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Whereas the Pd NPs have proved their high efficiency in Pd/
CeO2 catalysts [2], and the close interaction between palla-
dium and the Ce4+/Ce3+ redox pair has been proposed to be 
responsible for the enhanced activity [5].

In this regard, some studies have shown the enhance-
ment in the CO conversion of bimetallic AuPd nanoparticles 
(NPs) supported on TiO2 [6–9]. Moreover, the methodology 
employed to prepare these supported AuPd NPs (includ-
ing the thermal treatments) has impacted on their catalytic 
activity. For example, L. Guczi et al. observed a slight 
increase in the CO conversion for bimetallic AuPd/TiO2 
catalysts prepared by a sol-gel process compared to their 
monometallic counterparts [9]. However, the thermal treat-
ment required to remove organic residues from the synthesis 
increased the particle size, thereby reducing their activity. L. 
Delannoy et al. prepared bimetallic AuPd/TiO2 catalysts by 
a one-step deposition-precipitation with urea (DPU) method 
[6]. A better catalytic stability under CO oxidation condi-
tions was reported in the bimetallic sample, nonetheless, 
the sample contained a high total amount of metal (9 wt%). 
More recently, G. Tofighi et al. explored a novel colloidal 
approach to prepare AuPd/TiO2 catalysts using a micro-
fluidic reactor setup [8]. Although the Pd-rich bimetallic 

1  Introduction

It is well-established that both gold (Au) and palladium 
(Pd)-based catalysts present good performances in the CO 
oxidation reaction, especially when a reducible oxide is 
employed as a support [1–3]. Au nanoparticles (NPs) have 
excelled mostly as part of the Au/TiO2 system [1], where 
the particle size is crucial in the high catalytic activity [4]. 
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Abstract
A series of bimetallic AuPd/TiO2 catalysts (Au/Pd = 1) were prepared through either the impregnation or the deposition-
precipitation in urea (DPU) approach and tested in the CO oxidation reaction. Among these, the sample synthesized 
through a sequential impregnation (Pd) followed by DPU (Au), with an intermediate thermal treatment in air, presented 
a remarkable CO conversion at sub-ambient temperatures and an enhanced catalytic stability, compared to the monome-
tallic samples. The ex-situ characterization revealed that the synthesis procedure led to the formation of well-dispersed 
bimetallic AuPd nanoparticles over the TiO2 support. The in-situ characterization helped to propose that bimetallic NPs 
were composed of an intermetallic Au-Pd phase with both atoms available in the surface. Both in-situ FTIR and UV-vis 
spectroscopies helped to recognize the active sites during the reaction: Au in close interaction with the TiO2 at low tem-
peratures, and step/edges Pd sites at high temperatures. Finally, the pivotal role of the TiO2 reducibility in the CO oxida-
tion reaction, promoted by the bimetallic AuPd NPs, was determined through in-situ Raman spectroscopy.
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sample surpassed the activity of the monometallic counter-
parts, the elevated costs of synthesis are worth-considered.

In all the above-mentioned works, both metals were added 
at the same time, regardless of the synthesis approach. How-
ever, another crucial parameter to consider when synthetiz-
ing supported bimetallic systems is the order in the addition 
of the metals: the adequate sequence will depend on the 
nature of the catalysts (NPs and support), as well as on the 
type of catalytic reaction under study. The above recognizes 
that the interaction of each metal with the surface of the sup-
port is different, and employing a specific synthesis method-
ology could enhance the interaction between the two metals, 
among other properties. For example, C. Betti et al. studied 
different PtNi/Al2O3 catalysts and found that the incipient 
wetness impregnation of platinum and nickel precursors (in 
that order) improved the selectivity in the catalytic hydro-
genation of styrene [10]. On the other hand, in bimetallic 
NiCo/Al2O3 catalysts, the sequential wet impregnation of 
first nickel and then Co increased the catalytic activity of the 
Fischer-Tropsch (FT) synthesis [11].

Nonetheless, the use of different methodologies for the 
deposition of each metal in bimetallic Au-M/TiO2 systems 
has been barely explored. One of the few is the work by G. 
Díaz et al. [12], where a combined DPU + incipient wetness 
impregnation method was used to prepare bimetallic IrAu/
TiO2 catalysts; this approach allowed an improved activity 
in the citral hydrogenation. Moreover, our research group 
has successfully explored the obtention of highly active 
bimetallic Au-M/TiO2 catalysts (M = Ag, Ru and Rh) in the 
CO oxidation reaction, through the metal(s) addition by dif-
ferent approaches [13–15].

In this frame, the present investigation was focused on 
obtaining highly active bimetallic AuPd/TiO2 catalysts for 
the CO oxidation reaction. For this purpose, two differ-
ent methodologies, i.e., deposition-precipitation with urea 
(DPU) and impregnation, were explored thoroughly for the 
metal(s) addition. Besides, the addition sequence and inter-
mediate thermal treatments were variables considered to 
generate the most active bimetallic catalyst.

Furthermore, to properly identify the active sites in the 
bimetallic AuPd/TiO2 catalysts, in-situ spectroscopic tech-
niques such as FTIR [16], UV-vis [17], and Raman [18], 
were implemented. The combination of the three techniques 
could reveal specific parts of the supported catalysts, like 
the surface arrangement of bimetallic NPs [19], the optical 
and plasmonic properties of NPs [20], and the structural fea-
ture of metal oxides employed as support [21].

2  Experimental

2.1  Synthesis of Catalysts

Monometallic Au and Pd NPs, synthesized through differ-
ent routes, were deposited onto a commercial TiO2 sup-
port (AEROXIDE® TiO2 P25, SBET = 50 ± 15 m2 g−1). The 
nominal contents of gold and palladium were set at 3.0 wt% 
and 1.68 wt%, respectively, in order to achieve an Au: Pd 
atomic ratio of 1.0:1.0 in the bimetallic samples. Au NPs 
were added through the DPU method, widely described in 
previous works [13, 14, 22]. In this case, HAuCl4·3H2O 
(Aldrich Cat. No. 520918) and NH2CONH2 (Aldrich Cat. 
No. U5378) were used as reagents. For Pd NPs, two routes 
were explored: the aforementioned DPU and a traditional 
impregnation approach. In both cases, Pd(NO3)2·H2O 
(Aldrich Cat. No. 205761) was employed as the metal pre-
cursor. Bimetallic AuPd NPs deposited over the TiO2 were 
synthetized by adding the metals sequentially: first palla-
dium (DPU or impregnation) and then gold (DPU). After 
the addition of the metal(s), regardless of the methodology 
(DPU or impregnation), solids were dried under vacuum at 
80 °C for 2 h. Besides, the use (or not) of a thermal treat-
ment at 400 °C, between the addition of palladium and gold 
NPs was explored, with two different atmospheres (air and 
H2). The variables explored during the synthesis procedure 
and the sample labeling of each catalyst are summarized in 
Table S1 of the Supplementary Information.

2.2  Characterization of Catalysts

The metallic composition was determined through EDS char-
acterization. The analyses were performed with an Oxford 
AZtec microanalysis system coupled to a JEOL 5900-LV 
SEM microscope, operating at 20 kV. Measurements were 
taken across over thirty different zones. The elemental anal-
yses were corroborated through X-ray fluorescence (XRF), 
employing a XEPOS HE (AMETEK) spectrometer. The 
structure was studied through X-ray diffraction (XRD). Pat-
terns were obtained in a Siemens Diffractometer (D5000), 
using CuKα radiation (λ = 1.5425 Å) and data collection at 
the 2θ = 20–80° interval, each 0.03° s−1. The GSAS-II soft-
ware was employed in the Rietveld refinement [23]. Raman 
spectroscopy was employed to complement the structural 
features. Spectra were collected in a WITec alpha300 RA 
spectrometer, with a 532 nm laser and 3.56 mW. Data were 
obtained with 0.2  s of integration time and 50 accumula-
tions. The reducibility was studied via H2-TPR experiments, 
performed in a Micromeritics Analyzer (AutoChem II 2920) 
coupled to a TCD detector. For the analysis, a 10%H2/Ar 
gas flow (25 mL min−1) was submitted to the dried sample 
(∼0.050 g) while increasing the temperature (10 °C min−1), 

1 3



Topics in Catalysis

from − 20 °C up to 600 °C. The particle size of the metal NPs 
was obtained through TEM characterization. The study was 
carried out in a JEM 2010 F FasTem microscope, equipped 
with a Z-contrast annular (HAADF) detector and operat-
ing at 200  kV. Finally, characterization through XPS was 
achieved using a JEOL JPS 9200 XPS apparatus. Data were 
collected with a 20 kV pass energy, 300 W and 20 scans, 
and employing Al Kα X-ray radiation (1486.6 eV). The C1s 
signal at 284.8 eV was employed to adjust the charge.

