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Core—shell RuPt (Ru core—Pt shell) and PtRu (Pt core—Ru shell) nanoparticles were prepared by decom-
posing in a two-step procedure a ruthenium ([Ru(COD)(COT)] (COD = 1,5-cyclooctadiene, COT = 1,3,5-
cyclooctatriene)) and a platinum complex ([Pt;(dba)s] (dba = dibenzylideneacetone) or [Pt(CH3),(COD)]) in
the presence of 4-(3-phenylpropyl)pyridine (PPP) as a stabilizer and using different Ru/Pt ratios. The data
obtained from a combination of several analyses (TEM, HRTEM, WAXS and IR) indicate that the so-
obtained nanoparticles present a core—shell structure. The catalytic performances of these bimetallic
nanoparticles for the selective hydrogenation of trans-cinnamaldehyde were investigated, which provided
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interesting results as well as useful information to elucidate their structure and composition. Indeed, the
catalytic results evidence that: (1) the combination of both metals led in some cases to a synergistic effect
on the selectivity of the reaction, and (2) the structure and the composition affected the selectivity of the

www.rsc.org/dalton reaction.

Introduction

There has been for some years growing interest in the synthesis
of structure-controlled metal nanoparticles (NPs) for application
in catalysis." More specifically, the higher activity and selec-
tivity of bimetallic NPs compared to those of the monometallic
ones are typically attributed to ensemble and/or ligand (elec-
tronic) effects.> Bimetallic RuPt NPs are mainly used in cata-
lysis for methanol®* and ethanol® electrooxidation in fuel
cells, for CO preferential oxidation® and for selective
hydrogenation.” In all cases, control over the shape and
chemical order is crucial, since it will impact NP properties."
Although the control over the chemical order is well documen-
ted for large NPs (>5 nm), for the smaller ones, it is much
more difficult to achieve.'® For selective hydrogenation, it was
found that the composition and structure of NPs (surface

“CNRS, LCC (Laboratoire de Chimie de Coordination), Composante ENSIACET,
4 allée Emile Monso, BP 44099, F-31030 Toulouse Cedex 4, France

bUniversité de Toulouse, UPS, INPT, F-31077 Toulouse Cedex 4, France.
E-mail: rosa.axet@Icc-toulouse.fr, karine.philippot@Icc-toulouse.fr;
http:/pwww.lcc-toulouse. fr

‘CNRS, LCC (Laboratoire de Chimie de Coordination), 205 route de Narbonne,
BP 44099, F-31077 Toulouse Cedex 4, France

4CNRS; CEMES (Centre d’Elaboration de Matériaux et d’Etudes Structurales),
BP 94347, 29 rue Jeanne Marvig, F-31055 Toulouse, France

“Université de Toulouse; UPS, F-31055 Toulouse, France

tElectronic  supplementary  information (ESI) available. See DOI:
10.1039/c3dt53539h

This journal is © The Royal Society of Chemistry 2014

ligands, size, shape, and chemical order) affect the catalytic
performances.’* Therefore the analysis of the catalysis results
can be used as complementary information for characterizing
bimetallic NPs.

Some of us have developed mild synthetic techniques to
prepare in solution metal NPs from coordination com-
pounds.’” In this way, NPs of well-dispersed and well-con-
trolled size can be obtained using surface stabilizing
ligands."*'* This “chimie douce” method is also suitable for
synthesizing bimetallic NPs with specific structural compo-
sition.” In the case of bimetallic RuPt NPs, alloy,'® core-
shell,"”” and NPs displaying a Ru rich core and a disordered
shell containing both Ru and Pt'® have been successfully pre-
pared.””'® RuPt alloy NPs were obtained by co-decomposition
of [Ru(COD)(COT)] and [Pt,(dba)s;] in the presence of PVP
(polyvinylpyrrolidone). Changing the platinum precursor
[Pty(dba);] for [Pt(CH;),(COD)] led to the formation of core-
shell NPs, as [Pt(CH3),(COD)] is decomposed at a slower rate.
The chemical segregation to obtain core-shell RuPt NPs
resulted from kinetics (decomposition time) and thermo-
dynamics (preferred location in the particle) parameters of the
two metal precursors. The use of a coordinating ligand (dppb,
diphenylphosphinobutane) instead of PVP, which is a steric
stabilizer inert to the metals, strongly affected the structure of
RuPt NPs. Thus, the co-decomposition of [Ru(COD)(COT)] and
[Pt(CH3),(COD)] in the presence of dppb led to NPs displaying
a Ru rich core and a disordered shell containing both Ru and
Pt, instead of an alloy or a core-shell structure.
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With the aim to synthesise core-shell NPs in the presence
of a coordinating ligand we propose here a two-step procedure
instead of co-decomposition. In this way, preformed mono-
metallic NPs are used as seeds for a second decomposition step.
As precursors, we chose [Ru(COD)(COT)] and [Pt(CH;),(COD)]
to synthesize RuPt NPs (Ru core-Pt shell), and [Pt,(dba);]
and [Ru(COD)(COT)] to synthesize PtRu NPs (Pt core-Ru shell).
The NPs were synthesised in the presence of 4-(3-phenyl-
propyl)pyridine (PPP) since it is an excellent stabilizer
for metal NPs, as demonstrated for Pd,'*?*° Ru**?*® and
RuPt.®® As shown for Ru NPs, PPP strongly interacts with the
metal surface through n-interactions acting as a “bidentate”
ligand even under hydrogenation conditions. In addition, we
also report the catalytic performances of these bimetallic
nanocatalysts for the selective hydrogenation of cinnam-
aldehyde. The selectivity of the hydrogenation of a,f-un-
saturated aldehydes depends on several factors, such as the
nature of the metal, the size of metal particles, and the pres-
ence of a second metal.>*®® The catalytic results provide
additional information on the catalyst structure and help us
to elucidate the surface composition of the reported
nanoparticles.

