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Highlights 

 Nanogold supported on TiO2 proved effective in catalytic base-free oxidation of n-
octanol in liquid phase under mild conditions of temperature and pressure. 

 La and Ce oxides acted as promoters, where La2O3-modified catalyst enhanced the 
oxidation of n-octanol to four-fold as compared with unmodified catalyst.  

 Au/La/TiO2 give rise to the highest ester selectivity at isoconversion with no acid 
formation. 

 Au3+ ions were excluded as gold active sites in n-octanol oxidation while intermediate 
oxidation states promoted by La and Ce are more likely involved 

 
Abstract 
This study aims to improve gold-based catalyst effectiveness in n-octanol oxidation by adjusting 
the structural and electronic properties of gold through incorporation of additives to support. 
Au/La/TiO2, Au/Ce/TiO2, and Au/TiO2 catalysts, prepared by deposition-precipitation with urea, 
were tested in the base-free oxidation of octanol under mild conditions in liquid phase. The 
influence of additives on structural properties of the catalyst and the active phase, and on the 
electronic and redox properties of the active gold species was studied by TEM, SR-XRD, EXAFS, 
FTIR of adsorbed CO, and XPS. Support modifiers affected gold particle size distribution, but no 
direct dependence of the catalyst activity on Au NPs average size was observed. The activity of 
as-prepared catalysts was limited, and even lower in the presence of modifiers at that stage. 
Reductive pretreatment boosted the activity of every catalyst, and support modification with La 
and Ce increased four- and two-fold, respectively, the activity of Au/TiO2 under the same 
reaction conditions. The nature of modifiers also affected the product distribution where the 
outstanding performance of Au/La/TiO2 gives rise to the highest ester selectivity at 
isoconversion with no acid formation. Overall, the studied catalysts, and especially Au/Ce/TiO2, 
and Au/La/TiO2, hold promise for n-octanol oxidation under mild conditions. 
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Introduction 

 Industrial oxidation processes are usually based on the use of stoichiometric oxidizing agents 
and/or alkalis; these conditions are considered as environmentally unfriendly. This drives the 
need to develop catalytic processes to obtain organic compounds using oxidants such as air or 
molecular oxygen at atmospheric pressure. Gold-containing catalysts are of great interest for 
industrial and environmentally sustainable reactions [1]. They have received a great deal of 
attention due to the high catalytic activity that gold nanoparticles (Au NPs) deposited have 
shown in several oxidation processes. Their major advantage, compared with other catalysts, 
relies on their ability to carry out liquid-phase oxidation under mild conditions, including 
atmospheric pressure and relatively low temperatures (below 140°С) [2]. Despite the unique 
catalytic properties of nanogold catalysts, a number of issues remain unsolved [3-5]. Among 
others, their fast deactivation, either during working or storage, represents a serious problem 
for their practical implementation [6-14]. Understanding on the mechanisms underlying the 



deactivation of gold and the way it can be solved will greatly advance the development of the 
theory and practice of synthesis of active catalysts based on gold nanoparticles.  

Nanosized gold-based catalysts are among the most investigated systems for aerobic green 
oxidation of all types of alcohols in liquid phase [15]. n-Octanol is often used for comparative 
studies of catalyst activity in oxidation of alcohols as a convenient model of primary alcohols of 
long chain, also called fatty alcohols. Thus, a number of gold catalysts have been tested for 1-
octanol oxidation over the last years. Because this oxidation is more difficult than that of most 
alcohols of industrial importance, it is expected that catalysts active for n-octanol oxidation will 
be also efficient in similar processes for other similar molecules resulting from biomass 
transformations. The use of bases during alcohol oxidation requires the neutralization of 
carboxylates formed with strong acids, which generates large amount of waste in the form of 
inorganic salts of variable pH. This justifies the need of catalyzing oxidation of alcohols to acid 
and esters in the absence of bases, i.e. by green processes.  

