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Abstract: Au and Ag were deposited on TiO2 modified with Ce, La, Fe or Mg in order to obtain
bimetallic catalysts to be used for liquid-phase oxidation of 1-octanol. The effects of the deposition
order of gold and silver, and the nature of the support modifying additives and redox pretreatments
on the catalytic properties of the bimetallic Au-Ag catalysts were studied. Catalysts were charac-
terized by low-temperature nitrogen adsorption–desorption, energy dispersive spectroscopy, X-ray
diffraction, X-ray photoelectron spectroscopy, high-resolution transmission electron microscopy and
ultraviolet-visible diffuse reflectance spectroscopy. It was found that pretreatments with hydrogen
and oxygen at 300 ◦C significantly decreased the activity of AuAg catalysts (silver was deposited
first) and had little effect on the catalytic properties of AgAu samples (gold was deposited first). The
density functional theory method demonstrated that the adsorption energy of 1-octanol increased for
all positively charged AuxAgy

q (x + y = 10, with a charge of q = 0 or +1) clusters compared with the
neutral counterparts. Lanthanum oxide was a very effective promoter for both monometallic and
bimetallic gold and silver catalysts in the studied process.

Keywords: gold; silver; bimetallic catalysts; 1-octanol oxidation

1. Introduction

Gold nanoparticles are unique catalysts for many low-temperature processes [1,2].
The majority of the reported works deal with the tuning of the gold particle size, support
modification and the pretreatment conditions [1,2]. Many research groups continue to look
for ways to further improve the efficiency of nanogold catalysts. One of these methods
is the synthesis of bimetallic systems consisting of two catalytically active metals, as well
as the addition of modifying additives made of various compounds. The physical and
chemical properties of alloys often differ from those of monometallic particles and largely
vary with composition and particle sizes [3,4]. Thus, gold-based catalysts’ properties could
be improved by modification with a second metal with stronger affinity to O2 than gold
has. It has been reported that several Au-containing bimetallic catalysts like Au-Cu [4,5],
Au-Ag [6–16], Au-Pt [17,18] and Au-Pd [18–20] demonstrated an improvement in catalytic
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properties in a variety of reactions. Among them, Ag (a metal of the IB group of the periodic
table, just like Au) has similar cell parameters and high affinity for Au atoms, and can
easily form homogeneous bimetallic Au-Ag alloys without phase segregation [21]. Silver
nanoparticles are also active catalysts for the low-temperature oxidation of CO and organic
substances [22–24]. The transfer of electron density between metals or modifiers is one of
the reasons for the increased stability of gold in bimetallic and modified catalysts [25].

Synergistic effects and improved activities by Au-Ag alloying have been obtained,
particularly for low-temperature CO oxidation [11,25–35]. In terms of alcohol oxidation,
Wittstock et al. reported the highly efficient oxidative coupling of methanol on nanoporous
Au-Ag alloys due to regulation of the availability of reactive oxygen species on Ag [36,37].
Octanol oxidation is an important yet still not much studied model reaction for a series
of liquid-phase oxidation processes of gold. Just a few works studying gold catalysts in
octanol oxidation are known [38]. In our group, modified Au/M/TiO2 catalysts, where M
is La, Ce, Fe or Mg oxide, were developed and used for 1-octanol oxidation [39,40]. These
materials were the prototypes of one of the most efficient catalysts for low-temperature
CO oxidation [41–43]. Thus, we thought that the Au-Ag alloys might be an interesting
alternative to improve the catalytic performance for 1-octanol oxidation. We started our
investigation with Au-Ag catalysts earlier [44], but we did not compare the properties of
the catalysts with a different metal deposition order.

The catalytic activity of the bimetallic gold–silver catalysts was found to depend on
the support material and catalyst preparation method [45]. However, when AgNO3 and
HAuCl4 were used as catalyst precursors, the formation of insoluble halide precipitations,
such as AgCl, occurred, which led to the contamination of alloy NPs and complications in
alloy composition control [46–48]. One of the methods to avoid the Cl contamination is to
vary the order of the components’ deposition [44].

In this work, gold and silver were deposited on TiO2 modified with Ce, La, Fe or Mg
metal oxides (M), in different orders: silver deposited first and then Au (AuAg/M/TiO2),
or Au was deposited first and then Ag (AgAu/M/TiO2). We aimed to investigate the effect
of the deposition order of gold and silver on the support, and the influence of modifying
additives and redox pretreatments on the change in the catalytic, structural and electronic
properties of these bimetallic Au-Ag catalysts for liquid-phase oxidation of 1-octanol.

2. Results and Discussion
2.1. Characterization Results

The elemental analysis results demonstrated that the real gold and silver loadings
obtained were similar to the nominal values (Table S1). Table S1 also summarizes the
specific surface area (SBET) of the catalysts and their corresponding supports. Thus, the
textural properties of the studied catalysts were not so different from each other.