2.3  Catalytic Tests in the CO Oxidation Reaction

The CO oxidation reaction was evaluated in a continuous-
flow fixed-bed reactor coupled to an Agilent 7820 A gas 
chromatograph (FID detector and a CP-Sil 5 CB capillary 
column). The sample (0.040 g) was in-situ activated in a H2 
atmosphere (40 mL min−1) at 500 °C (2 °C min−1) for 2 h. 
The reaction started when the reactive mixture (1 vol% of 
CO, 1 vol% of O2, N2balanced) flowed in the reactor at a 
100 mL min−1 rate, while increasing the temperature from 
− 5 °C up to 300 °C (2 °C min−1). Additionally, stability tests 
were performed at 50 °C during a 24 h run. In this case, after 
the activation step, samples were heated in N2atmosphere at 
a 2 °C min−1rate to reach the target temperature (50 °C). All 
catalytic tests were carried out over samples diluted through 
mechanical mixing (20 wt% of sample, 80 wt% of bare TiO2 
support). The dilution was carried out due to high activity 
presented by the undiluted samples, even at sub-ambient 
temperatures (data not shown).

2.4  In-situ Characterization Through Spectroscopic 
Techniques

Three in-situ spectroscopic techniques (FTIR, UV-vis and 
Raman) were implemented separately, to determine the 
active sites and monitor the possible structure modifica-
tions of catalysts when interacting with different reactive 
atmospheres (H2 and CO + O2). Prior to all analyses, sam-
ples were in-situ activated using the same conditions (H2, 
500 °C). The CO oxidation tests were conducted under con-
ditions similar to those described in Sect. 2.3.

Diffuse reflectance FTIR analyses were conducted in a 
temperature-controlled DRIFT cell (Harrick) coupled to a 
Thermo Scientific Nicolet iS50 spectrometer, collecting data 
at a 4 cm−1 of resolution, each 128 scans. After activation, 
the sample (ca. 0.050 g.) was cooled down to −20 °C under 
flowing N2, while recording data each 50 °C. The reported 
spectra considered the subtraction before and after the acti-
vated sample interacted with the reactive atmosphere. Dif-
fuse reflectance UV-vis absorption characterization was 
carried out in an Agilent CARY 5000 spectrophotometer, 
coupled to a temperature-controlled reaction cell (Harrick). 

Data were recorded at the 300–800 nm interval, consider-
ing the subtraction of the background spectrum recorded 
with Teflon. The sample (ca. 0.050 g) was in-situ activated 
while collecting absorption spectra. Raman spectroscopy 
measurements were collected in a Princeton TriVista 557 
coupled to an Olympus BX51 microscope (100x objective 
magnification) and a Nd: YVO4 laser (532 nm). The sample 
(ca. 0.10 g) was converted into pressed pellets and depos-
ited inside a temperature-controlled reaction cell (Linkam 
THMS600). Spectra were collected at the 150–800  cm−1 
interval, with a 1.9 cm−1 of resolution, and data acquisition 
of 25 s for 25 times.

3  Results and Discussion

3.1  Effect of the Synthesis Procedure of Bimetallic 
AuPd/TiO2 Catalysts in the CO Oxidation

3.1.1  Activity Tests

Table S1 of the SI summarizes the different methodologies 
employed in the synthesis of the catalysts. In all cases, the 
addition of gold was done through the DPU approach; this 
route has resulted in the obtention of deposited Au NPs with 
small sizes and narrow particle size distribution [13, 14]. 
Besides, in previous works related to bimetallic Au-M/TiO2 
catalysts employed in the CO oxidation reaction (where M 
has been Cu, Ag or Rh), improved catalytic properties have 
been found when Au NPs were added secondly, after the 
first M metal [13, 14, 22]. Therefore, in the present work, 
the variables explored in the synthesis procedure of bimetal-
lic samples were the following: (i) the addition method of 
the palladium precursor, and (ii) the intermediate thermal 
treatment between the addition of the palladium and gold 
NPs. Prior to the catalytic tests, dried samples were in-situ 
activated in an H2 atmosphere at 500 °C. The activation tem-
perature was selected based on the highest CO conversion 
exhibited by a bimetallic AuPd/TiO2 control sample ther-
mally treated at different temperatures: 300, 400, 500 and 
600 °C (see Table S2 of the SI). The activation temperature 
range was selected based on the H2-TPR characterization, 
ensuring the complete reduction of the Au and Pd species 
(this is discussed in detail in Sect. 3.2.2).

The catalytic activity results of the diluted bimetal-
lic AuPd/TiO2 catalysts, prepared through different 
approaches, are presented in Fig.  1. For comparison pur-
poses, the results of the monometallic samples are included 
in all graphs. First, the activity profile of the gold sample 
presented around 15% of conversion at 0  °C, then, the 
conversion abruptly increased up to 75% in the 0–30  °C 
interval, and finally it gradually increased until it reached 

1 3



Topics in Catalysis

intermediate thermal treatment presented an activity profile 
almost similar to the monometallic Au/TiO2-D sample. This 
slightly improved activity suggests the formation of bime-
tallic AuPd entities, as both metals are miscible and prone 
to form intermetallic alloys [24]. Nevertheless, this interac-
tion became less important with the temperature, suggesting 
the absence of an important synergism between gold and 
palladium. In view of the above, other variables during the 
preparation were explored.

In the second set of bimetallic samples, Fig.  1b, the 
samples were thermally treated in either an oxidative (air) 
or reductive (H2) atmosphere, between the Pd and the Au 
deposition on the TiO2 support (both through the DPU 
approach). Results showed that, regardless of the atmo-
sphere, the intermediate thermal treatment did not improve 
the CO conversion of the bimetallic samples, compared to 

total conversion at around 200 °C. On the other hand, pal-
ladium samples showed a typical “S-shaped” curve, with 
a light-off temperature at ca. 120 °C, and total conversion 
above 210 °C. In summary, results indicated that among the 
two metals, gold NPs supported on TiO2 were more active 
for the CO oxidation reaction, especially at sub-ambient 
temperatures, with the following trend: Au/TiO2-D > > Pd/
TiO2-D > Pd/TiO2-I.

In the first set of bimetallic samples, Fig. 1a, two routes 
of depositing the Pd NPs, without intermediate thermal 
treatments, were explored: impregnation (AuPd/TiO2-ID) 
and DPU (AuPd/TiO2-DD). Activity results showed that 
the AuPd/TiO2-DD catalyst exhibited a higher activity 
only at temperatures below 0  °C, 35%, compared to the 
15% observed in the gold counterpart. However, right after 
this temperature, bimetallic catalysts prepared without an 

Fig. 1  CO conversion (%) as a function of the reaction temperature (− 5 
to 300 °C) of diluted mono and bimetallic catalysts prepared through 
different approaches: (a) without an intermediate thermal treatment, 

(b) sequential DPU-DPU with an intermediate thermal treatment, (c) 
sequential Imp.-DPU with an intermediate thermal treatment
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characterization, were implemented, as a first approach, to 
evaluate the effectiveness of the different methodologies for 
synthesizing bimetallic AuPd NPs (summarized in Table 
S1) and to correlate those features with the catalytic activity 
of the samples. Table 1 provides the results concerning the 
amount of metal deposited (wt%) obtained from EDS mea-
surements of the dried samples. As expected, the experi-
mental amount of gold deposited through the DPU approach 
was very close to the nominal value (3.0 wt%).

Conversely, the experimental amount of palladium 
deposited over the TiO2 depended on the procedure of 
preparation. When DPU route was employed, the amount 
of palladium (~ 0.4 wt%) was only 25% of the nominal one 
(1.62 wt%); however, through the impregnation route, the 
value increased significantly (~ 1.3 wt%), almost 80% of 
the expected value. Results clearly indicated that the DPU 
procedure is not effective for the deposition of Pd NPs over 
the TiO2 surface, at least under the experimental conditions 
described in Sect. 2.1. This could be one of the main reasons 
why bimetallic catalysts prepared through a sequential Pd 
and Au deposition (both through the DPU approach) were 
not as effective in the CO oxidation (see Fig. 1a, b). On the 
other hand, the Au:Pd atomic ratio of samples where the 
palladium precursor was added through the impregnation 
method was almost the expected (i.e., 1).

