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A synergetic effect and catalytic activity in allylbenzene isomerization have been found for the Au—Ni/SiO, system prepared by

metal-vapour synthesis.

The high catalytic activity and selectivity of gold nanoparticles
are attractive.! The metal-vapour synthesis (MVS) is widely
used for the preparation of colloidal solutions,? polymers’
and inorganic nanomaterials* containing Au nanoparticles. For
example,’ gold-containing nanoparticles obtained by MVS and
supported on SiO, and y-Al,O; manifested a high catalytic
activity in CCl, addition to multiple bonds.

The aim of this work was to study the catalytic activity of a
gold-containing nanocomposite towards the allylbenzene iso-
merization to trans- and cis-methylstyrene.
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The catalysis of the process with gold-containing nanocom-
posites is characterised by a strong size effect and synergism of
the catalytic activity in the case of systems containining gold
and nickel simultaneously.

For the catalyst preparation, metals of 99.8-99.9% purity
were used. A tungsten rod with a diameter of 1.5-2 mm
(99.98% purity) was used as a metal evaporator. Toluene,
triethylamine and allylbenzene (Aldrich) were dried over CaH,
or Na and used as-dephlegmated. Fine silica powder (Aldrich,
500 m? g~!) was used as a substrate for supporting Au-con-
taining nanoparticles. Before deposition, the substrates were
activated at 102 Torr and 300 °C for 6 h. All organic reactants
were outgassed by several consecutive freeze—thaw cycles at
at least 102 Torr just before their utilization in the MVS.

Vapours of one or two metals were deposited on a reactor
surface cooled with liquid nitrogen simultaneously with Et;N or
PhMe at 10~ Torr. At the end of the synthesis, the cooling was
stopped, the reactor was filled with argon and the suspension of
the co-condensate was pressed out from the reactor into a
Schlenk bulb containing SiO, under vacuum. The excessive
suspension was removed, and the as-prepared composite was
dried at 10~ Torr and 100 °C. Supported systems were prepared
by the impregnation of the activated substrate with mono- or
bimetallic organosols, which were prepared by MVS using a
stationary set-up with a 5 dm? glass reactor. The metal content
of the samples was determined by atomic adsorption spectro-
metry (AAS) on a Hitachi 180-80 instrument. The metal was
washed off the support with a solution of HCI-HNO; (4:1). The
sensitivity of this method was 5x10°-5x10-5 g dm.

The dispersion of supported particles was estimated by X-ray
analysis using an approach described elsewhere.” All the pre-
paration steps were done under argon purified by the usual
Schlenk technique.

The XPS spectra were recorded on a Kratos XSAM-800
spectrometer using MgKa radiation (90 W) at about 10-8 Torr.
Gold and nickel foils used as reference samples were cleaned
by Ar* ion bombardment (partial pressure of 5x10- Torr) at a
kinetic energy of 2keV at an incidence angle of 45° in an
ultrahigh vacuum (below 10-8 Torr). The XPS spectra were
background subtracted (assuming linear and Shirley background
due to the secondary electrons for the insulating catalysts and
metal foils, respectively) and fitted with Gaussian line profiles.

The Si 2p (103.9 eV) peak for the SiO, substrate was used
for the charge compensation and calibration of binding energies.
The quantitative analysis was based on the atomic sensitivity
factors.® The samples were placed into the spectrometer onto a Ti
sample holder and catalytical reactor in atmospheric environment.

The catalytic activity towards the allylbenzene isomerization
A (mole of product mole of metal~! h~!) was measured by usual
experiments: 0.1 g catalyst at metal content in the sample of
10°-10"%mol, 7.5x10*#mol of allylbenzene, 170 °C. The
as-measured reaction rate was normalised to the metal content
at a surface of gold nanoparticles, which was estimated using
relations obtained in hemisphere approximation of particle
shape.®10

Catalytic experiments were performed in glass ampoules
under vacuum conditions with intense agitation, under conditions
of the kinetic control of the reaction process. The products were
analysed by gas chromatography and chromatography-mass-
spectrometry.