Though n-octanol is frequently used for comparative purposes there are very few studies 
specifically devoted to its liquid-phase oxidation on gold catalysts under the mild conditions in 
the recent literature [15]. Prati’s group first reported the base-free oxidation of 1-octanol with 
O2 over Au NPs supported on nanometer-sized NiO [16]. Haruta’s group [17] reported an 
extensive and specific study of base-free oxidation of 1-octanol (in water) over Au NPs with 
moderate pressure of O2. Screening of Au NPs supported on a variety of metal oxides (Al2O3, 
TiO2, MnO2, Fe2O3, Co3O4, NiO, ZnO, ZrO2 and CeO2) evidenced that their activity and the 
resulting product distribution depend strongly on the nature of the support and the solvent. All 
these results were obtained under moderate pressure of oxygen (5 bar). Recently, it has been 
found that 1-octanol can be oxidized with flowing oxygen at normal pressure and in the absence 
of a base, using heptane as solvent [18]. The most active gold catalyst for oxidation of octanol 
under mild conditions found in this screening was Au/CeO2/Al2O3 [18, 19]. Since it is known that 
Al2O3 is not an optimal support for gold, the presence of СеО2 becomes crucial to favor the 
activity of the catalyst.  

Most studies have focused on finding a composition and method of synthesis of catalysts 
that lead to increase their effectiveness. One strategy has been the use of a second metal 
additive, like Cu or Pd [20, 21], but monometallic catalysts have demonstrated higher activity 
than bimetallic ones. However, as catalytic performance of Au NPs depends strongly on the 
nature of support, we use an alternative strategy based on the modification of the support 
surface to improve its catalytic performance. So, our group investigated the modification of 
hexagonal mesoporous silica (HMS) with metal cations having redox properties (Ce, Fe), to use 
them as supports of gold NPs for aerobic oxidation of n-octanol [22]. It was concluded that 
support additives modify the redox behavior of supported gold, and the most active catalysts 
were those in which small charged gold clusters dominated over the other species, e.g. ions, 
metallic particles, etc. More recently we applied this strategy to titania supports using Fe and 
Mg oxides as modifiers [23]. It was found that additive with electron-donor properties (MgO) 
provides the maximum catalytic activity (TON), while electron-acceptor one (Fe oxides) results 
less effective. 

In the present work, we significantly advanced our latter approach by investigating Au/TiO2 
based catalysts modified with two prospective additives, namely oxides of cerium and 
lanthanum, aiming to improve their performance in the selective oxidation of n-octanol under 
mild conditions. These modifiers were selected because CeO2 has proven to be a promoter for 
Au NPs in n-octanol oxidation [19], whereas Au NPs supported on La2O3/TiO2 show high stability 
for CO oxidation after long-term storage [24]. The final aim of this work is to shed light on the 



nature of gold active sites responsible of the catalytic activity of nanometric gold, which is an 
unexplored topic for base-free catalytic oxidation of n-octanol. 

 Results and discussion 

Fig. 1 shows the results of catalytic tests of Au/La/TiO2, Au/Ce/TiO2 and Au/TiO2 catalysts in n-
octanol oxidation under mild conditions. It can be observed that activity of as-prepared samples 
was very low (Fig. 1a); actually the reaction started after 1, 2 and 3 h for Au/TiO2, Au/Ce/TiO2 

and Au/La/TiO2, respectively, reaching ≤ 5% conversion after 6 h in all cases. 
 
 
 
Addition of modifiers had little and even deleterious effect on activity at this stage. Hence, it can 
be inferred that Au3+ (the main state of gold at this stage) is not active because all as-prepared 
catalysts were not active during the initial period of run time (1-3 h). During the course of the 
reaction, however, catalyst became slightly active, probably due to partial reduction of gold 
ions. As expected, after pretreatment in hydrogen, activity increased significantly for all catalysts 
from the very start of reaction, and both modified samples become much more active than 
Au/TiO2, e.g. two-fold for Au/Ce/TiO2 and four-fold for Au/La/TiO2 after 6 hours of run time.  

In all tests the main products were octanal and ester, octyl octanoate, while traces of 
octanoic acid formation were detected only for Au/TiO2 at longer run times. The type of 
modifier used also influenced the product distribution (Fig. 1b). With increasing run time, 
selectivity towards octanyl octanoate increased at the expense of octanal formation. It should 
be noted that ester appears to be not only secondary product but also primary one (initial 
selectivity 15-20%).  