Results and discussion
Synthesis of metal nanoparticles

The core-shell bimetallic NPs were synthesised by decompos-
ing in a two-step procedure a ruthenium complex ([Ru(COD)-
(CoT)] (COD = 1,5-cyclooctadiene, COT = 1,3,5-cyclooctatriene))
and a platinum complex ([Pty(dba);] (dba = dibenzylidene-
acetone) or [Pt(CH;),(COD)]) in the presence of 4-(3-phenylpropyl)-
pyridine (PPP) as a stabilizer. In both cases (RuPt and PtRu)
the aim was to evaluate the effect of the thickness of the outer
layer on the characteristics of the nanocatalysts. We have
roughly estimated the minimum number of atoms needed to
achieve a complete monolayer around the preformed
metal cores and chosen different metal-metal ratios to vary
the thickness of the outer shell (see ESI.17). For both kinds
of core-shell NPs (RuPt or PtRu) we thus assumed an ideal
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Scheme 1 Synthesis of the RuPt NPs.
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sphere of 83 atoms for the core (a diameter of 1.5 nm for Ru
and 1.6 nm for Pt, which are relatively close to the experi-
mental values, see below). A molar ratio of 1:2 is needed to
form a complete second metal monolayer (a ratio 1:1 gives
roughly half a monolayer), and a 1:4 metal ratio leads to
almost two monolayers.

The first series of NPs, namely RuPt (Ru core-Pt shell), was
prepared by decomposing in the first step [Ru(COD)(COT)]
under 3 bar of H, at room temperature (r.t.) in THF (tetra-
hydrofuran) and in the presence of PPP as a stabilizing ligand.
Then, [Pt(CH;),(COD)] and additional PPP were added to the
colloidal solution containing preformed Ru seeds to further
react at 70 °C under 3 bar H,. Three samples using three
different metal molar ratios were prepared following these con-
ditions: RulPtl using one molar equivalent of each metal,
RulPt2 using 2 equivalents of platinum with respect to ruthe-
nium, and finally Ru1Pt4 using 4 equivalents of platinum with
respect to ruthenium (Scheme 1). The second series of NPs,
namely PtRu (Pt core-Ru shell), was obtained by decomposing
in the first step [Pt,(dba);] under 1 bar of CO at r.t. and then
[Ru(COD)(COT)] and PPP were added to the colloidal suspen-
sion and decomposed at r.t. under 3 bar of H,. The
[Pt(CH;),(COD)]/PPP system was not used for this series since
its decomposition under dihydrogen produces very large Pt
particles (see ESL2t). Three samples were synthesized in that
way: Pt1Rul, Pt1Ru2 and Pt1Ru4 (Pt-Ru 1:1, 1:2 and 1:4,
respectively, see Scheme 2). Furthermore, as a reference
system, we also prepared alloyed bimetallic NPs Pt@Ru by co-
decomposition of [Ru(COD)(COT)] and [Pt(CH;),(COD)] in the
presence of PPP, as previously reported by some of us.” For
comparative purposes, monometallic ruthenium and platinum
NPs (Ru/PPP,>! Pt/PPP and Pt/CO>’) were also synthesized from
[Ru(COD)(COT)]/PPP, [Pt(CH;),(COD)])/PPP and [Pt,(dba);]/CO,
respectively.

The size and the structure of the NPs were analysed by TEM
(transmission electron microscopy), HRTEM (high resolution
transmission electron microscopy) and WAXS (wide-angle X-ray
scattering). The adsorption of carbon monoxide on the NP
surface was also investigated by infrared spectroscopy in the
solid state.
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Scheme 2 Synthesis of the PtRu NPs.

TEM, HRTEM and WAXS analyses

The TEM analyses of the RuPt series (RulPtl, RulPt2 and
RulPt4) show crystalline and monodisperse NPs with a mean
size of ca. 1.8 nm for all the samples: ca. 1.8 (0.5) nm for
RulPtl, ca. 1.8 (0.4) nm for RulPt2 and ca. 1.8 (0.5) nm for
RulPt4 (see Fig. 1). Since the monometallic ruthenium NPs
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(Ru/PPP) resulting from the first step display a mean size of
ca. 1.4 (0.2) nm (Fig. 1-d), the higher mean size observed for the
RuPt NPs indicates that the decomposition of [Pt(CH3),(COD)]
during the second step takes place on the surface of Ru/PPP,
thus leading to an increase of the mean size (in agreement
with our estimation, see ESI.1T). The ICP analysis reveals the
presence of both metals in all samples (see Table 1).
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Fig. 1 TEM images with the corresponding size histograms of: (a) Ru1Pt1, (b) RulPt2, (c) RulPt4 and (d) Ru/PPP NPs.
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Table 1 Metal content and mean size of metal NPs

b

NP % % Mean size’ Coherence length®
sample Ru“ pt* (nm) (nm)
RulPt1 23.1 37.1 1.8 (0.5) 2
RulPt2 15.9 311  1.8(0.4) 2.8
RulPt4 8.6 75.3 1.8 (0.5) 3.5
Pt@Ru 18.0  40.0  2.0(0.5) —
Pt1Rul 19.7 24.8 1.5(0.3) 0.8
Pt1Ru2 355  19.5 1.4(0.3) 1
Pt1Ru4 56.7 34 1.5(0.4) 1
Ru/PPP 531 —  1.4(0.2) 2
Pt/PPP — 955 —4 >5
Pt/CO — 82.1 1.4 (0.3) —

“Wt% by ICP. ” Manual analysis of enlarged micrographs by measuring
at least 150 NPs. “WAXS analysis. “Large and agglomerated
nanoparticles (see ESI.2).

The TEM analyses of the second series of bimetallic nano-
particles (Pt1Rul, Pt1Ru2 and Pt1Ru4) show for all samples
the presence of small NPs that are in some cases agglomerated
(Fig. 2). The mean size distribution obtained from the TEM
analyses reveals NPs of ca. 1.5 (0.3), 1.4 (0.3) and 1.5 (0.4) nm
for Pt1Rul, Pt1Ru2 and Pt1Ru4, respectively (see Table 1). In
that series, the increase of the NP mean size with respect to
the first step (Pt/CO ca. 1.4 (0.3) nm) is less pronounced. There
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also, ICP analyses performed on purified NPs indicate the
presence of both metals (see Table 1).

