL JEM
2010 (LaBg filament and operating at 200 kV) transmission electron microscopes. The
samples were prepared by evaporating a drop of a diluted suspension in ethanol on a
carbon-coated copper grid. Mean particle sizes and standard deviations (o) were obtained
through a statistic analysis by counting about 200 nanoparticles. High angle annular dark
field scanning transmission electron microscopy (HAADF-STEM) coupled to EDX spectroscopy
experiments were performed using a JEOL JEM 2100 Plus microscope (for linescan analyses)
and a JEOL ARM 300F (for elemental mapping) microscope with a resolution of 0.063 nm.
For EDX analyses, the probe current was of 23 pA.

Elemental analyses of the powders were carried out by Energy Dispersive X-ray fluorescence
(XRF) using an epsilon 3XL spectrometer from Panalytical equipped with a silver X-ray tube.
X-ray photoelectron spectroscopy (XPS) experiments were performed using a Thermo VG
ESCALAB 250 system equipped with a micro-focused, monochromatic Al Kalpha X-ray source
(1486.6 eV) and a magnetic lens, which increases the electron acceptance angle and hence
the sensitivity. The X-ray spot size was 650 um (15 kV, 150 W). The spectra were acquired in
the constant analyzer energy mode with pass energies of 150 and 40 eV for the general
survey and the narrow scans, respectively. The data were processed using Avantage
software. The peak binding energy positions were calibrated by setting the C 1s component

due to hydrocarbon contamination at 285 eV.

2.4. Catalytic tests

Catalytic tests were performed to assess the activity of Co,Ruigox particles in the
dehydrogenation of (+)-octan-2-ol and octan-1-ol in n-decane. They were conducted for 24 h
at 145 °C using a given mass of catalyst to achieve an alcohol/[Co + Ru] molar ratio of 100
(assuming the full metallic composition of the catalysts at the beginning), in 45 mL of liquids,
with the alcohol concentration equal to 0.95 mol L™, in a 100 mL semi-batch glass reactor
with a constant flow of inert gases (90% Ar and 10% N,, total flow 30 mL min_l) and
mechanical stirring (750 rpm). The reactor was coupled with a gas chromatograph (Shimadzu

GC-2010, Supelco Carboxen-1010 PLOT column, thermal program: isotherm, 50 °C, Ar carrier

6



gas, TCD detector) to quantify the H, production during the course of the experiment. Liquid
aliquots of 0.50-0.75 mL were collected during the reaction and further analyzed by gas
chromatography (Shimadzu, GC-2010, column ZB-FFAP, thermal program: gradient 40 °C >
230 °C, 20 °C min_l, isothermal 230 °C, 10 min, N, carrier gas, FID detector) to measure the
concentration of the alcohol and of the corresponding carbonyl product in the reaction

solution.

0_
The conversion of the alcohol substrate, X(ol), is calculated using: X(oI),%=%><100,

ol

where C, is the concentration of the alcohol at a given time in liquid aliquots and c2| is the

initial concentration of the alcohol. Selectivity towards the corresponding carbonyl

compound, S(carbonyl), is defined as: S(carbonyl), % = Cearbony! x100, where
Cearbony!* 2 n>(be-products

Cearbonyl is the concentration of the carbonyl compound (octan-2-one or octanal) at a given
time in liquid aliquots, n is a stoichiometric coefficient and Cpy-products is the concentration of
the by-product(s) at a given time in liquid aliquots. The reaction yield in carbonyl product
Y(carbonyl) is given by: Y(carbonyl), % = X(ol) x S(carbonyl). The selectivity to octan-2-one
and octanal are denoted respectively S(one) and S(al). In this work, S(one) was found to be

close to 100 %, regardless the reaction time.

exp

The yield in H,, Y(H,), was also evaluated following: Y(H,), % =nt%><100, where ny? is the
H2

accumulated amount of H, produced after a given time of reaction and nLhZeo is the

theoretical amount of H, possibly produced during alcohol dehydrogenation, based on the
initial amount of alcohol.