Figure 1 shows the X-ray diffraction (XRD) diffractograms of selected samples. Besides
the narrow diffraction lines corresponding to the support (anatase—gray color; rutile—
pink color), the peak of Ag2O (blue color) was detected for AuAg supported on TiO2 and
Ce/TiO2, and for AgAu supported on TiO2 and Mg/TiO2, with crystallite sizes of around
5–8 nm. According to the catalyst preparation method (see Materials and Methods), silver
should be deposited as Ag2O. The fact that only AuAg/TiO2, AuAg/Ce/TiO2, AgAu/TiO2
and AgAu/Mg/TiO2 showed a crystalline phase of silver oxide while the Ag contents in
these samples had no significant difference as compared with the others (Table S1) might
be due to the metal–support interaction features during synthesis (stabilization of Ag2O
particles). The absence of the peaks of gold-containing phases suggests either a non-crystal
structure of gold and/or the existence of Au species with a size below 1–2 nm. The absence
of well-defined lines corresponding to the support modifiers shows that they are highly
dispersed on the TiO2 surface.
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Figure 1. XRD patterns of AuAg (a) and AgAu (b) catalysts. Diffraction lines corresponding to TiO2 anatase phase are
marked with “a” (in gray color), while those corresponding to rutile have “r” (magenta color) with their corresponding
Miller indexes. Samples were studied after a reduction in H2 at 300 ◦C for 1 h.

Figure 2 displays the particle size distribution obtained from high-resolution transmis-
sion electron microscopy (HRTEM) images (Figure S1) of the H2-reduced samples. AuAg
samples are represented as pink histograms and AgAu samples as purple ones. All the
studied samples were characterized by a broad distribution of particle sizes, the majority
within the 1–10 nm interval. It is interesting to note that AuAg supported on unmodified
TiO2 showed the narrowest particle size distribution and the smallest average particle size
of 2.5 nm, while AuAg on modified supports showed broader particle size distributions.
Regarding the AgAu series, TiO2 support modification with Ce and Mg did not show
any effect on the particle size distribution: for AgAu/TiO2 (Figure 2b), AgAu/Mg/TiO2
(Figure 2f) and AgAu/Ce/TiO2 (Figure 2h), the average size was 4.4 nm and the particle
size distribution interval was 1–6 nm. La and Fe as modifiers of TiO2 in the AgAu series
made the particle size distribution narrower than on unmodified titania. Both AgAu and
AuAg on TiO2 modified with La demonstrated close average sizes (3.2 and 3.3 nm, respec-
tively) and a similar interval of the size distribution (1–6 nm), which might mean that the
deposition order (AuAg or AgAu) is not important for La/TiO2. Analyzing both the XRD
and HRTEM results allowed us to conclude that relatively large (2.5–6.7 nm) unstructured
particles were formed for both deposition orders.
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Figure 2. Particles size distribution of AuAg (pink) and AgAu (purple) catalysts on different supports: TiO2 (a,b), La/TiO2

(c,d), Mg/TiO2 (e,f), Ce/TiO2 (g,h) and Fe/TiO2 (i,j). Samples were studied after reduction in H2 at 300 ◦C for 1 h. Some
previously reported results concerning AuAg samples are included for comparison, reprinted from [44] (copyright 2017),
with permission from EUREKA SCIENCE.
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In order to study the metal species’ nature and determine whether the catalysts in-
cluded sub-nanometer species or not, several physicochemical methods of characterization
were applied.

Ultraviolet–visible diffuse reflectance spectroscopy (UV-vis DRS) allows the detection
of sub-nanometer Au and Ag clusters (<1 nm) by the presence of absorption peaks at
<400 nm [49–51]. In our work, since all samples had strong absorption below 420 nm,
given the band gap excitation of TiO2, it was not possible to assess the information about
sub-nanometer clusters of Au and Ag (Figure 3). The spectra of monometallic Ag catalysts
supported on La/TiO2 and Mg/TiO2 showed the tail of the peak above 400 nm, which
could correspond to nanoparticles of Agn

δ+ absorbing at 370–380 nm [52]. At the same
time, the spectra of monometallic silver samples supported on Ce- or Fe-modified and
unmodified TiO2 demonstrated weak and wide unstructured absorption at 400–650 nm,
which corresponded to the silver metal nanoparticles [53–55].

Monometallic gold supported on La-, Fe-, and Mg-modified titania surfaces demon-
strated weak and broad unstructured absorption at 400–900 nm, confirming the formation
of non-spherical gold nanoparticles, while Au/Ce/TiO2 and Au/TiO2 demonstrated peaks
with a maximum at 520–570 nm. It is known that the maximum of this DRS adsorption
peak is highly dependent on the particles’ size and shape, and the aggregation of Au NPs,
and leads to a shift in the surface plasmon resonance band from 529 to 660 nm [56–59]. All
bimetallic catalysts exhibited a peak with a maximum at 500–700 nm, very similar for both
AuAg and AgAu samples on each support. This peak was located at the wavelength range
corresponding to Au surface plasmon [60,61]. We may conclude that the metallic/plasmon
species of all the studied catalysts had a similar nature/structure. The difference among
them should be found in the sub-nanoscale. The adsorption at 495 nm for Fe-modified
samples (Figure 2b) is attributed to O–Fe charge transfers involving octahedral Fe(III) [62].
It should also be noted that in the spectra of most of the modified monometallic samples
(except Au/Ce/TiO2), the plasmon signals are much less pronounced compared with those
of bimetallic ones.

