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A  series  of  bimetallic  Au-Pd  catalysts  supported  on  Ce0.62Zr0.38O2 mixed  oxide  has  been  synthesized  using
a  simultaneous  deposition-precipitation  method.  Different  Au:Pd  ratios  were  obtained  maintaining  Au
loadings  constant  and  varying  Pd  content.  Elemental  analysis,  X-ray  diffraction,  N2 physisorption, X-ray
photoelectron  spectroscopy,  scanning  transmission  electron  microscopy-high  angle  annular  dark  field
(STEM-HAADF)  and  X-ray  energy  dispersive  spectroscopy  (XEDS)  techniques  have  been  employed  to
characterize  these  catalysts.  The  catalytic  activities  for  selective  oxidation  of glycerol  over  these  bimetallic
lycerol oxidation
old
alladium
imetallic catalyst
eria-zirconia

catalysts  have  been  evaluated,  a synergistic  effect  being  observed.  Thus,  the  bimetallic  Au-Pd  catalyst
with  the  lowest  Pd  content  was the  one  exhibiting  the  highest  catalytic  activity  among  all  the  prepared
catalysts.  Oxidation  at 700 ◦C of  the bimetallic  2.2AuPd/Ce0.62Zr0.38O2 catalyst  led  to an  increase  of  the
catalytic  activity  for the selective  oxidation  of glycerol,  which  seemed  to  be due  to  the formation  of a
larger  fraction  of  bimetallic  Au-Pd  alloy-type  nanoparticles  after  oxidation  at higher  temperatures.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

In recent years, selective oxidation of glycerol to high-value
hemicals with molecular oxygen has attracted a lot of attention
ecause glycerol is the main by-product from the production of
iodiesel [1–3], which is considered as a sustainable clean fuel to
ubstitute fossil energy. Glycerol oxidation may  produce glyceric
cid, glycolic acid, dihydroxyacetone, tartronic acid, glyceralde-
yde, lactic acid, oxalic acid, etc.  [1–3]. However, the similarity
f reactive hydroxyl groups in the glycerol molecule hinders the
evelopment of catalysts with high conversion and high selectiv-

ty towards products with actual industrial interest [2]. Therefore,
electivity control of glycerol oxidation is highly desirable for its
urther industrial application.
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (20

Supported noble metals (Au, Pt, Pd, Rh and Ir) have been exten-
ively investigated as catalysts for selective oxidation of glycerol
4–16]. Monometallic Pt and Pd supported on activated carbon

∗ Corresponding author.
E-mail address: xiaowei.chen@uca.es (X. Chen).

ttp://dx.doi.org/10.1016/j.apcatb.2016.03.050
926-3373/© 2016 Elsevier B.V. All rights reserved.
catalysts exhibit good selectivity of 55% and 70% to glyceric acid,
respectively [5]. The main drawback of Pt and Pd catalysts is a
deactivation problem with reaction time due to oxygen poisoning
[3]. Au catalysts show better resistance to oxygen poisoning, which
permits using high oxygen partial pressures [17]. Furthermore, the
selectivity to glyceric acid reaches 100% over Au supported on acti-
vated carbon and graphite catalysts with total glycerol conversion
of 56% [6]. Bimetallic Au-Pd or Au-Pt catalysts combine the advan-
tages of both metals and demonstrate synergistic effect for the
selective oxidation of glycerol [12,13,15,16,18–20].

The catalytic activity for glycerol oxidation seems to be signif-
icantly influenced by the nature of metal, metal particle size and
support of the bimetallic Au-Pd catalysts. On the other hand, these
parameters also strongly depend on the preparation method. A
single-phase bimetallic Au-Pd on activated carbon catalyst has been
synthesized with a two-step sol immobilization method by Prati’s
group [18], namely, a Au sol was firstly immobilized on activated
carbon (AC) using NaBH4 as reducing agent and then a Pd sol was
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
16), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

generated in the presence of Au/AC using H2 as reducing agent. Syn-
ergistic effects between Au and Pd have been observed in a wide
range of Au:Pd ratios (from 1:4 to 9.5:0.5), which were attributed

dx.doi.org/10.1016/j.apcatb.2016.03.050
dx.doi.org/10.1016/j.apcatb.2016.03.050
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:xiaowei.chen@uca.es
dx.doi.org/10.1016/j.apcatb.2016.03.050
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Table 1
Codings and chemical-physical properties of the monometallic and bimetallic catalysts.

Catalyst Au loading
(wt%)a

Pd loading
(wt%)a

Nominal
Au:Pd molar
ratio

Actual Au:Pd
molar ratioa

SBET

(m2g−1)
Average
particle sizeb

(nm)

Metal
dispersionb

(%)

Au:Pd molar
ratioc

TOFTOTAL
d(h−1) TOFTEM

e(h−1)

Au/CZ 2.5 – – – 64 1.7 ± 0.1 39 – 128 328

0.8AuPdCZ 2.4 1.6 1:1 0.8:1(44  mol% Au) 65 2.1 ± 0.1 36 2.5:1 61 169

2.2AuPdCZ 2.1 0.5 3:1 2.2:1(68 mol% Au) 64 2.6 ± 0.1 37 8.2:1 126 314

6.4AuPdCZ 2.0 0.2 10:1 6.4:1(86 mol% Au) 64 2.3 ± 0.1 34 33.8:1 175 515

Pd/CZ  – 1.2 – – 66 1.9 ± 0.1 45 – 102 227

a The Au and Pd loadings were determined by ICP analysis.
b Average particle size and metal dispersion were determined by STEM technique.
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c Au:Pd molar ratio was obtained by STEM-XEDS.
d TOFTOTAL values were calculated based on total amount of metals of the catalyst
e TOFTEM values were calculated based on the metal dispersion obtained by STEM

o the presence of alloy phases [19]. With an increase of Au con-
ent, the activity increases distinctly and reaches a maximum for
u:Pd = 9:1 [19]. The same group also prepared bimetallic Au-Pd
ol reduced by N2H4·2HCl and NaBH4 using different time and then
mmobilized them on AC [21]. The bimetallic Au-Pd catalyst pre-
ared by a one-step immobilization process and further reduced
y NaBH4 for 6 h produced showed higher TOF values and smaller
etal particle size than the bimetallic catalysts reduced by NaBH4

or 19 h and reduced by N2H4·2HCl [21]. Bimetallic Au-Pd catalysts
upported on carbon and titania were also prepared by Hutchings’
roup, using simultaneous impregnation method [22]. In compari-
on to impregnation, sol immobilization method leads to catalysts
ith higher activity [22].

