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Abstract: Mono metallic and bimetallic Pd (1 wt. %)–Au (3 wt. %) catalysts were prepared
using two ceria supports doped with 1 wt. % Y2O3. Yttrium was added by impregnation or
co-precipitation. The catalyst synthesis was carried out by deposition–precipitation method,
with sequential deposition–precipitation of palladium over previously loaded gold in the case
of the bimetallic samples. The obtained materials, characterized by X-ray powder diffraction (XRD),
High resolution transmission electron microscopy (HRTEM), X-ray photoelectron spectroscopy
(XPS), and temperature programmed reduction (TPR) techniques, were tested in the complete
benzene oxidation (CBO). The results of the characterization analyses and the catalytic performance
pointed to a close relationship between structural, redox, and catalytic properties of mono and
bimetallic catalysts. Among the monometallic systems, Pd catalysts were more active as compared
to the corresponding Au catalysts. The bimetallic systems exhibited the best combustion activity.
In particular, over Pd–Au supported on Y-impregnated ceria, 100% of benzene conversion towards
total oxidation at the temperature of 150 ◦C was obtained. Comparison of surface sensitive XPS
results of fresh and spent catalysts ascertained the redox character of the reaction.

Keywords: Au; Pd and Pd–Au catalysts; Y-doped ceria; complete benzene oxidation

1. Introduction

Volatile organic compounds (VOCs) are a major environmental hazard, being dangerous for
human health because of their toxic nature as well as being ozone and smog precursors. Complete
catalytic oxidation, leading to CO2 and water, is one of the most effective and economically feasible
techniques for VOCs removal. As compared to thermal oxidation, catalytic combustion occurs at
much lower temperature (250–500 ◦C), allowing energy cost savings [1]. Due to the large variety
of VOC molecules, the design of an appropriate catalyst with characteristics of high efficiency,
selectivity and stability is rather crucial. The noble metals, as compared to transition metal oxides,
are active at lower temperatures [2,3]. However, if not properly supported they may easily sinter and
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deactivate. By playing with several parameters, such as method of synthesis, particle sizes, and support
morphology, it is possible to improve their catalytic performance [4,5].

The catalytic behavior of gold and palladium catalysts supported on different oxides have been
investigated in the complete benzene oxidation (CBO) [4,6,7]. Several studies have indeed confirmed
the suitability of supported gold nanoparticles, as catalysts for CBO reaction [8–12]. The combination
of palladium and gold, supported on different carriers, from silicon nanowires, CeO2, and TiO2 has
been also considered in several environmentally important reactions [13–23]. According to literature,
the sequence of the two- metal loading has a strong impact on the catalyst activity and stability [19–24].
As recently reported, the deposition of palladium on a Fe doped CeO2 supported gold catalyst allowed
high CBO performance to be obtained [25]. Cerium (IV) oxide, in virtue of its high oxygen mobility
is particularly appropriate as a support for catalysts used in oxidation reactions. Indeed, this oxide,
besides acting as a dispersing carrier, would itself participate to the oxidation reaction through the
Mars–van Krevelen mechanism [26,27]. Furthermore, as compared to other rare-earth oxides with a
propensity towards a stronger metal–support interaction, ceria does not decorate the metal particles,
avoiding the negative consequence of burying the catalyst active sites [28]. As a way to increase the
oxygen mobility, making the oxidation process more efficient, CeO2 is doped with trivalent Me3+ rare
earth ions leading to a defective structure, through oxygen vacancies formation [29]. Just recently,
our team reported the positive effect of Y3+ modified ceria on the supported gold catalysts for the CO
preferential oxidation reaction [30]. According to the literature, the oxygen ion conductivity of Y-doped
ceria is a function of the dopant concentration. Large amount of yttrium (above 10–15 at. %) leads to
a decrease in the oxygen mobility related with an increasing ordering of oxygen vacancies [31–33].
A recent investigation of the influence of the ceria Y-doping on the catalytic properties of supported gold
catalysts in CBO reaction, established a beneficial effect of 1 wt. % Y2O3 added to ceria by impregnation
method [34]. In the present study, as a continuation of the previous work, the combination of a
bimetallic Pd–Au system with the Y-doped ceria as support was explored. The specific atomic ratio
between gold and palladium was selected for comparison purposes, based on previous investigation
on supported Au (3 wt. %) catalyst [10–12]. In order to understand the reciprocal effect of each catalyst
component, the catalytic behaviors in CBO reaction of Au, Pd and Pd–Au catalysts supported on CeO2

and on Y-doped CeO2 were compared. Furthermore, two different procedures for yttrium addition,
aiming to modify just the surface or the bulk, were exploited. From the fundamental point of view,
the study focused on the structure–CBO reactivity relationship. For practical application, the study
aimed lowering the temperature for complete combustion of benzene, in order to reduce the operating
cost of air pollution abatement processes.

2. Results and Discussion

2.1. Catalytic Activity Measurements

The conversion of benzene was always towards total oxidation. No intermediate products of
partial oxidation were detected. The catalytic results in terms of benzene conversion as a function of
the reaction temperature are given in Figure 1. The notation of the various samples is clarified in the
Experimental section.

