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A novel route to prepare monodispersed 1–2 nm gold nanoparticles (NPs), based on the use of extremely small
SiO2 NPs (2–4 nm) as a support and increasing their metal-support interaction with surface modiﬁer oxides is
presented. The inﬂuence of modiﬁer (La, Ce and Fe oxides) and modiﬁcation method (impregnation (i) or direct
synthesis (s)) on the formation of ultra-small Au NPs and their structural and electronic properties was studied.
The samples were characterized by N2 adsorption (BET), FTIR of adsorbed CO, XRD and HR-TEM methods, and
tested for the catalytic selective oxidation of 1-octanol. Preparation of monodispersed Au NPs with 1 nm diameter was successfully achieved for all the modiﬁed samples studied, with exception of Au/Ce/SiO2-i, where
CeO2 was not homogeneously distributed. The Au NPs have high degree of monodispersity and are stable when
treated in H2 up to 300 °C. Formation of these Au NPs depended on the strong interactions between the cationic
gold complex precursor and the surface of modiﬁed SiO2 NPs. Modiﬁers changed electronic properties of supported gold; favoring the formation and stabilization of Auδ+ states, which are probable gold active sites of
selective liquid-phase oxidation of alcohols in redox catalytic processes. 1-octanol oxidation was used as a model
reaction for oxidation of fatty alcohols obtained during biomass transformation. The best performance for 1octanol oxidation was found for gold nanoparticles supported on the ultra-small SiO2 modiﬁed cerium oxide by
impregnation method. The relative order of activity was: AuCeSiO2-i > AuFeSiO2-i ≫ AuLaSiO2-i ≈ AuLaSiO2s > AuSiO2 > AuFeSiO2-s≫ AuCeSiO2-s. The obtained results open the possibility of further development of
high-performance catalysts for conversion of secondary products of biomass processing into valuable chemicals.

1. Introduction
Small gold nanoparticles (Au NPs) are widely used in catalysis
[1–3], medicine [4–6], sensors [7–10], optoelectronic devices [11] and
others [12]. Much eﬀort has been made to elucidate the correlation
between Au NPs size and their catalytic properties [2,3,8]. Thus, obtaining monodisperse gold nanopowders and supported Au NPs is an
important practical task, which is the subject of numerous recent scientiﬁc researches.
Gold nanoparticles attract great interest due to their high catalytic
activity at room temperature [13–25]. For example, high monodispersity of Au NPs with size < 2 nm is one of the main factors of
activity of gold catalysts in the processes of conversion of fatty and
polyatomic alcohols, by-products of biomass transformation to biodiesel [26–33]. In the synthesis of supported Au NPs the nature of
support is an important factor for their functionality. Synthesis of small

⁎

monodispersed Au NPs on inert supports such as SiO2, Al2O3, etc. is
very complicated due to the weak metal-support interaction and the
consequent ease of sintering of the gold particles. The application of
inert supports is extremely important for studying the mechanisms of
catalytic reactions [34–38], since the use of active supports does not
allow separating activity of diﬀerent Au states from active support inﬂuence.
Literature search of synthesis of monodisperse Au NPs with diameter 1–2 nm on inert supports showed that the term «monodispersity»
is frequently used even when the size corresponding to the maximum in
the distribution histogram correspond to less than 50% of the total
particle number [39–42]. To our opinion, the particles can be considered as monodispersed when the size of the particles varies not more
than ± 10%.
One way to obtain monodisperse distribution of Au NPs with 1 nm
size on SiO2 was described in literature using the coating the surface of
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direct synthesis method. Catalysts will be denoted hereinafter as Au/
(M)/SiO2-x, where M is the metal of the modiﬁer oxide and x indicates
the synthesis method (s: direct synthesis; i: impregnation).