Until now, the most commonly studied supports for glycerol
xidation are carbon based materials, such as activated carbon
4,5,8,12,13,18,19,21], graphite [6,13], or carbon nanotubes [9,10].
nly a few studies have focused on oxide-based supports, for exam-
le, titania [22–24], ceria [24–26], or Mg-Al mixed oxide [27].
u/CeO2 catalyst prepared using deposition-precipitation with
rea followed by reduction with glycerol shows unique selectivity
more than 70%) to lactic acid [25]. It is commonly agreed that the
ncorporation of Zr in ceria improve its redox property due to the
bility of ceria to switch between Ce4+ and Ce3+ oxidation states
28]. Recently, a synergistic effect was reported over bimetallic
u-Ru supported on ceria-zirconia catalysts for glycerol oxidation

29].
In our group, monometallic Au and bimetallic Au-Pd supported

n ceria-zirconia mixed oxide catalysts with small metal particle
ize (less than 5 nm)  have been extensively studied [30–35]. In this
ork, bimetallic Au-Pd supported on ceria-zirconia catalysts with

ifferent Au:Pd molar ratios in the range from 0.8 to 6.4 have been
ynthesized by simultaneous deposition-precipitation method. The
atalytic performance for glycerol oxidation of these Au-Pd cata-
ysts has been evaluated. To the best of our knowledge, bimetallic
u-Pd supported on ceria-zirconia catalysts have not been investi-
ated yet for selective oxidation of glycerol.

. Experimental

.1. Catalyst preparation

The precursors, HAuCl4·3H2O (99.99%) and PdCl2 (99.99%),
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (2

ere supplied by Alfa-Aesar and Sigma-Aldrich, respectively. The
e0.62Zr0.38O2 support was provided by Grace Davison. The prepa-
ation method of the reference monometallic Au and Pd supported
n ceria-zirconia has been described in our previous work [35].
n the reaction time is 3 h.
DF when the reaction time is 3 h.

The reference monometallic 2.5 wt.% Au/Ce0.62Zr0.38O2 catalyst was
prepared by deposition-precipitation method with Na2CO3 as pre-
cipitating agent (This catalyst is coded as Au/CZ) [35]. The second
reference sample, a monometallic 1.2 wt.%Pd/Ce0.62Zr0.38O2 cata-
lyst was prepared using incipient wetness impregnation method
with an aqueous solution of Pd(NO3)2·4NH3. The impregnated
sample was dried at 100 ◦C overnight, calcined at 350 ◦C for 4 h in
a muffle oven and finally reduced at 350 ◦C with 5% H2/Ar for 1 h.
This catalyst is coded as Pd/CZ [35].

The bimetallic Au-Pd catalysts with different Au:Pd ratios were
prepared using simultaneous deposition-precipitation method.
PdCl2 was dissolved in a 1 M HCl solution and then mixed with
the aqueous solution of HAuCl4. The theoretical Au:Pd molar ratios
were 1, 3 and 10 keeping always HAuCl4 concentration constant
(3.2 mM).  Using a liquid pump, the mixture of HAuCl4 and PdCl2
solutions was  added to a flask containing 15 g of the Ce0.62Zr0.38O2
support suspended in 800 mL  deionized water. At the same time,
an automatic titrator TIM 856 was  used to adjust and maintain the
pH value at 8 with an aqueous Na2CO3 solution of 0.05 M.  The sam-
ples were filtered and washed several times with deionized water
at room temperature until no chloride ions could be detected with
AgNO3. The samples were subsequently dried at 100 ◦C overnight.
The dried catalysts were oxidized in a flow of 5% O2/He for 1 h
at 250 ◦C with a heating rate of 10 ◦C min−1. After this oxidation
step, the gas flow was switched to He at the same temperature
for 1 h. Then the catalysts were cooled down to room tempera-
ture under the inert gas flow. The Au and Pd loadings and Au:Pd
ratios of the catalysts are listed in Table 1. The Au-Pd/Ce0.62Zr0.38O2
catalysts with actual Au:Pd molar ratios of 0.8, 2.2 and 6.4 are
referred as to 0.8AuPdCZ, 2.2AuPdCZ and 6.4AuPdCZ, respectively.
The as-synthesized bimetallic 2.2AuPdCZ catalyst was also oxidized
in a flow of 5% O2/He at 350, 450 and 700 ◦C for 1 h in order to
investigate the effect of oxidation temperature. In the following,
these catalysts are coded as 2.2AuPdCZO350, 2.2AuPdCZO450 and
2.2AuPdCZO700, respectively.

2.2. Catalyst characterization

Textural properties of the catalysts were determined by N2
adsorption at −196 ◦C using Micromeritics ASAP2020. Induc-
tively coupled plasma-atomic emission spectrometry (ICP-AES)
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
016), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

was employed to determine the Au and Pd loadings of the cata-
lysts. X-ray diffraction (XRD) analyses of the catalysts were carried
out using a Bruker diffractometer Model D8 ADVANCE operated at
40 kV and 40 mA  employing Cu K� radiation.

dx.doi.org/10.1016/j.apcatb.2016.03.050
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ig. 1. XRD patterns of monometallic Au/CZ, Pd/CZ and bimetallic Au-Pd catalysts w
ixed oxide.

X-ray photoelectron spectroscopy (XPS) analyses were per-
ormed on a Kratos Axis Ultra DLD instrument. Spectra were
ecorded using monochromatized Al K� radiation (1486.6 eV), with
n X-ray power of 150 W.  The spectrometer was operated in the
onstant Analyser Energy mode, with a pass energy of 20 eV. Pow-
er samples were pressed into pellets, which were stuck on a
ouble-sided adhesive conducting polymer tape. Surface charging
ffects were compensated by making use of the Kratos coaxial neu-
ralization system. The binding energy (BE) scale was  calibrated
ith respect to the Zr 3d5/2 component of the mixed oxide support,

nd fixed at 182.64 eV as reported in [30]. XPS data analysis was  per-
ormed with CasaXPS Software, version 2.3.17dev6.3a, developed
y Neal Fairley (Casa Software Ltd, 2013).

Transmission electron microscopy experiments were per-
ormed on a JEOL2010 field emission gun instrument equipped with
n Oxford INCA Energy 2000 XEDS spectrometer. STEM-HAADF
mages, whose intensity is roughly proportional to the square of the
tomic number (Z2), were recorded by using an electron probe of
.5 nm of diameter at a diffraction camera length of 8 cm.  Based on
he STEM-HAADF images of the Au-containing catalysts, the diam-
ters of more than 200 metal particles randomly selected were
easured and the corresponding metal particle size distributions
ere determined. The average particle diameter (d) and the metal

ispersion were calculated assuming a truncated cuboctahedron
article shape using a home-made software (GAUSS) [34]. Around
0 individual particles were analyzed in each bimetallic catalyst by
TEM-XEDS. The Au:Pd molar ratio and Au content of each bimetal-
ic catalyst was also calculated using the size and composition data
f each metal particle analyzed by XEDS.
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (20

.3. Catalytic activity test of glycerol oxidation

The standard oxidation experiments were carried out with oxy-
en under 3 bar at 60 ◦C.
fferent Au:Pd molar ratios. * Diffraction peaks of fluorite structure for Ce0.62Zr0.38O2

A NaOH solution (NaOH:glycerol molar ratio = 2) and catalyst
(700 mg)  were added to a 0.3 M aqueous solution of glycerol
(V = 150 mL)  under stirring at 1000 rpm. After heating under nitro-
gen to the selected temperature, the reaction was  initiated by
switching from inert gas to oxygen.