HRTEM was performed for the two series of NPs, eviden-
cing crystalline NPs as shown in Fig. 3 and 4. The EDX
(energy-dispersive X-ray spectroscopy) analyses were realised
for a collection of particles or on individual particles, showing
homogeneous composition in all of them and pointing out
that the individual NPs are bimetallic. These analyses are in
accordance with ICP analyses (Table 1 ESL3+t). Because of the
HRTEM resolution, the crystalline structure pattern could be
assigned more by analysing the displayed patterns - since hexa-
gonal-close packed (hcp) and face-centred cubic (fcc) patterns
strongly differ — rather than by determining the precise dis-
tances between the atomic planes. Indeed, the measured dis-
tances, between 0.21 and 0.24 nm, are consistent with both Pt
(111) and Ru (100) planes. The RuPt series shows mainly the
presence of particles displaying an fcc structure (Fig. 3 and
Fig. 3-5 in ESL.37) and the PtRu series shows mainly the pres-
ence of hep structured nanoparticles (Fig. 4 and Fig. 6-8
ESL37).

The WAXS (wide angle X-ray scattering) studies provide pair
distribution functions (PDFs) allowing both reciprocal and real
space structural analysis of the series of colloids. The colloids
RulPtl, RulPt2 and RulPt4 are all well-crystallized (Fig. 5).
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Fig. 2 TEM images with the corresponding size histograms of: (a) Pt1Rul, (b) Pt1Ru2, (c) Pt1Ru4 and (d) Pt/CO NPs.
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Fig. 4 HRTEM image of Pt1Ru4 NPs.

Their coherence lengths, which are measurements of the size
of crystalline domains and are usually smaller than the true
size except in the case of well-ordered single crystals, have
been measured as 2.0 nm, 2.8 nm and 3.5 nm, respectively.
These values are significantly larger than the sizes measured
by TEM, probably due to the presence of some coalescence.
For these three samples, the diffraction pattern is mostly fcc.
Additionally, close inspection of the PDFs in the 0.8-1.1 nm
range clearly indicates that a pattern typical of the fcc structure
steadily increases from RulPtl to RulPt4, without significant
change of the bond-length. This evolution, fully correlated

This journal is © The Royal Society of Chemistry 2014
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Fig. 5 WAXS analysis of bimetallic RuPt NPs (from top to bottom Pt/
PPP, RulPt4, RulPt2, RulPt1, and Ru/PPP).
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Fig. 6 WAXS analysis of bimetallic PtRu NPs (from top to bottom
Pt1Rul, Pt1Ru2, Pt1Ru4 and Ru/PPP).

with the one observed for correlation length and overall ampli-
tude of the PDF, is consistent with a segregated system where
Pt domains grow in size and generate a dominant Pt-like diffr-
action pattern. This result is consistent with DFT calculations
on the formation mechanism of Pt(111) NP layers grown on
the Ru(001) core.”®

Observations are much different for the PtRu NPs (Fig. 6):
for all of them, inspection in the reciprocal space reveals only
very broad patterns and also a very strong peak at a very small
angle (2-3° in 2theta). This points out to very small and poorly
crystallized domains strongly interacting, ie. fine scale
agglomeration. Discrepancy between TEM sizes and coherence
length is limited and actually fully consistent with the agglom-
eration of small domains in particles globally larger. Because
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of the limited organization, limited information can be recov-
ered. From the gradual evolution of the diffraction patterns in
the reciprocal space, it appears that Pt1Rul NPs are mostly
hep (small hep peak at 25° and symmetry of main peak
between 15° and 22°); fcc features can be observed combined
with hep ones for Pt1Ru4, Pt1Ru2 being inversely strongly fcc
but with hcp features. It should be emphasized that analysis
in the reciprocal space strongly favours the best ordered
domains, which clearly are limited in proportion for all PtRu
samples.

Solid state infrared spectroscopy after reaction with CO

Since carbon monoxide is a sensitive probe for studying the
surface composition of metal nanoparticles, the CO adsorption
on the surface of the previously described NPs was investigated
by attenuated total reflectance infrared spectroscopy (ATR-IR)
in the solid state. In previous work, it has been shown by IR
and NMR techniques that CO can be in dynamic exchange
between terminal and bridging positions on the surface of Ru
NPs, when only sterically stabilized with a polymer, namely
polyvinylpyrrolidone (PVP). This exchange is prevented when
dppb (1,4-bis(diphenylphosphino)butane) is used as the stabi-
lizing ligand.*® The surface chemistry of CO has been also
investigated in ruthenium-platinum bimetallic NPs. The IR
and NMR combined techniques help to identify the structure -
alloy'® or core-shell'” - of RuPt bimetallic NPs stabilized by
PVP prepared under different reaction conditions. In another
work, probing the surface chemistry by adsorbing CO also
helped to identify the chemical order of RuPt/dppb bimetallic
NPs.'® In this case, the NPs display a highly disordered struc-
ture with a ruthenium rich core surrounded by a shell contain-
ing both ruthenium and platinum.

Carbon monoxide was reacted with solid bimetallic or
monometallic NPs in a Fisher-Porter bottle under mild con-
ditions (1.5 bar of CO, r.t., 72 h). Then, ATR-IR spectra were
recorded with a spectrometer available in a glove box. The
obtained ATR-IR spectra of the RuPt series of bimetallic NPs
together with the spectra of alloyed Pt@Ru and monometallic
NPs Ru/PPP and Pt/PPP are depicted in Fig. 7. Fig. 8 presents
the ATR-IR spectra of the PtRu series of bimetallic NPs and
monometallic Ru/PPP and Pt/CO NPs. The Ru/PPP NPs display
a CO band at 1970 cm™'. This value is close to the CO
band previously observed for Ru/dppb NPs.'® For Pt@Ru NPs
(Fig. 7-b) the CO band appears at 1999 cm™', a frequency
which is in agreement with the presence of both Ru and Pt
atoms on the surface of the bimetallic NPs as previously
observed on the RuPt/dppb system.'®