X-ray photoelectron spectroscopy (XPS) was applied to investigate the electronic states
of the gold surface. Figure 4 shows the results of the Au (Figure 4a), AuAg (Figure 4b) and
AgAu samples (Figure 4c). The interpretation of the XPS data based on the literature [64–68]
is presented in Table 1. The XPS peaks corresponding to possible oxidation states overlap,
and thus the peaks must be resolved by fitting. The results presented represent one solution
for resolving the peaks, and the true oxidation states may be different.

Au 4f peak doublets showing large widths were subjected to a resolving process.
Based on the resolving results, we supposed the existence of five gold surface states and
that the metallic state was predominant in all the studied samples. It can be seen that
the XPS data of AuAg are closer to those of monometallic Au than those of AgAu when
the electronic stages of gold and their contributions are compared. All AgAu samples
were characterized by a minimal number (1 or 2) of gold electronic states and all of them
are reduced species, except for 5% of oxidized gold in AgAu/TiO2. On the contrary,
monometallic and AuAg samples demonstrated up to four different gold species, and
the contribution of the oxidized ones represents 19–45%. The largest diversity of gold
electronic species is shown for Fe-modified samples.

Figure 5 shows the XPS spectra of the Ag 3d5/2 lines of the Ag (Figure 5a), AuAg
(Figure 5b) and AgAu (Figure 5c) samples. The interpretation of the spectra made in
accordance with the literature data [69–71] is shown in Table 2.

Ag 3d5/2 peaks also required resolution in all cases, due to their large widths. Just like
with gold, the XPS data for AuAg were closer to those of monometallic samples than those
of AgAu, and the AgAu catalyst series demonstrated minimal diversity in the electronic
states of silver. It also can be seen that the silver electronic state was much more affected
by additives and deposition order than gold. Since silver was deposited as Ag2O and all
samples were treated with H2 at 300 ◦C, it was expected that reduced states of silver were
present. However, besides the metallic state (gray peak) found in most of the presented



Catalysts 2021, 11, 799 6 of 18

spectra, a large contribution of Ag+ (pink peak) was observed, which could be explained
by the stabilization of silver oxide through interaction with the support. It is interesting
to note that when Fe and Ce modifiers were present, and only then, the formation of Ag+

(green peak) was detected. It could have been due to a peculiar interaction between silver
and these electron-acceptor modifiers. Around half of the studied samples showed the
formation of small silver clusters (purple peaks): The Ag and AuAg catalysts modified
with La, Mg and Fe and also AgAu/TiO2. It is interesting to note that the contribution of
the silver small clusters varied drastically, from 5% up to 80% (Table 2), but small clusters
represented 100% of the silver in AuAg/La/TiO2.
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Figure 3. Diffuse reflectance UV–vis spectra of samples on different supports: TiO2 (a), Fe/TiO2 (b), Ce/TiO2 (c), Mg/TiO2

(d) and La/TiO2 (e). Samples were studied after reduction in H2 at 300 ◦C for 1 h. Previously reported data for Au/M/TiO2

catalysts are reprinted from [39,40] (copyright 2004), with permission from Elsevier. Data for Ag/M/TiO2 were adapted
from [63].



Catalysts 2021, 11, 799 7 of 18Catalysts 2021, 11, x FOR PEER REVIEW  7  of  9 
 

 

Au  AuAg  AgAu 

78 81 84 87 90 93

Fe

Ce

Mg

La

84.7

 

Binding energy (eV)

C
PS

 
 

84.0

84.0

 

85.3

86.0

85.8

86.3

84.0

84.9

86.1

 

84.0

84.0

83.2

85.4

85.1

 

78 81 84 87 90 93

Fe

Ce

Mg

La

84.0

 

Binding energy (eV)

C
P

S
 

 

84.0

84.0

 

85.2

85.7

86.1

86.1

86.5

84.9

86.1

 

84.0

84.8

82.7

85.0

84.0

 
78 81 84 87 90 93

 

Binding energy (eV)

C
P

S

La

 
 

84.0

84.0

 

Fe

Ce

Mg

81.8

 

82.9

85.2

84.0

82.3

84.0

 

(a)  (b)  (c) 

Figure 4. Au 4f 7/2 XPS for Au (a), AuAg (b), AgAu (c) catalysts supported on M/TiO2, where M is La, Mg, Ce or Fe. Sam‐

ples were studied after reduction in H2 at 300 °C for 1 h. Previously reported XPS data  for Au/M/TiO2 catalysts are  in‐

cluded for comparison, reprinted from [39,40] (copyright 2004), with permission from Elsevier. 