The reaction was monitored by taking samples (0.5 mL) for anal-
ysis at regular time intervals for 5–6 h. The quantitative analysis
of the reaction mixtures was carried out by high performance liq-
uid chromatography. The chromatograph (Elite LaChrom HITACHI)
was equipped with a refractive index and an ultraviolet (210 nm)
detector. Reactant and products were separated on an ion exclusion
column (Alltech OA 1000). Products were identified by compari-
son with standard samples. Glycerol (>99.5%) was  purchased from
Fluka. Glyceric acid and the by-products glycolic acid, tartronic
acid and oxalic acid were obtained from Sigma-Aldrich. The con-
version and selectivity calculation details can be found elsewhere
[10,11,14].

3. Results and discussion

3.1. Effect of Au:Pd ratio

3.1.1. BET surface areas and ICP results
Table 1 lists the BET specific surface areas and ICP results of the

bimetallic catalysts with different Au:Pd molar ratios maintaining
Au loadings constant. The Au:Pd molar ratios do not affect the BET
specific surface areas, which are very similar to the surface area of
the starting Ce0.62Zr0.38O2 support (67 m2g−1). The actual Pd load-
ings correspond exactly to the nominal values, indicating that there
is no Pd loss during the preparation process. However, the actual
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
16), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

Au loadings of the catalysts are lower than the nominal values. In
fact, ICP analyses show the presence of Au in the filtered solutions
from washing process. Therefore, the actual Au:Pd molar ratios of
Au-Pd/Ce0.62Zr0.38O2 catalysts are finally 0.8, 2.2 and 6.4. These

dx.doi.org/10.1016/j.apcatb.2016.03.050
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ig. 2. STEM-HAADF images and particle size distribution of the monometallic Au/C
he  existence of small Pd particles.

alues deviate, especially in the case of the highest, from the nom-
nal ones: 1, 3 and 10.

.1.2. X-ray diffraction results
Fig. 1 presents the XRD patterns of the support, monometal-

ic and bimetallic catalysts with variable Au:Pd molar ratios. The
iffraction peaks at 2� values of 29.0, 33.5, 48.2, 57.5, 60.3, 70.8,
7.0 and 80.9, found on the support and on all the prepared cata-

ysts, can be attributed to the crystallographic planes of a fluorite
ype ceria-zirconia mixed oxide [29,35]. There are no character-
stics peaks of Pd, Au, PdO or Au-Pd alloy in the XRD patterns of
hese catalysts. The absence of any metal-related XRD peak sug-
ests that the metal phases are well dispersed, in the form of very
mall nanoparticles.

.1.3. STEM results
The metal dispersion and average particle size of the Au/CZ and

d/CZ catalysts estimated from the particle size distributions are
ncluded in Table 1. Representative STEM-HAADF images of these
wo catalysts are shown in Fig. 2. The size of the metal particles in
he Au/CZ catalyst ranges from 1 to 8 nm,  with an average diameter
f 1.7 nm and metal dispersion of 39% based on measurement of
ore than 200 Au nanoparticles.

It is important to indicate that the intensity in STEM-HAADF
mages depends roughly on Z2. Note at this respect that the values
f atomic numbers are 46 (Pd), 58 (Ce), 40 (Zr) and 79 (Au), i.e.
he HAADF signals generated by the support are slightly stronger
Zef Ce0.62Zr0.38O2 ≈ 51) than those produced by the Pd atoms, but

uch weaker than those due to Au. Under these circumstances,
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (2

or metallic particles of the same size and on crystals of support
f the same thickness, the contrast between support and Pd will
e smaller than between support and Au. In order to make sure
he metal dispersion of Pd/CZ catalyst is properly calculated, 52
d/CZ catalysts. XEDS spectra of Pd/CZ catalyst in the selected analysis areas confirm

Pd particles with confirmation of XEDS analyses were counted and
used to calculate the metal dispersion. The metal dispersion of this
catalyst is 45% and the average particle size is 1.9 nm.  This result is
in good accordance with XRD results, which do not appear any Pd
or PdO diffraction peak on this catalyst.

Fig. 3 shows representative STEM-HAADF images and particle
size distributions of the bimetallic catalysts. The metal particle size
of these catalysts falls in the 0.8–16 nm range and, in all cases,
most of the particles are smaller than 5 nm.  In fact, the differ-
ences in average metal particle size and metal dispersion values
between the different bimetallic catalysts are below 5%. Thus, from
a dimensional point of view, the metallic particle systems of the
three bimetallic catalysts are very similar.

Three types of metal particles could be found: pure Au and Pd
and bimetallic Au-Pd with varying compositions by STEM-XEDS
technique. Fig. 3 illustrates the relative frequency of Au, Pd and
bimetallic Au-Pd nanoparticles in the different bimetallic catalysts.
The frequency of bimetallic Au-Pd particles observed in 0.8AuPdCZ,
2.2AuPdCZ and 6.4AuPdCZ were 92, 49 and 17%, respectively. Note
that the fraction of bimetallic particles decreases with increasing
Au:Pd ratio, i.e. higher Pd contents favor the formation of bimetallic
particles. The Au content of the 0.8AuPdCZ catalyst is 44% according
to ICP analysis. Nevertheless, as shown in the bottom part of Fig. 3,
the Au content inside the bimetallic particles varies in a wide range,
from 10 to 92%. These bimetallic particles range in particle diameter
from 0.5 to 6 nm,  although most of them are smaller than 4 nm.  This
is also the case of the monometallic Pd particles in this catalyst.

