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A comparative quantitative study of catalytic activity of Au nanoparticles and SiO,/Au
heteronanoparticles of various sizes in decomposition reaction of H,0, aqueous alkaline
solutions. It has been established that the catalytic activity increases with the dispersity
of gold hydrosol particles and decreases as the diameter of silica dielectric core grows. The
catalytic activity of SiO,/Au heteronanoparticles depends on amount of gold on the silica
surface and the heteronanoparticle size.

IIpoBeneHO CPAaBHHUTENBbHOE KOJMYECTBEHHOE MCCJIELOBAHNE KATAJINTAYECKON AKTUBHOCTU
HaHouacTul AU u rerepoHaHouacTur, SiO,/AU PasIYHOro pasMepa B PEAKINH PasIOMKeHHA
BOJHO-IIENOYHEIX pacTBopoB H,0,. YcranopmeHo, 9TO KaTalWTH4YecKad aKTHBHOCTH PacCTeT
IpHM YBEJIWYEHWN CTEHeHM ANCIEPCHOCTH YACTHI AJA TUAPO30Jel 30JI0TA M CHIKAETCA IIPHU
YBeIMUeHNN AMaMeTpa AMIJIeKTPHUUECKOTO AApa KpeMHeseMa A rereporanodacTu SiO,/Au.
Karamuruyeckas akTuBHOCTH rereponanovactul, SiO,/AU 3aBUCHT OT KOJMYECTBA 30J0Ta HA
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MOBEPXHOCTA KPEMHe3eMa M PasMePOB I'eTePOHAHOUYACTHII.

Recently, the catalytic activity of metal
nanoclusters is under intensive investiga-
tion. The unique structure of nanoclusters
imparts to those a series of new properties
as compared to usual metals and other
chemical compounds. The specific features
of nano- and microgeometry as well as a
high specific surface of nanosystems offer
new possibilities in development of active
and highly selective catalysts [1]. Consid-
eration of literature data shows that gold
nanoparticles exhibit a high catalytic activ-
ity in gas phase oxidation reactions of carb-
on monoxide, while nanosized gold catalysts
on silica and alumina surfaces prepared
using impregnation show a high selectivity
in 1,3-butadiene hydrogenation to buten. It
is just the nanoparticle size that defines the
catalyst activity [2—4]. In the methanol syn-
thesis reaction, Ag and Au nanoparticles de-
posited onto zirconium oxide surface dem-
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onstrated a high catalytic activity [5]. Gold
nanoparticles of less than 4 nm size exhibit
a high catalytic activity in propylene epoxi-
dation reactions [6]. Several works of past
years are known devoted to catalytic activity
of gold hydrosols in the standard reaction of
hydrogen peroxide decomposition [7, 8]. The
rate constant of hydrogen peroxide decom-
position has been shown to depend on the
dispersity of gold hydrosols.

Our previous studies have shown that
the size of silica dielectric core as well as
the SiOo/Au heteronanoparticle structure in-
fluence considerably the properties of gold
metal attached to its surface [9]. It seems to
be of importance to ascertain to what extent
the catalytic properties of gold nanoparti-
cles will become apparent when the particles
are fixed at silica nanoparticles of much
larger size. To determine the effect of silica
dielectric core size and structure on cata-
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lytic properties of gold nanoparticles, it is
of interest to study the catalytic activity of
SiOy/Au heteronanoparticles in the liquid-
phase reaction of hydrogen peroxide decom-
position that is a well-studied model of
catalytic redox reactions. Since in heteroge-
neous catalysis, the reaction rate change is
associated with the intermediate chemical
interaction between the reactants and cata-
lyst, and at redox reactions, the intermedi-
ate interaction is defined by electron transi-
tions between the catalyst and reactants,
the processes running in the catalytic H,O,
decomposition are typical of that reaction
kind. There are no literature data on the
catalytic activity of such nanostructures.
The purpose of this work is to study the
catalytic activity of SiO,/Au heteronanopar-
ticles in the liquid-phase reaction of hydro-
gen peroxide decomposition and to compare
it to the activity of gold hydrosols of vari-
ous dispersity.