Baiker’s group proposed that formation of ester in the oxidation of octanol on supported Pd 
catalysts [25] proceeds by oxidation of the initially formed octanal, via hydration to a germinal 
diol, to the acid, which in turn is esterified with the starting alcohol (Scheme 1, route A). Besides 
this route, Ishida et al. [17] in their study of n-octanol oxidation on Au catalysts, proposed one 
alternative route; octanol dehydrogenation gives octanal (as in the route A) that reacts with a 
second alcohol molecule to form the hemiacetal, which in turn can be oxidized to octyl octanate 
(Scheme 1, route B). The latter seems the most likely scenario in this case, given than ester is a 
primary product during the first minutes of the reaction. 

It is important to note that octanol activation, and hence octanal formation, occurs only on 
the gold surface. Formation of octanoic acid and octyl octanoate occurs through intermediates 
formed by acid-base catalyzed reactions. Two stages are then drawn: the first, octanal formation 
on gold, and the second, formation of acid and ester due to acid-base reactions occurring mainly 
on the support surface. In this second stage, water traces and Bronsted and Lewis acid character 
of supports become more relevant. Differences in ester formation along reaction time were 
observed among the catalysts, which could be interpreted as due to different acid/base 
character of their surface. Hence, when and in what extent acid/base stages are involved in the 
catalytic process may determine the selectivity towards acid or ester. 

Several factor have to be taken into account to understand the change of catalytic 
properties as result of catalysts promotion; changes on structural properties of catalyst (specific 
surface, porous structure, content of active phase), changes on structural properties of the 
active phase (average size, size distribution, crystallinity of the Au NPs) and variation of 
electronic and redox properties of the active component are just a few. To clarify this, several 
catalysts properties were investigated as described below. 



Table 1 summarizes the catalysts’ specific surface area (SBET) and Au content. SBET of the TiO2 

support was reduced (around 20%) after modification with all modifiers. Nevertheless, SBET of 
modified supports and all the catalysts were identical; this ruled out this parameter as the 
source of their distinct catalytic performance. The Au content is similar for modified catalysts, 
though somewhat higher for Au/TiO2. 
 
. 
 

Fig. 2 presents the results of TGA performed on all catalysts. Thermograms of the supports 
(not shown) differed little among them, and they displayed peaks in the range of 40-50°C 
corresponding to the loss of adsorbed water. At higher temperatures a double-peaked curve 
corresponding to the removal of the first (152-165°C) and the second (201-209°C) amino groups 
of urea used as a precipitating agent for gold ions appeared [26]. No weight loss was observed 
above 250°C, which indicates that pretreatment at 300 °C guarantees a complete decomposition 
of the organic precursors. 

Particle size distribution of gold catalysts, calculated from HRTEM images, is displayed in Fig. 
3. The most monodispersed distribution was observed on Au/TiO2 with an average diameter of 
3.7 nm (Fig. 3 a). The histogram for Au/La/TiO2 (Fig. 3 b) was slightly narrower (1-7 nm), with an 
average size (2.8 nm) lower than that of Au/TiO2. The Au particle sizes range of Au/Ce/TiO2 (Fig. 
3 c) was broader (1-13 nm) and shifted to larger sizes compared with the other samples, with an 
average particle size of 4.7 nm. The average particle size in the investigated catalytic systems 
decreases in the following order: Au/Ce/TiO2 > Au/TiO2 > Au/La/TiO2. Thus, direct correlation 
between Au NPs average size and their performance for catalytic activity could not be 
established. However, one should take into account that for numerous reactions not all metal 
particles visible on the micrographs are active participants in the catalytic process; for some 
cases, only particles with size of 1 nm and less are active as reported in the literature and in our 
previous work [27-34]. 
 
 
 

SR-XRD diffraction patterns of gold catalysts after hydrogen pretreatment show that the 
phase composition of the support (rutile/anatase) is not significantly altered (Fig. 4). Bragg 
peaks of the gold phase are more intense for Au/TiO2 than for the modified support catalysts. It 
can be due to the higher Au content in this catalyst (Table 1). CeO2 phase (average crystal size 
ca.~10 nm) is also revealed in Au/Се/TiO2, which may indicate that cerium oxide was not 
homogeneously distributed on the surface of TiO2 but it rather concentrated into nanoparticles, 
as reported earlier by our group [22, 43]. 