Meanwhile, the frequency of Au nanoparticles increases with
increasing Au:Pd ratio. Thus, 43% of the metal particles are
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
016), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

monometallic Au in 2.2AuPdCZ and 79% in 6.4AuPdCZ. Monometal-
lic Au particles found in these two catalysts are from 1.5 to 12 nm in
diameter, which are bigger than Pd particles in range of 0.5–4 nm.
Note that all the bimetallic particles in the three catalysts range

dx.doi.org/10.1016/j.apcatb.2016.03.050
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Fig. 3. STEM-HAADF images, particle size distribution, frequency of Au, Pd and Au-Pd metal particles, and relationship between particle size and Au content of 0.8AuPdCZ,
2.2AuPdCZ and 6.4AuPdCZ catalysts. The dash line is the Au content according to ICP analysis for each catalyst. Solid black circles correspond to monometallic Pd particles;
solid  red diamonds correspond to monometallic Au particles; solid green up-triangles correspond to bimetallic Au-Pd particles. Solid blue star corresponds to the average
p  of th
o

i
t
i
b
i
t
o
p
r

article  size and the average Au content calculated by XEDS data. (For interpretation
f  this article.)

n size from 0.8 to 6.1 nm.  The Au contents of the bimetallic par-
icles in these two catalysts are 45–90% and 60–92%, respectively,
.e. in a narrower range around the corresponding values observed
y ICP. This narrowing of the bimetallic particle composition with

ncreasing Au:Pd ratio is clearly observed in the composition vs par-
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (20

icle size diameter graphs included in Fig. 3. The Au:Pd molar ratio
f each bimetallic catalyst was calculated based on the data of the
article composition and size as shown in Table 1. The Au:Pd molar
atios obtained by XEDS data are much higher than those estimated
e references to colour in this figure legend, the reader is referred to the web version

by ICP results. As already commented before, the larger difficulties
in the detection of Pd as compared to Au in the investigated cat-
alysts might contribute to an underestimation of the fraction of
Pd-rich nanoparticles (including monometallic Pd nanoparticles)
over bimetallic Au-Pd catalysts. This is why  Au:Pd molar ratios
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
16), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

calculated by XEDS are lower than ICP results.
The STEM-XEDS results suggest that the used synthesis pro-

cedure, i.e. simultaneous deposition-precipitation and further
oxidation at 250 ◦C, leads to compositionally heterogeneous par-

dx.doi.org/10.1016/j.apcatb.2016.03.050
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Table 2
Quantified XPS data of the monometallic and bimetallic catalysts with different Au:Pd ratios.

Catalyst Ce3+ in total
amount of Ce (%)

Au 4f7/2 (eV) Pd 3d5/2 (eV) Molar ratios

Au◦ (%) Au�+(%) Pd◦ (%) Pd�+(%) Zr:Ce Au:Zr Pd:Zr Au:Pd

Au/CZ 5 84.5 (77%) 85.4 (23%) – – 0.43 0.09 – –
0.8AuPdCZ 33 84.1 (94%) 85.3 (6%) 336.1 (79%) 338.3 (21%) 0.44 0.17 0.40 0.44
2.2AuPdCZ 15 84.3 (89%) 85.2 (11%) 336.2 (55%) 338.3 (45%) 0.44 0.13 0.18 0.76
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6.4AuPdCZ 4 84.4 (80%) 85.4 (20%) 

Pd/CZ-O 8 – – 

Pd/CZ  14 – – 

icle systems. According to Maeland and Flanagan’s theory [36,37],
he solubility of Au in Pd is of the order of 12 at.% whereas the

aximum solubility of Pd in Au is higher, 31 at.%. The bimetallic
.8AuPdCZ catalyst (44 mol% Au) is the only one with a nomi-
al composition outside the solubility ranges. Moreover, the Au
ompositions observed in some of the bimetallic particles present
n this catalyst (see bottom row in Fig. 3), are outside the com-
osition ranges described in the literature [36,37]. For the other
wo catalysts, 2.2AuPdCZ (68 mol% Au) and 6.4AuPdCZ (86 mol%
u), the nominal compositions are within the maximum solubil-

ty limits and, on the other hand, most of the particles observed in
hese two catalysts have Au contents of 70–100 mol%, i.e. within
his solubility limit. The 6.4AuPdCZ catalyst was particularly sup-
osed to form homogeneous bimetallic Au-Pd particles [36,37].
owever, only 17% of the analyzed metal particles were actually
imetallic Au-Pd ones. Zhang et al. prepared separated Au and Pd
articles on Fe(OH)x and Fe2O3 supports, which resulted in better
erformance since they are the active sites for CO oxidation and H2
xidation, respectively [38]. Herzing et al. synthesized Au-Pd cat-
lysts supported on alumina in which the fresh systems contained
ighly-dispersed Pd species, pure Au particles with diameters of
he order of 2 nm but only a very small fraction of larger homoge-
eous alloy particles [39]. According to these results, the fraction
f bimetallic particles observed in the catalysts prepared in this
ork can be considered actually very high, especially in the case

f the 0.8AuPdCZ and 2.2AuPdCZ catalysts. Moreover, the size of
hese bimetallic particles is rather small, most of them being below

 nm.  In this sense, it seems that the synthesis procedure has been,
rom these points of view, successful.

.1.4. XPS results
Table 2 lists different parameters related to the surface chemical

omposition of the investigated catalysts, as determined by XPS.
he Zr 3d:Ce 4d ratios of the monometallic and bimetallic catalysts
re around 0.43, which suggests that Zr is quite stable on the surface
f the catalysts. Thus the Au:Zr and Pd:Zr molar ratios allow to
ollowing changes of the concentration of Au and Pd on the surface
f the catalysts. The Au:Zr molar ratio of the monometallic Au/CZ
atalyst calculated by XPS data was 0.09. In the case of the two
imetallic catalysts with lower Au:Pd ratios, the observed values
or this parameter were higher than that of the monometallic Au/CZ
atalyst. But the Au:Zr molar ratio of 6.4AuPdCZ catalyst with the
ighest Au:Pd ratio is very close to that of the monometallic Au/CZ
atalyst. The XPS results indicate that the Au concentration on the
urface of the bimetallic catalysts is either equal or higher than that
f the monometallic Au/CZ catalyst, even though their Au loadings
re slightly lower than that of Au/CZ catalyst.

Since the pretreatment applied to all the Au-containing catalysts
as an oxidation, the Pd/CZ catalyst oxidized at 350 ◦C (Pd/CZ-O)
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (2

as also measured by XPS. The Pd:Zr ratio of the Pd/CZ-O catalyst is
igher than that of the Pd/CZ catalyst directly reduced at 350 ◦C. The
d:Zr ratio of 0.8AuPdCZ catalyst is 0.40, which is much higher (at

east 4 times) than that of Pd/CZ, in spite of its Pd loading is only 33%
2 (30%) 338.5 (70%) 0.42 0.11 0.08 1.40
6 (17%) 338.4 (83%) 0.43 – 0.14 –
2 (52%) 338.2 (48%) 0.42 – 0.10 –

higher than that of Pd/CZ. This indicates that the 0.8AuPdCZ catalyst
is relatively Pd-rich on the surface compared with its actual load-
ing. The 2.2AuPdCZ and 6.4AuPdCZ catalysts also show the same
feature. In the case of 2.2AuPdCZ, the total Pd loading is roughly
half that of the monometallic Pd/CZ but the Pd:Zr ratio increases in
a 80%. Finally, in the bimetallic catalyst with the highest Au:Pd ratio,
6.4, the total Pd content has decreased by six times but the Pd:Zr
ratio does only by a factor of 20%. Therefore, from these XPS data,
we can conclude about the occurrence of a surface Pd enrichment
in the bimetallic catalysts as compared to the monometallic one.
The bimetallic system Au-Pd/Al2O3 studied by Herzing et al. also
showed Pd-rich surfaces [39], in good agreement with our results.