Concerning the RuPt series, we observed very broad signals
of low intensity for the CO adsorption band as well as a red
shift. The band shift and broadening increased with increas-
ing platinum content, being the maximum with Pt/PPP NPs
(Fig. 7-f)). RulPtl, RulPt2 and RulPt4 samples show CO
adsorption band similar to Pt/PPP nanoparticles, but different
from the ones observed for RuPt bimetallic NPs previously pre-
pared using the “chimie douce” approach (RuPt/PVP'’ or
RuPt/dppb'®). Albeit the structure of these bimetallic NPs
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Fig. 7 ATR-IR spectra for RuPt NPs after CO exposure: (a) Ru/PPP
(1970 cm™), (b) Pt@Ru (1999 cm™), (c) RulPt1, (d) RulPt2, (e) RulPt4,
and (f) Pt/PPP.
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Fig. 8 ATR-IR spectra for PtRu NPs after CO exposure: (a) Ru/PPP
(1970 cm™), (b) Pt1Ru4 (1971 cm™), (c) Pt1Ru2 (1983 cm™), (d) Pt1Rul
(1993 cm™), and (e) Pt/CO (2018 cm™).

cannot be clearly elucidated from these IR analyses, it seems
that ruthenium atoms are not on the surface of the NPs for
Ru1Pt4 NPs, as the IR spectrum is similar to Pt/PPP. The inter-
mediate spectra observed for Ru1Ptl and RulPt2 can indicate
an intermediate covering of platinum on the NP surface. This
behaviour can be due to several factors (as low CO coverage®**"
or multiple individual bands, terminal or bridging**); however,
further analyses are needed to shed some light on the surface
chemistry of CO for these NPs, analyses that are beyond the
scope of this work.

The CO adsorption at the surface of NPs for the PtRu series
was also investigated by ATR-IR and compared to the mono-
metallic Ru/PPP and Pt/CO NPs spectra (Fig. 8). In that case,
all NPs show a narrow CO adsorption band. The band fre-
quency increased with increasing platinum content following
the order: Ru/PPP = Pt1Ru4 < Pt1Ru2 < Pt1Rul < Pt/CO. The
Pt1Ru4 nanoparticles show a CO absorption band at the same
frequency (1971 cm™') as the one observed for Ru/PPP

This journal is © The Royal Society of Chemistry 2014
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(1970 em™), indicating that the surface of the Pt1Ru4 NPs con-
tains only ruthenium. The vibration frequencies observed for
Pt1Rul (1993 cm™") and Pt1Ru2 (1983 cm™") are intermediate
between that of Pt/CO NPs (2018 cm™') and that of Ru/PPP
NPs (1970 cm™') indicating the presence of both metals on the
NP surface.

From all the analyses presented above it seems reasonable
to propose that a core-shell structure has been obtained at
specific Ru: Pt ratio. From simple models we calculated that a
ratio of 1:2 is needed to form a complete second metal mono-
layer. The RuPt NPs are well-crystallised, with an fcc character
increasing with the Pt content. The amount of Pt on the
surface of these particles increases with the Pt content. The
PtRu particles are less crystallized, and present an important
hcp character at high Ru loading and finally, the amount of Ru
on the surface also increases with the Ru content. Taking into
account the IR spectra after reaction with CO the PtRu4 NPs
are completely covered with ruthenium pointing out to a core-
shell structure while the PtRul and PtRu2 nanoparticles seem
to present a partially covered Pt core-Ru shell structure.

Catalysis

We evaluated the catalytic performances of the bimetallic NPs
- and for comparative purposes the monometallic ones - for
the selective hydrogenation of cinnamaldehyde (CAL)
(Scheme 3). In this reaction, the formation of the saturated
aldehyde (HCAL) is favoured over the unsaturated alcohol
(COL) because of thermodynamics. The definition of selective
catalysts for the production of COL is challenging. It has been
shown that the product distribution depends on the structure
and composition of NPs. The factors controlling the selectivity
of the hydrogenation of a,pf-unsaturated aldehydes are in
general: the nature of the metal, the morphology of metal par-
ticles, the nature of the support and the presence of a second
metal. It has been shown that unpromoted metals have
specific selectivity towards unsaturated alcohols. The selecti-
vity towards COL follows the series Ir > Pt > Ru > Rh > Pd. A
dependence of selectivity on the metal particle size has been
found for Pt, Rh, Ru and Co catalysts. Large nanoparticles are
reported as more selective versus COL than smaller ones due to
steric effect; the planar cinnamaldehyde molecule cannot
adsorb parallel to a flat metal surface because of the repulsion
of the aromatic ring, preventing the approach of the C=C
bond to the surface, i.e. C=0 bond is hydrogenated preferen-
tially. The nature of the support plays also a role changing the
electronic density of metal particles. In general, electron-
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donating species interacting with metal particles improve
selectivity towards the saturated alcohol. This is due to the
higher charge density on the metal surface which decreases
the binding energy on the C=C bond favouring the hydro-
genation of the C=O bond. Finally, the presence of a more
electropositive metal in Pt NPs led to an increase towards the
aldehyde hydrogenation. The second metal acts as an electron-
donor ligand that increases the electron density on Pt, favour-
ing C=O0 hydrogenation by decreasing the binging energy of
the C=C bond. In the case of Pt-based bimetallic NPs the
selectivity towards COL increases in the presence of iron,
cobalt and ruthenium. This effect is attributed to an electro-
philic activation of the C—=O bond by electropositive metal
atoms associated with platinum.>*~>¢

The dependence of the selectivity on the structure and com-
position makes hydrogenation of unsaturated aldehydes as
model reactions to establish relations between selectivity and
catalyst structure. Thus, the analysis of the catalysis results can
shed some light on the composition and the structure of the
NPs described herein.

The catalytic results obtained at different reaction times are
summarized in Table 2 for the RuPt series, Table 3 for the
PtRu series and Table 4 for the monometallic NPs.