Structural parameters of Au particles obtained from Rietveld refinement of SR-XRD patterns 
are presented in Table 2. The lattice parameter of gold decreased in the order Au/TiO2 > 
Au/Ce/TiO2 > Au/La/TiO2, which is a consequence of the efficient gold dispersion in the latter 
than in the former catalyst [35-39]. This sequence correlates well with the trend of catalytic 
activity of studied samples, but contradicts that of particle size distributions obtained by TEM. 
Stokes microstrains of gold particles (Table 2), indicative of the concentration of defects 
(vacancies and dislocations at the interfaces between crystallites) [40-42] decreased in the 
order: Au/Ce/TiO2>Au/La/TiO2>Au/TiO2. In cases of Au/Ce/TiO2 and Au/La/TiO2 the size 
measured by TEM (Fig. 3) and SR-XRD (Table 2) are in good agreement: 4.7 and 4.7 nm for 
Au/Ce/TiO2 and 2.8 and 5.1 nm for Au/La/TiO2, respectively. In Au/TiO2, the average particle size 
of Au estimated from Bragg peak broadening (17.7 nm) is much larger than the value obtained 



from TEM data (3.7 nm). This suggests that in TEM data about Au particles with size ~ 17.7 nm 
were not taken into account because of they relatively low abundance.  

 
In Fig. 5 Au L3 edge EXAFS data for the reduced catalysts are shown. The peak at R≈2.5 Å 
corresponds to the first coordination sphere in Au metal structure. The decrease in the intensity 
of this peak suggests that the first coordination number of Au is decreased in the order: Au/TiO2 
> Au/Ce/TiO2 > Au/La/TiO2 (see Tab. 4). This indicates that Au particles formed on the modified 
supports are smaller than on pure TiO2, which apparently contradicts the TEM particle size 
distribution for Au/Ce/TiO2 but is consistent with SR-XRD results [44-46]. According to TEM data 
the broadest particle distribution and the largest particles of nano-Au were observed for 
Au/Се/TiO2. This is due to the fact described above: in Au/Се/TiO2 the modifier was not 
dispersed homogeneously. For all catalysts Au L3-edge XANES spectra shape are similar to the 
spectrum of Au foil, indicating the presence of Au only in reduced state Au0 and the absence of 
oxidized Au species. 

As it can be seen in Fig. 6, intense peaks of absorption (200-400 nm) in the DRS spectra of 
supports were observed in the region typical for the charge transfer transitions of Au+ and Au3+ 
with ligands, or for absorption bands due to the transition of electrons between molecular 
orbitals of few-atomic clusters, e.g. Aun

δ+, n<10. [47-54]. This makes difficult applying this 
method for the investigation of these Au species. After hydrogen treatment catalyst samples 
exhibited bands in the region 550-570 nm, which correspond to plasmon resonance of metallic 
Au NPs [47, 55-59]. As no significant differences were observed in the visible range of the 
spectra of all samples, it can be concluded that the observed differences in catalytic activity 
after H2 pretreatments cannot be caused by metallic Au particles. 

 
 
Two methods of characterization were gold surface are described Below. CO adsorption at 

room temperature can be used to identify gold species (e.g. Aun
δ−, Au0, Aun

δ+, Au+ [52]). This 
method was applied to find a correlation between these adsorbed CO species and gold catalytic 
activity in n-octanol oxidation. Fig. 7 shows the FTIR spectra of adsorbed CO on studied 
catalysts. Regardless the pretreatment conditions, an intense absorption band at 2102 - 2105 
cm-1, attributed to the surface carbonyls of gold atoms Au0-СО, was observed for all studied 
samples [60]. Interestingly, the intensity and wavenumber of the band remained irrespective of 
the redox pretreatment.  
Another absorption band at 2143 - 2145 cm-1, related to the complexes Au+-CO, was observed 
only in Au/Ce/TiO2 and Au/La/TiO2, i.e., in the catalysts with modified support. An absorption 
shoulder at 2120 cm-1, attributed to the carbonyls of reduced gold, was observed for Au/TiO2; 
however, its relatively high νCO wavenumber indicates that these gold states are electron 
deficient (Aun

δ+), probably due to the influence of support. It is important to point out that the 
presence of gold in Au3+ state cannot be detected by FTIR CO since it does not adsorb CO under 
the studied conditions [61]. Au0-СО peaks were very similar in shape and intensity for all 
catalysts, despite of their large differences in activity; thus, it can be concluded that the 
differences in activity are not directly linked to the presence of Au0 species. 
 