With increasing nominal Au:Pd ratios, the Au:Pd molar ratios
obtained by XPS increases, but these values are in any case much
lower than those corresponding to actual Au:Pd ratios determined
by ICP analysis (see Table 1). Moreover, the difference between
the Au:Pd ratios obtained by XPS and ICP increases with increas-
ing Au content. The analysis depths of Au and Pd using XPS have
been calculated according to the data in literature [40,41]. For Au
4f signal, the analysis depth is between 5.4 and 5.8 nm, whereas
it is only 4.6–5.0 nm in the case of Pd 3d signal. As discussed in
the TEM results part, most of the metal particles are smaller than
11.6 nm for the bimetallic catalysts (if we assume that the metal
particles are perfect semicircle shape), there is only a small frac-
tion of monometallic Au particles larger than 11.6 nm in diameter.
This means that Au 4f signal in the core of these Au particles might
be missing in the XPS results. On the contrary, all the monometal-
lic Pd particles found are less than 4 nm and the bimetallic Au-Pd
particles are also smaller than 10 nm in diameter. This suggests
that almost all Pd on the surface of the catalysts can be detected
by the XPS technique. Furthermore, only a few monometallic Pd
particles have been found by HAADF-STEM technique since the con-
trast between the support and Pd is low. XPS results reveal that the
fraction of very small Pd nanoparticles must be larger than that
suggested by the particle size distributions established by STEM.
Unfortunately, the Au:Pd ratios obtained by XPS and XEDS cannot
be compared straightforwardly since the Au:Pd ratios using XPS
corresponds to ratios of the elements on the surface with maximum
depth of 5.8 nm,  while XEDS results are related to the total volume
of the analyzed metal particles. As mentioned in the previous sec-
tion, Pd contents could be underestimated due to the limitations in
the contrasts of STEM-HAADF images.

The percentages of different Au and Pd species have been also
estimated from quantification of experimental XPS data. Two types
of Au species can be detected in all the Au containing catalysts oxi-
dized at 250 ◦C as seen in Fig. 4. In all catalysts, more than 70% of
Au appears at a binding energy for Au4f7/2 of about 84.1–84.5 eV,
which corresponds either to a reduced phase of gold (most likely
Au◦) or to larger Au particles [30,35]. Only a small amount of gold
species (6–23%, depending on the catalyst) appear at a higher bind-
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
016), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

ing energy position (85.2–85.4 eV), corresponding either to more
oxidized states or, alternatively, to smaller particles [35]. To sim-
plify the discussion, the first type of gold species will be referred as

dx.doi.org/10.1016/j.apcatb.2016.03.050
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Fig. 4. Au 4f signals corresponding to the Au/CZ, 0.8AuPdCZ, 2.2AuPdCZ and
6
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Fig. 5. Pd 3d5/2 signals, overlapped with Zr 3p3/2 and Au 4d5/2 corresponding to
the 0.8AuPdCZ, 2.2AuPdCZ, 6.4AuPdCZ and Pd/CZ catalysts (from top to bottom).
Lightest gray peaks corresponds to Zr 3p3/2 and Zr 3p1/2, black to Au 4d5/2 and Au

◦ �+
.4AuPdCZ catalysts (from top to bottom). Light gray peaks correspond to the so-
alled Au◦ component, dark gray peaks to Au�+.

u◦, while the second will be labeled as Au�+. The amount of Au�+

pecies increases with increasing Au:Pd ratio.
Also in the case of Pd, distinct signals, which can be assigned

o metallic Pd◦ and oxidized Pd�+ species, are observed in all the
P spectra [22]. The percentage of oxidized Pd�+ species is particu-

arly high in the oxidized Pd/CZ-O catalyst (83%) but still amounts
p to 48% in the Pd/CZ catalyst reduced at 350 ◦C. As it also occurs
ith the fraction of Au�+ species, the percentage of oxidized Pd�+ in

he bimetallic catalysts increases with increasing Au:Pd ratio (Fig. 5
nd Table 2). In any case, the fraction of oxidized species of any of
he two metals is below those observed in the monometallic cata-
ysts. Thus, the maximum fraction of oxidized Au�+ amounts up to
oughly 20% in the 6.4AuPdCZ catalyst whereas it represents 23%
n the monometallic Au/CZ catalyst. Likewise, in the same bimetal-
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (20

ic catalyst, a fraction of 70% Pd is present in an oxidized state, a
alue that it is still below the 83% detected in the monometallic
atalyst submitted to the same treatment (PdCZ-O). This suggests
hat the simultaneous presence of the two metals contributes to
4d3/2 and medium gray peaks to Pd 3d5/2 and Pd 3d3/2 (Pd and Pd , darker and
lighter gray, respectively).

an increasing fraction of them in the reduced state. In other words,
with increasing Pd contents in the bimetallic catalysts, the fraction
of both oxidized gold and Pd clearly decreases.

The percentage of Ce3+ on the surface of the different catalysts
was also estimated by XPS (Table 2). Prior to their analysis in the
XPS chamber, the samples were exposed to the atmosphere after
their last thermal treatment and were analyzed without any fur-
ther cleaning treatment in the XPS analysis chamber. Thus, the
calculated Ce3+ percentages correspond to the residual surface Ce3+

species that remained reduced after exposure to atmospheric con-
ditions. Note that the Ce3+ percentages on the surface of the Au/CZ
and Pd/CZ-O catalysts are very similar. The fraction of Ce3+ increases
up to 14% in the reduced Pd/CZ catalyst. For the bimetallic catalysts,
the amount of Ce3+ decreases with increasing Au:Pd ratio. There-
fore, the percentage of oxidized cerium species, Ce4+, increases in
parallel with those of Pd�+ and Au�+.

In summary, the XPS results indicate that increasing the total
metal loading (Au + Pd) results in an increasing reduction degree
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
16), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

of both Ce and the two  metallic elements present in the bimetallic
catalysts and Pd is highly-dispersed on the surface of Pd-containing
catalysts.

dx.doi.org/10.1016/j.apcatb.2016.03.050
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.1.5. Catalytic activity for the selective oxidation of glycerol
As shown in Fig. 6, the glycerol conversion increases steadily

ith reaction time on all the essayed catalysts until reaching
otal conversion. No signs of deactivation by oxygen poisoning
re observed. The monometallic Pd/CZ catalyst exhibits the low-
st catalytic activity for glycerol oxidation. The catalytic activity
f 0.8AuPdCZ catalyst is quite similar to that of the monometallic
u/CZ catalyst. Bimetallic 2.2AuPdCZ and 6.4AuPdCZ catalysts are
ore active than both the monometallic Au/CZ and Pd/CZ catalysts.

herefore, a synergistic effect is observed on the Au-Pd catalysts
ith Au:Pd ratios of 2.2 and 6.4, especially in the case of the later.