RuPt series

First, the activity of the RuPt NP series was compared to those
of their corresponding monometallic counterparts (Tables 2
and 4). For the RuPt series the activity is increased at higher
platinum content, following the tendency: RulPt4 > RulPt2
~RulPt1 > Ru/PPP ~ Pt/PPP > Pt@Ru (see Fig. 9 for TON com-
parison). Pt/PPP showed a low activity, which can be explained
by the much higher mean size of the particles leading to less
active surfaces sites compared with smaller NPs. Pt@Ru NPs
(Table 2, entries 13 to 16) show the lowest activity although the
platinum content and the mean particle size are similar to
those of Ru1Pt2 NPs (Table 2, entries 5 to 8). This difference in
activity should be the result of a difference in the chemical
structure. RulPt2 were prepared through a two-step synthesis,
leading to a higher platinum content on the surface (as esti-
mated from the simple model applied, the reaction conditions
used should lead to a complete Pt monolayer over Ru cores).
The single-step procedure applied to synthesise Pt@Ru NPs
should lead to a richer ruthenium surface than for RulPt2,
which could be responsible for the low activity observed. From
the catalytic results we thus have an indirect evidence of the

0] H, (0] OH OH
X H —— H + X +
cat.

CAL HCAL

Scheme 3 trans-Cinnamaldehyde hydrogenation reaction.
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Table 2 Cinnamaldehyde hydrogenation with bimetallic NPs RulPt1, RulPt2, RulPt4 and Pt@Ru

Entry Catalysts Time [h] Conv. [%] TON TOF [h™] HCAL [%] HCOL [%] COL [%] Acetal [%]
1 RulPt1 2 13 88 44 60 32 8 n.d.
2 4 27 190 47 49 29 22 n.d.
3 6 42 298.5 50 45 25 30 n.d.
4 22 64 449 20 27 28 41 4

5 RulPt2 2 11 105 52 72 23 5 n.d.
6 4 18 172 43 68 25 7 n.d.
7 6 24 226 38 58 25 15 2

8 22 53 501 23 38 16 37 9

9 RulPt4 2 25 163 81 76 12 13 n.d.
10 4 34 216 54 74 11 15 n.d.
11 6 44 282 47 68 13 18 1
12 22 87 556 25 51 26 22 1
13 Pt@Ru 2 5 40 20 79 8 13 n.d.
14 4 9 69 17 75 10 15 n.d.
15 6 14 111 18 77 8 15 n.d.
16 22 40 324 14 60 11 29 n.d.

Reaction conditions: 2.5 mg of bimetallic NPs, cinnamaldehyde (7.5 mmol), isopropanol (50 mL), Py, = 20 bar, T = 70 °C. Yields were determined
by GC analysis using nonane (3.7 mmol) as an internal standard. n.d.: not detected.

Table 3 Cinnamaldehyde hydrogenation with bimetallic NPs Pt1Rul, Pt1Ru2 and Pt1Ru4

Entry Catalysts Time [h] Conv. [%] TON TOF [h™"] HCAL [%] HCOL [%] COL [%] Acetal [%]
1 Pt1Rul 2 24 222 111 75 13 12 n.d.
2 4 29 271 68 65 14 19 2

3 6 34 314 52 57 15 25 3

4 22 82 763 35 30 23 33 14
5 Pt1Ru2 2 23 151 76 71 13 16 n.d.
6 4 43 283 71 71 12 16 1

7 6 45 300 50 66 13 19 2

8 22 80 527 24 38 24 30 8

9 Pt1Ru4 2 12 79 39 65 20 15 n.d.
10 4 14 94 23 59 19 22 n.d.
11 6 22 143 24 59 18 23 n.d.
12 22 53 348 16 38 21 40 1

Reaction conditions: 2.5 mg of bimetallic NPs, cinnamaldehyde (7.5 mmol), isopropanol (50 mL), Py, = 20 bar, T = 70 °C. Yields were determined
by GC analysis using nonane (3.7 mmol) as an internal standard. n.d.: not detected.

Table 4 Cinnamaldehyde hydrogenation with monometallic NPs Ru/PPP, Pt/PPP and Pt/CO

Entry Catalysts Time [h] Conv. [%] TON TOF [h™"] HCAL [%] HCOL [%] COL [%] Acetal [%]
1 Ru/PPP 2 13 76 38 83 13 4 n.d.
2 4 18 105 26 75 12 13 n.d.
3 6 25 145 24 72 12 16 n.d.
4 22 71 409 19 58 20 21 1

5 Pt/PPP 2 15 89 44 75 15 10 n.d.
6 4 18 114 28 65 16 19 n.d.
7 6 27 163 27 54 18 26 2

8 22 63 386 18 38 24 28 10

9 Pt/CO 2 62 443 243 85 6 5 4
10 4 74 527 147 74 8 11 7

11 6 87 621 106 74 9 9 8

12 22 99 705 33 37 33 9 21

Reaction conditions: 2.5 mg of monometallic NPs, cinnamaldehyde (7.5 mmol), isopropanol (50 mL), Py, = 20 bar, T = 70 °C. Yields were
determined by GC analysis using nonane (3.7 mmol) as an internal standard. n.d.: not detected.

structure of the metal NPs, indicating that the NPs synthesised sion (between 25 and 35% conv., see Fig. 10). The selectivity
in a two-step procedure have a richer platinum shell. towards the carbon-carbon double bond hydrogenation (for-

The comparison of the nanocatalyst selectivity towards the mation of HCAL) was high in all cases. The RuPt NP series
different hydrogenated products was performed at isoconver- showed that at higher platinum content the selectivity towards
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Fig. 9 Evolution of TON with time in the CAL hydrogenation using
RuPt NPs.
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Fig. 10 Selectivity in trans-cinnamaldehyde hydrogenation for RuPt
series.