Table 1. Binding energies (BE) of different gold electronic states (eV) and their relative content (%), indicated in paren‐

theses. Data for Au/M/TiO2 catalysts are reprinted from [39,40] (copyright 2004), with permission from Elsevier. 

Catalysts 
Aunδ−  Au0  Au+  Au3+ 

≤83.6 eV  ~84 eV  ~85–85.5 eV  ~86–87 eV 

Au/La/TiO2  ‐  84.0 (76%)  85.4 (18%)  86.3 (6%) 

AuAg/La/TiO2  ‐  84.0 (71%)  85.0 (23%)  86.1 (6%) 

AgAu/La/TiO2  ‐  84.0 (100%)  ‐  ‐ 

Au/Mg/TiO2  ‐  84.0 (68%)  84.9 (23%)  86.1 (9%) 

AuAg/Mg/TiO2  ‐  84.0 (73%)  84.9 (19%)  86.1 (8%) 

AgAu/Mg/TiO2  ‐  84.0 (100%)  ‐  ‐ 

Au/TiO2  ‐  84.0 (68%)  84.7 (20%)  86.0 (12%) 

AuAg/TiO2    84.0 (73%)  84.8 (19%)  86.1 (8%) 

AgAu/TiO2  ‐  83.1 (95%)  85.2 (5%)  ‐ 

Au/Ce/TiO2  ‐  84.0 (81%)  85.3 (19%)  ‐ 

AuAg/Ce/TiO2  ‐  84.0 (81%)  85.7 (19%)   

AgAu/Ce/TiO2    82.3 (5%)  84.0 (95%)  ‐  ‐ 

Au/Fe/TiO2    83.1 (28%)  84.0 (32%)  85.0 (29%)  85.8 (11%) 

AuAg/Fe/TiO2    82.7 (18%)  84.0 (35%)  85.2 (33%)  86.5 (14%) 

AgAu/Fe/TiO2  81.8 (22%)  84.0 (78%)  ‐  ‐ 

Figure 4. Au 4f 7/2 XPS for Au (a), AuAg (b), AgAu (c) catalysts supported on M/TiO2, where M is La, Mg, Ce or Fe.
Samples were studied after reduction in H2 at 300 ◦C for 1 h. Previously reported XPS data for Au/M/TiO2 catalysts are
included for comparison, reprinted from [39,40] (copyright 2004), with permission from Elsevier.

Table 1. Binding energies (BE) of different gold electronic states (eV) and their relative content (%), indicated in parentheses.
Data for Au/M/TiO2 catalysts are reprinted from [39,40] (copyright 2004), with permission from Elsevier.

Catalysts
Aunδ− Au0 Au+ Au3+

≤83.6 eV ~84 eV ~85–85.5 eV ~86–87 eV

Au/La/TiO2 - 84.0 (76%) 85.4 (18%) 86.3 (6%)
AuAg/La/TiO2 - 84.0 (71%) 85.0 (23%) 86.1 (6%)
AgAu/La/TiO2 - 84.0 (100%) - -

Au/Mg/TiO2 - 84.0 (68%) 84.9 (23%) 86.1 (9%)
AuAg/Mg/TiO2 - 84.0 (73%) 84.9 (19%) 86.1 (8%)
AgAu/Mg/TiO2 - 84.0 (100%) - -

Au/TiO2 - 84.0 (68%) 84.7 (20%) 86.0 (12%)
AuAg/TiO2 84.0 (73%) 84.8 (19%) 86.1 (8%)
AgAu/TiO2 - 83.1 (95%) 85.2 (5%) -

Au/Ce/TiO2 - 84.0 (81%) 85.3 (19%) -
AuAg/Ce/TiO2 - 84.0 (81%) 85.7 (19%)
AgAu/Ce/TiO2 82.3 (5%) 84.0 (95%) - -

Au/Fe/TiO2 83.1 (28%) 84.0 (32%) 85.0 (29%) 85.8 (11%)
AuAg/Fe/TiO2 82.7 (18%) 84.0 (35%) 85.2 (33%) 86.5 (14%)
AgAu/Fe/TiO2 81.8 (22%) 84.0 (78%) - -
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Table 2. BE of different silver electronic states (eV) and their relative content (%), indicated in parenthesis. Data for
Ag/M/TiO2 were adapted from [63].

Catalyst
Ag+ Agδ+ Ag0 Ag Clusters <2 nm

364.0–366.2 367.4–367.9 368.1–368.4 >369.0

Ag/La/TiO2 - 367.5 (84%) 368.7 (16%) -

AuAg/La/TiO2 - - -
369.1 (80%)
370.3 (15%)
371.8 (5%)

AgAu/La/TiO2 - - 368.2 (100%) -

Ag/Mg/TiO2 - 367.5 (40%) 368.3 (47%) 369.9 (9%)
371.6 (4%)

AuAg/Mg/TiO2 - - 368.4 (79%) 369.6 (17%)
371.0 (4%)

AgAu/Mg/TiO2 - - 368.2 (100%) -

Ag/TiO2 367.3 (80%) 368.4 (20%) -
AuAg/TiO2 - 367.9 (81%) 368.9 (19%) -
AgAu/TiO2 - 368.1 (95%) - 370.6 (5%)