 

Au+-CO peak was clearly stronger for Au/La/TiO2 (followed by Au/Ce/TiO2). As indicated 
above, about half of the particles have 1-2 nm in size for this sample, denoting a higher metal-
support interaction. Smaller particle size means higher metal surface area that in principle could 
explain the higher catalytic activity. If that would be the case, Au/Ce/TiO2 should show the 



lowest activity. A better explanation for the observed differences in activity is given if it is 
considered that both support modifiers, Ce and La, play an active role in the reaction by 
promoting the formation of Au+ sites - in the case of La with the added benefit of stabilizing 
smaller Au particle sizes - improving the catalytic activity as seen in our results.  

In order to get deeper insights, the activity assigned to the unit of gold surface, turnover 
number (TON), was calculated for each catalyst (Fig. 8), and compared to the reported TON of a 
set of related catalysts Au/Mg/TiO2 and Au/Fe/TiO2 from our recent work [23]. 

The lowest values of TON were observed for Au/TiO2, while the highest ones corresponded 
to Au/Ce/TiO2 and Au/La/TiO2; compared to them, Au/Mg/TiO2 and Au/Fe/TiO2 presented 
intermediate values (Fig. 8). Initial TON (after the first 5 min) for Au/Ce/TiO2 (0.8) and 
Au/La/TiO2 (0.6) are roughly 4- and 3-fold higher, respectively, than that for Au/TiO2 (0.21). 
Initial TON for Au/Mg/TiO2 (0.4) took intermediate position. These differences decreased along 
the time (Fig. 8): only ~33% after 6 h, while it was ~400% after 5 min. If Au+ site, detected by CO 
adsorbed at room temperature, is an active site, then Au/La/TiO2 should show higher TON than 
Au/Ce/TiO2. Thus, Au+ sites cannot be responsible for the activity of studied catalysts in n-
octanol oxidation under mild conditions assayed here.  

XPS was used for a more detailed study of changes of gold electronic state under the 
influence of support. Fig. 9 presents the XPS spectra of Au 4f lines of the catalysts after H2 
pretreatment in order of decreasing TON. Both Au 4f7/2 and 4f5/2 peaks for all samples required 
deconvolution, because their widths exceeded those corresponding to a single state. The 
binding energy (BE) and relative atomic concentration of the various gold species identified in 
accordance with literature assignments [62-69] are given in Table 3. 
 
 

The band that corresponds to Au0 (BE = 84.1 eV) was observed only for low active catalysts, 
namely Au/Mg/TiO2, Au/Fe/TiO2 and Au/TiO2. In all samples most of gold surface (68-81%) 
showed BE in the range of 83.3-83.5 eV, attributed to Aun

δ- states. The shift to lower BE (as 
compared to metallic gold) observed in supported gold clusters or nanoparticles can be 
attributed to several effects. One could be an electron transfer from the support to the gold 
nanoparticles, accompanied by negative charging of the particles [70-72]. Another plausible 
scenarios are an increased gold-support interaction with local structural changes, support phase 
transition of oxide [73, 74] or new compound formation [75]. Finally, a critical factor in 
determining the negative BE shift of supported gold nanoparticles could be particle shapes, as 
spherical particles have less coordinated surface atoms, which reduces their BE relative to 
nanoparticles with large faces [76]. 

Bands corresponding to cation state Au+ were registered for Au/La/TiO2, Au/Ce/TiO2, 
Au/Fe/TiO2 and Au/TiO2 with relative atomic concentration contributions of 19, 18 and 9%, 
respectively. A band at BE = 85.7 eV was registered in Au/Ce/TiO2, Au/Mg/TiO2 and Au/Fe/TiO2, 
which corresponds to gold oxides AuxOy [77].  

Additives with strong electron-donor (MgO) and strong electron-acceptor (FexOy) properties 
resulted ineffective as they modified the electronic state of gold to highly reduced states and 
highly oxidized states, respectively; affecting the catalytic activity of Au/Fe/TiO2 and 
Au/Mg/TiO2. On the other hand, additives with moderate electron-donor (La2O3) and moderate 
electron-acceptor (CeO2) properties lead to a reasonable oxidation of gold surface as compared 
to Au/TiO2. It can be concluded that Au/La/TiO2 and Au/Ce/TiO2 promote an optimal gold 
electron stage content that provides high catalytic activity in n-octanol oxidation under mild 
conditions. 