The monodisperse spherical silica parti-
cles were obtained using a procedure similar
to that described in [10]. SiO,/Au hetero-
nanoparticles were obtained by colloidal
synthesis according to procedures elabo-
rated by authors [9]. Aqueous colloidal solu-
tions of SiO,/Au heteronanoparticles with
various core diameters (40, 120, and
350 nm) at the same metal shell thickness
(3 nm) were obtained as well as those of
SiOy/Au heteronanoparticles with SiO, di-
ameter of 40 nm and separate gold clusters
fixed at the surface thereof. The metal shell
on the core surface is uncontinuous. There-
fore, the shell thickness means an “effec-
tive” one determined from the ratio of total
volume of gold nanoparticles to the core
surface area [9]. Gold hydrosols with parti-
cle size of 2, 3, and 10 nm were prepared
using the colloidal synthetic methods [11].
The SiO, and Au particle sizes were deter-
mined by transmission electron microscopy
using an EM-125 microscope at 100 kV ac-
celerating voltage and a JEOL-820 scanning
electron microscope. The samples were pre-
pared according to the standard procedure
including application of the nanoparticle so-
lutions onto copper films coated with a
carbon film and removal of the excess solu-
tion using filter paper.

The catalytic activity of SiO,/Au hetero-
nanoparticles, gold hydrosols, and SiO,
nanoparticles in the standard reaction of hy-
drogen peroxide decomposition was studied in
a water thermostat at 25+0.5 °C. Gold con-
centration in all the solutions under study
was the same and amounted 31076 g-atom
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Table. Averaged values of rate constant
for H,0, decomposition by SiO,/Au hetero-
nanoparticles and Au sols. The mean geo-
metric parameters of particles are pre-

sented.

System studied k104, 571

Au sol (10 nm) 1.7

Au sol (3 nm) 7.0

Au sol (1-2 nm) 11.3

Si0,/Au (350/3 nm) 0.2

8i0,/Au (120/3 nm) 0.62

Si0,/Au (40/8 nm) 2.4

SiO,/Au (40 nm/separate 0.12

Au clusters)

per liter. The concentration of colloidal
Si0, solutions was selected to be equal to
SiO, concentration in the solutions of
SioglAu heteronanoparticles and amounted
1013 particles per liter. The catalytic activ-
ity was studied in alkaline aqueous solu-
tions according to [7]. In a dry flask, the
necessary volume of the colloidal solution to
be studied was mixed with water up to
30 ml volume, 2.7 ml of 0.4 M NaOH solu-
tion and 2 ml of 3% H,0, solution were
added. To analyze, the reaction mixture
samples of 2 ml volume were taken every
15 min, mixed with 0.4 ml of 1 M H,SO,
solution and titrated with 0.002 M KMnO,
solution. The blank experiment (without the
catalyst) was carried out in parallel.

Since the H,O, decomposition is a first-
order reaction, the reaction rate constant
was calculated using the formula [7, 8]

_2.303 . _a

k
At ga—x

where a (ml) is the volume of KMnQO, solu-
tion used in the preceding titration; (a—x),
the volume of the solution at the time inter-
val At¢. The titrations were carried out in
triplicate. The determination error for k
was 6% on average and did not exceed
10% . The reproducibility in parallel experi-
ments was approximately the same. The
study results both of SiO, nanoparticles and
SiO,/Au heteronanoparticles by electron mi-
croscopy evidence that the surface structure
and appearance of the particles remain un-
changed during the kinetic experiments in
alkaline aqueous solutions (pH = 11.4)
where the H,0, decomposition reaction
runs. In the heteronanoparticles, the gold

Functional materials, 12, 3, 2005



N.A.Matveevskaya et al. / Catalytic activity of ...

nanoclusters remain fixed at the SiO, sur-
face, neither aggregation no dissolution of
the SiO, nanoparticles take place. The in-
itial SiO, nanoparticles do not show any
catalytic activity.

As expected, the catalytic activity of
gold metal hydrosols is in correlation with
the particle dispersity. A similar depend-
ence is seen clearly for SiO,/Au hetero-
nanoparticles, too (see Table). Comparison
of the H,O, decomposition rate constants
for SiO,/Au heteronanoparticles with 40 nm
core diameter and various extent of the sil-
ica surface coating with gold nanoclusters
(separate clusters, the shell thickness 3 nm)
shows that the reaction rate is defined by
Au amount fixed at the SiO, surface (0.12
and 2.4.10% s71 respectively).