Ag/Ce/TiO2 366.0 (73%) 366.5 (19%) 367.8(8%) -
AuAg/Ce/TiO2 366.7 (61%) 367.6 (39%) - -
AgAu/Ce/TiO2 365.8 (7%) 367.4 (93%) - -

Ag/Fe/TiO2 366.0 (14%) - 368.1 (65%) 369.3 (21%)

AuAg/Fe/TiO2 366.8 (32%) - 368.3 (21%) 369.4 (40%)
371.1 (7%)

AgAu/Fe/TiO2 365.6 (20%) 367.6 (80%) - -
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2.2. Catalytic Results

Figure 6 shows the results of the catalytic tests of 1-octanol oxidation for AuAg
(Figure 6a) and AgAu catalysts (Figure 6b) supported on pristine and modified TiO2 after
different redox pretreatments. AuAg/La/TiO2 was the most active catalyst for all kinds
of pretreatment. In both groups, AuAg and AgAu, the catalytic activity decreased in the
following support order: La/TiO2 ≥Mg/TiO2 > TiO2 > Ce/TiO2 ≥ Fe/TiO2. Concerning
the influence of pretreatment, for the AuAg series, the pretreatment drastically affected
the catalytic activity. In most cases, H2 pretreatment almost completely suppressed the
catalytic activity of the samples (except for the La-modified one). O2 pretreatment also
reduced the activity but not to the same extent. For the samples with the other order of
metal deposition (AgAu), the opposite effects were observed. In most cases, pretreatments
had little effect on the activity of the catalysts or slightly increased it.
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Figure 6. Effect of the metal deposition order on catalytic activity in 1-octanol oxidation:
AuAg/M/TiO2 (a) and AgAu/M/TiO2 (b) for as prepared (light blue), H2-pretreated (blue) and O2

–pretreated (red) samples. Reaction conditions: 0.1 M of 1-octanol in n-heptane; T = 80 ◦C; molar ratio
octanol/Au = 100; no base added. Some previously reported results (a) are included for comparison,
reprinted from [44] (copyright 2017), with permission from EUREKA SCIENCE.

Regarding selectivity of 1-octanol oxidation (Table 3), there are three possible products
of this reaction: octanal (aldehyde), octyl octanoate (ester) and octanoic acid.
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Table 3. Effect of the metal deposition order on the selectivity after 4 h of 1-octanol oxidation for AuAg/M/TiO2 and
AgAu/M/TiO2, where M is Ce, La, Fe or Mg oxide.

Catalyst

Selectivity, mol.%

Octanal Octyl Octanoate Octanoic Acid

as-prep. H2 O2 as-prep. H2 O2 as-prep. H2 O2

AuAg/Ce/TiO2 86.5 0.0 75.9 7.0 0.0 24. 8 6.5 0.0 0.0
AuAg/Fe/TiO2 100.0 0.0 76.3 0.0 0.0 23.8 0.0 0.0 0.0
AuAg/Mg/TiO2 82.1 0.0 62.1 - 0.0 31.9 7.9 0.0 6.0
AuAg/La/TiO2 52.7 83.1 34.6 47.3 14.0 61.2 0.0 2.9 4.1

AuAg/TiO2 93.5 0.0 71.3 0.0 0.0 28.7 6.5 0.0 0.0

AgAu/Ce/TiO2 92.6 95.8 95.3 7.4 4.2 4.7 0.0 0.0 0.0
AgAu/Fe/TiO2 92.2 100 91.2 7.8 0 8.8 0.0 0.0 0.0
AgAu/Mg/TiO2 93.9 94.2 94.3 6.1 5.8 5.7 0.0 0.0 0.0
AgAu/La/TiO2 100 91.9 86.3 0.0 8.1 13.7 0.0 0.0 0.0

AgAu/TiO2 93.2 0.0 100.0 6.8 0.0 0.0 0.0 0.0 0.0

For the majority of the studied catalysts, independently of the redox pretreatment,
only aldehyde and ester were formed during the reaction, the predominant product being
aldehyde, while acid was produced only in some cases on AuAg catalysts. The only
exception was AuAg/La/TiO2: being the most active of the studied catalysts, it was able to
provide deeper oxidation during 6 h of reaction; thus, the selectivity to octanal and to ester
on as-prepared AuAg/La/TiO2 was almost equal, while after O2 pretreatment, aldehyde
selectivity decreased down to 34.6%. It is also interesting to note that redox pretreatment
only affected the selectivity of AuAg samples, as AgAu samples demonstrated similar
selectivity for each product after all applied pretreatments.

2.3. Comparison of Catalytic and Physicochemical Results

There was no direct correlation between the activity of the samples and the average
size of the metal nanoparticles (Figure 2). This is due to the well-reported fact that, in
some cases, only gold nanoparticles with sizes below 5 nm showed catalytic activity; the
larger particles were simply "spectators" of the process [72–76]. Our previous studies have
shown that the active particles are smaller than 2 nm, some of which were undetectable
by TEM and XRD methods [63,73]. In addition, in bimetallic samples, it is impossible to
discriminate TEM images of Au and Ag clusters. Moreover, it should be taken into account
that some of the gold and silver is in the ionic state, and TEM is known to be insensitive to
such states.