PhMe and Et;N were used in MVS for the preparation of
Au, Fe, Co and Ni organosoles.’7 The utilization of Et;N is
preferable for the preparation of the supported Au system since
a particle size distribution with a maximum at about 3 nm can be
obtained in this case. The utilization of an Au—PhMe suspension
gives rise to the formation of larger particles of size 20-40 nm.
For the Ni-Et;N system, a broad particle size distribution from
15 to 95 nm with a maximum at 50 nm was measured.

The supported systems based on gold sols in toluene containing
particles with the average size d(Au,),, > 30 nm are inactive in
allylbenzene isomerization. A decrease in the gold particle size
down to 2-3 nm causes a sharp increase in the catalytic activity.
Data on the catalytic activity of nanocomposites 1-5, their
compositions and properties are presented in Table 1.
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Table 1 Characteristics and properties of nanocomposites 1-5.

E, E, E,Au E,Au  E,Ni
Au Ni Au/  Au/ .. Average Catalytic activity/ Ni Ni AfopleN  AfspleV 2pa, —
Sample (W%) (Wi%) Nigy, Niy, Surface composition b mol molg, hT 2py./ 2py, (FWHM/  (FWHM/  Audf,,/
) eV sat/eV eV) eV) eV
Au-Ni/SiO, 1 0.14 010 04 03 SiO,gAu,;Niy,C, 2.34 5580 856.0 861.6 84.3(2.1) 87.9(2.5) 7717
2 049 016 09 1.0 SiO,;Au,Ni;,0,5C;, 2.9¢ 4620 856.7 862.2 84.2(22) 87.8(2.5) 7725
3 045 046 03 03 SiO,3Au,Niy,Ci 6 3.0¢ 242 856.9 862.7 84.0(2.5) 87.6(2.7) 7729
Ni/SiO, 4 — 0.30 SiO, 3Nij | C 5 50 0 8559 861.5
Au/SiO, 5 021 — Si0, yAug(,Co s 2.1 108 84.0(2.2) 87.6(2.2)

4The first (sharp) maximum of bimodal distribution. The second (broad) maximum is about 45 nm.

In order to understand the nature of the synergetic influence
of Ni on the Au + Ni system, the active surface of nanocom-
posites 1-5 was studied by XPS. Figure 1 shows the Ni 2p;,
and Au 4f,, core-level lines of mono- and bimetallic samples,
which differ in the relative Au and Ni atomic concentrations,
whereas the quantitative surface analysis data and Ni and Au
core-level binding energies (E,) are summarized in Table 1.
A comparison of the Au/Ni bulk and surface concentration ratios
shows that they are close to each other, i.e., no preferential
deposition or inclusion inside the sample of one of the metals
occurs. Thus, through the XPS sampling depth, no inhomogeneous
metal distribution was detected.

The comparative analysis of the E, of Au 4f;, lines allowed
us to suggest a correlation between the XPS data and the
catalytic activity. The higher the catalytic activity of a sample,
the higher the E; of Au 4f,,, and the smaller the peak width.
A decrease in the Au 4f;,, peak width (Table 1) may be due to a
decrease in the concentration of catalytically inactive states.