Table  1 also summarizes the mean particle size (nm) 
from the activated catalysts. Measurements were conducted 
from the identified NPs (bright spots) obtained through the 
TEM-HAADF characterization. All the representative TEM 
images are presented in Fig. S1 of the SI, including the par-
ticle size histograms. TEM images of the most active bime-
tallic catalyst, alongside its counterparts, are also shown in 
Sect. 3.2.3. The bright spots were linked to the metallic NPs, 
either gold or palladium. Focusing on the monometallic 
samples, the synthesis procedure affected the size of the Pd 
NPs, which were smaller in the Pd/TiO2-D catalyst (2.6 nm), 
and this catalyst also showed a slightly better catalytic activ-
ity (see Fig.  1a). On the other hand, bimetallic samples 
prepared through a sequential DPU Pd and Au deposition, 
with an intermediate thermal treatment, exhibited mean par-
ticle size values near to the one from the monometallic Au/
TiO2-D catalyst (3.7 nm). Therefore, the unimproved cata-
lytic activity exhibited by these samples (see Fig. 1b) was 
not associated with the size of the particles, but probably 
to lower Pd content (~ 0.4 wt%). Finally, the mean particle 
size of the bimetallic samples prepared through a sequential 
impregnation (Pd) and DPU (Au) approach presented the 
following tendency: AuPd/TiO2-ID (4.0 nm) < AuPd/TiO2-
IH2D (4.4 nm) < AuPd/TiO2-IAirD (4.9 nm). Overall, the NPs 
were well-dispersed, and their values fell between those of 
the monometallic counterparts (3.7 nm for gold and 5.4 nm 
for palladium). After the intermediate thermal treatment in 

the performance of the monometallic gold catalyst. More-
over, the sample without an intermediate thermal treatment 
(AuPd/TiO2-DD) also presented a better activity behavior 
than their counterparts, suggesting that the thermal process 
affected some key catalytic features of the supported bime-
tallic AuPd NPs. Interestingly, among the two samples, the 
one treated in air showed a better performance (AuPd/TiO2-
DAirD), indicating that the atmosphere affected the stabiliza-
tion of the Pd NPs and their interaction with gold.

In the third set of bimetallic samples, the intermediate 
thermal treatment was included after the impregnation of the 
Pd NPs, either in an oxidative (AuPd/TiO2-IAirD) or a reduc-
tive (AuPd/TiO2-IH2D) atmosphere. Surprisingly, only the 
bimetallic AuPd/TiO2-IAirD catalyst presented an improved 
activity in all the temperature range, compared to the one 
exhibited by the monometallic gold sample. Right from the 
beginning (−5 °C), the bimetallic catalyst presented a 50% 
conversion, almost five times larger than that observed in 
the Au/TiO2-D catalyst. Afterwards, the activity rapidly 
increased up to 85% in the 0–30 °C interval, followed by 
a gradual increase until total conversion, observed at ca. 
150  °C. On the other hand, the CO conversion exhibited 
by the AuPd/TiO2-IH2D catalyst decreased considerably (as 
in the case of the AuPd/TiO2-DH2D sample), and the activ-
ity profile resembled that from the monometallic Pd/TiO2-I 
sample.

3.1.2  Metal Content and TEM Characterization

The metal content, determined via EDS measurements (and 
corroborated through XRF analyses), as well as the TEM 

Table 1  Metal content (wt%), bimetallic atomic ratio (Au:Pd), and 
mean particle size (nm) of Au/TiO2, Pd/TiO2 and bimetallic AuPd/
TiO2 catalysts  synthesized through different approaches
Sample Metal 

content
(wt%)a

Au: Pd 
atomic 
ratioa

Mean particle size 
(nm)b

Au Pd Activatedc Spentd

Au/TiO2-D 2.8 n/a n/a 3.7 (0.8) 3.9 
(1.0)

Pd/TiO2-D n/a 0.4 n/a 2.6 (0.6) n/a
Pd/TiO2-I n/a 1.4 n/a 5.4 (1.4) n/a
AuPd/TiO2-DD 2.6 0.5 1.0:0.3 3.0 (1.1) n/a
AuPd/TiO2-DAirD 3.6 (0.8) n/a
AuPd/TiO2-DH2D 3.7 (0.8) n/a
AuPd/TiO2-ID 2.4 1.2 1.0:0.9 4.0 (0.9) n/a
AuPd/TiO2-IAirD 4.9 (1.2) 4.8 

(2.0)
AuPd/TiO2-IH2D 4.4 (2.1) n/a
aDetermined from EDS measurements of fresh samples.
bDetermined fromTEM measurements of activated samples; stan-
dard deviation (SD) in parenthesis.
cSamples activated at 500 °C in the H2 atmosphere for 2 h.
dSamples recovered after the stability tests (50 °C, 24 h)
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3.1.3  Catalytic Properties of the Bimetallic AuPd/TiO2 
Samples

The profile of the most active bimetallic catalyst (AuPd/
TiO2-IAirD) and its monometallic counterparts (Au/TiO2-D 
and Pd/TiO2-I) are presented separately in Fig. 2a. By tak-
ing a closer look at these results, although the CO conver-
sion was higher in the AuPd/TiO2-IAirD sample, especially 
from − 5 °C to 30 °C, the activity profile resembled the one 
observed in the monometallic Au/TiO2-D sample. There-
fore, the apparent activation energies (Ea) of both catalysts 
were calculated (see Arrhenius plots in Fig. S2) and the data 
results are presented in Table 2. The Eavalue of the bime-
tallic AuPd/TiO2-IAirD catalyst (16 kJ mol−1) was approxi-
mately half that of the monometallic gold counterpart (30 kJ 
mol−1). This suggests an enhancement in the reactivity of 
the Au sites, likely due to their close interaction with the 
Pd atoms. Similar behavior has been reported for bimetallic 
Au-Cu and Au-Rh NPs supported on TiO2and tested in CO 
oxidation reaction [14, 22]. Table 2also presents the reaction 
rates and TOF data obtained under kinetic regime. At 0 °C, 
the TOF value for the AuPd/TiO2-IAirD sample (0.807 s−1) 
was nearly double that of the Au/TiO2-D catalyst (0.532 s−1), 

air, the mean particle size slightly increased. Nonetheless, 
the AuPd/TiO2-IAirD catalyst presented the best activity (see 
Fig.  1c). Therefore, the enhanced catalytic performance 
exhibited by this sample should be not only ascribed to a 
particle size effect, but also to a specific Au-Pd interaction 
and surface arrangement obtained through this synthesis 
procedure.

In this frame, two considerations are worth mentioning. 
First, after the intermediate treatment with H2, an increased 
amount of Pd0 species is expected, whereas after the inter-
mediate treatment with air, PdOX species are probably 
more abundant. Second, the activity results for the bime-
tallic catalysts showed that, when a reductive atmosphere 
was employed in the intermediate treatment, a decrease in 
the CO conversion was noticed, regardless of the addition 
method of the palladium (Fig. 1b, c). Based on these two 
observations, it is proposed that the interplay between Pd0 
and the gold precursor species (Au3+) led to the formation 
of bimetallic AuPd entities with less synergy, Conversely, 
the PdOX-Au3+ interaction resulted in bimetallic AuPd NPs 
with a higher synergy, especially when Pd was added via 
impregnation (AuPd/TiO2-IAirD), improving the catalytic 
properties.

Table 2  Metal dispersion (%), catalytic properties and kinetic data of Au/TiO2-D, Pd/TiO2-I and AuPd/TiO2-IAirD catalysts
Sample Metal dispersion (%)a Contact time (gcat h mol−1

CO) Reaction rate (molCO 
mol−1

Metal s−1)
TOF (s−1) Ea (kJ mol−1)

0 °C 10 °C 0 °C 10 °C
Au/TiO2-D 32 3.2 0.172 0.301 0.532 0.931 30
Pd/TiO2-I 21 0.002 0.003 0.010 0.014 n/a
AuPd/TiO2-IAirD 24 0.191 0.214 0.807 0.906 16
aMetal dispersion was calculated employing the mean particle size values from the TEM observations, assuming a spherical model.