For clarity’s sake, each plot of Section A compares the conversion obtained by the three different
catalyst formulations (the 2 monometallic and 1 bimetallic catalysts) over the same support. Each panel
of Section B compares the conversion obtained by the same catalyst formulation over the three
different supports.
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Figure 1. Benzene conversion as function of temperature (A) for the different catalyst formulations 
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catalysts, despite the lower Pd loading as compared to Au loading, was always higher than over Au 
catalysts [25]. The superiority of the palladium catalysts as compared to gold catalysts was also 
reported in toluene oxidation performed with Au and Pd catalysts supported on mesoporous TiO2 
and on CeO2–Y2O3 wash coated cordierite honeycomb [35–37]. The bimetallic catalysts exhibited a 
noticeable improvement, with a significant lowering of the maximum conversion temperature. 

The effect of the support is more evident in the plots of Section B. On the monometallic gold 
catalysts, the presence of Y inhibited the activity in the temperature interval up to 175 °C. A slight 
improvement of the activity above 175 °C (100% benzene conversion at 250 °C) was observed for the 
Y-promoted gold catalysts, to a large extent for the catalyst over the IM prepared support as 
compared to the one over the co-precipitation (CP) support (85% benzene conversion). The better 
performance in the case of the IM support was related to an additional contribution to the oxidation 
activity, arising from the gold on Y2O3 entity formed during impregnation, as it was earlier reported 
[30]. Guzman and Corma have indeed described that nanocrystalline Y2O3 stabilizes active species of 
gold, increasing the CO oxidation activity of the gold catalyst [38]. Likewise, in the present study, the 
separate Y2O3 phase, being in close contact with gold, could act as a co-catalyst and contribute to the 
increase in the activity. The Pd-containing samples exhibited similar conversion regardless the 
different supports. As for the gold case, yttrium doping had a slight detrimental effect at the lower 
temperatures up to 150 °C. 

Among the bimetallic catalysts, yttrium doping produced an evident positive effect on their 
activity. The Pd–AuYCeIM exhibited the best CBO performance with 94% benzene conversion at 100 
°C and full conversion at 150 °C, a significantly lower temperature as compared to what has been 
reported so far [25]. Moreover, as shown in Figure S1, the Pd–AuYCeIM catalyst tested for 72 h at 150 
°C maintained a stable activity.  
  

Figure 1. Benzene conversion as function of temperature (A) for the different catalyst formulations
over the same supports; (B) for the same formulation over the three different supports.

As clearly seen in Section A of Figure 1, regardless the support composition, and in analogy
with similar catalysts supported on Fe-doped ceria, at temperature below 200 ◦C, the conversion over
Pd catalysts, despite the lower Pd loading as compared to Au loading, was always higher than over
Au catalysts [25]. The superiority of the palladium catalysts as compared to gold catalysts was also
reported in toluene oxidation performed with Au and Pd catalysts supported on mesoporous TiO2

and on CeO2–Y2O3 wash coated cordierite honeycomb [35–37]. The bimetallic catalysts exhibited a
noticeable improvement, with a significant lowering of the maximum conversion temperature.

The effect of the support is more evident in the plots of Section B. On the monometallic gold
catalysts, the presence of Y inhibited the activity in the temperature interval up to 175 ◦C. A slight
improvement of the activity above 175 ◦C (100% benzene conversion at 250 ◦C) was observed for the
Y-promoted gold catalysts, to a large extent for the catalyst over the IM prepared support as compared
to the one over the co-precipitation (CP) support (85% benzene conversion). The better performance in
the case of the IM support was related to an additional contribution to the oxidation activity, arising
from the gold on Y2O3 entity formed during impregnation, as it was earlier reported [30]. Guzman and
Corma have indeed described that nanocrystalline Y2O3 stabilizes active species of gold, increasing the
CO oxidation activity of the gold catalyst [38]. Likewise, in the present study, the separate Y2O3 phase,
being in close contact with gold, could act as a co-catalyst and contribute to the increase in the activity.
The Pd-containing samples exhibited similar conversion regardless the different supports. As for the
gold case, yttrium doping had a slight detrimental effect at the lower temperatures up to 150 ◦C.

Among the bimetallic catalysts, yttrium doping produced an evident positive effect on their
activity. The Pd–AuYCeIM exhibited the best CBO performance with 94% benzene conversion at
100 ◦C and full conversion at 150 ◦C, a significantly lower temperature as compared to what has been
reported so far [25]. Moreover, as shown in Figure S1, the Pd–AuYCeIM catalyst tested for 72 h at
150 ◦C maintained a stable activity.
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2.2. Sample Characterization

The specific surface areas (SBET) and pores data are given in Table 1 along with the structural
parameters obtained from XRD and HRTEM.

Table 1. Specific surface area (SBET), mean pore diameter (d) and pore volume (v), as estimated by
physisorption measurements; lattice constant of ceria (a) and average size of ceria crystallites (DXRD)
estimated by X-ray powder diffraction (XRD); gold particle sizes (D) estimated by High resolution
transmission electron microscopy (HRTEM)/ high-angle annular dark-field (HAADF).