The difference of the Ni 2p;,, and Au 4f;,, binding energies
(AE,), which is 771.7, 772.5 or 772.9 ¢V in 1, 2 and 3, respec-
tively, may be used as a parameter characterising interaction
between Au and Ni. The parameter AE,, as well as E,(Au 4f5),),
correlates with the catalytic activity. The value of 771.7 eV
corresponds to the highest catalytic activity. The interaction
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Figure 1 (a) Ni 2p;, and (b) Au 4f core level photoelectron spectra

of (I)-(3) Au-Ni/SiO, 1-3, (4) Ni/SiO, 4, (5) Au/SiO, 5, (6) Ni foil and
(7) Au foil. The Ni 2p5, spectrum (2) fitted by metal and oxide states.

between these metals induces a positive binding energy shift of
the core level of one metal and a negative shift of the other,
which indicates alloy formation. It was shown that AE, of
AuysNij 5 cluster was 768.35 eV.!! Such distinct differences
in AugysNiy s cluster’s and 1-3 AE, values are related to the
absence of ‘pure’ interaction between Au and Ni in 1-3, due to
the presence of oxygen and carbon in the substrate.

We consider the samples as a set of subsequent composi-
tional transformation: 4 - 1 - 2 - 3. A comparison of spectral
features of 4 and published data!?>-2! show that the main state of
nickel is NiO. At least, the interaction of active metal with the
substrate surface results in the oxidation of the surface layer of
nickel nanoclusters.

The addition of Au (sample 1) does not change the nickel
chemical state: a typical spectrum of Ni%* is observed. The
Ni 2p,, binding energy and the line shapes in samples 4 and
1 are similar. However, the Au 4f;, peak in the spectrum of 1
shifts to higher energy by 0.3 eV relative to that of 5 that may
be an evidence of the Ni influence on a change of the interac-
tions between Au and the substrate, due to the formation of
structures like Au/NiO/SiO,, NiO/Au/SiO, or AuNi,O,/SiO,.
Change of relative and absolute metal contents will cause a
redistribution of weight coefficients of the structures mentioned
above and thus appear in photoelectron spectra.

The Au content increase in 2 in comparison with 1 induces
essential changes of Ni spectral features. The Ni 2p;, peak
shifts to a high binding energy and a new state appearing at
853.1 eV evidences the Ni® state, although Ni?* remains the
main state, as in 1. The Ni® state is observed in the valence
band spectrum of sample 2. The valence band spectra show
that variable amounts of Ni® are present in all the samples,
excluding topmost nanocluster layers. It is related to the fact
that inelastic mean free path of the valence electrons is about
twice longer than that of the Ni 2p electrons.??> An increase
in the absolute metal content in 3 in comparison with 1 at a
constant Au/Ni ratio induces the Ni 2p;;, peak shift by 1.2 eV
and an increase in the Au 4f;, full width at half maximum
value by 0.4 eV. In this case, the Au 4f;, line broadening is very
large and the Au spectrum includes all the states mentioned
above. At the same time, there is a state with a binding energy
less than that measured in 1.

The fact of the mutual influence of Au and Ni in bimetallic
catalyst on their spectral features manifests that the electronic
properties of the components essentially change upon the
formation of the bimetallic nanocomposites. The Ni 2p;,, and
Au 4f;,, electron binding energies of some Au-Ni quasialloys
were measured.!! By comparing their values with those of 1-4,
one may conclude that the main Ni state is Ni2*. The oxide shell
prevents a direct contact between Au and Ni. The positive role
of Ni expressed in the increase of the catalytic activity may be
due to the limitation of Au contacts with the substrate, so as
nickel and its oxides form an interface between SiO, and Au
particles.

The appearance of the Ni® state in the the gold-rich samples
is due to gold shielding of nickel nanoparticles, which prevents
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contact of pure Ni with the surface during the formation of the
catalyst. The influence of a hydrocarbon shell formed during
the interaction of Et;N with metal nanoparticles in MVS should
also be taken into account. Such a process follows because
of a high carbon content of a surface layer (Table 1) and high
reactivity of nanoparticles. It may result in an increase in the
Au 4f;, line width in sample 3, which is the richest in terms of
metal content and surface carbon. A similar change in the Au 4f
line shape was observed previously?? and interpreted as the
formation of a hydrocarbon shell around the Au cluster.

This work was supported by the Russian Foundation for
Basic Research (grant nos. 05-03-33065 and 06-03-33131).
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