Prati and coauthors obtained similar results and claimed that
ynergistic effects were present in a large range of Au:Pd molar
atios (95:5, 90:10, 80:20, 60:40 down to 20:80) on catalysts based
n activated carbon as support. They reported the highest activ-

ty values in glycerol oxidation for a catalyst with a 90:10 Au:Pd
olar ratio [15], a value which is very close to that of the 6.4AuPdCZ

nvestigated here (86 mol% Au).
In the literature, turnover frequency (TOF) values were

alculated based on both total amount of Au and Pd
12,13,15,18,21,22,27] and surface active sites [8–11]. The TOFTOTAL
nd TOFTEM values of the whole set of catalysts at reaction time
f 3 h are compared in Table 1. The TOFTOTAL values of Au/CZ and
d/CZ catalysts are 128 and 102 h−1, respectively. The TOFTOTAL
alues of the bimetallic Au-Pd catalysts increase with increasing
u:Pd ratios. Thus, the TOFTOTAL of 6.4AuPdCZ catalyst is 175 h−1,
hich is higher than those of monometallic Au/CZ and Pd/CZ

atalysts. The 2.2AuPdCZ catalyst gives a 126 h−1 TOFTOTAL, similar
o that of the monometallic Au/CZ catalyst. Finally, the 0.8AuPdCZ
atalyst is the one exhibiting the lowest TOFTOTAL values among
he investigated catalysts.

TOFTEM values were also calculated based on the metal dis-
ersion data obtained by STEM-HAADF. The TOFTEM values of the
atalysts show the same order as TOFTOTAL values. The bimetal-
ic catalysts with different Au:Pd ratios increase with decreasing
d loadings. The 6.4AuPdCZ catalyst presents the highest TOFTEM
alue of 515 h−1 among all the catalysts.

As already mentioned, XPS results suggest that the STEM results
nderestimate the fraction of monometallic Pd particles in the
d-rich catalysts due to limited visibility of the smaller Pd nanopar-
icles and, consequently, also the fraction of bimetallic particles
n these samples. Therefore for comparison purposes it seems

ore reasonable to concentrate on the behavior of the Au-rich
imetallic catalyst and the monometallic ones. If we  do so, it is
lear that the appearance of a small fraction of bimetallic particles
ith more homogeneous compositions gives rises to a significant

ncrease in the TOFTOTAL values, from 128 h−1 in Au/CZ to 175 h−1

n 6.4AuPd/CZ. According to STEM results, there are no large differ-
nces in the average particle size and metal dispersion between
he different catalysts (Table 1). Therefore, these results clearly
oint out to a large synergistic effect between the two metals in
he bimetallic catalysts.

As seen in Fig. 6, the main product of the reaction over all the
atalysts is glyceric acid, as already observed on bimetallic Au-Ru
atalysts [29]. The selectivity to glyceric acid is in the range from 40
o 70%, which is very valuable for final applications in fine chemistry
1,2]. The selectivity to glyceric acid shown by the Au-containing
atalysts is higher than that of the Pd/CZ catalyst. The selectivity
o glyceric acid slightly declines with increasing reaction time due
o both further oxidation and chain cleavage processes. Thus, gly-
olic acid is the second main product, with selectivity values in
he range 15–40%. The selectivity to glycolic acid over monometal-
Please cite this article in press as: C.M. Olmos, et al., Synergistic effect of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (2016), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

ic Pd/CZ catalyst is much higher than that of monometallic Au/CZ
nd bimetallic catalysts. The selectivity to tartronic acid is around
–12% over all the catalysts at 3 h, increasing slightly with reac-
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F s: 60 ◦C, PO2 = 3 bar, catalyst amount: 700 mg,  NaOH:glycerol = 2 mol:mol, 150 mL  of 0.3 M
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ig. 6. Catalytic activity for glycerol oxidation over the catalysts. Reaction condition
lycerol solution.

ion time over Au-containing catalysts, but remaining constant for
onometallic Pd/CZ catalyst. As mentioned before, the reaction

athway of glycerol oxidation is very complicated and depends on
he reaction conditions, active site of catalyst and metal particle
ize [1–3]. However, it is widely accepted that glycerol oxidation
an follow two routes: one leading to C C scission to produce gly-
olic acid, the other to glyceric acid and tartronic acid [21]. The
bserved selectivity values indicate that on the Au-containing cat-
lysts, both Au/CZ and bimetallic ones, the dominant reaction route
s that leading to increasing oxidation of glycerol whereas in the
ase of Pd/CZ C C bond scission competes better with oxidation. It
s also important to stress, that the total selectivity to glyceric, gly-
olic and tartronic acids over all the catalysts is above 80%, showing
herefore all of them a high potential in the conversion of glycerol
o products with commercial interest. Formic acid can be detected
ver all the catalysts, but always with very low selectivity (only 1%).
he selectivity to oxalic acid in all the cases is very low and slightly

ncreases with reaction time over Au-containing catalysts. No other
ompounds are detected suggesting the formation of some CO2.

.2. Effect of the oxidation temperature on the performance of the

.2AuPdCZ catalyst

Since the bimetallic Au-Pd catalysts demonstrate the occurrence
f synergistic effects, it is desirable to study the influence on the cat-
lytic performance of the temperature used during their activation
nder oxidizing conditions. The 2.2AuPdCZ catalyst was  the one
elected to investigate the effect of the oxidation temperature.
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (20

.2.1. Textural and structural properties
Table 3 shows the BET specific surface areas of 2.2AuPdCZ cata-

yst oxidized at different temperatures. Note that oxidation at 350
Fig. 7. XRD patterns of bimetallic 2.2AuPdCZ catalyst oxidized at different temper-
atures. *Diffraction peaks of fluorite structure for Ce0.62Zr0.38O2 mixed oxide.

and 450 ◦C does not lead to any significant change of the surface
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
16), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

area of the catalyst. Only a slight decline of the surface area takes
place after oxidation at the highest temperature (700 ◦C), which
evidences a high textural stability of the catalyst.

dx.doi.org/10.1016/j.apcatb.2016.03.050
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Fig. 8. STEM-HAADF images, particle size distribution, frequency of Au, Pd and Au-Pd metal particles, and relationship between particle size and Au content of the 2.2AuPdCZ,
2.2AuPdCZO450 and 2.2AuPdCZO700 catalysts. The dash line is the Au content according to ICP analysis for each catalyst. Solid black circles correspond to monometallic Pd
particles; solid red diamonds correspond to monometallic Au particles; solid green up-triangles correspond to bimetallic Au-Pd particles. Solid blue star corresponds to the
a erpret
w

c
a
t
(
P
i

3

s

verage  particle size and the average Au content calculated by XEDS data. (For int
eb  version of this article.)