Nconverted alcohol

Finally, the turnover number, TON, is calculated as: TON= where Neonverted alcohol

Nsurface metal atoms

is the amount of alcohol converted into product(s) during the reaction, based on alcohol
concentration at the beginning and end of the reaction and Ngyface metal atoms 1S the amount of
surface Co and Ru atoms (first layer of metal) in the catalyst sample used in the reaction.
This number was evaluated taking into account i) the composition of the nano-catalyst and
ii) that the exposed facets exhibit different amounts of Co and Ru atoms per surface unit
(see SI). The absolute error on TON is estimated to be + 75 mol-mol™. We also assumed a

statistical distribution of the two metals into the particle.



3. Results and discussion

In this work, bimetallic particles with the CosRujgox composition are prepared by a soft-
chemistry route using either a diol (butane-1,2-diol) or a mono-alcohol (octan-1-ol), both
acting as the solvent and the reducing agent. Even if Ru and Co are miscible elements over
the entire composition range,”’ demixing or formation of hetero-nanostructures such as
Janus particles or core-shell particles can be observed if the reaction conditions are not
finely controlled. Although standard electrode potentials are given at 25 °C for aqueous
solutions, they can serve as a guide for assessing the relative reducibility of the metal salts
used.”® The large difference in reduction potentials (E°(Ru®**/Ru) = 0.45V vs. SHE and
E°(Co**/Co) = - 0.28V vs. SHE)? is clearly not in favor of a concomitant reduction of the two
metal ions. Moreover, Ru and Co display very different cohesive energies and melting point
values, precluding easy formation of the alloy.? Consequently, the reduction kinetics of the
two precursors have to be adjusted to allow the generation of the desired alloy. Key
parameters that can be varied to reach this objective are the nature of the metal precursor
and/or of the solvent. Several syntheses have thus been carried out with different metal
precursors (RuCls-xH,0 and Ru(acac)s for Ru(lll) and Co(OAc),-4H,0 and Co(acac), for Co(ll))
and with two solvents (octan-1-ol and butane-1,2-diol) displaying different reduction
abilities in order to define the best conditions favoring the formation of an alloy. The
influence of the composition (Co/Ru molar ratio) was also evaluated. First, the results
obtained with the CoggRu,g composition will be described, before reporting the results
obtained with other compositions in a second step.

Among all the possible combinations (see SI, Sigure S1), it is only with the acac
precursors in octan-1-ol that well-defined nanoalloys are generated (see Figure 1). Notably,
the use of butane-1,2-diol (BD) instead of octan-1-ol, while keeping all other conditions
identical, leads to the formation of particles that settle rapidly over time. A TEM analysis
shows that large particles are obtained together with tiny NPs (see Figure S1, SI). Pure Co is
detected by XRD while a broad peak centered at about 50 ° is attributed to Ru particles
corresponding to very small coherent diffraction domains (Figure S1, SlI). To sum up, in BD,
there is neither formation of a homogeneous alloy nor a control of the mean particle size.

These results emphasize the role of the solvent which is also the reducing agent (as well as a



possible ligand for the metal precursor and/or for the particle surface). It will be discussed

later in this paper.

(a)

50 nm

Figure 1. (a) TEM micrograph of the CogyRu,o sample; (b) HRTEM image of a single NP
viewed along the [1213] axis of the hexagonal system; (c) corresponding FFT of
image b; (d) HRTEM image of a single NP viewed perpendicular to the c axis of
the hexagonal system and (e) corresponding FFT of image d.