 Experimental 

Catalysts preparation 
Titania Degussa P25 (45 m2 g-1, nonporous, 70% anatase and 30% rutile, purity >99.5%) was 

used as starting support. Before use, TiO2 was dried in air at 100°C for at least 24 h. Modification 
of titania with molar ratio Ti/M (M = La or Ce) = 40 was made by impregnation (2.5 cm3/g) of 

initial TiO2 with aqueous solutions of modifier precursors Ce(NO3)36H2O or La(NO3)36H2O from 
Aldrich. Then, impregnation products were dried at room temperature for 48 h and at 110°C for 

4 h, and calcined at 550°C for 4 h. Commercial HAuCl43H2O (Aldrich) was used as gold 
precursor. Au/TiO2 and Au/M/TiO2 catalysts (nominal loading 4 wt. % Au) were prepared by 
deposition–precipitation with urea in the absence of light, following the procedure previously 
reported [78-80].  

Samples characterization 
Thermogravimetric analysis (TGA) and differential thermal analysis (DTA) were performed 

using a TA Instruments SDT-Q600. Sample was heated from ambient temperature up to 500°C at 
5°C /min in the nitrogen with a controlled gas flow of 100 mL/min in both TGA and DTA tests. 
Mass change (wt. %), rate of mass change (wt. %/min), and heat flow were analyzed. Derivative 
mass changes are plotted as a function of temperature. 

Catalyst samples, either as-prepared or pretreated in hydrogen at 300°C for 1 h, were studied 
by diffuse reflectance UV–visible spectroscopy (DRS) with a CARY 300 SCAN (Varian) 
spectrophotometer. Optical spectra of Au/TiO2 or Au/M/TiO2 samples presented in this work 
were obtained by subtracting the spectra of pure supports from those of catalyst samples. 

Fourier transformed infrared spectra (FTIR) of CO adsorbed on the catalysts were recorded 
by using a Bruker Tensor 27 FTIR spectrometer in transmittance mode with 4 cm-1 resolution. In 
situ experiments were carried out in a quartz cell with NaCl windows capable of working at 
temperatures from -100 to 300°C and pressures from 10-2 to 760 Torr. The sample powder was 
pressed into disks of 13 mm diameter and weight ~ 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. After that, H2 or O2 
was evacuated and CO adsorption (Matheson Research grade, P0 = 30 Torr) were carried out. CO 
spectra presented in this work were obtained by subtracting the CO gas phase spectrum. 

The samples were pretreated in hydrogen at 300°C for 1 h for studies with all methods 
described below in “Samples characterization” paragraph. 

Textural properties of samples 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 N2 adsorbed volume was normalized to 
a standard temperature and pressure. Specific areas of the samples were calculated by applying 
the BET method to the nitrogen adsorption data within the P/P0 range 0.05–0.25. 

A JEOL-5300 scanning electronic microscope (SEM) was utilized for a general sample 
morphology observation. Gold contents were measured by energy dispersive spectroscopy 
(EDS) in the same system equipped with a Kevex Superdry detector. 

Transmission electronic microscopy (TEM) studies were carried out using a JEM 2100F 
microscope operating with a 200 kV accelerating voltage. Samples were ground into a fine 
powder and dispersed ultrasonically in hexane at room temperature. Then, a drop of the 
suspension was put on a lacey carbon-coated Cu grid. At least ten representative images were 
taken for each sample. Particle size distribution was obtained by counting ca. 100 particles for 
each sample. 



X-ray powder diffraction was conducted by 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. 

Synchrotron radiation X-ray diffraction (SR-XRD) experiments were carried out as described 

in [81]. Diffraction patterns of powdered materials were taken in transmission mode at  = 
0.68886 Å, using Fujifilm Imaging Plate 2D detector (exposure time 30 min). The size of Au-
containing particles was estimated from diffraction peaks broadening using the Selyakov–
Scherrer formula and Fityk software [82]: each diffraction peak was approximated by the 
pseudo-Voight function with coefficient η either fitted or equal to 0.5. In some cases, full 
Rietveld analysis [83] was carried out in terms of Jana2006 program [84]. 