inert support with a layer of carbon with better metal-support interaction [43,44]. However, this method diverts us from obtaining gold
nanoparticles on the surface of SiO2. Au NPs with a size of 1 nm were
synthesized by stabilizing them in a polymer capsule and then supporting them on SiO2 [45]. Strictly speaking, the study of Au NPs
properties in this system is impossible, because a stabilizing polymer
can block Au nanoparticle surface. Modiﬁcation of the support surface
with diﬀerent compounds, e.g., transition metal oxides, is one of the
most eﬀective methods to vary the structural and electronic properties
of supported metals. Changes in electronic state (eﬀective charge) of
supported gold systems as a result of metal-support interaction are the
main reason to use speciﬁcally supported Au NPs rather than free ones.
According to our previous results, supported gold ions Au+ and charged
clusters Aunδ+ are active sites of gold catalysts in oxidation processes
[30–33,46,47]. So, synthesis of small supported Au NPs (1–2 nm) with
high degree of the metal monodispersity is one of key factors to obtain
highly eﬀective catalysts for oxidation processes, including conversion
of by-products of biomass.
Besides its potential for renewable energy, biomass accounts for
huge amounts of new raw materials for chemicals production, including
a vast source of alcohols due to fermentation, among others processes.
In this regard, selective oxidation of fatty alcohols to the corresponding
aldehydes, acids and esters, holds potential to open new paths for the
synthesis of products with high added value for ﬁne chemicals, though
this type of alcohols are the most diﬃcult to oxidize. Recent investigations conducted by our group have shown that catalytic oxidation of 1-octanol under demanding mild conditions, i.e. base-free, at
low temperature and under atmospheric pressure, is very sensible to the
nature and electronic state of supported Au NPs catalysts [30–33].
In the present paper we propose a new approach of synthesis of
monodispersed small Au NPs (1–2 nm) on SiO2 based on the application
of ultra-small silica particles (d ∼ 2 nm), described in our previous
work [50]. Such particles have high surface energy and interact
strongly with supported metal NPs. We investigated the regulation of
properties of the supported Au NPs by addition of Fe, Ce and La oxides,
which showed high eﬃciency in our previous studies [30–32]. The
eﬀects of modiﬁcation of the synthesized samples on their structural,
electronic and catalytic properties for selective oxidation of 1-octanol
were studied.

2.2. Catalysts preparation
Commercial HAuCl4·3H2O (Aldrich, Saint Louis, MO, USA) was used
as gold precursor. Gold complex Au(en)2Cl3 was synthesized as described elsewhere [33,52,53]. Brieﬂy, ethylenediamine (en, 0.45 mL)
was slowly added to HAuCl4·3H2O solution in deionized water (1.0 g of
Au precursor in 10 mL) and washed with ethanol (70 mL). The precipitate produced was ﬁltered and dried at 40 °C under vacuum overnight.
To prepare Au NPs on silica supports, Au(en)2Cl3 (0.5 g) was dissolved in water (50 mL) adjusting the pH to 10.0 by the addition of the
aqueous solution of NaOH (5.0 wt%). Silica support (modiﬁed or unmodiﬁed) (1.0 g) was added and stirred at 60–70 °C for 2 h. The reaction products were ﬁltered, washed with distilled water and dried in
vacuum at 70 °C for 5 h. Finally, the materials were thermally treated at
300 °C in H2 for 1.5 h to ensure a complete removal of the organic
template.
2.3. Catalysts and supports characterization
Before characterization tests all bare supports and gold-containing
samples were reduced in hydrogen ﬂow, at 300 °C for 1 h. The textural
properties were determined from nitrogen adsorption-desorption isotherms (−196 °C) recorded with a Micromeritics TriStar 3000 apparatus. Prior to experiments, samples were degassed at 300 °C in vacuum
for 5 h. The volume of the adsorbed N2 was normalized to a standard
temperature and pressure. The speciﬁc areas (SBET) of the samples were
calculated by applying the BET method to the nitrogen adsorption data
within the P/P0 range 0.005–0.250.
Supports and gold-containing samples were characterized by
powder X-ray diﬀraction (XRD) according to the step-scanning procedure (step size 0.02°; 0.5 s) with a Philips XPert PRO diﬀractometer,
using Ni-ﬁltered CuKα (λ = 0.15406 nm) radiation. Assignment of
crystalline phases was based on the ICDD- 2013 powder diﬀraction
database. Crystallite size and phase quantiﬁcation was done by Rietveld
reﬁning, by using the X'Pert HighScore Plus software package from
Malvern Panalytical. Crystalline size was a result of the reﬁning using
Debye-Scherrer formula.
High-resolution transmission electronic microscopy (HRTEM) studies were carried out using a JEM 2100F system operating with a
200 kV accelerating voltage. Gold and modiﬁer contents were measured
in the same system, equipped with a TermoNoran Super Dry, by energy
dispersive spectroscopy (EDS).
Fourier transformed infrared spectra (FTIR) of CO adsorbed on the
gold-containing samples surface were recorded in a Tensor 27 FTIR
spectrometer (Bruker, Germany) in transmittance mode with a resolution of 4 cm−1. In situ experiments were carried out in a quartz cell with
NaCl windows capable of working at temperatures from −100 to
500 °C and pressures from 10−2 to 760 Torr. The sample powder was
pressed into disks of 13 mm diameter and ca. 20 mg. The sample was
pretreated in H2 or O2 (100 Torr) at 300 °C for 1 h and then cooled
down to room temperature. It was chosen 300 °C to match the catalytic
activity measurement temperature. Pretreatment in O2 was used to
model the inﬂuence of an oxidative atmosphere during the catalytic
reaction. After that, H2 or O2 was evacuated and CO adsorption
(Research grade, P0 = 30 Torr, Matheson USA) was carried out. Spectra
are presented after subtracting the CO gas phase background, previously recorded without sample, also at 30 Torr (blank).
For testing the catalytic properties, catalyst was added (in a substrate/metal ratio R = 100 mol/mol) to 20 mL of 1-octanol solution
(0.1 M) in n-heptane, in a four-necked round bottom ﬂask equipped
with reﬂux condenser, oxygen feed, thermometer and a septum cap.