CogoRuy9 powders are first analyzed by TEM (see Figure 1 and Figure S2). They
correspond to platelets with a mean size of 6.6 nm (o = 1.4 nm) while the platelet thickness
is 2.5 nm (o = 0.4 nm). HRTEM studies show that the particles are very well crystallized. The
interplanar spacing dy of the (0002) lattice plane measured on the FFT image (Fig. 1e) is
equal to 0.209 nm. This value lies between those of pure hcp Co and hcp Ru (Co: dooo2 =
0.204 nm, ICDD # 98-004-4990 and Ru: dggg2 = 0.214 nm, ICDD # 98-004-3710). Assuming a
Vegard’s law, the composition of the particle is found to be CosgRusg. XRD indeed reveals
that the sample is actually a mixture of two hexagonal phases: one with the CosgRusg
composition and another that was found to be CoggRuy4 thanks to a Rietveld analysis using
the Maud software®® (see Figure 2a). Note that the global composition is however in very
good agreement with the nominal composition (CoggRu,g) as evidenced by XRF and XPS (vide
infra). These results are confirmed by STEM-EDX analyses that provide invaluable high
spatial resolution compositional information on alloy homogeneity and phase segregation

effects within individual nanoparticles (Figure 2).
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Figure 2. (a) X-ray diffraction pattern of the CogoRu,9 sample prepared in octan-1-ol, (b,d)
STEM images of CoggRuyo NPs and (c,e) corresponding EDX line profiles. The EDX
analyses are performed along the yellow arrows indicated in (b,d).

The elemental line profiles displayed in Figure 2 show that Co and Ru are
homogeneously distributed in a single NP. This is also evidenced by STEM-HAADF coupled to
EDX (see below). However, the Co/Ru molar ratio differs significantly from one NP to
another, showing two populations, one nearly equimolar in Co and Ru and another one
richer in Co. This is commonly encountered for alloys at the nanometer scale, prepared
either through physical or chemical methods.”*™!

Co,Ruygox particles with other compositions can also be prepared with this simple
synthetic strategy. Figure 3 gathers TEM images for CogsRus, CosgRusg, Co,0Rugg as well as
pure Co and Ru samples for comparison purposes. Without Ru in the system, large Co
aggregates are recovered which are comprised of ill-defined particles having sizes of a few
tens of nm. Increasing the Ru content leads to a dramatic decrease of the mean particle
diameter together with an improvement of the size dispersity characterized by a marked
decrease in the standard deviation (Figure 3g and Figure S2, Sl). It is noteworthy to precise
that the mean size given for the CogsRus composition corresponds actually to that of the
core since for this material, there is phase segregation with a Co-rich core decorated with Ru
particles (vide infra and Figure 4). The CosgRusg and CoygRugg particles are very well defined

and correspond to nanoplatelets exhibiting nearly the same mean size, respectively 3.91 nm

(o0 =0.36 nm) and 3.76 nm (o = 0.44 nm). Finally, with pure Ru, nanoflowers with a few tens
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of nanometers are recovered. These nanoflowers correspond to polycrystalline aggregates
of tiny Ru NPs with a mean size of a few nm. This peculiar morphology has already been
described for Ru particles prepared via the organometallic pathway in alcohols or in
alcohol/THF mixtures.>? As revealed by HRTEM studies, and similarly to CoggRu,q, CosoRusg

and CoyoRugg NPs crystallize with the hcp structure (see Figure 3 d and e).
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Figure 3. (a-f) TEM images of CoxRuigox NPs (scale bar: 100 nm), (g) mean size of the NPs as
a function of the nominal Ru amount (at. %) and (h) Co amounts (at. %) measured
by XPS and XRF as a function of the nominal Co amount (at. %). The error bar in (g)
corresponds to the standard deviation. Insets in (d) and (e): HRTEM images and
corresponding fast Fourier transforms. (a): Co; (b): CogsRus; (c): CogoRu,g; (d):
CosoRusg; (e): CooRusgo; (f): Ru.

For each composition considered in this study, there is a very good agreement
between the Co nominal amount and that determined by XRF or XPS (see Figure 3h). To

probe the distribution of the metals in the particles, STEM-HAADF experiments coupled to
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EDX were undertaken. The results are presented in Figure 4. It can be clearly seen that, for
the CogsRus composition, the sample corresponds to Co-rich particles decorated by Ru tiny
particles, indicating that, in this case, the two metals are not homogeneously distributed in
the particles. The presence of Ru in this Co-rich core cannot however be excluded since a
part of the Ru has probably helped to induce particle nucleation. This assertion is supported
by the fact that the mean particle size of the CogsRus particles is significantly lower than that
of the pure Co particles. For the CoggRu,o, CosgRusg and Co,gRugg samples, local EDX analyses

show the formation of well-alloyed particles.