Catalyst SBET (m2/g)
d (nm) v (cm3/g) aXRD

(CeO2) (nm)
DXRD

(CeO2) (nm)
DHRTEM

(Au) (nm)Desorption Branch

AuCe 102.4 1.7 0.15 0.5412(7) 6.1 2.1
PdCe 101.9 1.7 0.15 0.5419(4) 8.4

Pd–AuCe 101.0 1.7 0.15 0.5419(4) 7.6 2.2/2.6 *
AuYCeIM 103.0 1.6 0.16 0.5410(5) 6.9 2.6
PdYCeIM 105.0 1.6 0.15 0.5417(6) 9.0

Pd–AuYCeIM 105.5 1.6 0.16 0.5412(4) 8.4 2.4/4.9 **
AuYCeCP 90.0 3.8 0.12 0.5411(4) 7.5 3.2
PdYCeCP 89.6 3.7 0.11 0.5416(5) 7.9

Pd–AuYCeCP 90.0 3.8 0.12 0.5414(11) 8.8 2.6/2.6 *

* Average size of metal particles after CBO. ** after stability test.

SBET values were around 100 ± 10 m2/g. No substantial differences existed between mono and
bimetallic catalysts. The specific surface areas of the catalysts in the case of the CP prepared support
were consistently lower as compared to the case of the impregnated (IM) support. The comparison
of pore size distribution and pore volume pointed out to a slight different porosity driven by the
preparation method. Similar pore diameters (~1.6 nm) and similar pore volumes (~0.15 cm3/g) were
obtained for the bare and the Y impregnated CeO2 supported catalysts. Larger pore diameters, centered
at ~3.7 nm, and smaller pore volume, around 0.11–0.12 cm3/g, characterized the CP samples.

The structure of the catalysts was investigated by XRD diffraction and by HRTEM analyses.
As shown in Figure 2 for all the palladium containing samples, the X-ray diffraction patterns presented
reflections typical of the fluorite structure of CeO2 with no evidence of any yttrium or palladium
related phases. The close values of the ionic radius of Ce4+ (0.97 Å) and the Y3+ dopant (1.02 Å) should
have favored solid solution formation. However, as shown in Table 1, the dopant concentration was
too low to induce significant differences in the XRD derived ceria cell parameter. Moreover, the absence
of any palladium related peaks suggested a high dispersion of this element. The bimetallic samples
exhibited weak Au (111) peak, typical of a pure metal gold phase centered at 2θ = 38.2◦ [30]. This result
confirmed the presence of separate Au aggregates. As reported in literature, particle structures formed
by a gold core with a thin palladium shell could also be in accord with such XRD patterns [39].

In Table 1 the gold particle sizes obtained from HRTEM analyses of the fresh samples are listed.
HRTEM sizes of selected samples after the CBO reactions are also given. With respect to palladium,
both XRD and HRTEM techniques failed to yield reliable information. Indeed, the similarity of the
lattice distances of PdO and those of CeO2, made very difficult to distinguish unambiguously by
HRTEM the ceria crystals from the PdO ones [25]. The measurements of the interplanar distances in
selected HRTEM images of the AuYCeIM catalyst substantiated the presence of Y2O3 crystals (not
detectable by XRD) [30].
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Figure 2. XRD patterns of the Pd containing catalysts.

In order to obtain information on oxygen mobility, sample reducibility was evaluated by means
of TPR measurements [34,40]. It is widely accepted that the reduction of ceria proceeds in two
steps: reduction of surface layers at around 500 ◦C and bulk reduction at higher temperatures (over
800 ◦C) [41]. Doping ceria with Me3+ with ionic radius >0.8 Å produces oxygen vacancies compensating
for the excess of negative charge [42]. Therefore, by doping ceria with Y3+ (ionic radius 1.02 Å),
oxygen vacancies will be formed, thus changing the oxygen mobility and, accordingly, the ceria redox
properties. The IM method of the support preparation caused mainly surface modification, that is,
the vacancies were predominantly located at the surface. Differently, the insertion of Y3+ by CP lead to
oxygen vacancies in the whole volume, in other words, relatively fewer surface defects were expected
as compared to supports prepared by IM. These observations were confirmed by the comparison of
the TPR profiles of ceria surface reduction of the CP and IM supports as well as of bare CeO2 given in
Figure 3. The TPR profile of the CP support did not differ substantially from that of bare ceria, but its
maximum was located at slightly lower temperatures. The support prepared by IM exhibited higher
reducibility characterised by the lower temperature feature at 410 ◦C of a more complex TPR peak.