2. Experimental
2.1. Supports preparation
Mesoporous silica was synthesized by a neutral S0I0 templating
route (S0: neutral primary amine surfactant; I0: neutral inorganic precursor) as reported elsewhere [49,50]. Dodecylamine was employed as
surfactant and mesitylene as swelling organic agent [51]. The reaction
products were ﬁltered, washed with distilled water, and dried at room
temperature for 24 h and at 100 °C for 2 h. The template was then removed by calcination, increasing the temperature at a rate of
2.5 °C min−1 and maintaining it at 550 °C for 3.5 h in air.
Incorporation of the metal oxides (M) was carried out by two
methods. In the ﬁrst one, direct synthesis (denoted as s), the modiﬁer
metal oxide is incorporated in the synthesis of silica using cerium (III)
nitrate hexahydrate, iron (III) nitrate nonahydrate or lanthanum (III)
nitrate hexahydrate as precursors, with an atomic ratio Si/M = 40
(M = Fe, Ce, La). The reaction products were ﬁltered, washed with
distilled water, and dried at room temperature for 48 h, followed by
drying at 110 °C for 4 h, and then the samples were calcined at 550 °C
for 4 h in static air. In the second one, impregnation (denoted as i), the
incorporation was done by incipient impregnation of the pure silica
support using 1.5 cm3/g of aqueous solution of the same M precursors
used in the other method (s), with the concentration needed to obtain a
ﬁnal molar ratio Si/M = 40. These impregnated samples were dried
and calcined under the same conditions previously described for the
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Table 1
Textural properties of sample and analytical composition of after H2 treatment at 300 °C for 1 h.
Sample

Analytical Si/M atomic ratio

Au/SiO2
Au/Ce/SiO2-i
Au/Ce/SiO2-s
Au/Fe/SiO2-i
Au/Fe/SiO2-s
Au/La/SiO2-i
Au/La/SiO2-s

–
36
31
36
26
35
32

Analytical M content (wt%)

–
5.1
5.7
5.2
6.4
5.3
5.5

SBET (m2/g)

Analytical Au content (wt%)