Fig. 2  (a) CO conversion (%) as a function of the reaction temperature 
(− 5–300 °C) of the most active bimetallic catalyst: sample prepared 
by sequential Impregnation (Pd)– DPU (Au) with an intermediate ther-

mal treatment (air, 400 °C). (b) CO conversion (%) as a function of the 
reaction time (24 h) at 50 °C
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phase is included in Table  3. The TiO2 lattice expansion 
could be related to the partial reduction of the support upon 
activation in hydrogen, as the ionic radius of Ti3+ (0.67 Å) is 
larger than that of Ti4+ (0.61 Å) [25, 26]. On the other hand, 
TiO2 lattice contraction revealed some restructuring of the 
catalysts after the deactivation tests.

Figure 3c presents an 2θ amplification where the main 
signals of the metal NPs (Au and Pd/PdO) reside. No dif-
fraction peaks related to gold or palladium-based phases 
were observed in any case (dried, activated or spent sam-
ples). These results suggested that the metal NPs were well-
dispersed over the TiO2 surface (activated catalysts) but also 
that after the stability tests, these NPs did not significantly 
increase. The above agreed with the mean particle size val-
ues of the spent samples (Table 1).

The structural features of the catalysts (dried, activated 
and spent) were complemented through Raman spectros-
copy, Fig. 4a. All normalized spectra exhibited the charac-
teristics Raman signals of the TiO2 anatase phase, located 
at 144  cm−1 (Eg(1)), 197  cm−1 (Eg(2)), 397  cm−1 (B1g(1)), 
516  cm−1 (A1g + B1g(2)), and 638  cm−1 (Eg(3)) [27]. Most 
of the TiO2 rutile active modes reside at around the same 
Raman shifts, and these contributions were probably over-
shadowed. The most intense Raman active mode of the 
anatase phase, namely Eg(1), accounts for the symmetrical 
stretching vibrations of the O-Ti-O groups, and it is sen-
sitive to the presence of oxygen vacancies (Vö) [28, 29]. 
Furthermore, it has been well-established that the Eg(1) 
mode displacement towards higher Raman shifts indicates 
an increase of the Vö sites and, consequently, of the Ti3+ 
cations in the TiO2 structure [30, 31].

Figure 4b presents an amplification of the spectra where 
the Eg(1) was centered, and the displacements were clearly 
observed, depending on the reactive atmosphere. Compared 
to the dried samples, the activated ones presented the blue 
shift associated with the presence of Vö sites, and this phe-
nomenon was more important in the AuPd/TiO2-IAirD cat-
alyst, which indicated that the partial TiO2 reduction was 
more important in this catalyst. Conversely, spent catalysts 
behaved differently; the Eg(1) mode in both Au/TiO2-D and 
Pd/TiO2-I samples returned to its original position, while in 
the AuPd/TiO2-IAirD sample, the Eg(1) blue shift increased 
(see Table 3). The above indicates that the reactive atmo-
sphere (CO + O2) affected the TiO2 support differently in 
each catalyst; re-oxidation is suggested in both monometal-
lic samples, while a further reduction probably occurred in 
the bimetallic one. This behavior could explain the differ-
ences in the activity and stability between the samples (see 
Fig. 2).

providing clear evidence of the enhanced catalytic activity 
of the bimetallic sample. At 10 °C, both TOF values were 
similar, indicating that the beneficial role of Pd in the bime-
tallic sample was more relevant at low temperatures.

Furthermore, the catalytic stability of the most active 
samples in this series (AuPd/TiO2-IAirD and Au/TiO2-D) 
was studied at 50 °C for 24 h, and results are presented in 
Fig. 2b. At the beginning of the run, the bimetallic AuPd/
TiO2-IAirD sample exhibited the highest activity (61%), fol-
lowed by the monometallic Au/TiO2-D (30%). After 4 h on 
stream, a significant drop in the CO conversion was observed 
in the AuPd/TiO2-IAirD catalyst (40%). From this stage, the 
bimetallic sample presented only slight deactivation, and, at 
the end of the experiment, the CO conversion was around 
30%. On the other hand, the monometallic sample presented 
a continuous drop in the activity during the 24  h of run, 
and exhibited final CO conversion values near 13%. At the 
end of the test, the deactivation percentage values were the 
following: Au/TiO2-D (57%) and AuPd/TiO2-IAirD (50%). 
This result indicated that the presence of palladium in the 
bimetallic AuPd/TiO2-IAirD catalyst not only enhanced the 
activity, but also the stability of the sample. TEM-HAADF 
characterization of the spent samples (50  °C, 24  h) was 
useful to propose an explanation for the enhanced stability 
(see Table 1): while the particle size slightly increased in 
the monometallic Au/TiO2-D sample (3.9 nm), it remained 
nearly unchanged in the bimetallic AuPd/TiO2-IAirD cata-
lyst (4.8 nm).

In the following sections, these three catalysts (Au/TiO2-
D, Pd/TiO2-I and AuPd/TiO2-IAirD) were studied in detail to 
unveil the key structural features that led into their effective-
ness in the CO oxidation reaction.

3.2  Ex-situ Characterization of Catalysts

3.2.1  Structural Characterization by XRD and Raman 
Spectroscopy

Figure 3a presents the XRD patterns of three samples (Au/
TiO2-D, Pd/TiO2-I and AuPd/TiO2-IAirD) at different stages: 
dried, activated (500 °C, H2) and spent (deactivation tests). 
In all cases, the characteristic diffraction peaks of both TiO2 
anatase (JCPDS 021–1272) and TiO2 rutile (JCPDS 021–
1276) were identified. These signals originated from the 
commercial TiO2 support (AEROXIDE® TiO2 P25). Fig-
ure  3b shows that, after activation, TiO2 (101) diffraction 
peaks from gold-containing catalysts shifted to lower angles 
(i.e., lattice expansion), while the opposite occurred in the 
samples spent (i.e., lattice contraction). Rietveld refinement 
of all the XRD patterns was carried out to confirm the above 
and the complete results are presented in Table S2. A sum-
mary of the values of the “a” parameter of the TiO2 anatase 
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contributions are related to the reduction of gold species 
interacting closely with the TiO2 support, i.e., Au3+ → 
Au0 and Au1+ → Au0, respectively [32, 33]. The Pd/TiO2-
I sample exhibited a negative peak at 63 °C, attributed to 
the H2 desorption from the decomposition of the palladium 
hydride phase after the reduction of palladium oxide spe-
cies (i.e., PdO → PdH → Pd) [19]. The reduction of PdO 

3.2.2  Reducibility of Catalysts by H2-TPR Experiments

The reducibility of dried samples was studied through H2-
TPR experiments performed from − 20 °C to 600 °C, Fig. 5. 
The profile of the Au/TiO2-D sample revealed a single H2 
consumption event centered at 135 °C, with a small shoul-
der at around 150  °C. According to the literature, these 

Table 3  Structural features (XRD, Raman), H2 uptake (µmol) and optical properties (LSPR band) of Au/TiO2-D, Pd/TiO2-I and AuPd/TiO2-IAirD 
catalysts
Sample Anatase “a” parameter (Å) Eg(1) Raman mode

(cm−1)
H2 uptake (µmol) LSPR band (nm)

Dried Act.a Spentb Dried Act.a Spentb Exp.c Theo.d

Au/TiO2-D 3.781 3.786 3.781 146.6 152.5 143.9 11.6 7.2 550
Pd/TiO2-I 3.785 3.785 3.785 143.9 150.0 143.9 5.0 5.5 563, 628
AuPd/TiO2-IAirD 3.784 3.785 3.783 143.9 150.0 153.0 27.0 14.9 552, 621
aSamples activated at 500 °C in the H2 atmosphere for 2 h
bSamples recovered after the stability tests (50 °C, 24 h)
cDetermined from the H2-TPR profiles of dried samples
dCalculated assuming stoichiometric reduction of Au3+ or Pd2+ species, as detected by EDS

Fig. 3  (a) XRD patterns of dried, activated and spent catalysts. (b) The 
2θ = 33 − 29° corresponds to the amplified zone, where the principal 
TiO2 diffraction peaks reside, and (c) the 2θ = 32–48° corresponds to 

the amplified zone where the principal diffraction peaks of each metal 
(or metal oxide) reside

 

1 3



Topics in Catalysis

in the bimetallic AuPd/TiO2-IAirD sample. The absence of 
contributions at higher temperatures (see inset Fig. 5), sug-
gested that this increased H2 uptake originates from the 
partial reduction of the TiO2 support, promoted by the com-
bined presence of Au and Pd species in the formed NPs.

