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Designing and developing materials with specific properties are nowadays important tasks. These could
be achieved by choosing the adequate conditions, from a myriad of possibilities, being aware that slight
changes in the preparation method could have major impact on the final material. With the work pre-
sented here, we are showing that kinetically controlled surface nano-structuring (NPs formation and
deposition over solid supports) in scCO; is a versatile way for preparing active materials. Size, compo-
sition, morphology and organization/architecture of supported metal NPs can be controlled by playing
with the type of metal, metal precursor, reaction media composition (stronger or weaker reducing media)
and different supports employed. Moreover, direct correlation between physical (size, morphology, orga-
nization) and chemical properties (composition, surface chemistry) are demonstrated with the systems
catalytic behaviour, yield and selectivity, exemplified with N-alkylation reaction of amines with alcohols.

Oxide support
Nanoparticles synthesis

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Formation of nanostructured materials, such as supported metal
nanoparticles (NPs) on high specific surface area solids, pre-
senting high interest in catalysis, is an intensively studied field
[1-3]. The solid could act as a passive support (e.g. SiO;), but
also as an active one (e.g. CeO,, TiO,, etc.) thus influencing the
physicochemical properties of the whole system. The properties
of supported metal NPs could arise from the NPs characteristics
(size, morphology, composition), their dispersion/organization on
the support and the metal-oxide support interaction implicitly
affecting the electronic properties of the metal. In addition the
metal-support interaction could impact the particle morphology
causing metal to grow sometimes in an unusual way [2]. This diver-
sifies the directions for designing and developing materials with
specific properties. In terms of applied fabrication technology, the

* Corresponding author at: ICMCB-CNRS, 87 avenue du Dr Albert Schweitzer,
33608 Pessac Cedex, France. Tel.: +33 0540002672.
** Corresponding author at: ISM 351 cours de la libération, 33405 Talence Cedex,
France.
E-mail addresses: mathieu.pucheault@u-bordeaux.fr (M. Pucheault),
aymonier@icmcb-bordeaux.cnrs.fr (C. Aymonier).

http://dx.doi.org/10.1016/j.supflu.2014.11.013
0896-8446/© 2014 Elsevier B.V. All rights reserved.

list is large, from physical (e.g. sonication, microwaves, plasma,
etc.) to chemical (co-precipitation, impregnation, supercritical flu-
ids/chemical vapour deposition, emulsions, photochemistry, etc.)
methods, but all directing to be more sustainable [1].

As already reported in some previous reviews [4-7], the design
of advanced nanostructured materials with controlled physic-
ochemical properties, e.g. size, morphology, composition and
structure, can be achieved via supercritical fluids technology. By
using supercritical fluid chemical deposition process, the material
surface can be engineered either by the most common thermody-
namically controlled metal precursor adsorption/sorption followed
by its chemical transformation [5,6,8-11], or under kinetic con-
trol, playing with nucleation and growth of metal nanoparticles in
supercritical fluids [4,12-15]. In the case of kinetically controlled
surface nano-structuring, the metal precursor, usually bearing [3-
ketonates counter-anion undergoes a reduction with Hy, [13-15]
and/or alcohol [16]. The previous studies of our group [13,14]
showed that deposition of Cu NPs onto SiO surface at relatively low
temperatures (100-150 °C) takes place following a kinetic bimodal
process: first - a homogeneous nucleation in supercritical media
and second - a heterogeneous growth of Cu NPs either by coales-
cence of nuclei or direct reduction of precursor over the existing
nuclei. In the absence of specific interaction between silica and cop-
per, spherical Cu NPs are formed and their size strongly depends
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on the reaction temperature. Therefore, understanding process
parameters/condition influence on material nano-structuring will
help the fabrication of materials with improved properties.

The work presented here aims at bringing a contribution in this
direction. Our research is focused on controlling the size, morphol-
ogy, composition and surface properties of metal nanoparticles (e.g.
Cu, Sn, Pt and Pd) supported on different oxides under kinetic con-
trol. (1) We studied the influence of metal type such as Cu, Sn, Pt
and Pd, precursor concentration (metal loading in wt%) deposited
on the same oxide support (SiO,), with direct effect on metal NPs
size. (2) By the addition of H, or different types of surfactants, for
example oleic acid, hexadecylamine or sodium dodecyl sulphate to
CO, /EtOH mixture, the reaction media composition will be changed
allowing the NPs morphology, chemical composition and surface
chemistry to be controlled. (3) Keeping the same metal (Pd) but
changing the oxide type support (SiO,, CeO,, TiO,, Fe; 03, ZrO, and
Si-C), different material architectures can be achieved, exhibiting
different properties.