The TPR profiles of the catalysts are shown in Figure 4. In accord with previous observation,
the presence of gold induced a significant lowering of the surface ceria reduction temperature [43,44].
Indeed the low temperature peak assigned to the reduction of the surface layers of ceria
(the contribution of positively charged gold particles reduction is negligible) was complete at 200 ◦C,
differently from the original supports giving rise to low temperature peaks extending in the 300–550 ◦C
range (Figure 3). The TPR profiles of the Au catalysts on Y-doped ceria did not differ significantly.
The profiles presented a shoulder at a higher temperature corresponding to the AuCe surface reduction,
and a low temperature feature—attributable to the Y—promoted surface ceria reduction [34]. The lack
of correlation between the catalyst reducibility and the catalytic activity suggested that the slight
increase in reducibility induced by yttrium was not able to compensate for the small increase in the
gold and ceria particle sizes (Table 1). Consequently, the net result was a detrimental effect on the CBO
conversion as shown in Figure 1.



Catalysts 2018, 8, 10.3390/catal8070283 6 of 17Catalysts 2018, 8, x FOR PEER REVIEW  6 of 17 

 

 
Figure 3. Temperature programmed reduction (TPR) profiles of the initial supports.  

The TPR profiles of the catalysts are shown in Figure 4. In accord with previous observation, the 
presence of gold induced a significant lowering of the surface ceria reduction temperature [43,44]. 
Indeed the low temperature peak assigned to the reduction of the surface layers of ceria (the 
contribution of positively charged gold particles reduction is negligible) was complete at 200 °C, 
differently from the original supports giving rise to low temperature peaks extending in the 300–550 
°C range (Figure 3). The TPR profiles of the Au catalysts on Y-doped ceria did not differ significantly. 
The profiles presented a shoulder at a higher temperature corresponding to the AuCe surface 
reduction, and a low temperature feature—attributable to the Y—promoted surface ceria reduction 
[34]. The lack of correlation between the catalyst reducibility and the catalytic activity suggested that 
the slight increase in reducibility induced by yttrium was not able to compensate for the small 
increase in the gold and ceria particle sizes (Table 1). Consequently, the net result was a detrimental 
effect on the CBO conversion as shown in Figure 1.  

The TPR profiles of the Pd-containing catalysts (Figure 4B,C) were characterized by sharp peaks 
shifted to a lower temperature as compared to the gold samples, especially in the case of bimetallic 
composition (Tmax at 20–37 °C). Corroborated by other techniques such as XPS, the peaks were 
assigned to the reduction of both, oxidized palladium and surface ceria oxide. The increased surface 
ceria reducibility upon Pd loading would in fact explain the higher CBO activity of Pd as compared 
to the Au catalysts (Figure 1A). The broad TPR peaks in the temperature range 300–500 °C (outside 
the range of interest for the CBO reaction), registered only for the Pd-containing samples, were 
attributed to the reduction of deeper ceria layers activated by palladium. The theoretical values of 
hydrogen consumption (HC) for ceria surface reduction were, according to literature, 0.49–0.58 mmol 
g−1 for pure ceria and 0.49–0.57 mmol g−1 for ceria doped with 1 wt. % Y2O3 [45,46].  

Figure 3. Temperature programmed reduction (TPR) profiles of the initial supports.

The TPR profiles of the Pd-containing catalysts (Figure 4B,C) were characterized by sharp peaks
shifted to a lower temperature as compared to the gold samples, especially in the case of bimetallic
composition (Tmax at 20–37 ◦C). Corroborated by other techniques such as XPS, the peaks were assigned
to the reduction of both, oxidized palladium and surface ceria oxide. The increased surface ceria
reducibility upon Pd loading would in fact explain the higher CBO activity of Pd as compared to
the Au catalysts (Figure 1A). The broad TPR peaks in the temperature range 300–500 ◦C (outside the
range of interest for the CBO reaction), registered only for the Pd-containing samples, were attributed
to the reduction of deeper ceria layers activated by palladium. The theoretical values of hydrogen
consumption (HC) for ceria surface reduction were, according to literature, 0.49–0.58 mmol g−1 for
pure ceria and 0.49–0.57 mmol g−1 for ceria doped with 1 wt. % Y2O3 [45,46].

As seen in Table 2, the HC experimental values were in good agreement with the theoretical ones.
The values up to 250 ◦C of around 0.7 mmol g−1 for the metal containing catalysts on both Y-doped
supports (excluding the HC for Pd–AuYCeIM) were higher as compared to those for AuCe or PdCe.
Considering that the hydrogen consumption required to reduce palladium according to the reaction
PdO + H2 → Pd0 is 0.08 mmol g−1, the results confirmed the Y-enhanced surface oxygen mobility of
the modified ceria. As evidenced by the low temperature shift of the TPR maxima the combination of
Pd and Au caused substantial increase in the surface ceria reducibility.

Table 2. Experimental hydrogen consumption (HC) during TPR of the studied catalysts.

Catalyst
HC (mmol g−1)

CP IM

AuCe 0.5 a,b 0.5 a,b

AuYCe 0.6 a,b 0.6 a,b

PdCe 0.6 a/1.0 b 0.6 a/1.0 b

PdYCe 0.7 a/1.4 b 0.7 a/1.2 b

Pd–AuCe 0.6 a/1.2 b 0.6 a/1.2 b

Pd–AuYCe 0.7 a/1.1 b 0.5 a/1.1 b

a HC during the TPR to 250 ◦C; b HC during the TPR to 800 ◦C.