()
" leo
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Co
L ()
Co
(m) :
(€0)

Figure4. STEM-HAADF images (a,e,i,m) and EDX elemental mapping of Co (b,f,j,n), Ru
(c,g,k,0) and Co+Ru overlap (d,h,l,p) for the Co,Ruigox Samples. (a-d): CogsRus; (e-
h): CogoRuyg; (i-1): CospRusg; (m-p): CooRugp. Scale bar: 5 nm.

Similarly to CoggRu,0, XRD analyses were performed for all the compositions and the
resulting X-ray diffraction patterns are presented in Figure 5. For pure Co sample, a mixture

of mainly hcp and fcc phases is detected. Although hcp Co is normally the
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thermodynamically stable phase for Co at room temperature, the precipitation of both
phases is frequently observed in the same sample at the nanometer scale with the fcc phase
stabilized for small particle sizes.*® For the CossRus sample, the signal corresponds to the hcp
phase of Co, while Ru cannot be clearly detected. This can be explained by the low amount
of Ru in the sample and/or by very small coherent domain sizes, leading to broad peaks that
are difficult to detect. This is in agreement with STEM-HAADF experiments coupled to EDX
that reveal that the material consists of large Co-rich particles decorated by Ru NPs in the 5-
10 nm size range (vide supra). For CosgRusy and CoyoRugy samples, the X-ray diffraction
pattern is dominated by a very broad peak centered respectively at 49.8° and 49.5°. This is
explained by the small size of the NPs since HRTEM images show that the particles are very
well crystallized (see Figure 3 d and e, insets). Finally, the pure Ru sample corresponds to a

mixture of fcc and hcp phases (see Figure S3, Sl).
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Figure 5. X-ray diffraction patterns for the CoxRu100.x Samples prepared in octan-1-ol.

Given that no ligand other than the acac moieties coming from the metal precursors
is added during the synthesis, it can be assumed that the particles are stabilized against
aggregation either by acac ligands, octan-1-ol and/or its oxidation products.

Thermogravimetric and thermodifferential analyses coupled to IR and GC-MS spectroscopies
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were thus carried out in order to assess their amount and chemical nature (see Table 1 and
Figure S4 for a representative example with CoggRuyg). Apart for pure Co, a mass loss of
about 10 wt %, associated with an endothermic peak, is observed for all the materials and
corresponds to the removal of the surface organic species. It compares well with what has
been reported for Co nanorods.*® The lowest mass loss measured for pure Co particles
prepared in octan-1-ol is explained by the low surface/volume ratio compared to the other
particles prepared in this study. IR and GC-MS data show the formation of water and CO,
during the heating step and no decomposition fragments, showing that even with a very low
0, content (the analyses were performed in He atmosphere), the oxidative degradation of

the organic surface species could not be avoided, possibly assisted by surface metal atoms.

Table 1. Physico-chemical characteristics and catalytic performances of the Co,Ruigox

catalysts.®
i Li d TON,©
ssA.b  \Weight '8aNA  y(ol),® S(one),’
Catalyst y 1 loss TGA, coverage, . 0 MOlaiconolr MOlsurface metal
m=-g o -2 % % -1
% mg-m atom
Co -9 1.3 -9 3 >99.9 -
Co,oRugg 41.9 10.8 2.9 42 >999 680
CosgRusg 37.6 9.6 2.8 52 >999 880
CogoRuyg 34.0 12.2 4.1 26 >99.9 460
d

Ru d 10.0 d 11 >99.9 -

®Reaction conditions: (+)-octan-2-ol (0.95 mol L™"), solvent = decane, T = 145 °C, reaction time = 24 h, inert
atm., nalcohol/ncatalyst =100 moI/moI.

bSSAC stands for calculated specific surface area (see ESI), X(ol) for (+)-octan-2-ol conversion and S(one) for
ketone selectivity.