HCAL increases, i.e. the increase of ruthenium content in the
NPs leads, as expected, to a higher COL selectivity (up to 22%
for RulPt1). This indicates that Ru atoms are less available
due to the formation of a Pt shell, and the positive effect on
COL selectivity due to the presence of a second metal is no
longer observed. The results also evidence a difference depend-
ing on the NP structure. The comparison of selectivity
obtained for Ru1Pt2 and Pt@Ru NPs (same metal composition
with different structure) shows that, at similar conversion,
Pt@Ru presents more affinity to C—=O hydrogenation (29%
COL) than RulPt2 (15%). Taking into account the core-shell
structure of RulPt2, ruthenium atoms are less available than
in Pt@Ru (alloy structure), which are responsible for a high
COL selectivity. On the other hand, Pt/PPP NPs showed the
highest selectivity towards COL (up to 26%) which can be
explained by the size of these NPs, as size-dependent selecti-
vity has been previously observed.”*?*

PtRu series

The activity of PtRu NPs was also compared to those of their
corresponding monometallic counterparts (Tables 3 and 4 and
Fig. 11 for TON comparison). As already observed for the RuPt

This journal is © The Royal Society of Chemistry 2014

View Article Online

Paper

—a—Pt1Ru1

—A— Pt1Ru2
—e—Pt1Ru4
—O0— Ru/PPP
—o—Pt/CO

hours

Fig. 11 Evolution of TON with time in the CAL hydrogenation using
PtRu NPs.

series the activity is higher with increasing platinum content:
Pt/CO > Pt1Rul > Pt1Ru2 > Pt1Ru4 ~Ru/PPP. The Pt/CO cata-
lyst is highly active, reaching a TOF of 243 h™" after 2 h and
62% of conversion (Table 4, entry 9) in comparison with Pt/
PPP (Table 4, entry 5, TOF of 44 h™"). These different beha-
viours are attributed to the difference in particle size: indeed,
as observed in TEM images, Pt/CO NPs are small and well-dis-
persed while Pt/PPP are large and agglomerated (ESL.2t). As is
expected that smaller NPs are more active than larger ones,
this explains the lower activity observed for Pt/PPP NPs. The
catalytic results also seem to indicate that the two-step pro-
cedure led to a richer Ru surface, as the Pt1Ru4 catalyst — as
estimated, should contain almost two ruthenium layers -
shows a similar activity as pure ruthenium NPs (see Fig. 11 for
the TON evolution). Additionally, the catalytic results of a
mixture of Pt/CO and Ru/PPP NPs (see ESI.4T) show that the
activity is higher than those observed for the respective PtRu
NPs. Indeed, in the Pt/CO-Ru/PPP nanoparticle mixture, the
platinum surface is more accessible than in PtRu NPs - as Pt
is covered by Ru - giving higher activities.

The comparison of the selectivity of PtRu NPs was per-
formed at isoconversion (between 25 and 35% conv., see
Fig. 12). The selectivity towards the carbon-carbon double
bond hydrogenation was also high in all cases. The decrease of
platinum content led to more selective catalysis towards COL
(reaching 23% for Pt1Ru4). However, if we take into account
that Ru/PPP and Ptl1Ru4 show comparable (“low”) activity
probably because of the high ruthenium content in Pt1Ru4,
nevertheless we note that the small amount of platinum in
these NPs leads to a higher COL selectivity (23% COL for
Pt1Ru4 vs. 16% COL for Ru/PPP at 6 h; Table 3, entry 11 and
Table 4, entry 3). This tendency is observed until the end of
the reaction (22 h) where the highest selectivity towards COL is
reached (40% COL for PtRu4 vs. 21% COL for Ru/PPP; Table 3,
entry 12 and Table 4, entry 4), while maintaining relatively low
total hydrogenation product (21% HCOL) and almost no acetal
formation. Considering that these NPs have a core-shell struc-
ture (see above), this latter result suggests a synergistic effect
between the Pt core and the Ru shell. Furthermore, the selecti-
vity towards COL in the Pt/CO-Ru/PPP NP mixture (see ESL.4t)
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Fig. 12 Selectivity in trans-cinnamaldehyde hydrogenation for PtRu
series.

is lower than in the respective PtRu NPs. This reveals that PtRu
NPs are bimetallic and not a mixture of monometallic NPs, as
the beneficial effect of a second metal is no longer observed.
The comparison of the selectivity and activity at low conver-
sions of the mixture of monometallic NPs with the bimetallic
ones, together with the comparison of the activity of Pt1Ru4
NPs with Ru/PPP NPs suggests again a core-shell structure for
PtRu NPs.

TEM analyses of the NPs after catalysis were performed to
check their stability under catalysis conditions. The TEM
images (see ESI.51) revealed that the mean size of the RuPt
NPs increased after catalysis (see Table 5). Agglomerated and
coalesced NPs are observed, particularly for RulPt4 (see
ESL5%), which are richer in platinum. The Pt@Ru NPs
appeared to be more stable. On the other hand, PtRu NPs were
also stable during hydrogenation as the nanoparticles display
a similar mean size as before catalysis (see Table 5). Finally,
the Ru/PPP and Pt/CO monometallic NPs were also stable
under hydrogenation conditions as the mean size remained
similar after catalysis. Surface platinum rich NPs (RuPt series)
agglomerated and coalesced at the end of the reaction. For

Table 5 NP mean size before and after catalysis

Mean size (nm) before Mean size (nm) after

catalysis® catalysis®
RulPt1 1.8 (0.5) 4.4 (1.4
RulPt2 1.8 (0.4) 2.4 (0.8)°
RulPt4 1.8 (0.5) 2.9 (2)°
Pt@Ru 2.0 (0.5) 1.6 (0.4)
Pt1Rul 1.5 (0.3) 1.4 (0.3)
Pt1Ru2 1.4 (0.3) 1.5 (0.2)
Pt1Ru4 1.5 (0.4) 1.5 (0.3)
Ru/PPP 1.4 (0.2) 1.5 (0.3)
Pt/PPP >200° >200°
Pt/CO 1.4 (0.3) 1.9 (0.6)

“Manual analysis of enlarged micrographs by measuring at least 150
nanoparticles. ”Presence of agglomerates and coalesced NPs.
¢ Estimation, big and agglomerated NPs.
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Pt/PPP NPs this behaviour was already observed during their
synthesis since the monometallic Pt/PPP NPs are big and
agglomerated (ESL.2t), pointing out that ruthenium surfaces
are better stabilized by PPP than platinum NPs. On the other
hand, it has been shown that PPP strongly interacts with the
surface of ruthenium NPs through both arene rings by n-inter-
action.”"** Additionally, PtRu NPs have CO coordinated on
their surface (see IR spectra on the ESIL.67), which gives an
extra stabilization to the system with regard to the RuPt NPs.