To explain the distinctions in the rate
constant values for the system studied, let
a simplified model be considered where SiO,
spheres are coated with a thin continuous
gold layer. Simple calculations based on the
numerical concentration values (equal to the
number of gold particles per unit volume)
and geometric parameters of the nanoparti-
cles show that the total area of the Au/H,O
interface in gold hydrosols amounts
9.2-.1016, 6.2.1016, and 1.8-1016 nm?2 (for 2,
3, and 10 nm size, respectively), while for
heteronanoparticles, it is 2.5-1016 2.2.1016,
and 2.1.1016 nm? (for 46, 126 and 850 nm
particle size, respectively). These results ex-
plain well the reaction rate constant drop
for gold hydrosols as the particle size in-
creases, but the sharp drop of k (from
2.38:107% to0 0.2-107%) in the case of hetero-
nanoparticles remains unexplained.

Another model seems to be more plausi-
ble. In its frame, the Au nanoparticles fixed
at the support (SiO,) retain their individual
structure, including the high specific sur-
face, in spite of the fact that it is decreased
somewhat due to fixation at the silica sur-
face area. Thus, the picture is reduced to
the statement that Au nanoparticles become
concentrated at larger SiO, spheres. Such
concentrating should no doubt influence the
hitting probability of H,0, molecules onto
the catalyst surface. Perhaps this may be
the reason for the appreciable decrease of
the reaction rate constant from 6.95.107%4 g1
(pure gold sol) and 2.38:107% 571 (SiO, di-
ameter 40 nm) to 0.20-107% s™1 (SiO, di-
ameter 350 nm). It is to note that the &
value is defined not only by the specific
surface of Au nanoparticles on the SiO, sur-
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face but also by other factors. In particular,
both SiO, and Au nanoparticles are known
to have a complex fractal structure [12-14]
that seems to favor the reactant diffusion
to the catalyst surface and the start of ele-
mentary act of the catalytic reaction.

Thus, the experimental studies carried
out in this work evidence that SiO,/Au het-
eronanoparticles show a catalytic activity in
the liquid-phase reaction of hydrogen perox-
ide decomposition. That activity is due to
catalytic activity of gold nanoclusters. In
the specific experimental conditions, the
catalytic activity of heteronanoparticles is
somewhat lower than that of gold hydro-
sols, although the k& values are rather close
to one another (1.7 and 2.4) for Au nanopar-
ticles of 10 nm diameter and SiO, (40 nm)/
Au (3 nm) heteronanoparticles, respectively.
On the other hand, in the heteronanoparti-
cle structure, the catalyst is already fixed
on the solid support, therefore, its use in
specific practical tasks can be found to be
more effective than in the case of metal
nanoparticles.

Authors acknowledge Dr. S.V.Dukarov
that has assisted in the electron-microscopic
examination of the experimental samples.
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RaraniTnuHa aKTHBHICTH rerepoHaHodactuHok SiO,/Au
Yy peakiii po3kJagaHHS IEePOKCHAY BOITHIO

H.A.Mameeeecvka, M.O. Muednoe-Ilempocsan,
KO.1.11a3mopa, B.Il.Cemunoxnenrxo, O.B.Torma4wos

ITpoBemeno mopiBHANBHE KiJbKicHe MOCHimKeHHSA KaTaJdiTUYHOI AKTHBHOCTI reTepOHAHO-
uacruHok SiO, /AU pisHEX posmipi Ta crmamy i HaHOuacTHHOK Tigposonis Au y pearmii
POBKJAJaHHA BOSHO-TY:KHHX posumHiB H,0,. VcraHoBmeno, Imo KaTaliTHyHA aKTUBHICTB
3pocTtae mpu 301MBIITEHH]I CTYIEeHIO AMCHEPCHOCTI YACTHUHOK A TiApo30JiB 30J0Ta i 3MeH-
UTYeThCA TPU 3POCTAHHI AiaMeTpy AieJIeKTPUYHOTO AAPa KPeMHe3eMy AJs TeTepOHAHOUACTHU-
mok SiO,/Au. Karamitmuma axTueHiCTs TerepomanouactTuHOK SiO,/AU samexuTs Big
kimpkocri AU Ha moBepxHI KpeMHeseMy Ta poamipis rereponanouacTmHOK SiO,/Au.
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