“The absolute error on TON is estimated to be + 75 mol/mol

Not calculated.

14



810 805 800 795 790 785 780 775 470 465 460 455

Figure 6.

Binding Energy, eV Binding energy, eV

0.25

(c)

0.20-
0.15-
0.10 "
0.05-

0.001 o

0 20 40 60 80

Nominal Ru amount, %

Surface Co(0)/Surface Co(ll)

XPS high resolution Co 2p (a) and Ru 3p (b) spectra and (c) evolution of the
surface Co(0)/surface Co(ll) ratio vs. the nominal Ru amount. The circle symbols
correspond to the measured data while the line in orange, black, blue, red and
green correspond respectively to the calculated profile, the background and the
peak contributions.

15



The samples were further characterized by XPS. High resolution Co 2p and Ru 3p
spectra are gathered in Figure 6a and 6b, respectively. For pure Co, only contributions
corresponding to Co(ll) species are detected while Co metal could not be detected, even if
XRD evidenced clearly the formation of Co metal (see above). This is explained by the native
CoO layer as well as the organic surface species that screens the metal core. With the
incorporation of Ru in the material, characteristic peaks at 778.2 eV and 793.2 eV are

1.3 It is

detected, that are respectively assigned to the 2p;/, and 2p;/, components of Co meta
noteworthy that the surface Co(0)/surface Co(ll) ratio increases regularly with the Ru
amount (Figure 6c¢), suggesting that the introduction of Ru in the material promotes the

reduction of cobalt, which is supported by previously results.”*

A broad naturally
asymmetric peak in the range 461.5 — 462.3 eV is detected for all the Ru-containing samples.
This peak is assigned to the Ru 3ps/; component,® and its position is shifted monotonously
to lower binding energies (BE) when increasing the Ru amount. Note that variations in peak
positions for Co are also detected but no clear tendency can be seen. The decrease in Ru
3ps,2 binding energy with the Ru amount can be interpreted as indicative of electron transfer

processes between Co and Ru,*® suggesting intimate electronic Co-Ru interactions due to the

formation of an alloy.

The elucidation of the mechanism accounting for the formation of the alloyed
particles is beyond the scope of this study. Nevertheless, some interesting findings can be
set out at this stage. First, the fact that the mean size dramatically decreases with increasing
Ru amount (Figure 4g) suggests that this metal plays a prominent role in the size control of
the bimetallic NPs. Since Ru is nobler than Co, it is likely that Ru is reduced first and triggers
Co nucleation. This has been recently exemplified in the formation of Co nanorods and
platelets prepared by the polyol process in butane-1,2-diol where both Co(ll) and Ru(lll)
precursors are added at the beginning of the synthesis, i.e. before the heating step. In these
conditions, a tiny Ru seed could be evidenced in the exact center of the Co NP while the
formation of a Co-Ru alloyed surface alloy could not be precluded.37 At this point, we can
propose a two-step reaction mechanism: i) formation of tiny Ru seeds in the reaction
medium allowing for the heterogeneous nucleation of Co and ii) solid-state diffusion of Ru
and/or Co leading to the formation of a homogeneous alloy. Secondly, another important

finding is that the formation of the alloy was only achieved in octan-1-ol while in BD, the two
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metals precipitated separately. It is well known that the strength of the reducing agent is an
important parameter to control for the successful formation of the desired alloy.? The
reducing power of the two solvents used in this study can be appreciated using
electrochemichal tools. Linear sweep voltammetry experiments were thus carried out with
butane-1,2-diol and octan-1-ol at 25 °C and 60 °C (see Figure 7). At 25 °C, the results show
that the onset of oxidation is located at ca. 1.3V vs. ECS for the two solvents. However, the
oxidation current increases much more rapidly for butane-1,2-diol than for octan-1-ol for
potentials higher than about 2.3V vs. ECS, suggesting that on this Pt electrode, oxidation of
BD is more pronounced than for octan-1-ol. At 60 °C, the onset of the oxidation of the two
solvents is shifted to lower potentials (respectively 1.1 and 0.8 V vs. ECS for octan-1-ol and
BD), as observed by Biacchi et al.*® The comparison of the currents measured at 25 and 60 °C
shows that oxidation is faster for butane-1,2-diol at high temperature than at room
temperature while for octan-1-ol, the oxidation rate is not significantly impacted. One can