For the fabrication of oxide supported metal nanoparticles we
have used scCO, as the main solvent in a batch mode setup, adapt-
ing the deposition procedure depending on the targeted material.
Additionally, some catalysis results will be shown to illustrate the
versatility of this approach for preparing active materials, namely
the catalytic activity of Pd NPs, supported on different oxides,
in N-alkylation reaction of amines with alcohols [17-22] will be
exemplified.

2. Materials and methods
2.1. Chemicals

Different types of precursors were used as metal source,
commercially available from Strem Chemicals: anhydrous Cop-
per(Ill) hexafluoroacetylacetonate (Cu(hfac),, Puratrem, 99.9%),
Bis(2,2,6,6)-tetramethyl-3,5-heptadionato copper (II) (Cu(tmhd),,
99%), Palladium(Il) hexafluoroacetylacetonate (Pd(hfac),, 98%),
Platinum(Il) hexafluoroacetylacetonate (Pt(hfac),, 99.9%) and
Tin(II) hexafluoroacetylacetonate (Sn(hfac);,99.9%). As surfactants,
we used oleic acid (OAc), hexadecylamine (HDA) and sodium dode-
cyl sulfate (SDS). The support was a Silica Gel-Davisil, grade 710, in
the size range 0f 9.5-11 pwm (Sigma-Aldrich). Ceria NPs with mean
diameter of 25 nm, titania, zirconia, iron oxide and silicon carbide
in the powder form, were purchased from Sigma-Aldrich.

2.2. Set-up

In a stainless steel batch reactor of 60 mL volume (Fig. 1), were
mixed in one pot, the support (300 mg) with the metal precursor,
both in powder form together with 3 mL of EtOH, used as cosolvent
(step I-before reaction). 50 bar of CO, were first loaded into reac-
tor followed by heating to the desired reaction temperature and
further pressurized with CO,. NPs formation and deposition take
place during step II-chemical reaction, at the T, P and time con-
sidered. At the end of reaction, step IlI-after reaction, the system
was fast depressurised and the reactor cooled with an ice bath. The
material was recovered from reactor as dry powder, clean of any
undesired organic part, and used for further characterization and
catalysis.

2.3. Procedure A: Deposition of metal NPs (Cu, Pt, Sn) on silica
support, labelled as: SiO;@Cu, SiO,@Pt, SiO,@Sn

300 mg of silica were mixed with metal hexafluoroacetylacet-
onate precursor (5wt% of metal loading) (Fig. 1 - step I). In the
absence of H, as reducing source, we used EtOH (3 mL) as cosol-
vent. In the case of surfactant addition, e.g. OAc, HDA and SDS

(the usual surfactant systems for these metals in wet chemistry), a
molar ratio to metal of 2 was used. Reaction conditions were set to
200°C, 250 bar and 30 min (Fig. 1 - step II), followed at the end of
the reaction by fast depressurization and cooling (Fig. 1 — step III).
During depressurization, CO, was purged into EtOH. If some pre-
cursor remains unreacted and unbound organic compounds they
will be purged together with CO, in EtOH, colouring the solution in
pink or blue-green, depending on the precursor type and metal. By
this deposition procedure the interest was: (1) to compare the NPs
characteristics (size, morphology and composition) prepared from
different metals but using the same precursor ligand and keeping
constant the experimental parameters and (2) to study the influ-
ence of different surfactants types on the same metal NPs/support.
Table 1 presents the description of the used systems.

2.4. Procedure B: Deposition of Pd NPs on oxides (silica, ceria,
titania, iron oxide, zirconia or silicon-carbide) support labelled as
Si0,@Pd, CeO,@Pd, TiO»,@Pd, ZrO,@Pd, Fe;03@Pd and SiC@Pd

A similar procedure was employed, except that also H, (3 bar)
was first charged in the reactor before pressuring with CO,.
EtOH, with or without HDA surfactant added to the reagents. For
Pd ((Pd(hfac),-precursor), the reaction conditions were 100°C,
250bar and 30 or 60 min with a metal loading of 15 or 10 wt%.
With procedure B, we have studied the influence of (i) surfactant
on the Si0,@Pd NPs morphology and size, (ii) the precursor’s con-
centration (metal loading in wt%) and also iii) substrate type on Pd
NPs characteristics. These systems were tested catalytically in an
N-alkylation reaction of amines with alcohols.