Catalysts 2018, 8, 10.3390/catal8070283 7 of 17
Catalysts 2018, 8, x FOR PEER REVIEW  7 of 17 

 

 

 

 
Figure 4. TPR profiles of monometallic Au (A), monometallic Pd (B) and bimetallic Pd–Au catalysts 
(C) on ceria and Y-doped ceria supports.  

As seen in Table 2, the HC experimental values were in good agreement with the theoretical 
ones. The values up to 250 °C of around 0.7 mmol g−1 for the metal containing catalysts on both Y-
doped supports (excluding the HC for Pd–AuYCeIM) were higher as compared to those for AuCe or 
PdCe. Considering that the hydrogen consumption required to reduce palladium according to the 
reaction PdO + H2 → Pd0 is 0.08 mmol g−1, the results confirmed the Y-enhanced surface oxygen 
mobility of the modified ceria. As evidenced by the low temperature shift of the TPR maxima the 
combination of Pd and Au caused substantial increase in the surface ceria reducibility. 
  

Figure 4. TPR profiles of monometallic Au (A), monometallic Pd (B) and bimetallic Pd–Au catalysts
(C) on ceria and Y-doped ceria supports.

A correlation between the TPR results and the catalytic activity was particularly evident in the
benzene conversion values registered at 100 ◦C. Indeed, 70% conversion was obtained with Pd–AuCe
as compared to 30% conversion with Pd–Ce and to even lower conversion with Au–Ce. Concerning the
yttrium doped samples, 80% and 90% conversions with Pd–AuYCeCP and Pd–AuYCeIM, respectively,
were obtained (see Figure 1B).

In order to explain the lower hydrogen consumption observed with the bimetallic sample over
the IM support, an experiment that aimed to simulate the sample conditions at the beginning of the
TPR analyses was performed. Specifically, Pd 3d photoelectron spectra of both catalysts were collected
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after hydrogen treatment at room temperature. As observed in Figure 5, beside the Pd 3d5/2 oxide
component at 337.7 eV, a metallic component at 335.4 eV, characterized by a slight asymmetry on the
high energy side, was present in both sample spectra. The metallic component with respect to the
oxide component was more intense in the case of the PdAuYCeIM as compared to the PdAuYCeCP
sample. Then, it was reasonable to conclude that, in spite of the lower HC, the sample Pd–AuYCeIM
was in fact easier to reduce at room temperature and accordingly it exhibited higher CBO conversion.
Similar observation was reported for Pd–Au catalysts supported over Fe–modified CeO2 [25].
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room temperature.

The surface variation in terms of chemical composition and oxidation states, was investigated by
XPS analyses of fresh (calcined) and spent samples. The results were summarized in Table 3. The Au
4f7/2 binding energies (BE) of the fresh monometallic gold catalysts were typical of metallic Au0 [47].
The presence of yttrium induced a slight increase in the BE indicative of positively charged Auδ+, to a
large extent in the AuYCeCP catalyst. The monometallic palladium catalysts were characterized by
Pd 3d5/2 BE of 337.1 ± 0.1 eV typical of Pd2+. A significant binding energy shift to 337.6 ± 0.2 eV
occurred in the case of the bimetallic Pd–Au samples [16]. As already observed, concerning the Ce
oxidation state, all the samples contained Ce4+ with a minor percentage of Ce3+ ions, some of which
due to X-ray beam induced reduction during the XPS analyses [30]. The O 1s region contained two
contributions, one due to lattice oxygen with BE of 529.4 ± 0.3 eV, the other to hydroxyl species with
BE of 531.8 ± 0.4 eV [48]. The binding energy of Y 3d5/2 at 157.6 ± 0.2 eV was typical of Y3+. In some
of the samples, a second Y 3d5/2 component at lower energy (about 153.3 ± 0.3 eV) was registered [49].
Such component was attributed to partially reduced yttrium Y(3−δ)+, indicative of a closer interaction
with the noble metal. With respect to the surface atomic ratios as determined by XPS, the Au catalysts
presented a gold enriched surface (the nominal Au/Ce = 0.03), as expected from an impregnation
procedure. In the presence of palladium, the Au/Ce ratio decreased, due to the sequential palladium
deposition over the gold catalysts, hiding part of the gold. In all the samples, surface enrichment of
palladium was observed, indeed the Pd/Ce atomic ratios were always much larger than the nominal
ones (0.016). The tendency of a higher Pd/Ce ratio for the case of Y-containing ceria as compared to
bare ceria was indicative of an improved Pd dispersion caused by the presence of Y or of a Pd surface
segregation driven by yttrium. The Y/Ce atomic ratios were also larger than the analytical one (0.016)
confirming Y3+ segregation at the ceria surface.
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Table 3. X-ray photoelectron spectroscopy (XPS) data in terms of binding energies and atomic ratios.