2.51
2.45
2.69
2.52
2.81
2.64
2.59

Support

Catalysts

345
365
271
459
422
242
325

228
271
205
195
214
142
110

(Fe2O3 and Fe3O4), phases were observed only for Ce/SiO2-i and Fe/
SiO2-i. Hence, supports modiﬁcation with Ce and Fe oxides by impregnation was not successful, i.e., they are partially agglomerated on
the surface of the silica support rather than evenly distributed along the
entire support. Interestingly, iron oxide phases disappear after gold
deposition because of surface components redistribution (Fig. 1b). In
the case of modiﬁcation with La by both methods, peaks of La-containing phases were not observed, probably due to their high dispersion
in the silica support.
XRD patterns of Au/SiO2, Au/Ce/SiO2-i, Au/Ce/SiO2-s and Au/Fe/
SiO2-i (Fig. 1b) showed a reﬂection at 2θ = 38° with very low intensity,
corresponding to the (1 1 1) plane of metallic Au. Table 2 presents
content and size of crystalline gold estimated by Rietveld reﬁnement
methods for these XRD patterns. The broad FWHM of the diﬀraction
peak for SiO2 at 2θ ∼ 22–26° indicates the small particle size of SiO2; it
is in good agreement with diameter observed by HRTEM (2–4 nm) [48].
The absence of modiﬁer diﬀraction peaks indicate that the modiﬁers
were homogeneously distributed in most of the studied Au-based
samples.
XRD results indicate that, in general, direct synthesis method (s)
provides a better modiﬁer distribution on the silica surface than impregnation method (i). Modiﬁcation of silica support by impregnation
of CeO2 was not achieved even after gold deposition. Thus, we could
expect that Au/Ce/SiO2-i sample show catalytic properties similar to
unmodiﬁed Au/SiO2.

The reaction mixture was stirred in a semibatch reactor operated under
atmospheric pressure at 80 °C. Oxygen was bubbled through the suspension with a ﬂow rate of 30 mL/min for 6 h. To monitor the reaction
progress, small aliquots were taken from the reactor at diﬀerent intervals of time and at the end of the test, using a syringe with nylon ﬁlters
(pore 0.45 μm), and were analyzed by GC in a Varian 450 GC, using a
capillary DB wax column (15 m × 0.548 mm), He as the carrier gas and
a FID detector. In all measurements the carbon balance was within
100 ± 3%. Prior to tests, catalyst samples were prereduced with pure
H2 (10 mL/min) at 300 °C for 1 h.
3. Results and discussion
The chemical composition and SBET of samples and bare supports
are presented in Table 1. EDS results showed that Au content was similar in all gold-containing samples. Modiﬁcation of the support with
Fe, Ce and La oxides by both methods lead to change in structural
characteristics; however, these changes are not critical. Deposition of
gold decreases SBET in all samples as a result of partial blocking the
support pores; this eﬀect is normally observed in all porous systems.
Pure SiO2 and M/SiO2-s samples prepared by direct synthesis
showed similar XRD patterns (Fig. 1). This implies that either the
modiﬁer forms an amorphous phase in the s-supports, or that the
modiﬁer particles size is below the XRD detection limit (Fig. 2a). Regarding the i-supports, the peaks corresponding to CeO2 and Fe oxides