note that a pre-peak is present for BD at 60 °C. This peak has been observed by others for EG

but its origin is still not known and is beyond the scope of this study.38'39
(a) (b)
—— butane-1,2-diol —— butane-1,2-diol
160+ octan-1-ol 160+ octan-1-ol
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Figure 7. Linear sweep voltammograms corresponding to the oxidation of butane-1,2-diol
and octan-1-ol at (a) 25 °C (inset: magnified view) and (b) 60 °C. See experimental

part for details.

Although the potential value corresponding to the onset of solvent oxidation does

not necessarily correspond to the thermodynamic value (overpotential may contribute), it is
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possible to conclude that BD is a stronger reducing agent than octan-1-ol, particularly at high
temperature. This is in line with previous results: mono-alcohols are milder reducing agents
than polyols.”® Since an increase in the reduction rate leads to an increase in supersaturation
because of a higher number of metal atoms generated,41 it is expected that the highest
supersaturation values will be obtained with BD rather than with octan-1-ol. Our results can
thus tentatively be explained considering that the high supersaturation obtained with BD is
detrimental for the formation of an alloy while the use of octan-1-ol is a way to obtain a
better control of the nucleation step and may explain why this solvent is more suitable for

the formation of the desired alloy.

Catalytic acceptorless dehydrogenation of alcohols

Compared to oxidative dehydrogenation of alcohols, acceptorless dehydrogenation
of alcohols (ADA) is very attractive since no hydrogen acceptor, such as O, or sacrificial
carbonyl compounds or alkenes, are needed. Moreover, besides the desired carbonyl
compound, molecular hydrogen, that is now considered as the fuel of the future, is
generated and can be used for further hydrogenation processes.42 However, contrary to the
oxidative dehydrogenation of alcohols, which is thermodynamically favored, ADA is very
often endergonic and high temperatures are generally implemented to counterbalance the

unfavorable AH term by a favorable -T-AS term.*

Since the CosRuigox particles are generated through reduction of Co(ll) and Ru(lll)
species by octan-1-ol, it suggests that the latter is oxidized during the course of the reaction.
Moreover, the as-formed particles can also catalyze the dehydrogenation of the remaining
alcohol as was recently reported for Co particles prepared in butane-1,2-diol.>” GC-MS
analyses were thus carried out on the liquid phase recovered from the synthesis of CoggRuyg
particles. They revealed the formation of octanal while H, was evidenced in the gas phase
together with air since no peculiar precaution was taken during sampling (see SI, Figure S5).
However a very low alcohol conversion of 14 % and a selectivity to octanal of 17 % were
found after 1h30 at 190 °C. As indicated below, this low selectivity is explained by the

formation of C16 and C24 byproducts.
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Figure 8. Catalytic test a 145 °C for (+)-octan-2-ol ehydrogenation. (a) Conversion of (+)-
octan-2-ol (), and yields in octan-2-one (+) and H, (®) measured vs. time with
the CoggRuy catalyst. A magnified view is given in the inset. (b) Measured yield in
octan-2-one and TON for the CosRuig0x Nano-catalysts after 24h reaction time at
145 °C (see ESI for details). (c) TEM images of the particles recovered after the

catalytic tests.