Sample Au 4f7/2 eV Pd 3d5/2 eV Y 3d5/2 eV O 1s eV Pd/Ce
(0.016) *

Au/Ce
(0.03) *

Y/Ce
(0.016) *

AuCe 84.3 529.3 (57%)
531.6 (43%) 0.06

AuYCeCP 85.1 157.7 (66%)
153.8 (34%)

529.5 (79%)
532.0 (21%) 0.06 0.09

AuYCeIM 84.5 157.4 529.4 (77%)
532.0 (23%) 0.06 0.15

PdCe 337.1 529.6 (80%)
531.4 (20%) 0.14

PdYCeCP 337.2 157.5 (57%)
153.4 (43%)

529.6 (73%)
532.2 (27%) 0.49 0.25

PdYCeIM 337.1 157.7 (81%)
153.2 (19%)

529.4 (78%)
531.7 (22%) 0.36 0.21

Pd–AuCe 84.5 337.6 529.5 (76%)
531.8 (24%) 0.25 0.03

Pd–AuCe
spent in CBO 84.2 337.7 (88%)

335.3 (12%)
529.5 (76%)
531.6 (24%) 0.15 0.02

Pd–AuYCeCP 84.8 337.5 157.4 (70%)
153.2 (30%)

529.4 (82%)
531.5 (18%) 0.32 0.04 0.04

Pd–AuYCeCP
spent in CBO 84.6 337.8 (66%)

336.3 (34%) 157.6 529.7 (74%)
531.9 (26%) 0.19 0.02 0.09

Pd–AuYCeIM 84.8 337.4 157.6 (63%)
153.7 (37%)

529.3 (64%)
531.4 (36%) 0.33 0.04 0.07

Pd–AuYCeIM
spent in CBO 84.5 337.7 (52%)

336.4 (48%) 158.0 529.6 (74%)
531.8 (26%) 0.16 0.02 0.09

* Nominal atomic ratio.

The modification of the Pd 3d and Y 3d spectra of Pd–Au samples upon catalytic reaction were
shown in Figures 6 and 7. The corresponding XPS results were also listed in Table 3. These spent
samples exhibited a small but still significant decrease of the Au 4f7/2 binding energy and a splitting of
the Pd 3d spectrum into two components, one attributed to oxidized palladium species and the other
to a more reduced palladium. The BE typical of metallic Pd is generally around 335 eV [15]. The larger
value obtained in the present case could be attributed to a close interaction of the support oxides with
palladium. Modification of the Y 3d spectra were not so sharp except for a slight increase in the Y 3d
binding energy upon CBO. Overall, these XPS results suggested the involvement of palladium oxide
and, to a minor extent, of gold in the catalytic oxidation of benzene with the consequent reduction of
the two noble metal species.

The relative amount of reduced palladium was enhanced by the presence of yttrium. The slight
decrease in Pd/Ce and Au/Ce atomic ratios, observed upon benzene oxidation reaction, could be
attributed to a partial sintering of the metal crystallites, as confirmed for the gold particles by the
HRTEM data given in Table 1. Moreover, the increased Y/Ce atomic ratio upon CBO reaction was in
accord with a reaction driven surface segregation of yttrium.
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According to the literature, VOCs total oxidation over gold supported on reducible oxides takes
place through Mars–van Krevelen redox mechanism with the participation of active oxygen supplied
by the surface of the oxide support ([4] and references therein). Concerning the catalytic oxidation of
organic molecules with Pd-containing catalysts, many studies supported the Langmuir–Hinshelwood
mechanism. Accordingly, a reaction between adsorbed oxygen and adsorbed hydrocarbon molecules
on the metal sites would occur. However, in the presence of reducible supports, the possibility of an
oxidative–reductive Mars–van Krevelen mechanism cannot be excluded [50]. The activation of oxygen
via adsorption by direct Pd participation (Langmuir–Hinshelwood model) or the Pd enhanced active
oxygen provision by the support (Mars–van Krevelen model) depends on the support reducibility.
In case of hardly reducible supports, during the oxidation process via the Langmuir–Hinshelwood
mechanism, the noble metals would function at their reduced states. Hence, O2 undergoes dissociation
over the metal sites and VOCs species are adsorbed over the metal sites without dissociation [50].
In a very recent review, F. Roudesly et al. [51] summarized various cases of metal-promoted C-H
activation. They observed that the majority of the Pd-catalyzed C-H activation processes takes
place at Pd2+ because the electron poor transition metals in high oxidation states, such as Pd2+,
may react with the electrons of the substrate via electrophilic activation. The π-electron rich aromatic
molecule would be attracted by the vacant Pd2+ sites. Then, by electron transfer, the reaction would
proceed through formation of Pd0