2.5. Characterization

The size and composition of supported NPs were analyzed by
powder XRD diffraction (PANalytical X'Pert Pro with Cu Ak, radi-
ation) measurements, using Scherrer equation to determine the
metal NPs crystallite size. Morphology was studied by scanning or
transmission electron microscopy (SEM-JEOL 6700F and TEM-JEOL
2100).

2.6. Catalysis

Aniline (1.0 mmol), benzyl alcohol (2.0 mmol), catalyst (100 mg)
were added to a 20 mL pressure tube under argon equipped with
a magnetic stirrer. The reaction was heated at 150°C for 24 h then
cooled toroom temperature and filtered over Celite. The crude reac-
tion mixture was directly analyzed by GC/MS to quantify yields with
respect to mesitylene used as an internal standard.

3. Results and discussion

With the work presented here, we would like to show how
the morphology of nanostructured materials-metal NPs on oxide
supports can be tuned just by playing with some experimental
parameters.

To deposit the pure metal form on different supports, the most
convenient way is the use of H, as reducing agent, as reported in
most published articles. However, the challenge is to find alter-
native ways, and in the following we are presenting the results
obtained when H is replaced by other chemical compounds, alco-
hol as co-solvent or different surfactants. By decomposition onto
a silica support of hexafluoroacetylacetonate type metal precur-
sor in a supercritical mixture (200°C/250bar) of CO, and EtOH
(95:5 molar ratio) in the absence of H,, depending on the metal
type, pure metal or metal oxide can be obtained. This was observed
by powder XRD measurements, presented in Fig. 2a. Being used
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Fig. 1. Sketch of the experimental procedure for the fabrication of supported NPs material.

as a cosolvent, EtOH not only improves the metal precursor dis-
solution but also serves as reducing agent. If EtOH with a molar
fraction of 0.05 in scCO,, is able to reduce completely the Pt, it is
not strong enough reducer for the Cu and Sn since only the metal
oxides form being obtained (Fig. 2a). This might happen because
Cu and Sn are placed much below Pt in the Ellingham diagram
which greatly favour the formation of oxides in a slight reducing
atmosphere. Additionally, the presence of OH groups on the sil-
ica support and some H,0 molecules in EtOH [16] can also act as
oxygen source. The Pt and CuO (JCPDS 45-0937) nanocrystalline
size determined by XRD Scherrer formula applied on the (111)
peak was 7 nm and 11 nm, respectively. Unfortunately for SnO, NPs

(JCPDS 41-1445), the diffraction peak was too weak for an accurate
size calculation. Changing the Cu(hfac), precursor with Cu(tmhd),
and keeping all the other parameters identical, no diffraction peaks,
neither for metal nor metal oxide were observed (Fig. 2b). The
different behaviour of two Cu precursor was somewhat expected
since the precursors Cu(hfac), and Cu(tmhd), has not only a differ-
ent decomposition temperature of 230 and 260 °C, respectively but
also a different thermal decomposition mechanism [23,24]. This is
in agreement with the results obtained by A. Cabanas et al. [25].
They found that Cu, from Cu(tmhd), precursor, at 270°C and 0.11
molar fraction of EtOH in scCO,, has not been deposited on SiO,,
although the deposition conditions were working for the Co and