The already formed particles were first tested for the acceptorless dehydrogenation
of (+)-octan-2-ol, which is considered as a model aliphatic alcohol** harder to dehydrogenate
compared to activated alcohols such as aromatic ones.* The sample with the CogsRus
composition is excluded since it does not correspond to a well-defined alloy (vide supra).
Results obtained for pure Co and Ru are also reported for comparison purposes (see Table
1). The evolution with time of the (+)-octan-2-ol conversion, X(ol), the octan-2-one yield,
Y(one) and H; yield, Y(H,), are given for the CogoRu,o catalyst as a representative example
(see ESI, Figure S6 for the other compositions). Since an excellent selectivity (> 99.9%)
towards octan-2-one was evidenced, the ketone yield is equal to the alcohol conversion.
Y(one) increases regularly with time to reach 42 % after 24 h at 145 °C. A closer inspection at
low reaction times (see Figure 8a, inset) shows that there is an induction period (about 20

min) before the catalyst can effectively catalyze the dehydrogenation of the alcohol. This is
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explained by the time necessary for the in situ reduction of the native oxide layer to yield the

active metal surface.

All the catalysts were found to be active towards the dehydrogenation of (+)-octan-2-
ol but different ketone yields were measured depending on the catalyst composition. There
is always a good agreement between Y(one) and Y(H,) showing that the reaction follows the
acceptorless dehydrogenation pathway. A clear synergetic effect between Co and Ru is
observed in Figure 8b since higher yields are measured for the nanoalloys than for pure Co,
that is almost inactive, and pure Ru. Several reasons can be invoked to explain these
differences: i) the nature and/or the amount of surface ligands, ii) the Co/Ru molar ratio iii)
the specific surface area of the catalyst and iv) the nature and the relative proportions of the
exposed crystal facets. The acceptorless dehydrogenation of alcohols is generally considered
a structure sensitive reaction, as was recently reported for pristine Co** and Cu,*® based on
DFT calculations. Thus, playing on the size and the shape of the particles is a way to
modulate the catalytic activity. Nevertheless, this structure sensitivity can be altered by the
presence of surface ligands.*” The very low activity observed for the pure Co catalyst is
probably explained by its morphology corresponding to ill-defined aggregated particles,
hence by a significantly lower specific surface area than the other catalysts considered in this
study, rather than surface passivation. Indeed, all the Co,Ru100«x particles were prepared with
the same metal precursors under identical conditions and only the composition was varied.
Consequently, it is likely that similar surface species (i.e. acac moieties, octan-1-ol and/or its
oxidation products), are adsorbed onto the different crystal facets. For Ru particles, the low
activity (Y(one) = 11 % after 24h at 145 °C) is probably explained, at least partially, by a

partial aggregation, hence reducing the available metal surface.

Because the catalysts do not display the same specific surface areas, it is preferable
to compare catalytic activity based on turnover numbers (TONs). Since TON calculations are
based on geometrical considerations in this work (see experimental part), only particles
displaying a well-defined morphology were considered, namely the bimetallic samples that
correspond to hexagonal platelets, i.e. CoggRU9, CosoRUsq and Co,oRuUgg. The results (Table 1
and Figure 8b) show that the CosoRusg catalyst is the most active one with the highest TON
value of 880, while CoggRuyo and CoyoRugg catalysts exhibit somewhat lower TON values,

respectively 680 and 460 (see Table 1). In a previous study with Co particles, we have shown
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that a surface coverage by organic species higher than ca. 4 mg-m’2 could be detrimental to
catalysis.48 This can explain, to some extent, the lowest TON value determined for the
Co,oRus catalyst that has a ligand coverage of 4.1 mg-m™. It is noticeable that the TON value
of 880 measured with CosgRusg NPs is significantly higher than that reported for Co
hexagonal platelets prepared with the polyol process and stabilized by laurate (TON = 600)
or palmitate (TON = 430) ligands under identical catalytic conditions.*’ It is also higher than
the TON reported for Co platelets prepared with the organometallic route where no activity
could be measured with, again, the same reaction conditions.”® However, in the last case,
the observed inactivity was explained by the presence of chlorine atoms adsorbed onto the
metal surface that suppressed the activity, emphasizing the importance of the nature of the
surface species that stabilize the NPs. The particles were recovered after catalysis to assess a
possible evolution of the morphology. The platelet shape is maintained for the CoggRuy and
CosgRusg catalysts (see Figure 8c) with no peculiar aggregation of the particles. However, for
CoygRugg, important shape modifications are obtained: besides the small platelets that were
initially present before the test, larger particles can be observed, suggesting that dissolution-