, which the oxidizing system brings back to its initial Pd2+ oxidation
state [52]. Swinging between metallic Pd and PdO phases was reported for methane combustion over
Pd–LaMnO3 catalysts [53]. In the case of benzene oxidation with palladium supported on a zeolite,
a not-reducible oxide, the authors suggested that the redox center (Pd0) would be oxidized by the O2

stream [54].
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In the present study, the modification of the oxidation state of gold and palladium upon CBO,
observed by XPS, was in favor of Mars–van Krevelen redox mechanism. The electron rich aromatic
molecule tends to interact with the initially positively charged palladium resulting in Pd2+ reduction to
Pd0 and in the organic molecule oxidation. For the most active bimetallic system, the XPS data clearly
showed that after the reaction, Pd2+ species transformed into Pd0, meaning that an electron donation
occurred from benzene molecule to palladium. In the presence of the reducible support, following the
Mars–van Krevelen mechanism, the lattice oxygen from the CeO2 would oxidize the metallic Pd0 and
the redox process will continue. The sample reducibility, strictly related to the oxygen mobility, crucial
for the Mars–van Krevelen mechanism, followed the catalytic trend: Pd–AuYCeIM > Pd–AuYCeCP
> Pd–AuCe.

In conclusion, the improved CBO activity of the bimetallic formulation with respect to the
monometallic palladium, particularly at lower temperature (<150 ◦C), was attributable to a combination
of the electronic effects played by the two noble metals. Indeed, according to TPR, gold and palladium,
acting in synergy, contributed to the enhancement of the support reducibility. Moreover, the presence
of gold, as suggested by the photoelectron Pd 3d binding energies, lowers the surface electronic
charge at the Pd sites, therefore favoring the mechanism described above for the activation of benzene.
The role of a light Y-doping consisted in a further increase of the surface ceria reducibility, more evident
in the case of the impregnated (IM) support.

3. Experimental

3.1. Sample Preparation

Three series of monometallic Au (3 wt. %) and Pd (1 wt. %) and bimetallic Pd (1 wt. %)–Au
(3 wt. %) catalysts supported over bare ceria and over ceria, modified by Y using wet impregnation
(IM) or co-precipitation (CP) were synthesized. The amount of yttrium corresponded to 1 wt. % Y2O3.

The preparation of ceria was carried out by precipitation of 0.5 M solution of Ce(NO3)3·6H2O
with 1 M solution of K2CO3 at temperature = 60 ◦C and constant pH = 9. The precursor was aged at
the same temperature for 1 h. Then, the gel was filtered and carefully washed until no NO3

− ions were
detected. Thermal treatment included drying in vacuum at 80 ◦C and calcination in air at 400 ◦C for 2 h.
The impregnation of ceria with aqueous solution containing the calculated amount of Y(NO3)3·6H2O
was carried out by stirring at room temperature for 4 h. Then, the suspension was evaporated at
70 ◦C. The resulting Y impregnated ceria was calcined in air at 400 ◦C for 2 h. Using the CP method,
mixed solutions of Ce(NO3)3·6H2O and Y(NO3)3·6H2O at a desired ratio were co-precipitated with
a solution of K2CO3 at constant pH = 9 and temperature = 60 ◦C. The precipitates were aged at the
same temperature for 1 h, filtered and washed until removal of NO3

− ions. The following thermal
treatments were the same as described above. Prior to deposition of the metals, the supports were
dispersed in water and activated in an ultrasound disintegrator.

Gold was added by deposition–precipitation method from HAuCl4·3H2O and K2CO3 precursors.
The precipitation of 0.06 M solution of HAuCl4·3H2O was carried out at constant pH = 7, temperature
= 60 ◦C, stirring speed = 250 rpm, reactant feed flow rates = 0.15 L h−1. The precursors were filtered
and washed. Then, the solids were dried under vacuum and calcined in air at 400 ◦C for 2 h. The gold
catalysts were denoted as AuCe, AuYCeIM and AuYCeCP.

For preparation of Pd-containing samples Pd(NO3)2·xH2O was used following the preparation
method and calcination procedure described above for the gold catalysts. These samples were denoted
as PdCe, PdYCeIM, and PdYCeCP.

The sequential deposition–precipitation was carried out for synthesis of bimetallic Pd–Au catalysts.
Pd was deposited on the preliminary prepared and calcined Au/Y-doped ceria. Calcination in air
at 400 ◦C for 2 h was carried out after Pd deposition. The samples were denoted as Pd–AuCe,
Pd–AuYCeIM and Pd–AuYCeCP.
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3.2. Sample Characterization

The BET surface area (SBET) and pore size distribution of the samples were evaluated performing
nitrogen adsorption/desorption experiments with a Carlo Erba Sorptomat 1900 instrument (Milan,
Italy). Prior to the measurements, the samples were outgassed at 200 ◦C for 1 h under vacuum.
The fully computerized analysis of the nitrogen adsorption isotherm at −196 ◦C allowed estimation
of the specific surface areas of the samples in the standard pressure range 0.05–0.3 P/P0. Mean pore
diameter and pore volume were calculated by applying the Barrett, Joyner, and Halenda (BJH) method
to the desorption isotherm in the range 0.1–0.99 P/P0. The uncertainty on the estimated values is±10%.

The actual gold and palladium loadings for each catalyst was 3 (±0.05) wt. % and 1 (±0.05) wt. %
as measured by Atomic Absorption spectroscopy using Varian Vista MPX apparatus.