Fig. 1. XRD patterns for supports (a) and gold-containing samples (b) after H2 treatment at 300 °C for 1 h Symbols:
591
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Fig. 2. Au NPs size distribution obtained by HRTEM for samples: Au/La/SiO2-s (a), Au/La/SiO2-i (b), Au/Fe/SiO2-s (c), Au/Fe/SiO2-i (d), Au/Ce/SiO2-s (e), Au/Ce/
SiO2-i (f) and Au/SiO2 (g).
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eﬀect of the secondary reactions. In the conditions explored, the main
product of 1-octanol selective oxidation on every tested supported gold
catalyst was octanol, being the ester (octyl octanoate) the only subproduct. No acid formation was detected in any case. The evolution of
the reaction with time is shown in Fig. 4a where some results from [33]
are included for comparative purposes.
The highest initial rates, around threefold bigger than that on the
unmodiﬁed Au/SiO2 and practically equal among them, were observed
for catalysts Au/Fe/SiO2-i, Au/Ce/SiO2-i and Au/Fe/SiO2-s. On the
contrary, the lowest was observed for catalyst Au/Ce/SiO2-s. Activity
evolution with run time was diﬀerent among the catalysts. During the
reaction time explored, the rate of 1-octanol oxidation on Au/SiO2 and
the four catalysts modiﬁed with La and Ce remained stable. On the
contrary, Fe-modiﬁed samples showed some deactivation: the method
of preparation had drastic eﬀect on their catalytic properties for the
samples modiﬁed with Fe: initial rate of Au/Fe/SiO2-i decreased slowly
with time, while Au/Fe/SiO2-s deactivated very fast, and conversion
practically did not change after 2 h of reaction. After this run time,
product distribution changed drastically (Fig. 4b), with a much higher
formation of the ester, which points to a possible change in the nature
of the surface centers. As a consequence, Ce and Fe-modiﬁed catalysts
prepared by direct synthesis were the less active ones after 6 h. This
result evidences also the need to follow the evolution of activity with
run time when investigating this type of reaction, an aspect frequently
overlooked when comparing catalysts in the literature. For both Lamodiﬁed samples the eﬀect of the additive aﬀected only product distribution regardless the method of modiﬁcation; their catalytic properties were very close to those of Au/SiO2. Thus, the best performance
was found with impregnated Ce-modiﬁed support, with the highest
conversion and stability, and the relative order of activity was: AuCeSiO2-i > AuFeSiO2-i ≫ AuLaSiO2-i ≈ AuLaSiO2-s >
AuSiO2 > AuFeSiO2-s ≫ AuCeSiO2-s.
Inﬂuence of electronic state (eﬀective charge) of gold on its catalytic
properties is well-known and described in literature [9,56–67]. In
general, redox catalysis can be considered as a multiple repetition of
oxidation-reduction cycles on the active sites. Changes in electronic
state (eﬀective charge) of supported gold systems as a result of metalsupport interaction are the main reason to use speciﬁcally supported
rather than free Au NPs. According to our previous results supported
gold ions Au+ and charged clusters Aunδ+ are active sites of gold catalysts in oxidation processes [30–33,46,47]. Particularities of formation
and stabilization of diﬀerent gold states in the studies systems were
investigated by FTIR of adsorbed CO.
FTIR spectra of adsorbed CO were registered in the typical range
where the diﬀerent electronic states of gold species are observed
(2000–2250 cm−1) after H2 or O2 pretreatments. They are presented in
a Fig. 5, arranged in order of descending of catalytic activity, spectra of
monodisperse gold samples are marked with grey background sample
name. CO adsorption on pure supports was not detected in this range.
At the room temperature CO is adsorbed only on NPs of size ≤2 nm
[69], and small particles are sensitive to pretreatment conditions
[47,54,68]. Thus, only the active surface of Au was studied by FTIR of
absorbed CO. Data for spectra interpretation, taken from literature
[59–67] and our previous studies [55–58,68], are summarized in
Table 3 where data for monodisperse gold samples are marked with
grey background.
In previous studies it was have shown that the maximum activity in
CO oxidation and in the liquid-phase alcohol oxidation of supported
gold catalysts is correlated with the presence of gold in Au+ and Aunδ+
states [57–59,69,70]. All the samples studied here were characterized
by Au0 formation after H2-treatment (absorption bands at
2100–2120 cm−1 attributed to Au0-CO carbonyl complexes on small Au
NPs). After oxidizing treatment with O2 these bands disappeared, obviously, because of oxidation of such small NPs or their thermal aggregation to bigger metal particles, on which CO is not adsorbed at
ambient temperature. After O2-treatment partly charged states Auδ+

Table 2
Gold crystal size and content estimated by Rietveld reﬁnement methods.
Sample

Au/SiO2
Au/Ce/SiO2-i
Au/Ce/SiO2-s
Au/Fe/SiO2-i

Au crystal size (nm)