XRD results also confirm that the fluorite type structure of
eria-zirconia maintains for all the bimetallic catalysts oxidized
t increasing temperatures. However, a small and wide diffrac-
ion peak at 38.8◦ can be observed in the 2.2AuPdCZO700 catalyst
Fig. 7). The appearance of this peak between Au {111} (38.2◦) and
d {111} (40.1◦) suggests both the formation of a Au-Pd alloy and an

ncrease of the metal particle size after oxidation at 700 ◦C [42,43].
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (2

.2.2. STEM results
Fig. 8 shows representative STEM-HAADF images and particle

ize distribution of 2.2AuPdCZ oxidized at 250, 450 and 700 ◦C. The
ation of the references to colour in this figure legend, the reader is referred to the

metal particle size is still in the range from 1 to 5 nm after oxi-
dation at 450 ◦C. The average metal particle size increases slightly
from 2.6 to 3.1 nm,  while still maintaining a high dispersion, 36%.
Oxidation at 700 ◦C causes a larger increase of the average parti-
cle size to 7.3 nm and a substantial decline in the metal dispersion
(16%). Metal particle diameters fall now within a much wider range,
from 3 to 16 nm.  These results are in good agreement with XRD.
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
016), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

Fig. 8 also includes information about the frequency of the differ-
ent types of metal nanoparticles, present in the 2.2AuPdCZ catalyst,
as a function of the oxidation temperature. Quite remarkably, the
increase in oxidation temperature up to 450 ◦C leads to a large

dx.doi.org/10.1016/j.apcatb.2016.03.050
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Fig. 9. Au 4f signals corresponding to 2.2AuPdCZ catalysts oxidized at different
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Fig. 10. Pd 3d5/2 signals, overlapped with Zr 3p3/2 and Au 4d5/2 corresponding to
2.2AuPdCZ catalysts oxidized at different temperatures (from top to bottom): 250,
350,  450 and 700 ◦C. Lightest gray peaks corresponds to Zr 3p3/2 and Zr 3p1/2, black
to  Au 4d5/2 and Au 4d3/2, and medium gray peaks to Pd 3d5/2 and Pd 3d3/2 (Pd◦ and
emperatures (from top to bottom): 250, 350, 450 and 700 ◦C. Light gray peaks

orrespond to the so-called Au◦ component, dark gray peaks to Au�+.

ncrease in the frequency of bimetallic Au-Pd particles, from 49%
o 92%. No Pd nanoparticles are found in this catalyst and the fre-
uency of monometallic Au decreases down to 8%. As it occurs in the
.2AuPdCZ catalyst, the size of most of the particles, either mono
r bimetallic, are in the 2–5 nm size range.

Another important question refers to the effect of increasing the
xidation temperature on the composition of the bimetallic parti-
les. Oxidation at 450 ◦C leads to bimetallic nanoparticles whose
omposition varies in the same range as in the catalyst oxidized
t 250 ◦C, i.e. from 35 to 90 mol% Au. This indicates that oxida-
ion at 450 ◦C affects only very slightly the particle size, drastically
ncreases the fraction of bimetallic Au-Pd nanoparticles but the
omposition of these nanoparticles is similar to those existing in
he catalyst oxidized at 250 ◦C.

After oxidation at 700 ◦C, no monometallic Pd nanoparticles
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
catalysts for selective oxidation of glycerol, Appl. Catal. B: Environ. (20

re detected and the frequency of bimetallic Au-Pd nanoparti-
les (84%) remains quite high and quite close to that observed
fter oxidation at 450 ◦C. The composition-size diagrams provide
Pd�+, darker and lighter gray, respectively).

two more interesting details: firstly, it reveals that the increase
of particle size affects especially the bimetallic nanoparticles; sec-
ondly, very important, increasing the oxidation temperature up to
700 ◦C shrinks very clearly the composition range of the bimetal-
lic particles, which now lies in a narrower range around the actual
Au loading, 68 mol%. Table 3 also lists the Au:Pd molar ratios of
bimetallic catalysts oxidized at different temperatures calculated
by XEDS data. The Au:Pd molar ratio of 2.2AuPdCZ catalyst oxi-
dized at 250 ◦C is much higher than the one obtained by ICP results.
However, the Au:Pd ratios of 2.2AuPdCZ catalyst after oxidation at
450 and 700 ◦C are very close to ICP results. This result also con-
firms that homogeneous bimetallic particles form after oxidation
at 450 and 700 ◦C.

Summarizing these STEM results, oxidation at 450 and 700 ◦C
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
16), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

leads to some sintering of metal particles (especially in the case of
700 ◦C) and to the formation of a higher fraction of bimetallic Au-Pd
nanoparticles with more homogeneous composition.

dx.doi.org/10.1016/j.apcatb.2016.03.050
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Fig. 11. Catalytic activity for glycerol oxidation over bimetallic 2.2AuPdCZ catalyst oxidized at different temperatures. Reaction conditions: 60 ◦C, PO2 = 3 bar, catalyst amount:
7
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.2.3. XPS results
Table 3 contains the XPS results corresponding to the 2.2AuPdCZ

atalyst oxidized at increasing temperatures. The Au:Zr and Pd:Zr
olar ratios decrease slightly with increasing oxidation tempera-

ure up to 450 ◦C and then much more steeply at 700 ◦C, clearly
uggesting that the occurrence of Au and Pd agglomeration at
he highest oxidation temperature. However, the Au:Pd molar
atio remains almost constant at different oxidation temperatures,
uggesting an homogenous distribution of both elements after the
intering process. The 2.2AuPdCZ catalysts oxidized at 350, 450 and
00 ◦C still show Pd-rich surface as the bimetallic catalyst oxidized
t 250 ◦C.