The UV-vis DRS method (Figure 3) showed that in bimetallic samples, the plasmon
signals related to gold nanoparticles are close, but this method did not provide information
about the ionic states of the deposited metals, due to the overlap of the absorption of the
carrier and modifiers in the region of 200–400 nm.

The observed effects can be explained as follows: in as-prepared samples, a significant
part of both metals was in the ionic state, that is, Ag+, Au3+ and Au+ [39,40,63]. According
to the previously reported results, single-charged ions are active sites of low-temperature
oxidation of CO and alcohols, while Au3+ was inactive in the studied processes [22,39,49,50].
This is probably the reason why in the AuAg series of samples, where silver was deposited
first, as-prepared catalysts were more active, and subsequent pretreatments led to complete
or partial reduction of the ions. In the case of O2 pretreatment, Ag+ ions were thermally
reduced. In the series of AgAu samples (i.e., gold was deposited first), due to the more
complex surface composition (Au0, Au3+, Au+), the effect of pretreatment was contradictory
and not so pronounced, because the reduction of Au3+ to Au+ increased the activity, while
the reduction of Au+ to Au0 decreased it. However, the XPS data (Figure 4, Table 1) show
that even after treatment in hydrogen at 300 ◦C, not all ionic states were reduced to Au0

and Ag0, as some of the ions were quite stable due to strong interaction with the support.
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In both series of samples, La-modified catalysts were an exception to the general
trends. Our previous studies of monometallic Au catalysts and the literature data have
shown that La2O3 is the best promoter of gold catalysts for the oxidation of CO and
alcohols [38,39,77,78]. This was explained by the stabilization of the active states of the
metal single-charge cations (Au+). In the case of bimetallic catalysts, similar effects were
observed.

2.4. Theoretical Calculations

To confirm our assumptions concerning the reasons for the catalytic activity of samples,
we conducted a quantum-chemical simulation of our clusters by the density functional
theory (DFT) method.

Quantum-chemical simulations, including calculation of the adsorption energy of oc-
tanol on monometallic and bimetallic AuAg clusters containing 10 atoms, were performed
to determine the structure of the active site of the AuAg catalysts.

Several models were considered as AuxAgy (x + y = 10) clusters with the optimized
structures presented in Figure 7: monometallic Au10 and Ag10 clusters, bimetallic AgAu9
and AuAg9 clusters with a low content of heteroatom, bimetallic Au4Ag6 and Ag4Au6
clusters with monometallic layers with a metal ratio of 2:3 and 3:2, and a bimetallic Au5Ag5
cluster with a random arrangement of atoms with a 1:1 metal ratio. To study the charge
effect of metal site on the adsorption of octanol, neutral and positively charged clusters
were considered. Mono- and bimetallic clusters have a similar 3D structure.
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The energy of octanol adsorption on AuxAgy (x + y = 10) was calculated by Equa-
tions (3) and (4), and the results are presented in Table 4. Firstly, we consider the results
obtained for the neutral clusters. According to the calculation results, 1-octanol was better
adsorbed on Au10 than on Ag10 monometallic clusters: the binding energy of C8H17OH
with a silver atom in Ag10 was 13 kJ/mol lower than with a gold atom having the same
coordination number in Au10. However, the introduction of even one silver atom into the
gold 10-atom cluster (see the results for AgAu9 in Figure 8) model increased the binding
energy of the adsorption of alcohol on the Ag heteroatom up to 47 kJ/mol. In contrast, the
introduction of one Au heteroatom into the silver cluster (AuAg9) decreased the activity of
gold in the activation of alcohol. It should be noted that Au5Ag5 with a random atomic
arrangement had lower adsorption energy than the layered Au4Ag6 and Ag4Au6 clusters.

Table 4. Calculated energies of octanol adsorption on AuxAgy (x + y = 10) in kJ/mol. Sites of octanol
coordination (Au and Ag) are in parentheses.

Charge Au10 Ag10 AgAu9 AuAg9 Au4Ag6 Ag4Au6 Au5Ag5

0
−43 (Au) - - −11 (Au) −26 (Au) −26 (Au) −17 (Au)

- −30 (Ag) −47 (Ag) −42 (Ag) −39 (Ag) −33 (Ag)

1
−100
(Au) - - −57 (Au) −73 (Au) −73 (Au) −79 (Au)

- −73 (Ag) −87 (Ag) - −86 (Ag) −94 (Ag) −85 (Ag)

For all considered neutral bimetallic clusters, the silver atom was more active in the
adsorption of octanol than the gold atom. This pattern was also preserved for positively
charged AuxAgy

+, in which C8H17OH absorbed more strongly than on AuxAgy. Thus, a
positive charge in all the considered clusters improved octanol adsorption.