reprecipitation mechanisms have occurred during catalysis.
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Figure 9. Catalytic test at 145 °C for octan-1-ol dehydrogenation. (a) Conversion of octan-
1-ol (), and yields in octanal (+) and H, (®) measured vs. time with the CosoRusg
catalyst. (b) Selectivity in octanal (®), C16 (M) and C24 (A) products vs. octan-1-

ol conversion, X(ol) (see text for details).
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The nanocatalyst with the CosgRusg composition, being the most active in the
dehydrogenation of octan-2-ol, was chosen to assess its activity towards the
dehydrogenation of octan-1-ol (see Figure 9a). Very interestingly, unsupported CosoRusg
nanoalloys are found to be much more active than heterogeneous catalysts corresponding

4930 An octan-

to Co, or Ru supported on various supports tested under identical conditions.
1-ol conversion of 55 % was found after 24 h at 145 °C for the nanoalloys, to be compared to
10 % obtained with Co/TiO,* or 8 % with Ru/TiO,,° tested under the same conditions.
However, a very low octanal yield of 6 % was measured after 24 h for the nanocatalyst,
which is explained by a poor selectivity to octanal of 10 %. Indeed, besides the aldehyde, the
formation of C16 and C24 by-products was evidenced. These compounds originate from

aldol condensation and further hydrogenation processes.*>*°

This also explains why the
octan-1-ol conversion (55 %) is much higher than the yield of H, (29 % after 24 h, see Figure
9a); with an acceptorless mechanism, two similar values are expected. To explain our results,
it is assumed that H, generated by dehydrogenation of alcohols is next used to hydrogenate
aldol condensation products following a reaction pathway that has been proposed
previously with Cu/ZrO, catalyst.”® The evolution of the selectivity as a function of the octan-
1-ol conversion is presented in Figure 9b. One can see that the selectivity to octanal
decreases when the conversion increases. The selectivity to C16 byproducts increases with
the conversion before decreasing and reaching a plateau. For a conversion higher than ca. 10
%, C24 products start to be detected and their proportion increases with the conversion to
reach 37 % after 24 h at 145 °C. Although the selectivity to octanal has to be improved, these
results are very encouraging since pure Co particles prepared by the polyol process were not

active towards octan-1-ol dehydrogenation: the formation of CoRu nano-alloys appears as

an efficient way to modify the chemoselectivity of these unsupported nanocatalysts.

Conclusion

By carefully controlling the co-reduction conditions of Co and Ru, Co,Ruig0«x particles have
been prepared in octan-1-ol by a simple soft chemistry method, using common metal salts
without the need of additional stabilizing ligands that are usually necessary to avoid particle
aggregation. All the different compositions considered in this work were proved to be alloys,

except the CogsRus sample where phase segregation is observed. Even if there is a very good
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agreement between the initial and measured Co/Ru molar ratio, local analyses showed that
the composition may vary from one particle to another. However, inside a single particle,
there is a homogeneous distribution of Ru and Co elements as proved by line scan analyses.
The particles were tested for the acceptorless dehydrogenation of (+)-octan-2-ol and octan-
1-ol. With the secondary alcohol, pure Co and Ru particles were almost inactive but for the
nanoalloys, the secondary alcohol was converted into the corresponding ketone with an
excellent selectivity. A clear synergetic effect was observed, with the CosoRusg composition
being the most active catalyst. This catalyst was also tested for the dehydrogenation of
octan-1-ol. A primary alcohol conversion higher than that obtained with the secondary
alcohol was measured but at the expense of octanal selectivity and C16 and C24
condensation products were identified. Further work will be devoted to the elucidation of
the reaction mechanism and to a more complete evaluation of the catalytic properties of
these nanoalloys, not only for acceptorless alcohol dehydrogenation but also for other

valuable reactions such as the amination of alcohols.
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