Conclusions

Two different series of bimetallic NPs have been successfully
prepared using a two-step procedure. To determine their struc-
ture they have been characterized by TEM, HRTEM and WAXS.
The adsorption of carbon monoxide on the NP surface was
also studied by ATR-IR. TEM and HRTEM show crystalline and
monodisperse NPs and the EDX analyses reveal that the indi-
vidual NPs are bimetallic. The WAXS analyses of the RuPt
series indicate well-crystallized NPs with mostly fec diffraction
pattern. Additionally, the pattern typical of the fcc structure
steadily increases from RulPtl to RulPt4, without significant
change of the bond-length. For the PtRu series WAXS analyses
show very small and poorly crystallized domains strongly inter-
acting, i.e. fine scale agglomeration. The solid state infrared
spectroscopy after reaction with CO clearly indicates for the
PtRu series the increase of ruthenium content on the shell
from PtiRul to Pt1Ru4. However, we observed very broad
signals of low intensity for the CO adsorption band in the
RuPt series which are difficult to analyse. All these data allow
us to conclude that the NPs display a core-shell type structure;
nevertheless, deeper analyses, for example EXAFS study, are
still needed to fully understand their precise structure.

The investigation of these nanoparticles as catalysts in the
trans-cinnamaldehyde hydrogenation reaction not only led to
interesting catalytic results but also gave complementary infor-
mation about the structure of the NPs. Indeed, the activity and
the selectivity observed are in agreement with a core-shell
structure. As a general trend we have observed that the higher
the surface platinum content, the higher the activity is. Thus
the activity was higher for Ru1Pt4 NPs in the RuPt series and
for Pt1Rul in the PtRu series. In addition the observation of
different catalytic activities for alloy and core-shell NPs of the
same metal content (Ru1Pt2 and Pt@Ru) reveals that the seed-
mediated synthesis led to the formation of core-shell NPs. The
selectivity was also impacted by the composition and structure
of the NPs. In the RuPt series the selectivity was higher when
ruthenium and platinum atoms are both on the surface (par-
tially covered core-shell NPs; Ru1Ptl and RulPt2 and alloyed
Pt@Ru NPs). In the case of PtRu series, a synergistic effect on
the selectivity between the metal of the core and the metal of
the shell was observed.

As a general conclusion, besides the interest in the
obtained results in catalysis, this work points out that selective
catalysis can be a complementary tool to shed some light on
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the structure and composition of metal nanoparticles, here
helping on the characterization of few nanometer bimetallic
NPs.

Experimental
General methods

All operations were carried out under an argon atmosphere
using standard Schlenk techniques or in an MBraun glovebox.
Solvents were purified by standard methods or by an MBraun
SPS-800 solvent purification system. [Ru(COD)(COT)] and
[Pt(CHj3),(COD)] were purchased from Nanomeps Toulouse,
4-(3-phenylpropyl)pyridine and trans-cinnamaldehyde from
Sigma-Aldrich, and CO and H, from Air Liquid. All these reac-
tants were used as received. Pt@Ru’ and Pt/CO>’ NPs were pre-
pared by previously described methods.

NPs were characterized by TEM and HRTEM after depo-
sition of a drop of the crude colloidal solution on a covered
holey copper grid. TEM and HRTEM analyses were performed
at the “Service Commun de Microscopie Electronique de 1'Uni-
versité Paul Sabatier” (TEMSCAN-UPS): TEM by using a JEOL
JEM 1011 CX-T electron microscope operating at 100 kv with a
point resolution of 4.5 A and HRTEM by using a JEOL JEM
2100F equipped with a Field Emission Gun (FEG) operating at
200 kv with a point resolution of 2.3 A. The approximation of
the particle mean size was made through a manual analysis of
enlarged micrographs by measuring at least 150 particles on a
given grid.

Wide-angle X-ray scattering (WAXS) was performed at
CEMES-CNRS. Samples were sealed in 1 mm diameter Linde-
mann glass capillaries. The samples were irradiated with
graphite-monochromatized molybdenum K, (0.071069) radi-
ation and the X-ray intensity scattered measurements were per-
formed using a dedicated two-axis diffractometer. Radial
distribution functions (RDF) were obtained after Fourier trans-
formation of the reduced intensity functions.

ATR-IR spectra were recorded on a Perkin-Elmer GX2000
spectrometer available in a glovebox, in the range
4000-400 cm™.

ICP analyses were performed at the CNRS “Département
Service Central d’Analyse Institut des Sciences Analytiques —
UMR 5280” in Solaize.

Hydrogenation reactions were carried out in a Top Industrie
stainless steel autoclave. Gas chromatographic analyses were
run on a Perkin Elmer Autosystem XL equipped with a Restek
Rtx 5-Amine column (30 m, 0.53 mm, 1 pm).

Synthesis of nanoparticles

RuPt nanoparticles. In a typical experiment the [Ru(COD)-
(COT)] complex was introduced into a Fisher-Porter reactor
and dissolved with THF previously degassed by three freeze-
pump cycles. The resulting yellow solution was cooled at
—60 °C and a PPP/THF solution was added to the reactor. The
reactor was pressurized with 3 bar of H, and the solution was
left to reach slowly the room temperature. The solution, which
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turned black after 20 min of reaction, was kept under stirring
overnight at r.t. After this period of time the Fisher-Porter
bottle was depressurized and [Pt(CH;),(COD)] was added to
the black colloidal solution in the glovebox. A PPP/THF solu-
tion was introduced into the Fisher-Porter bottle at —60 °C.
The reactor was pressurized with 3 bar of H, and the solution
was heated at 70 °C for 30 min and then stirred at room temp-
erature for 18 h. After this period of time, excess of H, was
eliminated and the volume of solvent was reduced to 10 mL
under vacuum. 40 mL of pentane were then added to the col-
loidal suspension, which was cooled down to —30 °C to pre-
cipitate the particles. After filtration under argon with a
cannula, the black solid powder was washed twice with
pentane (2 x 40 mL) and filtered again before drying under
vacuum. For each Ru: Pt ratio studied, the quantities of reac-
tants are detailed hereafter.

RulPtl. 1st step: 142 mg (0.45 mmol) of [Ru(COD)(COT)];
21.5 pL (0.12 mmol) of PPP and 90 mL of THF. 2" step:
150 mg (0.45 mmol) of [Pt(CH;),(COD)]J; 21.5 pL (0.12 mmol)
of PPP and 90 mL of THF. Yield: 92.2 mg. ICP analysis Ru:
23.1%, Pt: 37.1%.