3.2.3  Phase Identification of the NPs by HRTEM and XPS

As mentioned in Sect. 3.1, the most active bimetallic cata-
lyst and its monometallic counterparts presented the fol-
lowing mean particle sizes: Au/TiO2-D (3.7 nm), Pd/TiO2-I 
(5.4 nm) and AuPd/TiO2-IAirD (4.9 nm).

To identify the crystalline phase of these NPs, activated 
catalysts were studied through high-resolution TEM, and 
the representative images are shown in Fig. 6. The identi-
fied NP from the Au/TiO2-D catalyst (Fig.  6b) presented 
lattice fringe spacings of 0.246 and 0.248 nm, both related 
to (111) crystal planes of the metallic Au phase (JCPDS 
04–0784). For the Pd/TiO2-I catalyst (Fig. 6d), the observed 
NP exhibited lattice fringe spacing of 0.237  nm, associ-
ated with the (111) crystal planes of the metallic Pd phase 
(JCPDS 46–1043). Finally, the NP highlighted in the bime-
tallic AuPd/TiO2-IAirD sample showed lattice fringe spacing 
of 0.248, 0.244 and 0.213 nm (Fig. 6f). At first sight, these 
measures could be associated with two planes (111) and one 
plane (200) of metallic gold. However, since the values of 
the lattice from both Au and Pd metallic structures are very 
close, the formation of an Au-Pd alloy phase in the NPs was 
not discarded. The assumption where the NPs coming from 
the bimetallic AuPd/TiO2-IAirD catalyst were composed of 

species in PdO/TiO2 samples has been reported to occur 
below 0°C [34]. Although experiments were carried out 
from sub-ambient temperature (−20 °C), the H2 consump-
tion associated with the reduction of oxidized palladium 
species was not observed. This result suggested that the pro-
cess occurred spontaneously, without being recorded by the 
equipment. The Pd/TiO2-I catalyst presented a second tiny 
contribution at ca. 290 °C, probably related to the reduction 
of PdOx species strongly interacting with the TiO2 support.

Finally, the bimetallic AuPd/TiO2-IAirD sample presents 
a main H2 consumption event at sub-ambient temperatures, 
with the maximum located at 17  °C. The absence of the 
reduction event at ca. 135 °C, observed in the monometallic 
Au/TiO2-D sample, suggested that the 17  °C contribution 
originates from the reduction of gold species (Au3+ → Au0), 
and promoted by the presence of palladium; similar results 
have been reported in AuPd/Al2O3 catalyst [35]. Besides, 
the negative peak at 63 °C, associated with the H2 desorp-
tion from Pd sites, indicated that the sub-ambient contribu-
tion also accounts for the reduction of palladium species. 
In summary, the H2-TPR profile of the AuPd/TiO2-IAirD 
sample presented significant differences compared to its 
monometallic counterparts, and showed that both Au and 
Pd species were interacting closely, strongly suggesting the 
formation of an Au-Pd alloy [36].

The quantitative analysis of the H2-TPR profiles is 
included in Table  3. The monometallic Pd/TiO2-I sample 
presented a H2 consumption close to the theoretical. Con-
versely, the experimental H2 uptake from both gold-contain-
ing catalysts surpassed the expected one, more importantly 

Fig. 4  (a) Normalized Raman spectra of dried, activated and spent catalysts. (b) The amplified zone where the principal TiO2 anatase Raman peak 
(Eg(1)) is located
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energies, identified in both samples, may be related to the 
Au0 species interacting closely with the Ti atoms from the 
support. Besides, no contributions at higher binding ener-
gies were observed (ca. 87  eV), which corroborated the 
absence of oxidized gold species in the gold-containing 
catalysts. Two important differences were identified in the 
bimetallic AuPd/TiO2-IAirD catalyst: (i) all contributions 
appeared shifted to lower binding energies, and (ii) the pres-
ence of a third doublet at ca. 78 and 82 eV. These features 
indicate modifications in the chemical environment of the 
Au0 species, likely due to charge transfer from the bonded 
Pd0 species. The above helped to strengthen the proposal 
for the formation of an AuPd alloy, in agreement with the 
HRTEM results.

an AuPd mixed phase (intermetallic or core-shell nanopar-
ticles) could be strengthened by the single reduction event 
observed in H2-TPR profile (see Fig. 5), which evidenced 
close interaction between Au and Pd species. Moreover, 
both Au and Pd present high miscibility and several reports 
have elucidated the formation of alloyed AuPd NPs [6, 8].

XPS characterization was implemented to corroborate 
the electronic state of gold atoms as well as the chemical 
environment of the Ti cations. Figure  7 shows the corre-
sponding XPS spectra of the activated catalysts. The Au 
4f edge deconvolution of both Au/TiO2-D and AuPd/TiO2-
IAirD samples is presented in Fig.  7a, b, respectively. In 
both cases, the presence of metallic Au NPs was corrobo-
rated with the contributions at around 81 eV (Au 4f7/2) and 
85 eV (Au 4f5/2) [37]. The second doublet at lower binding 

Fig. 5  H2-TPR profiles of dried catalysts: Au/TiO2-D, Pd/TiO2-I and AuPd/TiO2-IAirD. Experiments were performed from − 20 to 600 °C
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Fig. 6  Representative TEM images of the activated catalysts: (a) and (b) Au/TiO2-D, (c) and (d) Pd/TiO2-I, (e) and (f) AuPd/TiO2-IAirD. The par-
ticle size histogram is included in the HAADF images (a, c and e) while in (b, d and f) the HRTEM-FFT analysis of the lattice fringes is included
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3.3  In-situ Characterization of Catalysts

3.3.1  Activation in H2 Followed by in-situ UV-vis 
Spectroscopy

It has been well-established that gold and palladium metal-
lic phases exhibit optical properties, specifically the surface 
plasmon resonance (SPR) phenomena [39, 40]. Therefore, 
to gain insights into the formation of the Au and Pd NPs 
in the monometallic samples, as well as in the Au-Pd inter-
action in the bimetallic catalyst, the activation process in 
a 10%H2/Ar flow (60 mL min−1) at 500  °C (2  °C min−1) 
for 1 h was monitored through in-situ UV-vis diffuse reflec-
tance spectroscopy, Fig. 8. Prior to the activation, the three 
samples presented strong absorption below 400 nm, the fin-
gerprint of the optical response of the TiO2 phase [41].

Figure  8a shows the spectra related to the Au/TiO2-D 
sample. With the temperature increase (120  °C), a broad 
absorption band developed within the 750–400 nm interval, 
with absorption maxima (λmax) at ca. 533 nm. At 140 °C, 
the absorption drastically increased, and, from this point, 

On the other hand, the Ti 2p edge deconvoluted spectra 
are presented in Fig. 7c, d. The doublet at around 457 eV 
(Ti 2p3/2) and 463 eV (Ti 2p1/2), and that located at around 
458  eV (Ti 2p3/2) and 464  eV (Ti 2p1/2), were associated 
with Ti4+ species coming from the anatase and rutile phases, 
respectively. Moreover, the doublet at around 456  eV (Ti 
2p3/2) and 461 eV (Ti 2p1/2) confirmed the generation of Ti3+ 
species in both catalysts [38]. The bimetallic AuPd/TiO2-
IAirD sample exhibited two peculiarities in this region: (i) 
a shift towards lower binding energies, and (ii) an increase 
in the intensity ratio of the Ti3+ doublet. Both observations 
strongly suggested a larger presence of the partially reduced 
TiO2 phase, in agreement with the XRD and Raman spec-
troscopy characterizations.