Au L3 edge EXAFS spectra were taken in transmission mode as described in [81]. The 
processing of EXAFS spectra was carried out in terms of IFEFFIT software package [85, 86]. 
EXAFS Fourier transforms were analyzed for k = 2.0–11.6 Å–1 with the weight coefficient k3 and 
fitted in the range R = 2.0 – 3.2 Å using the phases and amplitudes of photoelectrons scattering 
calculated in terms of FEFF8 software [87]. 

The samples were investigated by X-ray photoelectron spectroscopy (XPS) with a SPECS 
GmbH custom made system using a PHOIBOS 150 WAL hemispherical analyzer and a non-
monochromated X-Ray source. All the data were acquired using Al Kα radiation (1486.6 eV, 200 
W). A pass-energy of 50 eV, a step size of 0.1 eV/step and a high-intensity lens mode were 
selected. The diameter of the analyzed area was 3 mm. Charging shifts were referenced against 
adventitious carbon (C 1s at 284.5 eV). The pressure in the analysis chamber was maintained 
lower than 1 x 10−8 mbar. Catalysts were mounted on a sample holder and kept overnight in 
high vacuum in the preparation chamber before they were transferred to the analysis chamber 
of the spectrometer. Energy regions were selected after a general survey and scanned with 
several sweeps until a good signal-to-noise ratio was observed. The accuracy of the binding 
energy (BE) values was ±0.1 eV. Spectra are presented without smoothing or background 
subtraction, with intensity in counts-per-second (CPS). Peak intensities were estimated by 
calculating the integral of each peak after subtracting a Shirley type background and fitting the 
experimental peak to a combination of Lorentzian/Gaussian lines with a 30/70 proportion, 
considering the spin-orbit 4f7/2 and 4f5/2 doublet with a 4:3 intensity ratio and the same width on 
all lines. 

Catalytic tests 
Catalytic measurements of n-octanol oxidation were performed with samples either as-

prepared or after being treated in pure hydrogen flow at 300°C for 1 h or in pure oxygen flow for 
1 h. Typically, supported gold catalyst (substrate/metal (R) = 100 mol/mol) sample was added to 
20 mL of n-octanol solution (0.1 M) in n-heptane as solvent, in four-necked round bottom flask 
equipped with reflux condenser, oxygen feed, thermometer and a septum cap. The reaction 
mixture was stirred in a semibatch reactor operated under atmospheric conditions at 80 ºC. 
Oxygen (30 mL/min) was bubbled through the suspension and reaction was followed for 6 h. 
Small aliquots of the reacting mixture were obtained during and at the end of the test, by using 
nylon syringe filters (pore 0.45 μm), for monitoring the reaction progress. Reactants and 
products were analyzed in a Varian 450 gas chromatograph, using a capillary DB wax column (15 
m x 0.548 mm) and He as the carrier gas. 

Conclusions 



The catalytic performance of gold catalysts supported on titania for the selective oxidation of 
alcohols under mild conditions can be substantially improved by modifying the support surface 
with the appropriate modifiers. For instance, by selecting the proper support additive (La and Ce 
oxides) activity can be increased fourfold, as it was validated in this work for La oxide. 

Modification of gold catalysts with Ce and La oxides significantly influences their catalytic 
properties in n-octanol oxidation, namely by increasing n-octanol conversion and modifying the 
products selectivity. This improvement is caused by the combined effect of changes in several 
properties of the deposited metal, mainly its dispersion, its electronic state and distribution 
among the various electronic states. Based upon the characterization of catalyst it was not 
possible to identify the active sites responsible for their catalytic activity; however Au3+ ions are 
excluded as candidate for active sites in n-octanol oxidation on Au/Ce/TiO2 and Au/La/TiO2. It is 
suggested that the proper balance of intermediate oxidation states in the gold surface is 
responsible for the higher activity exhibited by Au/La/TiO2 towards n-octanol oxidation. 

Ongoing research seeks to identify these active species and the implementation of this 
strategy to new catalytic systems and gold-catalyzed reactions. 
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Fig. 1. Oxidation of 1-octanol on Au/TiO2, Au/La/TiO2 and Au/Ce/TiO2 before and after treatment 
in H2 flow (300°С, 1 h): (a) conversion vs. run time for as-prepared and H2-treated catalysts and 
(b) products selectivity evolution with run time on catalysts after H2 treatment. 