RulPt2. 1st step: 95 mg (0.3 mmol) of [Ru(COD)(COT)];
14.4 pL (0.07 mmol) of PPP and 60 mL of THF. 2™ step:
200 mg (0.6 mmol) of [Pt(CH;),(COD)]J; 28.6 pL (0.15 mmol) of
PPP and 120 mL of THF. Yield: 91.1 mg. ICP analysis Ru:
15.9%, Pt: 31.1%.

RulPt4. 1st step: 57 mg (0.18 mmol) of [Ru(COD)(COT)];
8.6 uL (0.04 mmol) of PPP and 36 mL of THF. 2" step: 240 mg
(0.72 mmol) of [Pt(CHj;),(COD)]; 34.4 pL (0.17 mmol) of PPP
and 144 mL of THF. Yield: 123 mg. ICP analysis Ru: 8.6%, Pt:
75.3%.

PtRu nanoparticles. In a typical experiment the [Pt,(dba);]
complex was introduced into a Fisher-Porter reactor and dis-
solved with toluene previously degassed by three freeze-pump
cycles. The reactor was pressurized with 1 bar of CO and the
solution was stirred at room temperature for 1 h. The reactor
was depressurized and the brown precipitate was filtered via a
cannula and washed three times (3 x 40 mL) with toluene. The
nanoparticles were dried under vacuum and then redispersed
in THF. [Ru(COD)(COT)] was added to the suspension. A PPP/
THF solution was introduced into the Fisher-Porter bottle at
—60 °C. The reactor was pressurized with 3 bar of H, and
stirred at room temperature overnight. After this period of
time, the excess of H, was eliminated and the volume of
solvent was reduced to 10 mL under vacuum. 40 mL
of pentane were then added to the colloidal suspension, which
was cooled down to —30 °C to precipitate the particles. After
filtration under argon with a cannula, the black solid powder
was washed twice with pentane (2 x 40 mL) and filtered again
before drying under vacuum.

As previously, for each Pt:Ru ratio studied, the quantities
of reactants are detailed hereafter.

Pt1Rul. 1st step: 246 mg (0.45 mmol) of [Pt,(dba);] and
60 mL of toluene. 2™ step: 142 mg (0.45 mmol) of [Ru(COD)-
(COT)]; 43 pL (0.22 mmol) of PPP and 180 mL of THF. Yield:
124.9 mg. ICP analysis Ru: 19.7%, Pt: 24.8%.
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Pt1Ru2. 1st step: 164 mg (0.3 mmol) of [Pt,(dba);] and
40 mL of toluene. 2" step: 187 mg (0.60 mmol) of [Ru(COD)-
(COT)J; 43 pL (0.22 mmol) of PPP and 180 mL of THF. Yield:
114.8 mg. ICP analysis Ru: 35.5%, Pt: 19.5%.

Pt1Ru4. 1st step: 98 mg (0.18 mmol) of [Pt,(dba);] and
24 mL of toluene. 2™ step: 227 mg (0.72 mmol) of [Ru(COD)-
(COT)]; 43 pL (0.22 mmol) of PPP and 180 mL of THF. Yield:
90.1 mg. ICP analysis Ru: 56.7%, Pt: 3.4%.

Ru/PPP. 284 mg (0.9 mmol) of the [Ru(COD)(COT)] complex
were introduced into a Fisher-Porter reactor and dissolved with
80 mL of THF previously degassed by three freeze-pump
cycles. The resulting yellow solution was cooled at —60 °C and
a PPP/THF solution (43 pL (0.22 mmol) per 100 mL) was
added to the reactor. The reactor was pressurized with 3 bar of
H, and the solution was left to reach slowly the room tempera-
ture. The solution, which turned black after 20 min of reac-
tion, was kept under stirring overnight at room temperature.
After this period of time the Fisher-Porter bottle was depres-
surized and the volume of solvent was reduced to 10 mL under
vacuum. 40 mL of pentane were then added to the colloidal
suspension, which was cooled down to —30 °C to precipitate
the particles. After filtration under argon with a cannula, the
black solid powder was washed twice with pentane (2 x 40 mL)
and filtered again before drying under vacuum. Yield: 88 mg.
ICP analysis Ru: 53.1%.

Pt/PPP. 300 mg (0.9 mmol) of the [Pt(CH;),(COD)] complex
were introduced into a Fisher-Porter reactor and dissolved with
80 mL of THF previously degassed by three freeze-pump
cycles. The resulting solution was cooled at —60 °C and a PPP/
THF solution (43 pL (0.22 mmol) per 100 mL) was added to
the reactor. The reactor was pressurized with 3 bar of H, and
the solution was heated at 70 °C for 30 min and then stirred at
room temperature for 18 h. After this period of time, the
excess of H, was eliminated and the volume of solvent was
reduced to 10 mL under vacuum. 40 mL of pentane were then
added to the colloidal suspension which was cooled down to
—30 °C to precipitate the particles. After filtration under argon
with a cannula, the black solid powder was washed twice with
pentane (2 x 40 mL) and filtered again before drying under
vacuum. Yield: 78 mg. ICP analysis Pt: 95.5%.

Surface reactivity with CO

The adsorption of carbon monoxide on the surface of metal
NPs was performed in the solid state as follows. A purified
sample of nanoparticles was introduced into a Fisher-Porter
bottle. The reactor was pressurized with 1.5 bar of CO for 72 h.
Then, the CO gas was evacuated under vacuum for 20 min and
the ATR-IR spectra were recorded.

Catalysis

In a typical experiment, the autoclave was purged by three
vacuum/argon cycles. The suspension formed from the corres-
ponding NPs (2.5 mg), trans-cinnamaldehyde (7.5 mmol) and
nonane (3.7 mmol) in isopropanol (50 mL) was introduced
into the autoclave. The autoclave was pressurized with 20 bar
of H, and heated to 70 °C. After the desired reaction time, the
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autoclave was cooled to room temperature and depressurised.
The reaction mixture was then analysed by gas
chromatography.
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