Table 1

Summary of the experimental procedures used for the fabrication of different nanostructured materials.
Label Reagents Reaction conditions
support@Mx Metal loading (wt%) Metal precursor Surfactant T(°C) Time (min) P (Bar)
M =metal
X=exp no
Method A: scCO, +EtOH, without H,
Si0,@Cul 5 Cu(hfac), - 200 30 250
Si0,@Cu2 5 Cu(tmhd), - 200 30 250
Si0,@Cu3 5 Cu(hfac); OAc 200 30 250
Si0,@Cu4 5 Cu(hfac), HDA 200 30 250
Si0,@Cu5 5 Cu(tmhd), HDA 200 30 250
Si0,@CuPt ig gf Ef(ﬁj‘;f;g; HDA 200 300 250
Si0,@Pt1 5 Pt(hfac), - 200 30 250
Si0,@Sn1 5 Sn(hfac); - 200 30 250
Si0,@Sn2 5 Sn(hfac), HDA 200 30 250
Si0,@Sn3 5 Sn(hfac), SDS 200 30 250
Method B: scCO, +EtOH, with H,
Si0,@Pd1 5 Pd(hfac), - 100 60 250
Si0,@Pd2 5 Pd(hfac), - 100 30 250
Si0,@Pd4 1 Pd(hfac), - 100 30 250
Si0,@Pd3 5 Pd(hfac), HDA 100 30 250
Ce0,@Pd3 10 Pd(hfac), - 100 60 250
Ce0,@Pd1 5 Pd(hfac), - 100 60 250
CeO,@Pd2 5 Pd(hfac), - 100 30 250
Ce0,@Pd4 1 Pd(hfac), - 100 60 250
Ce0,@Pd5 1 Pd(hfac), HDA 100 60 250
Fe,03@Pd1 1 Pd(hfac), - 100 60 250
TiO,@Pd1 1 Pd(hfac), - 100 60 250
ZrO;@Pd1 1 Pd(hfac), - 100 60 250
SiC@Pd1 1 Pd(hfac), - 100 60 250
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Fig. 2. XRD spectra of different metals NPs decorating the SiO, support: Pt, Cu and Sn deposited from hexafluoroacetylacetonate (hfac) type precursor (a); Cu deposited from

different precursors without/with HDA surfactant (b).

Ni metals. Instead at 300 °C, Cu film deposition onto SiO, support
was observed. Surprisingly, in our case by adding HDA surfactant
to CO, +EtOH + Cu(tmhd), mixture (system labelled SiO,@Cu5 -
Table 1) at a reaction temperature of 200 °C, clear XRD diffraction
peaks corresponding to Cu(®) NPs (JCPDS 04-0836) of 25 nm crys-
tallite size appears (Fig. 2b), the amine type surfactant favouring so
the metal formation.

The same trend is observed with the decomposition of
Cu(hfac),, in CO,/EtOH mixture in presence of HDA, Cu(® and
Cu,0 (cuprite) NPs being formed, with the predominant Cu(®
NPs of ~21 nm size (Fig. 2b). These results clearly show that HDA,
initially added as surfactant, is also assisting the reduction of both
studied precursors in supercritical CO,/EtOH mixture. Changing
the amine surfactant with an acid one-oleic acid (more oxidative
media), only Cu,O (JCPDS 05-0667) NPs with nanocrystalline
domains of around 27 nm were deposited onto silica support
(Fig. 3a). Cu(® NPs larger than 20nm can be deposited if along
EtOH, HDA surfactant is employed. The intention was to deposit

a) scC02+EtOH: 200 °C / 250 bar / 30 min
m
£ c SI0,@Cu-Pt
=1 Cu,0 { Cu cu
g _ e
< Cu,0 Si0,@Cu-HDA
= Cu,0
3 N s
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@
= Pd
=] Pd  Pd
g
S
= Si0,@Pd-HDA
2
[0]
= M.r\

shaade® Si0,@Pd2

20 40 60 80 100
2theta (°)

smaller Cu NPs. Experimentally we found that in the same
experimental condition, Pt NPs of around 7nm can be formed.
Hence our question was, what would happen by mixing the two
metal precursors, Cu(hfac), and Pt(hfac), in one to one weight ratio.
The result is presented in Fig. 3a. According to XRD diffraction pat-
tern of the system labelled SiO,@CuPt, CuzPt NPs (JCPDS 35-1358)
in agreement with others [26], with nanocrystalline domains of
7 nm were successfully deposited. In the case of a burst nucleation,
very small NPs can be obtained as experimentally found for Cu-Pt
system. Because the decomposition and reducing temperature of
Pt precursor is lower than the one of Cu precursor, the former
could act as catalyst to fasten Cu precursor decomposition, thus
reaching monomer supersaturation very rapidly and implicitly a
burst nucleation which will lead to small NPs formation.