Fig. 7  X-ray photoelectron data of the activated catalysts: (a and c) the Au/TiO2-D sample and (b and d) the AuPd/TiO2-IAirD sample. Spectra at 
different edges: (a, b) Au 4f and (c, d) Ti 2p
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this band slowly gained intensity until the final tempera-
ture (500  °C), with a final λmax of 550  nm. According to 
the literature, this band is related to the localized surface 
plasmon resonance (LSPR) of metallic Au NPs (hereafter 
named as AuLSPR band) [39, 42]. These results agreed with 
the H2-TPR characterization, where the Au/TiO2-D cata-
lyst presented H2 consumption at the 110–170 °C interval, 
almost the same temperature range where the AuLSPR band 
was formed. Differences in the λmax and intensity could be 
related to thermal effects, as reported previously [30, 43]. 
However, the reasons for these modifications could also be 
related to a slight increase in the size of the Au NPs [44].

Figure  8b presents the UV-vis spectra of the Pd/TiO2-
I sample. Immediately after admittance of the H2 flow 
(20 °C), an abrupt increase in the absorption was observed, 
with two λmax at 560 and 628 nm. Then, at the 40–500 °C 
interval, these contributions slightly increased in their 
absorption, with almost no shift in their λmax. Results sug-
gested that the LSPR band of the Pd NPs (hereafter named 
as PdLSPR band) was centered at 560 nm, in agreement with 
other reports [45]. This observation confirmed the H2-TPR 
findings of the Pd/TiO2-I sample, where it was proposed that 
the Pd2+ → Pd0 reduction occurred spontaneously at low 
temperatures. Moreover, based on the work by S. Mukher-
jee et al. [46], the contribution centered at 628  nm could 
also be assigned to the PdLSPR band arising from Pd NPs in 
strong interaction with the TiO2 support. Regardless of the 
nature of this second band, results suggested a heterogene-
ity of the Pd species. Finally, compared to the gold catalyst, 
the intensity of the PdLSPR band decreased significantly; the 
above can be attributed to the damping effect caused by d-d 
inter-band transitions of palladium [47].

Figure 8c exhibits the spectra from the activation in H2 
of the AuPd/TiO2-IAirD sample. A broad absorption signal 
started developing at a relatively low temperature (40 °C), 
and suddenly increased at two steps: 40 and 60  °C. After 
this point, the signal slowly gained intensity until the final 
temperature (500 °C), and two λmax at 552 and 621 nm were 
identified. The 552  nm contribution was located between 
the λmax of both AuLSPR and PdLSPR bands, suggesting that 
it originated from the LSPR of NPs composed of Au and 
Pd atoms in close interaction (hereafter named as AuP-
dLSPR band), in agreement with the HRTEM characteriza-
tion. Besides, the observation of the 621  nm contribution 
suggests that the presence of palladium improved the 
interaction between the bimetallic NPs and the TiO2 sup-
port. Finally, the temperature interval where the bimetallic 
AuPd/TiO2-IAirD catalyst exhibited hydrogen uptake in the 
H2-TPR experiment (10–90 °C) almost matched with that 
observed when the LSPR band was completely developed, 
indicating that both support the formation of the bimetallic 
AuPd NPs.

Fig. 8  Activation in H2 (2 °C min−1, 500 °C, 1 h) followed by in-situ 
UV-vis spectroscopy: (a) Au/TiO2-D, (b) Pd/TiO2-I, and (c) AuPd/
TiO2-IAirD
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and only remnants of the bridged species were observed, 
which agrees with their higher thermal stability previously 
reported [58]. Besides, compared to the spectra from the Au/
TiO2-D sample (Fig. 9b), a higher strength of the Pd sites 
towards adsorbed CO was evidenced. In summary, results 
verified that the activated Pd/TiO2-I catalyst was composed 
of metallic Pd NPs deposited over the TiO2 surface with dif-
ferent interaction (in agreement with the UV-vis character-
ization); likewise, the high population of bridged carbonyls 
could be linked to the existence of larger particle sizes, in 
agreement with the STEM characterization (see Table 1).

Figure 9e shows the spectra of the carbonyls desorption 
stage at −20 °C from the bimetallic AuPd/TiO2-IAirD cata-
lyst. The analysis performed in the monometallic samples 
was considered to properly assign the nature of the observed 
vibrational bands. Four bands related linear carbonyls 
adsorbed over either gold or palladium sites were observed 
at around 2112  cm−1 (lCO-Au0), 2081  cm−1 (lCO-Pd0), 
2069 cm−1 (lCO-Pd0) and 2048 cm−1 (lCO-Auδ-). Besides, 
three bands associated with bridged carbonyls were iden-
tified at ca. 1959  cm−1 (bCO-Pd0), 1948  cm−1 (bCO-Pd0) 
and 1930 cm−1 (tCO-Pd0). After 20 min of purge, the inten-
sity of the lCO-Au0 contribution marginally decreased, 
whereas those related to the Pd sites remained unaltered. 
Compared to the spectra of the monometallic Au/TiO2-D 
(Fig. 9a) and Pd/TiO2-I samples (Fig. 9c), three differences 
are worth mentioning: (i) the intensity of the carbonyl-
on-Au bands decreased; (ii) all the carbonyl-on-Pd bands 
appeared shifted; and (iii) the population of the bridged spe-
cies decreased, probably due to the presence of gold atoms 
on the nanoparticle surface, which hindered the formation 
of these species. All these observations suggested that the 
NPs present in the bimetallic AuPd/TiO2-IAirD catalyst 
were composed of an alloyed Au-Pd phase, with both atoms 
available on the surface.

Figure  9f presents the thermal stability of the above-
mentioned bands coming from the AuPd/TiO2-IAirD cata-
lyst. Both lCO-Au0 and lCO-Auδ- bands decreased with 
the temperature and totally disappeared at 5  °C, similar 
to the observed in the Au/TiO2-D sample (Fig.  9b). Con-
versely, the thermal stability of the carbonyl-on-Pd bands 
increased, compared to that observed in the Pd/TiO2-I 
sample (Fig. 9d). This modification was more important for 
the linear carbonyls, which remained visible up to 100 °C, 
specifically the lCO-Pd0 band related to low-coordinated Pd 
atoms (2075 cm−1). The improved stability of the carbon-
yls adsorbed over the Pd sites could be linked to the inti-
mate interaction between Au and Pd atoms in the bimetallic 
NPs, and some electron transfer between the two elements, 
as evidenced in the Au4f edge spectrum of the bimetallic 
AuPd/TiO2-IAirD catalyst (see Fig. 7b).

3.3.2  CO Adsorption-Desorption Followed by In-situ 
DRIFTS

Carbon monoxide (CO), employed as a probe molecule, 
was adsorbed over the activated catalysts, to evidence the 
surface composition of mono and bimetallic NPs deposited 
over the TiO2. CO adsorption was conducted at −20 °C to 
promote the formation of adsorbed carbonyls over the Au 
sites and to minimize the interference of the gas-phase mol-
ecules [48]. The evolution of the adsorbed carbonyl bands 
was monitored byin-situDRIFTS at two stages: (i) desorp-
tion at −20 °C in N2 flow, and (ii) desorption upon heating 
(from − 20 to 100 °C) in N2 flow.

Figure 9a shows the FTIR spectra of the Au/TiO2-D sam-
ple during the desorption step at −20 °C. At the beginning, 
three bands at 2170, 2112 and 2148 cm−1 were identified. 
At the end of this stage, only the last two remained visible. 
The 2170 cm−1 contribution was related either to the vibra-
tion of the gaseous CO [49], or to carbonyl species weakly 
adsorbed on Ti4+/Ti3+ sites [50], thus explaining its disap-
pearance after the purge. Linear carbonyl species adsorbed 
over low-coordinated metallic gold sites were responsible 
for the most intense 2112 cm−1 band (lCO-Au0) [51], while 
linear carbonyls species adsorbed over negatively charged 
Au atoms accounted for the 2148  cm−1 band (lCO-Auδ-) 
[52]. The latter species were probably formed due to the 
strong interaction between the Au NPs and the TiO2 sup-
port, promoting some electron transfer [53]. At the end of 
this stage, the lCO-Au0 band slightly decreased. Moreover, 
at the heating stage in N2 flow, Fig. 9b, the lCO-Au0 band 
gradually decreased in intensity, while the lCO-Auδ- band 
remained almost unaltered. However, at around 10 °C, both 
species completely disappeared, while an incipient con-
tribution at 1995 cm−1 became visible; the latter probably 
linked to doubly-bridged carbonyls adsorbed on Auδ- sites 
(bCO-Auδ-). Results confirmed the presence of well-dis-
persed metallic Au NPs in the activated Au/TiO2-D catalyst, 
in agreement with the HRTEM and UV-vis results.