The greatest charge effect was observed for the Au5Ag5 cluster with a random ar-
rangement of gold and silver. The calculated ∆E2 values were −79 kJ/mol and −85 kJ/mol
on the Au and Ag sites, respectively. The same values of ∆E2 were obtained for layered
Au4Ag6 and Ag4Au6. Thus, the arrangement ordering effect on octanol adsorption was
blurred in positive bimetallic AuAg clusters.

Thus, DFT/PBE (density functional theory/Perdew–Burke–Eenzerhof) simulation of 1-
octanol adsorption on neutral and positively charged AuxAgy clusters containing 10 atoms
was performed to reveal the active site of the Au-Ag nanoparticles. Bimetallic clusters with
a different content of heteroatoms and different atomic arrangements (random or layer)
were considered as models. According to the adsorption energy calculation, the silver atom
was more active in the adsorption of C8H17OH than the gold atom in all considered neutral
bimetallic clusters. The ordered structure of layered gold–silver nanoparticles promoted
1-octanol adsorption as opposed to bimetallic systems with a random atomic arrangement.
The adsorption energy of 1-octanol increased for all positively charged AuxAgy

q clusters
(x + y = 10, with a charge of q = 0 or +1) compared with the neutral counterparts.

3. Materials and Methods
3.1. Catalyst Preparation

TiO2 (45 m2 g−1, nonporous, 70% anatase and 30% rutile, purity >99.5%; Titania
Evonik P25, Degussa GmbH, Essen, Germany) was used as the starting support. Before
use, TiO2 was dried in air at 100 ◦C for 24 h.

Modification of TiO2 with metal oxides of Ce, La, Fe or Mg (M) was made by impreg-
nation (2.5 cm3/g) with 3.1 × 10−4 M aqueous solutions of Ce(NO3)3, La(NO3)3, Fe(NO3)3
or Mg(NO3)2 (Sigma-Aldrich, St. Louis, MO, USA). The nominal molar ratio Ti/M was 40.
The impregnation products were dried at room temperature for 48 h, then at 110 ◦C for 4 h,
and finally calcined at 550 ◦C for 4 h in static air.

Gold (nominal loading: 4 wt.%) and silver (nominal loading: 2.2 wt.%), which cor-
responded to 0.56 at.% for both Au and Ag, with different deposition orders (AgAu or
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AuAg), were deposited on the supports by deposition–precipitation (DP), following the
previously reported procedure [41–44].

The abbreviations used for bimetallic catalysts are as follows: if silver was deposited
first and then Au, such samples were denoted as AuAg/M/TiO2, while if Au was deposited
first and then Ag, the samples were identified as AgAu/M/TiO2.

For gold deposition, HAuCl4 (4.2 × 10−3 M, Merck, Darmstadt, Germany) and urea
(0.42 M, Merck, Darmstadt, Germany) were dissolved in 50 mL of distilled water; the pH
of the solution was 2.4. Next, 1 g of M/titania (if gold was supported first) or 1 g of solid
Ag/M/TiO2 (if silver was supported first) was added to this solution following heating to
80 ◦C for 16 h under stirring. Thereafter, the samples were centrifuged and washed with
water. This procedure was repeated 4 times. The samples were then dried under a vacuum
for 2 h at 80 ◦C.

Silver was deposited on doped or undoped titania as follows: 1 g of M/TiO2 (if silver
was supported first) or 1 g of solid Au/M/TiO2 (if gold was supported first) was added
to 54 mL of an aqueous solution containing AgNO3 (4.2 × 10−3 M, Merck, Darmstadt,
Germany). The solution was heated to 80 ◦C. The initial pH was ~3, then it was adjusted to
9 by dropwise addition of NaOH (0.5 M, Merck, Darmstadt, Germany), promoting AgOH
precipitation on TiO2 or Au/M/TiO2, followed by decomposition to Ag2O. The suspension
was vigorously stirred for 2 h at 80 ◦C. The samples were then centrifuged, washed and
dried, following the same procedure described for the gold catalysts.

The samples prior to pretreatment are denoted as “as-prepared” catalysts. Hydrogen
or oxygen pretreatments (flow rate 300 mL/min, 15% H2 or O2 in He, 300 ◦C for 1 h) were
applied to study the effect of sample pretreatment. All materials were stored in a desiccator
under a vacuum at room temperature, away from the light.

3.2. Characterization of the Samples

All supports and as-prepared catalysts were pretreated in hydrogen at 300 ◦C for 1 h
before characterization by all methods applied in this work.

Catalysts were characterized by X-ray diffraction (XRD) with a Philips XPert PRO
diffractometer (Malvern PANalytical Products, Malvern, UK), adsorption–desorption of
N2 at −196 ◦C on a Micromeritics Tristar 3000 Apparatus (Micromeritics Instrument
Corporation, Norcross, GA, USA), energy-dispersive X-ray spectroscopy (EDX) and high-
resolution transmission electronic microscopy (HRTEM) using a JEM 2100F (JEOL Ltd.,
Tokyo, Japan) microscope, ultraviolet–visible diffuse reflectance spectroscopy (UV–vis DRS)
with a CARY 300 SCAN (Varian Inc, Palo Alto, CA, USA) spectrophotometer and X-ray
photoelectron spectroscopy (XPS), performed on a SPECS GmbH custom (SPECS Surface
Nano Analysis GmbH, Berlin, Germany). Further details are presented in [39,40,63].