If HDA is able to assist Cu precursor reduction, this is not the
case for Sn(hfac),, in the presence or in the absence of amine sur-
factant, SnO, (cassiterite) being deposited. Changing the amine
with sodium dodecyl sulphate (SDS) surfactant, the behaviour of

b) scCO,+EtOH: 200 °C /250 bar / 30 min

- Sn

2 & Sno,

5 MR

g
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d) label surfactant NPs <®>,.0
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sio,@pPd2 - Pd 9
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Fig. 3. Study of different surfactants influence on three metal type NPs, supported on the same silica support.
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50 nm

Fig. 4. TEM images of silica supported metal NPs: SiO,@Cu5 NPs (a), SiO,@CuPt NPs (b) and SiO,@Pt1 NPs (c).

the reaction media is modified, leading to a better reduction of the
precursor to its metal form (Fig. 3b).

Further we tested the effect of HDA surfactant on the forma-
tion of Si0,@Pd NPs, but in the presence of H;. As it is a stronger
reducing agent, the amine effect on the Pd NPs size is minor, sizes
of 8 (with HDA) and 8.7 nm (without HDA), respectively (Fig. 3c).
On the contrary, a stronger influence of amine surfactant on Pd NPs
morphology and oxide supported NPs architecture was observed
(discussed later) showing that, in this case, HDA is playing the
role of surface modification agent. Analysing the TEM images of
the SiO,@Cu5, SiO,@Pt1 and SiO,@CuPt NPs (Fig. 4), the micro-
graphs reveal a complete coverage of silica support with NPs,
forming almost a multi-layered film. This is in agreement with the
bimodal mechanism found previously by our group [13,14]: first - a
homogeneous nucleation in supercritical media and second - a het-
erogeneous growth of NPs by direct reduction of the left precursor
over the existing nuclei.

If Cu and Pt NPs from hfac type precursor are deposited on sil-
ica support as a film made by monodispersed NPs, using the same

BSEI 100kv  X6,500 1um

a) <@> =185+ 65nm
a0 35 % polydispersity
30
c
3
O 20
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Sio,@Pd
»
0 75 150 225 300 375
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d) <®> =296 + 67 nm
23 % polydispersity
40
30
®
5 20
o
(@]
10
Si0,@Pd-HDA
150 225 300 375 450
Aggregates diameter (nm) BSEl 100KV  X7.000

precursor type and similar conditions the Pd deposition was found
to be completely different. SEM images of SiO,@Pd NPs are pre-
sented in Fig. 5. Back-scattering images reveal the deposition of Pd
NPs in the form of hollow spherical aggregates made by small Pd
NPs (Fig. 5¢). These aggregates with a mean size of 185 nm and 35%
polydispersity (Fig. 5a) are quite well dispersed on the silica sur-
face. The architecture conjures up the same bimodal mechanism
[13,14] for NPs formation, but as second step, fast heterogeneous
growth of Pd NPs by coalescence of Pd nuclei on the silica surface
could be imagined. A tendency of agglomeration of small Pd NPs on
another type of support, using the same Pd(hfac), precursor in the
presence of Hy and CO, + EtOH mixture was also reported [27-29].

However, adding HDA surfactant, homogeneity in NPs size and
aggregates deposition occurs. These spheres made by small NPs
are larger (Fig. 5d-f), more rounded and compacted. The pres-
ence of HDA surfactant seems to decrease the surface energy of
Pd NPs being in agreement with their spherical and more com-
pact organization and also might inhibit some of Pd active sites,
clearly seen in a different catalytic activity, discussed later in the

WD 6EM BSEI  10.0kV X100,000 100nm

Tum WD 7.1mm BSEl  10.0kv X100,000 100nm WD7.1

Fig. 5. SEM-back scattering images of SiO,@Pd without (a-c) or with surfactant (d-f). The small Pd NPs of around 8 nm are forming spherical aggregates of few hundreds of

nm in size organization affected by the presence of surfactant.
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Fig. 6. Comparison between the summative influence of the support type, silica (a and c) and ceria (b and d) on Pd NPs together with either metal loading (a and b) or reaction
time (c and d). The crystallite size was calculated for (11 1) peak, highlighted with a rectangle.