14
7
25
15

Au crystalline phase
wt%

% of total Au content

1.1
1.5
1.0
0.9

44
61
37
34

Gold particle size distributions (Fig. 2) estimated from HRTEM
images of the samples (Fig. 3) show that the diameter of Au particles
was ≤2 nm, with a maximum at ∼1 nm for most of the studied samples. The particle size distribution for Au/SiO2 and Au/Ce/SiO2-i was
relatively broad (1–4 nm) with the average particle size 2 nm, while for
the other samples the distribution was quite narrow, with up to 85.1,
95.5 and 98.8% of particles having a diameter of 1 nm for Au/Fe/SiO2-i,
Au/La/SiO2-s and Au/La/SiO2-i, respectively. Only Au/Fe/SiO2-s, Au/
La/SiO2-s and Au/La/SiO2-i showed a monodisperse distribution of the
gold particles of 1 nm. The sample Au/Ce/SiO2-i is out of consideration
because, besides Au crystalline phase (crystalline size calculated by
Rietveld reﬁnement was 7 nm), it includes CeO2 crystalline phase
(8.4 nm). Au and CeO2 have close contrast in HRTEM [54,55] and
crystalline size (Table 2), which makes it diﬃcult to distinguish between Au and CeO2 NPs. Detailed HRTEM images of the 2–5 nm bare
supports are reported in [48].
Leaving aside the monodispersity issue, there are scarce reports on
the synthesis of supported small particles on ultra-small silica. To our
knowledge, only two methods of obtaining gold nanoparticles of 1 nm
are previously described in the literature [43–45]. Tsukuda’s group
[43,44] prepared small Au NPs (∼1 nm) from pre-formed Au NPs stabilized by polymers, yielding a product with very low loading of active
metal (0.07% wt. Au). Strictly speaking, the study of the Au NPs
properties in this system is impossible, because their surface is substantially blocked by a stabilizing polymer. Yang’s group [45] reported
synthesis of small Au NPs (∼1 nm) covering the SiO2 support surface
with less inert graphene oxide nanosheets.
In those two articles, the materials based on gold nanoparticles were
obtained at low temperatures (100 °C). In the present study the samples
were prepared at 300 °C; which proves that our Au NPs were stable at
higher temperatures than those reported in the literature. Stability of
Au NPs is very important factor for obtaining eﬀective gold catalysts
because aggregation of the nanoparticles is one of the main reasons of
gold catalyst deactivation during performance and storage [46,47].
Thus, based on XRD and HRTEM data, we can conclude that 1 nm
Au NPs were obtained due to modiﬁcation of silica with the transition
metal oxides. Introduction of the modiﬁer basically increased the interaction of gold with the support surface. The modiﬁcation by direct
incorporation during direct synthesis provided a stronger interaction of
gold with support than the impregnation. The most promising modiﬁer
for obtaining the monodisperse samples is La oxide. Methods of preparation of 1 nm Au NPs on silica reported in the literature include
complete isolation of the support surface or gold surface to optimize
gold-support interaction [42–44]. These methods of formation of small
Au NPs on an inert support are much longer and more expensive than
the one described in the present work. In addition, samples obtained in
this work are stable at much higher temperatures.
Catalytic oxidation of 1-octanol under very mild conditions was
used to test the inﬂuence of the support modiﬁcation on the catalytic
redox properties of the monodispersed Au NPs. Looking for accordance
to green chemistry principles, the reaction was investigated at a relatively low temperature (80 °C) under atmospheric pressure using
oxygen as oxidant, and without the use of base with the solvent. The
substrate to metal ratio, i.e., the octanol/Au ratio, was selected to keep
diﬀerential conditions in order to avoid or, at least, to minimize the
593

Fuel 236 (2019) 589–597

Y. Kotolevich et al.

Fig. 3. Representative HRTEM micrographs of samples Au/La/SiO2-s (a), Au/La/SiO2-i (b), Au/Fe/SiO2-s (c), Au/Fe/SiO2-i (d), Au/Ce/SiO2-s (e), Au/Ce/SiO2-i (f)
and Au/SiO2 (g).