X-ray powder diffraction (XRD) measurements were performed using a D5000 diffractometer
(Bruker AXS, Karlsruhe, Germany)), with Cu sealed tube operating at 40 kV and 40 mA. The setup
employed Bragg-Brentano focusing geometry with 1 deg. beam divergence and LynxEye strip detector.
The data were analyzed using PeakFit program (Jandel Scientific, Corte Madera, CA, USA) as well as
Fityk (Copyright 2001–2014 Marcin Wojdar, Warszawa, Poland) fitting XRD profiles to Kα 1,2 doublets
having PEARSON VII analytical form. The CeO2 phase was analyzed on the basis of 14 well measured
reflections and Williamson-Hall plot [55] and the average crystal size was calculated. The crystal size
of gold particles was estimated on the basis of the strongest (111) reflection as the only one detectable.
The procedure is given in more details in Ref. [33].

High resolution transmission electron microscopy (HRTEM) analyses of the calcined catalysts
were performed in a JEM 2010 FasTem analytical microscope (Jeol, Tokyo, Japan) equipped with a
Z-contrast annular detector that allows obtaining high-angle annular dark-field scanning (HAADF)
images. The average size of the gold particles and the histograms of the particle sizes were established
from the measurement of 900 to 1200 particles obtained by HAADF observations. The size limit for the
detection of gold particles on TiO2 was about 0.5 nm. The average particle diameter ds was calculated
using the following formula: ds = ∑nidi/∑ni where ni is the number of particles of diameter di.

The X-ray photoelectron spectroscopy (XPS) analyses were performed with a VG Microtech
ESCA 3000 Multilab (VG Scientific, Sussex, UK), equipped with a dual Mg/Al anode following the
same experimental procedure as before [16]. The constant charging of the samples was removed by
referencing all the energies to the C 1s set at 285.1 eV, arising from the adventitious carbon. Analyses of
the peaks were performed with the software provided by VG, based on non-linear least squares fitting
program with Lorentzian and Gaussian component curves after background subtraction according to
Shirley and Sherwood [56].

The temperature programmed reduction (TPR) measurements were carried out by means of
an apparatus described elsewhere [8]. A cooling trap (−40 ◦C) for removing water formed during
reduction was mounted in the gas line prior to the thermal conductivity detector. A hydrogen–argon
mixture (10% H2), dried over a molecular sieve 5A (−40 ◦C), was used to reduce the samples at
a flow rate of 24 mL min−1. The temperature increased by 15 ◦C min−1. The amount of sample
used was 0.05 g, based on a criterion proposed by Monti and Baiker [57]. Hydrogen consumption
during the reduction process was calculated using preliminary calibration of the thermal conductivity
detector, performed by reducing different amounts of NiO to Ni0 (NiO—‘analytical grade’, calcined at
800 ◦C for 2 h to avoid the presence of non-stoichiometric oxygen). For XPS investigation purposes,
a supplemental experiment of mild reduction for 30 min at room temperature was performed with
Pd–AuYCeIM and Pd–AuYCeCP catalysts.

3.3. Catalytic Activity Measurements in CBO

The catalytic tests at atmospheric pressure, in the temperature range 100–300 ◦C, were performed
in a continuous flow fixed bed microreactor connected to a gas chromatograph (Hewlett Packard
5890 series II, Wimington, Germany) equipped with a flame ionization detector, using capillary HP
Plot Q column. The following conditions were chosen: catalyst bed volume of 0.5 cm3 (particle size
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0.25–0.50 mm), inlet benzene concentration 42 g m−3 in air, space velocity 4000 h−1. The catalysts were
activated “in situ” flowing pure air for 1 h at 350 ◦C [34].

4. Conclusions

Two series of Pd, Au, and bimetallic Pd–Au catalysts supported on 1 wt. % Y2O3 doped CeO2

were tested in the catalytic combustion of benzene. The Y-doping procedure, co-precipitation or
impregnation, by affecting the structural and morphological properties of the catalysts played a small
but still significant role. The substantial lowering of the ceria surface reduction temperature in the
presence of Pd correlated with the higher CBO activity of monometallic Pd catalysts as compared to Au
catalysts. Moreover, according to the TPR analyses, the two noble metals synergistically enhanced the
support oxygen mobility, reflected in an improved benzene conversion of the bimetallic catalysts with
respect to the monometallic ones. The addition of yttrium, particularly when added by impregnation,
contributed to a further increase in the support reducibility. The modification of the oxidation state, as
detected by XPS, of the two noble metals after the CBO reaction confirmed the redox character of the
studied reaction, with the aromatic molecule interacting with the electron depleted Pd2+ species and
the lattice oxygen contributing to the re-oxidation of palladium.

The bimetallic catalyst over the impregnated support exhibited the best performance, quite
promising for practical application. Indeed, the Pd–AuYCeIM sample attained total benzene
combustion at the low temperature of 150 ◦C, maintaining stable activity over a period of more
than 70 h.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/7/10.
3390/catal8070283/s1, Figure S1. Stability test of Pd–AuYCeIM catalyst performed for 72 h at 150 ◦C.
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