  



  



 

 

 

 
Fig. 2. TGA/DTA results in nitrogen flow (100 mL/min) for Au/TiO2 (a), Au/La/TiO2 (b) and 
Au/Ce/TiO2 (c). Heating rate was 5°C/min. 

  



 
Fig. 3.  TEM Au particle size distribution and representative micrographs of catalysts Au/TiO2 
(b), Au/La/TiO2 (d), and Au/Ce/TiO2 (f) treated in H2 flow at 300°С for 1 h. 

 



 
Fig. 4. SR-XRD patterns for catalysts treated in H2 flow at 300°С for 1 h and their corresponding 
supports. 

  



1 2 3 4 5
 

|F
T

(k
3

(k

))
|,
 a

.u
.

R, A

 Au foil

 Au/TiO
2

 Au/La/TiO
2

 Au/Ce/TiO
2

 
Fig. 5. Au L3-edge EXAFS Fourier transforms for the catalysts after pretreatment in H2 flow at 
300ºC for 1 h. 

  



 
Fig. 6. DRS of supports (a) and catalysts, as-prepared (b) and pretreated in H2 (300°C, 1 h) (c) 

  



 
Fig. 7. FTIR spectra of CO adsorbed on the studied Au catalysts pretreated in H2 or O2 at 300°C 
for 1 h. 
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Fig. 8. Variation of TON for n-octanol oxidation on gold catalysts with run time. Numbers in 
square brackets indicate the respective TON after 5 min of reaction. Data for Au/Mg/TiO2 and 
Au/Fe/TiO2 are from our recent publication [23]. 

  



 
Fig. 9. XPS 4f photoelectron spectra of Au NPs of gold catalysts supported on bare or modified 
titania after reduction in H2 under 300°C for 1 h. (*) Data for Au/Mg/TiO2 and Au/Fe/TiO2 are 
from our recent publication [23]. 

  



 
 
Scheme 1. Plausible reaction pathways for the oxidation of 1-octanol over supported gold 
catalysts 
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Table 1. Gold content and specific surface area of supports and catalysts treated in H2 flow at 

300ºC for 1 h.  

Samples 
SBET, m2/g Au content, 

wt. % Support Catalyst 

Au/TiO2 55.5 45.5 4.5±0.4 

Au/La/TiO2 45.3 45.2 3.6±0.3 

Au/Ce/TiO2 43.4 46.6 3.5±0.3 

 
  



 
Table 2. Au NPs structural parameters obtained from Rietveld refinement of SR-XRD patterns 
and EXAFS Fourier transform fitting for catalysts treated in H2 flow at 300°С for 1 h. 

Sample 

SR-XRD EXAFS 

Lattice  
constant, 

Å 

Scherrer  
size,  
nm 

Coordination  
number 

Interatomic  
distance, Å 

Au/TiO2 4.0771 17.7 11.9 2.873 

Au/La/TiO2 4.0669 5.1 9.8 2.855 

Au/Ce/TiO2 4.0733 4.7 11.1 2.858 

Au foil -  12.0 2.888 

 
  



 
Table 3. XPS binding energy and relative atomic concentration (in %) of the different gold stages 
in the studied catalysts after reduction in H2 at 300°C for 1 h. 

Catalyst
s 

BE of different gold electronic states (eV), 
 and their relative atomic concretions,  

% (indicated in parenthesis) 
Ref. 

Aun
δ- Au0 Au+ 

Au2Ox 

(1<x<3) 
Au3+ 

≤ 83.6 † ~84.0 † ~85.0 † ~86.0 † ~87.0 † 

Au/Ce/Ti
O2 

83.5 
(76%) 

- 
85.0 

(18%) 
85.7 
(6%) 

- Pre-
sent 
work 

Au/La/T
iO2 

83.4 
(81%) 

- 
84.7 

(19%) 
- - 

Au/Mg/
TiO2 

83.2 
(73%) 

84.5 
(20%) 

- 
86.1 
(7%) 

- 

[23] 
Au/Fe/T

iO2 
- 

84.1 
(28%) 

85.0 
(32%) 

86.0 
(29%) 

86.9 
(11%) 

Au/TiO2 
83.3 

(68%) 
84.1 

(20%) 
85.4 

(12%) 
- - 

† Bold numbers refer to BE data from literature [62-77] 

 
 