150°C, 24 h

NH support@Pd
—>

Scheme 1. N-alkylation reaction using as catalysts, oxide supported Pd NPs.

text. Using a different support such as CeO,, but the same Pd NPs
we also studied the influence of HDA on material properties, sys-
tems labelled CeO,@Pd4 (without HDA) and CeO,@Pd5 (with HDA)
(Table 1). Unfortunately, due to low metal loading (1 wt%), it was
not possible to detect Pd by XRD measurement (Fig. 6b), but the Pd
presence was confirmed by the observed catalytic activity.

In the following, the research work is devoted to study the influ-
ence of metal loading, reaction time together with the support type
on Pd NPs size. Fig. 6 is representative for this. As already known, for
both thermodynamic and kinetic control of NPs formation, the NPs

Table 2
Catalytic activity of oxide supported NPs in N-alkylation reaction.

Entry Catalyst (1 mol%) Yield (%) 4+3 Selectivity (%)
3 4
1 SiO,@Pd1 96 42 58
2 Si0,@Pd2 95 40 60
3 Si0,@Pd3 88 82 18
4 CeO,@Pd1 96 99 1
5 CeO,@Pd2 95 99 1
6 CeO,@Pd3 90 99 1
7 CeO,@Pd4 99 82 18
8 CeO,@Pd5 99 32 68
9 Fe,0;@Pd1 97 87 13
10 TiO,@Pd1 83 43 57
11 ZrO,@Pd1 80 95 5
12 Si-C@Pd1 50 49 51

size could be increased by raising the concentration of metal pre-
cursor. We exemplify this control for two systems, namely SiO,@Pd
and CeO,@Pd NPs, respectively (Fig. 6a and b). For 1 and 5 wt% metal
loading, the size of Pd NPs deposited on SiO, support was around 4.5
and 9 nm, respectively (Table 1 - labels SiO,@Pd4 and SiO,@Pd2).
Keeping the same conditions, but changing only the support, com-
parable Pd NPs sizes were deposited on CeO, support (Table 1 —
labels CeO,@Pd5 for 1 wt%, CeO,@Pd1 for 5wt%, and CeO,@Pd3 for
10wt%) keeping the same trend: increasing the NPs size with the
metal loading (Fig. 6a and b). As expected, changing the size and
maybe the surface chemistry, the chemical properties of Pd NPs are
changing, affecting directly the obtained catalytic yield. It is impor-
tant to underline that the support (silica or ceria) has a negligible
influence on the Pd NPs size. For 5 wt% metal loading, Pd NPs have
for both supports (SiO, and CeO,) the same size, around 9 nm. The
reason could be because NPs formation and deposition is governed
by a kinetic control-homogeneous nucleation in the supercritical
media followed by heterogeneous growth rather independent of
support type. This is also confirmed by the similar sizes, 9 nm for
Pd deposited on SiO, or CeO,, when the reaction time was varied,
30 or 60 min (Fig. 6¢c and d). The almost constant size for Pd after
30 or 60 min can be interpreted as fast precursor consumption due
to high reactivity of Pd nuclei and autocatalytic behaviour of Pd.
This behaviour is not general for every metal, for example the size
of copper NPs can be tuned with the reaction time in low tem-
perature supercritical media, as previously observed by our group
[14].
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Si-C@Pd

CREMEM BSEI 100KV X40,000 100nm

Fig. 7. SEM-back scattering images of Pd NPs on different supports type: silicon carbide (a), iron oxide (b) and ceria (c).

As we have seen so far, size, morphology, composition and
organization of the deposited metal NPs can be controlled with
type of metal, type of precursor used and reaction media compo-
sition (stronger or weaker reducing media). A similar effect can be
also achieved by changing the support type. But as it is known,
changing the NPs physical properties, undoubtedly NPs chemical
properties are changing, exemplified in this work with catalysis
data.

3.1. Catalysis

For the purpose of using supported Pd NPs as catalyst, mate-
rials with 1wt% metal loading on different oxides support were
prepared, as SiO,@Pd4, CeO,@Pd4, TiO,@Pd1, ZrO,@Pd1, Fe;0;@Pd1
and SiC@Pd1. Without any additive or solvent, the previously
prepared catalysts were tested in N-alkylation reaction between
benzyl alcohol 1 and aniline 2 (Scheme 1) using a borrowing-
hydrogen methodology. The catalytic system, by hydrogen transfer,
can both oxidize the alcohol 1 and reduce imine intermediate
3into4.