Figure 9c presents the FTIR spectra from the carbonyl 
region of the Pd/TiO2-D catalyst during the CO desorption 
stage at −20 °C. Contributions at around 2094 and 2063 cm−1 
were related to linear carbonyls adsorbed over metallic pal-
ladium sites (lCO-Pd0), with high and low-coordination, 
respectively [54, 55]. Moreover, signals centered at ca. 1965 
and 1923 cm−1 were attributed to doubly-bridged carbonyls 
adsorbed over Pd0 sites (bCO-Pd0) with high and low-coor-
dination, respectively [56, 57]. Finally, the 1894 cm−1 band 
accounted for triply-bridged carbonyls over Pd0 sites (tCO-
Pd0). The intensity of linear and bridged species was simi-
lar, with no modifications during this stage. However, all the 
contributions slowly decreased in intensity as the tempera-
ture increased, Fig.  9d. At 50  °C, linear species vanished 
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Fig. 9  CO adsorption-desorption followed by in-situ DRIFTS over activated catalysts: (a, c, and e) desorption at −20 °C in N2 flow and (b, d, and 
f) desorption in N2 flow upon heating. (a and b) the Au/TiO2-D sample, (c and d) the Pd/TiO2-I sample, and (e and f) the AuPd/TiO2-IAirD sample
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doubly-bridged (bCO-Pd0 at 1965 and 1930 cm−1), and tri-
ply-bridged (tCO-Pd0 at 1886 cm−1) were observed at the 
first temperature (20  °C). Compared to the experiment in 
pure CO (see Fig. 8c, d), the intensity of the bridged carbon-
yls increased (especially the 1930 cm−1 contribution). This 
observation suggested that the size of the Pd NPs increased 
right from the beginning, a phenomenon probably promoted 
by the presence of O2 in the reactive atmosphere by oxi-
dizing some of the metallic Pd atoms to form PdOx. Upon 
heating, modifications in the position and intensity of the 
vibrational band were only noticed at 100  °C. The above 
suggests that below this temperature, the stability of the 
adsorbed carbonyls was too high, limiting their reactivity; 
this result agreed with the null activity exhibited by the Pd/
TiO2-I sample in this temperature interval (see Fig. 2a). The 
lCO-Pd0 band related to high-coordinated Pd sites vanished 
at 200 °C, while the one related to low-coordinated Pd sites 
remained until the last temperature (300 °C). On the other 
hand, all three bridged carbonyls were still visible at the 
end of the experiment, however, the one related to the high-
coordinated Pd sites (1965 cm−1) presented a higher inten-
sity at this stage. Remnants of CO gas were also observed at 
the final reaction temperature.

Figure 10d presents the UV-vis spectra of the Pd/TiO2-I 
catalyst. The presence of the reactive atmosphere (CO + O2) 
decreased the absorption intensity of the PdLSPR bands (with 
λmax at 565 and 617  nm), and this behavior continued up 
to 100 °C. This phenomenon could be related to the oxida-
tion of the Pd NPs in the presence of O2, however, no car-
bonyl bands adsorbed on Pdδ+ were observed in the DRIFT 
spectra. Therefore, the decrease in absorption was prob-
ably related to the damping of the LSPR due to the high 
amount of carbonyl species adsorbed over the Pd NPs, as 
evidenced by DRIFTS (Fig. 10c). Above 100 °C, the PdLSPR 
bands gradually grew again, and, at the final temperature, 
these presented almost the same absorption intensity as 
that of the beginning. Interestingly, at the same tempera-
ture interval (100–300  °C), the intensity of adsorbed car-
bonyls decreased, a clear indication that both phenomena 
were linked. The λmax of the PdLSPR bands remained unal-
tered during the complete reaction process. The combined 
DRIFTS and UV-vis in-situ characterization showed that 
the poor catalytic properties of the Pd/TiO2-I catalyst were 
probably associated with the restructuring of the Pd NPs 
in the presence of the reactive atmosphere and the strong 
adsorption of the carbonyl species.

Figure 10e shows the CO oxidation in the activated AuPd/
TiO2-IAirD sample, monitored by DRIFTS. At the beginning 
of the reaction (20  °C), carbonyl bands adsorbed linearly 
on Au0 at 2110 cm−1 (lCO-Au0) and over Auδ- at 2046 cm−1 
(lCO-Auδ-) were identified. Besides, carbonyl-on-Pd spe-
cies adsorbed linearly (lCO-Pd0 at 2079 and 2067  cm−1), 

3.4  CO Oxidation Studied via In-situ Spectroscopy 
Techniques

3.4.1  CO Oxidation Followed by In-situ DRIFT and UV-vis 
Spectroscopies

The behavior of the activated catalysts in the CO oxidation 
reaction (20–300 °C) was studied through in-situ spectros-
copy techniques. Specifically, DRIFT (carbonyl region) and 
UV-vis (LSPR bands) spectroscopies were employed to 
determine the active sites and monitor the structural modifi-
cations that the supported NPs could experience in the reac-
tive atmosphere. The discussion of the results was based 
mostly on the findings described in Sect. 3.3.1 and 3.3.2.

Figure 10a presents the FTIR spectra from the Au/TiO2-
D sample. Initially (20 °C), vibrations coming from gaseous 
CO (P and R branches), and linear carbonyls adsorbed on 
gold sites (lCO-Au0 and lCO-Auδ- bands) were observed. 
The nature of these contributions was unfolded in the pre-
vious section. Compared to the CO-adsorption-desorption 
experiment (see Fig. 8a, b), the intensity of the lCO-Auδ- 
band decreased, suggesting that, in the reactive atmosphere 
(CO+O2) the Au-TiO2 interaction weakened. As the reaction 
temperature increased, the intensity of the carbonyl bands 
gradually decreased, and these completely disappeared at 
ca. 30 °C (lCO-Au0) and ca. 150 °C (lCO-Auδ-). The disap-
pearance of the lCO-Auδ- band at low temperatures suggests 
that these sites (Au in strong interaction with the TiO2 sup-
port) became less active as the temperature increased. At the 
same time, the intensity of the CO gas bands progressively 
diminished, however, these signals were still visible at the 
final temperature (300 °C).

Figure 10b shows the UV-vis absorption spectra of the 
Au/TiO2-D catalyst during the CO oxidation reaction. After 
admittance of the reactive gases (CO + O2), the λmax of the 
AuLSPR band shifted to lower wavelengths (compared to the 
spectrum of the activated catalyst shown in red). This shift 
was probably associated with the adsorption of carbonyl 
species over the Au NPs, which promoted some electron 
transfer from the molecule to the metal; a similar behavior 
was previously reported [30]. As the reaction temperature 
increased, the AuLSPR band shifted to higher wavelengths, 
with a final λmax of 546 nm at 300 °C (i.e., a 10 nm red-
shift). This change was probably related to an increase in 
the Au NPs size [44]. In summary, both techniques helped 
to propose that the lower catalytic properties exhibited by 
Au/TiO2-D sample (compared to the bimetallic one) could 
be related to the reduced activity of Au-TiO2 sites, and the 
slight size increase of the Au NPs during the reaction.

Figure 10c shows the DRIFTS results coming from the 
Pd/TiO2-I sample. Besides the gaseous CO, carbonyl bands 
adsorbed over Pd0 linearly (lCO-Pd0 at 2090 and 2063 cm−1), 
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Fig. 10  CO oxidation followed by in-situ DRIFT (a, c and e) and in-situ UV-vis (b, d and f) spectroscopies over activated catalysts: (a and b) the 
Au/TiO2-D sample and (c and d) the Pd/TiO2-I sample, and (e and f) the AuPd/TiO2-IAirD sample
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therefore, the shift may suggest a modification of this inter-
play during the reaction. Since DRIFTS results did not evi-
dence modifications of the bimetallic NPs, this phenomenon 
could be related to changes in TiO2 support. In the following 
section, this proposal is discussed in detail.

Overall, the in-situ monitoring of the CO oxidation reac-
tion in the AuPd/TiO2-IAirD catalyst led to the following 
proposals: (i) the bimetallic AuPd NPs maintain a stable 
structure during the reaction; (ii) at low temperatures, Au 
atoms in close interaction with the TiO2 support served as 
the active sites, while at high temperatures, low-coordinated 
Pd atoms were likely the active sites; and (iii) Au enhanced 
the reactivity of Pd, and vice versa.