(absorption bands at 2125–2145 cm−1 attributed to Auδ+–CO carbonyl
complexes with diﬀerent eﬀective charge) were observed for two Femodiﬁed samples, Au/Ce/SiO2-s and Au/La/SiO2-s, but not for Au/Ce/
SiO2-i, Au/La/SiO2-i and Au/SiO2. Thus, some modiﬁers can favor and
stabilize formation of these electronic states of supported gold. It is an
important result because, according to our previous studies, these are

the active states of gold in redox catalytic processes.
It is interesting to note that in 1-octanol oxidation the method of
modiﬁcation matters while Au NPs dispersity neither electronic states
of supported gold do not show any clear correlation with catalytic
properties. The reason could be the increased importance of interaction
of heavy massive molecule of the reactant with a catalyst surface, which
594
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Reaction conditions: 0.1 M 1-octanol in n-heptane, no base added; T = 80 °C,
molar ratio octanol/Au = 100. The results are partially taken from [33].

2131

is determined by the nature, content and electronic state of the additive,
which depend on the modiﬁcation process parameters. It is known that
each of used modiﬁers characterized with diﬀerent adsorption properties (depends on metal-support interaction, acid-basic sites, electronic
states etc.), oxygen mobility and oxygen storage capacity [71–74].
Among other supports CeO2 has been widely used in oxidation reactions
due to its oxygen mobility and storage capacity, which allow the formation of Ce3+ sites and adsorbed oxygen species due to metal-support
interactions [75–79]. It is anticipated that CeO2 phase formed in Au/
Ce/SiO2-i may play decisive role in its high catalytic activity [80].
Further experiments should be done to clarify the mechanism of
modiﬁer inﬂuence on 1-octanol oxidation.

Au/Ce/SiO2-s

1900

2000

H2

2113

O2

2100

2200
-1

Wavenumber (cm )
Fig. 5. FTIR spectra of CO adsorbed on Au NPs catalysts pretreated in H2 or O2.

particle size distribution. XRD results indicate that incorporation of the
metal oxide promotors by direct synthesis method provides a better
modiﬁer distribution on the surface of silica than impregnation method.
Modiﬁcation with La by both methods and with Fe by impregnation
method led to formation of 1 nm monodispersed Au nanoparticles.
Modiﬁers change electronic properties of supported gold; they favor
formation and stabilization of Auδ+ states, which are probable active
sites of gold catalysts in redox catalytic processes.
The best performance for 1-octanol oxidation (as a model reaction
for biomass alcohols fatty oxidation) was found for gold supported on
impregnated Ce-modiﬁed support, with the highest conversion and

4. Conclusions
A new approach for formation of small Au nanoparticles on SiO2
support was proposed. It consists in application of ultra-small SiO2
nanoparticles (2–4 nm) as a support and modiﬁcation of their surface
with other oxides having a stronger metal-support interaction with
gold, which permits to obtain Au particles with high degree of monodispersity and stable when treated in H2 up to 300 °C.
Modiﬁcation of support surface with additives typically applied for
increasing metal-support interaction (Fe, Ce and La oxides) led to
changes in textural properties of the support (SBET) and supported metal
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Table 3
Experimental CO adsorption bands in FTIR for gold-containing samples after H2
or O2 pretreatment at 300 °C for 1 h.
Sample

Au/Ce/SiO2-i
Au/Fe/SiO2-i
Au/La/SiO2-i
Au/La/SiO2-s
Au/SiO2
Au/Fe/SiO2-s
Au/Ce/SiO2-s

−1

0

Au -CO 2080–2120, (cm

)

Au

δ+

–CO 2125–2145, (cm

H2

O2

H2

O2

2123
2117
2106
2117
2100
2116
2113

–
–
2106
–
–
–
–

–
–
–
–
2129
–
–

–
2129
–
2127
–
2131
2132

[14]

−1

[15]

)

[16]

[17]

[18]

[19]

reaction rate stability, and the relative order of activity was: AuCeSiO2i > AuFeSiO2-i ≫ AuLaSiO2-i ≈ AuLaSiO2-s > AuSiO2 > AuFeSiO2s ≫ AuCeSiO2-s. The obtained results open the possibility of further
development of high-performance catalysts for conversion of secondary
products of biomass processing into valuable chemicals.
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