The comparison of catalytic activity of support@Pd led to large
differences in reactivity depending on catalyst synthetic protocol
(Table 2).

In the case of silica—support, there is a high conversion and with
96% yield of 3+4 and a majority of amine 4 (Table 2, Entry 1). The
decrease in catalyst preparation time (60-30 min) has no influence
on the yield and selectivity (Table 2, Entry 2), because Pd NPs size
is the same. These results demonstrate that even the individual Pd
NPs are organized in larger hollow spherical assembly (Fig. 5b) the
NPs are still keeping their catalytic activity. Instead, the introduc-
tion of the surfactant (HDA) has a negative effect giving a lower
yield of 88% but also a large non reduced imine 3 compared to most
desired amine 4 (Table 2, Entry 3). As previously mentioned, adding
the HDA, some active site must be blocked and moreover the hollow
spheres organization is changed with compact and larger spheres,
decreasing the Pd NPs available for the contact with the reagents,
lowering such the catalytic activity.

Cerium oxide as a support also allows obtaining a good yield of
96%, but only the imine is formed (Table 2, Entry 4). No effect of
catalyst time synthesis was again observed, because the NPs size
is maintaining the same (Table 2, Entry 5). The size has a direct
influence on catalytic activity, the reaction yield decreased with
increasing the metal loading correlated with NPs size as following,
99% yield for 1 wt% Pd loading (Table 2, Entry 7), with an early onset
of amine 4 observed, 96% yield for 5 wt% Pd loading (Table 2, Entry
6) and 90% yield for 10 wt% Pd loading (Table 2, Entry 4), but keep-
ing the same selectivity. The addition of a surfactant on the smaller
NPs, contrary to SiO, support, has a very beneficial effect with 68%
ofamine (Table 2, Entry 8). Several other supports were tested with-
out surfactant. Iron oxide provides a good yield of 97% but a low

selectivity for the amine (Table 2, Entry 9). Titanium and zirconium
oxide are less effective with lower yields, but with a better selec-
tivity for TiO; (57%) than ZrO, (5%) (Table 2, Entries 10 and 11).
Silicon carbide gives less good yield despite a selectivity of 51% for
the amine 4 (Table 2, Entry 12). These different catalytic behaviours
arise from Pd NPs different orgnization/architecture with respect to
different supports [2], clearly seen in SEM micrographs presented
in Fig. 7. In the case of Pd deposited on CeO, (Fig. 7a), although
a distinction between two materials is difficult to be done, the
small Pd aggregates observed being highlighted by white circles,
NPs presence is certified by the high reaction yield. On SiC support,
Pd NPs organize themselves in aggregates with unusual geometries
(Fig. 7c) but surprisingly with better selectivity despite the lower
yield (Table 2, Entry 12), while on Fe,03 support, Pd NPs seem to
be smaller and more homogeneous monodispersed (Fig. 7b).

4. Conclusions

We have demonstrated that kinetically controlled surface
nano-structuring namely supported metal NPs on oxides is a
versatile way for preparing active materials. Size, composition
and morphology of deposited NPs can be controlled by varying
the metal type (Cu, Pt, Sn or Pd), metal precursor type (hfac or
tmhd type ligand) and concentration, reaction media composition
(presence of EtOH as cosolvent with/without surfactant) as a
stronger or weaker reducing media. It was found that organiza-
tion/architecture of supported NPs depends on the type of metal
and support employed; Cu and Pt are deposited onto SiO; as a film
made by small monodispersed NPs, while Pd on the same support
is forming large spherical aggregates made by small monodis-
persed NPs. With the addition of a surfactant, especially HDA, in
the absence of Hy, NPs size and composition can be tuned. On the
contrary, when Hj is also present along the surfactant, the NPs size
is less affected by the presence of surfactant, but the latter affects
instead the NPs organization. Direct correlation between NPs
characteristics (size, composition, morphology and organization)
and chemical properties were highlighted with systems catalytic
behaviour: it was found that catalytic activity, the reaction yield
is directly correlated with the NPs size, but the reaction selectivity
is influenced more by the presence of amine surfactant and type
of solid support used. These certify once again the importance of
synthetic method elected which will have a direct influence on the
physicochemical properties of the final materials.
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