3.3. Theoretical Calculations

The 1-octanol adsorption on Au, Ag and Au-Ag nanoparticles was simulated using
the density functional theory PBE [79]. Mono- and bimetallic AuxAgy

q clusters (x + y =
10, with a charge of q = 0 or +1) were considered as a model for nanoparticles. The choice
of the model is explained by the fact that the Au10 cluster, which has a 2-layer structure,
has been established as an active site of gold nanoparticles deposited on iron oxide in CO
oxidation [80].

Octanol adsorption was simulated as follows:

AuxAgy + C8H17OH→ (C8H17OH)AuxAgy (1)

AuxAgy
+ + C8H17OH→ (C8H17OH)AuxAgy

+ (2)

Adsorption of alcohol on low coordinated Au or Ag atoms of AuxAgy
q was considered

only. The adsorbed structures of ((C8H17OH)AuxAgy) were optimized. The energy of zero
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vibrations was taken into account to calculate the total energy of the reagents and products
(E). Adsorption energy (∆E) was calculated as follows:

∆E1 = E((C8H17OH)AuxAgy) − E(AuxAgy) − E(C8H17OH) (3)

∆E2 = E((C8H17OH)AuxAgy
+) − E(AuxAgy) − E(C8H17OH) (4)

According to Equations (3) and (4), the large values of ∆E1 and ∆E2 in the module
pointed to high adsorption of octanol on AuxAgy.

All DFT calculations were performed using the PRIRODA program (version 17, Rus-
sia) [81] in the Lomonosov supercomputer [82].

3.4. Catalytic Tests in 1-Octanol Oxidation

The catalytic properties for n-octanol oxidation were studied using catalyst samples
either without treatment or after pretreatment at 300 ◦C in a H2 or O2 atmosphere. Typ-
ically, the catalyst sample (substrate/gold (R) = 100 mol/mol) was added to 25 mL of
1-octanol (0.1 M) in n-heptane (Supelco, 99%, HPLC grade) as a solvent, in a 4-necked
round-bottomed flask equipped with a reflux condenser, an oxygen feed, a thermometer
and a septum cap. The reaction mixture was stirred in a batch reactor operated under
atmospheric conditions at 80 ◦C. Oxygen was bubbled through the suspension at a flow
rate of 30 mL/min for 6 h. Small aliquots were obtained from the reactor by using nylon
syringe filters (pore 0.45 µm), during and at the end of the test for monitoring the reaction
progress. The oxidized products were analyzed in a Varian 450 gas chromatograph (Varian
Inc, Palo Alto, CA, USA), using a capillary DB wax column (15 m × 0.548 mm, Varian Inc.,
Palo Alto, CA, USA) and He as the carrier gas.

Alcohol conversion and product selectivity were calculated in terms of moles of C
atoms, as detailed in [83]. Carbon balances in all reported data were within 100 ± 3%.

4. Conclusions

In the present work, it was revealed that the catalytic, structural and electronic proper-
ties of bimetallic Au-Ag catalysts for liquid-phase oxidation of 1-octanol strongly depended
on the order in which the metals were deposited on the oxide support. This was confirmed
by the effects of pretreatment with hydrogen and oxygen, which significantly decreased the
activity of AuAg catalysts (silver was deposited first) and had little effect on the catalytic
properties of AgAu samples (gold was deposited first). As silver is more sensitive to redox
reactions than gold, such differences may be due to the higher stabilization of silver’s
electronic states, caused by its preferential interaction with the support, if deposited first. It
was revealed that lanthanum oxide is the most effective promoter for AuAg and AgAu
catalysts in 1-octanol oxidation. This is consistent with the highest efficiency shown by
lanthanum oxide as a promoter for monometallic Ag and Au catalysts in this reaction. The
density functional theory method demonstrated that the introduction of even one silver
atom into the gold 10-atom cluster model increased the binding energy of the adsorption
of alcohol on the Ag heteroatom. In contrast, the introduction of one Au heteroatom into
the silver cluster (AuAg9) decreased the activity of gold in the activation of alcohol. It
should be noted that Au5Ag5 with a random atomic arrangement had lower adsorption
energy than the layered Au4Ag6 and Ag4Au6 clusters. The calculations also showed that
the adsorption energy of 1-octanol increased for all positively charged AuxAgy

q clusters
(x + y = 10, with a charge of q = 0 or +1) compared with their neutral counterparts. The
obtained results contribute to our understanding of the reaction mechanism and to the
search for key parameters for the design of active and selective catalysts for liquid-phase ox-
idation of 1-octanol, which is a model reaction for the conversion of biomass into chemical
products of great industrial impact.
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