3.4.2  CO Oxidation Followed by In-situ Raman 
Spectroscopy

The role of the TiO2 support during the CO oxidation reac-
tion (20–300 °C) was unveiled through in-situ Raman spec-
troscopy. The analysis considered the results described in 
Sect. 3.2.1.

Figure  11a presents the normalized Raman spectra of 
the activated bimetallic AuPd/TiO2-IAirD catalyst exposed 
to the reactive atmosphere. All the previously described 
Raman active modes, related to the TiO2 anatase phase 
(Sect.  3.2.1), were also identified in these experiments. 
Focusing on the Eg(1) mode, sensitive to the formation of 
oxygen vacancies (Vö) and the partial reduction of the TiO2 
phase [29], a continuous blueshift was evidenced with the 
reaction temperature increase (see inset Fig. 11a). The Eg(1) 
band maximum ended at 153.0  cm−1, i.e., a total shift of 
8.7  cm−1 (compared to the position of the dried sample). 
The temperature dependency on the shift of the TiO2 Raman 
bands has been studied and reported to be below 5 cm−1 [59, 
60], nevertheless, the displacement of the AuPd/TiO2-IAirD 
catalyst in the present work was more important. Therefore, 
this result revealed that a partial TiO2 reduction during the 
CO oxidation reaction took place in the bimetallic sample. 
This process could be ascribed to the presence of CO in the 
reactive atmosphere, a molecule known for being a reduc-
tive agent [61]. Therefore, the better catalytic properties of 
the bimetallic sample (see Fig. 2) resulted also from the par-
tial reduction of the TiO2 support, as the Vö sites could be 
also active in the CO oxidation reaction [62]. Additionally, 
these oxygen vacancies may account for the lower Eavalue 
of the AuPd/TiO2-IAirD sample (see Table 3), which is con-
sistent with previous reports [63].

To clarify the impact of the bimetallic AuPd NPs on the 
partial reduction of the TiO2, the activation in H2 and the 
CO oxidation reaction were monitored in both the bare 
TiO2 support and the bimetallic AuPd/TiO2-IAirD catalyst, 
Figs. S4 and S5, correspondingly. Figure 11b summarizes 

doubly-bridged (bCO-Pd0 at 1973 and 1945  cm−1), and 
triply-bridged (tCO-Pd0 at 1926 cm−1) were also observed 
at 20  °C. Except for the contribution of the CO gas, the 
profile was almost similar to the ones obtained in pure CO 
(see Fig. 8(e) and 8(d)), an indication that the O2 did not 
affect the structure of the AuPd NPs. With the increase of 
the reaction temperature, both lCO-Au0 and lCO-Auδ- bands 
decreased and vanished above 100 °C. Compared to the Au/
TiO2-D catalyst (Fig. 10a), these contributions disappeared 
around the same temperature, however, the intensity of the 
lCO-Auδ- band was higher in the bimetallic sample, suggest-
ing that the Au-TiO2 interaction increased by the presence 
of Pd, and these sites could be responsible for the higher 
activity at lower temperatures (see Fig.  2a). On the other 
hand, the analysis of carbonyls on Pd revealed that the linear 
species slowly decreased with increasing the temperature, 
while the carbonyls adsorbed on the low-coordinated Pd0 
sites (i.e., edges sites) remained visible at 300 °C. Although 
these contributions were also observed in the monometal-
lic Pd/TiO2-I sample (Fig. 10c), in the bimetallic one, they 
appeared blue-shifted, probably due to the close interaction 
with gold atoms and the electron transfer between the two, 
in agreement with the XPS characterization (see Fig. 7b). 
These low-coordinated Pd0 atoms, in vicinity with the Au 
atoms, probably acted as additional active sites for the CO 
oxidation reaction at high temperatures. Finally, focusing 
on the bridged species, these disappeared at above 200 °C, 
while those observed in the monometallic palladium sample 
did not vanish at all. The above suggested that the presence 
of gold improved the adsorption strength of carbonyls-on-
Pd to make them able to react. The absence of CO signals at 
high temperatures matched with the higher catalytic activity 
presented by this bimetallic sample (see Fig. 2(a)).

Figure 10f presents the UV-vis spectra of the AuPd/TiO2-
IAirD catalyst during the CO oxidation reaction. Spectra 
of the activated bimetallic sample exhibited an absorption 
intensity between those of the monometallic counterparts, 
which reinforced the hypothesis of the formation of an 
intermetallic Au-Pd phase. After admittance of the reactive 
atmosphere at 20 °C (CO + O2), only a slight decrease in the 
absorption of the AuPdLSPR band was observed (compared 
to the spectrum of the activated catalyst shown in red). This 
behavior diverged from the monometallic samples and indi-
cated a higher stability of the bimetallic AuPd NPs. The 
absorption of the AuPdLSPR band increased with the reaction 
temperature, however the λmax at 559  nm remained unal-
tered. These two observations suggested that the increased 
absorption was associated with a thermal effect rather than 
with the sintering of the AuPd NPs. On the other hand, the 
second contribution blue-shifted from 625 to 619  nm. As 
proposed in Sect. 3.3.1, this band may arise from bimetal-
lic AuPd NPs in close interaction with the TiO2 support, 
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Ex-situ characterization (XRD, Raman spectroscopy, 
H2-TPR, HRTEM and XPS spectroscopy) revealed the key 
features that boosted the catalytic properties of the bime-
tallic AuPd/TiO2-IAirD sample: (i) strong gold-palladium 
interaction and (ii) enhanced TiO2 reducibility promoted by 
the presence of both Au and Pd species. The monitoring of 
the activation in H2 (UV-vis) and CO-adsorption at −20 °C 
(DRIFTS) processes indirectly corroborated that the NPs 
in the bimetallic AuPd/TiO2-IAirD sample were composed 
of an intermetallic alloy with both Au and Pd atoms at the 
surface.

The study of the CO oxidation reaction through the com-
bination of in-situ DRIFT, UV-vis and Raman spectrosco-
pies was helpful on proposing the different active sites of 
the AuPd/TiO2-IAirD catalyst: (i) Au atoms in close interac-
tion with the TiO2 support, (ii) low-coordinated Pd atoms 
interacting closely with gold, and (iii) Vö sites from the par-
tially reduced TiO2 support.
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the above-mentioned in-situ Raman measurements, the plot 
correlated the Eg(1) mode shifts (relative to the observed in 
bare TiO2 at 20 °C (ca. 144 cm−1)) vs. the temperature of 
the process. Results indicated that the blueshift of the Eg(1) 
mode was more important in the AuPd/TiO2-IAirD sample. 
Furthermore, this shift was larger in the H2 atmosphere, a 
somehow expected result considering that hydrogen is the 
best reductive agent. Conversely, the displacement observed 
in the bare TiO2 support was lower than 5 cm−1, regardless 
of the atmosphere, and probably associated only with ther-
mal effects. Overall, results strongly suggested that, under 
reaction conditions (CO + O2), the partial TiO2 reduction 
was promoted by the presence of bimetallic AuPd NPs inter-
acting closely with the support. This partial TiO2 restruc-
turation was proposed to be included as part of the reasons 
why the bimetallic AuPd/TiO2-IAirD catalyst presented the 
best catalytic properties in the CO oxidation reaction.

4  Conclusions

Bimetallic AuPd/TiO2 catalysts, with a targeted Au: Pd 
atomic ratio of 1, were successfully prepared through a 
sequential impregnation (Pd) and deposition-precipitation 
in urea (Au) methodology over a commercial TiO2 support. 
An intermediate thermal treatment in an air atmosphere, 
between the Pd and the Au addition, boosted the catalytic 
activity and stability of the bimetallic AuPd/TiO2-IAirD 
sample. The CO conversion at 0 °C was almost five times 
larger in the bimetallic catalyst, compared to the gold mono-
metallic one.

Fig. 11  (a) Normalized Raman spectra of the activated AuPd/TiO2-
IAirD catalyst during the CO oxidation reaction (20–300 °C). (b) Main 
TiO2 anatase Raman peak (Eg(1)) shifts (relative to the position in bare 

TiO2 at 20  °C) as a function of the temperature at different flowing 
atmospheres (10%H2 and 1%CO + 1%O2) over the TiO2 and AuPd/
TiO2-IAirD samples
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