As shown in section 3.1.4, both Au◦ (89%) and Au�+ (11%) are
ound on the 2.2AuPdCZ catalyst. After oxidation at 350, 450 and
00 ◦C, positive Au�+ species disappear and the only visible XPS
ignal corresponds to Au◦ (Fig. 9). Concerning the XPS signal of Pd,
xidation at 350, 450 or 700 ◦C leads to oxidation of Pd in a slightly

arger extent, as compared to that observed at 250 ◦C (Fig. 10). The
ercentage of Pd�+ increases from 45 to 55% and the percentage of
d◦ decreases accordingly (Table 3). This result indicates that the
xidation states of Au and Pd do not change after oxidation at tem-
eratures higher than 350 ◦C. Zhang et al. obtained similar results
ver Au-Pd/Fe(OH)x catalyst [38]. In samples calcined at low tem-
eratures, they reported the presence of Au and Pd in both reduced
nd partially oxidized states. After calcination at 500 ◦C, Au oxi-
ized species disappear completely and only metallic Au species
re found, but Pd species still maintain both oxidized and metallic
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
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xidation states [38].
Concerning the influence of increasing the oxidation temper-

ture on the oxidation state of the support, we should take into
account that treatments at high temperatures in noble metal loaded
systems can reduce Ce4+ to Ce3+, even under an oxidizing environ-
ment [44]. Note in fact that the percentage of Ce3+ increases from
15 to 35% when the oxidation temperature increases from 250 to
700 ◦C. The Zr:Ce molar ratios decrease slightly from 0.44 to 0.40
with increasing oxidation temperatures.

3.2.4. Catalytic activity for the selective oxidation of glycerol
The values of the glycerol conversion over the 2.2AuPdCZ cat-

alyst oxidized at increasing temperatures are shown in Fig. 11.
The catalytic activities of 2.2AuPdCZO350 and 2.2AuPdCZO450 are
quite similar and slightly lower than that of the 2.2AuPdCZ catalyst.
However, the 2.2AuPdCZ catalyst oxidized at 700 ◦C exhibits the
highest catalytic activity among the bimetallic catalysts oxidized
at different temperatures. As deduced from XRD, STEM and XPS
results, the metal particle size increases after oxidation at 700 ◦C
but the bimetallic Au-Pd particles, which consist of the major frac-
tion after oxidation at temperatures above 350 ◦C, become much
more homogeneous in composition, around its actual molar ratio
of 68:32. Therefore, it seems clear that the formation of homoge-
neous bimetallic Au-Pd particles promotes the catalytic activity for
glycerol oxidation.

Previous works studying the performance of Au supported on
activated carbon and carbon nanotubes have reported that the
surface chemistry of the support plays an important role in glyc-
erol oxidation [8,11,24]. Surface oxygenated acid groups on carbon
ct of bimetallic Au-Pd supported on ceria-zirconia mixed oxide
016), http://dx.doi.org/10.1016/j.apcatb.2016.03.050

supports seem especially deleterious for catalytic activity [8,11].
For the Au-Pd/Ce0.62Zr0.38O2 catalysts studied here, there is no
direct correlation between the reduction degree of Ce and their
catalytic activities. The Au-Pd/Ce0.62Zr0.38O2 catalyst with higher

dx.doi.org/10.1016/j.apcatb.2016.03.050
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u:Pd ratios and lower reduction degree of Ce exhibits higher cat-
lytic activity. In the series of catalysts obtained by increasing the
xidation temperature, oxidation at 700 ◦C leads to a higher reduc-
ion degree of Ce, which is in this case accompanied by an increase
f catalytic activity. This could be attributed to the fact that the per-
entage of Ce3+ determined by XPS reflect the state of the surface
fter the synthesis procedure, which might differ from that under
ctual reaction conditions (aqueous solution, at 60 ◦C, under 3 bar
n an autoclave). Nevertheless this is not the only structural factor

hich is modified, since the homogeneity of the bimetallic catalysts
ncreases with oxidation temperature. It is not possible to separate
oth contributions to the enhanced catalytic activity observed with
he increase of oxidation temperature. Further studies considering
atalysts in which each parameter is separately modified are nec-
ssary to have a proper insight into the influence of the redox state
f the support. In principle, such studies would also need take into
ccount the state of the support under conditions close to those
mployed during the catalytic essays, i.e. in the presence of oxygen
t a 3 bar pressure and 60 ◦C. Such an approach is outside the scope
f the present work, which is aimed at elucidating more general
uestions.

Table 3 shows the TOFTOTAL and TOFTEM values at reaction time
f 3 h. Since 2.2AuPdCZ catalysts oxidized at different temper-
tures consist of the same amount of Au and Pd, the TOFTOTAL
alues present the same trend as glycerol conversion. However, the
OFTEM value of 2.2AuPdCZ700 increases drastically from 341 to
81 h−1, almost threefold of 2.2AuPdCZ catalyst because the metal
ispersion of this catalyst decreases to 16%. As it has been dis-
ussed above, synergistic effect of 2.2AuPdCZ700 might be due to
he formation of homogeneous Au-Pd bimetallic particles.

As seen in Fig. 11, the selectivities to glyceric and tartronic acids
re similar over the bimetallic catalysts oxidized at different tem-
eratures. In contrast, the selectivity to glycolic acid increases with

ncreasing oxidation temperature. This might be due to the change
n size and/or composition of the metal nanoparticles with oxida-
ion temperature. The selectivity values towards formic acid and
xalic acid are less than 5% for all the catalysts, which is in fact very

ow. It is important to stress at this point that selectivity trends in
lycerol oxidation still remain as an open question in which the
eparate contribution of different factors such as size, composition
r morphology of the metal particles or the role of the support and
eaction conditions has not been clarified yet [11].

. Conclusions

Bimetallic Au-Pd catalysts supported on ceria-zirconia mixed
xide catalysts with different Au:Pd molar ratios (0.8, 2.2 and 6.4)
aintaining Au loadings constant have been synthesized using a

imultaneous deposition-precipitation method. Remarkably, this
ynthesis approach has allowed us preparing catalysts contain-
ng metal nanoparticles with diameters mostly in the 1–5 nm
ange. This method leads to systems of bimetallic nanoparticles
hose individual compositions vary in a wide range spanning from
onometallic (Au, Pd) to bimetallic Au-Pd ones with largely dif-

erent Au:Pd ratios. A synergistic effect between Au and Pd has
een observed on these catalysts in the selective oxidation of glyc-
rol. Catalysts with higher Au:Pd molar ratios show better catalytic
ctivities in this reaction. A valuable observation is that increas-
ng the temperature of the oxidation pretreatment used to activate
he catalyst results in a clear compositional homogenization, which
Please cite this article in press as: C.M. Olmos, et al., Synergistic effe
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rings the Au:Pd molar ratios of most of the particles present in the
atalyst to values quite close to that corresponding to the actual one
btained by ICP. Also important, the catalytic activity for selective
xidation of glycerol is improved after oxidation at 700 ◦C. Such

[

[

 PRESS
nvironmental xxx (2016) xxx–xxx 13

improvement can be clearly attributed to the formation of more
compositionally homogenous bimetallic alloy particles.

Taking the last observation into account in parallel with the
fact that during the oxidation at high temperature the metal par-
ticles grow significantly in size, it seems clear that the synthesis
of catalysts containing a system of small (<5 nm), composition-
ally homogeneous particles, with compositions in the 70:30–90:10
Au:Pd range, could lead to further improvements in the catalytic
performance of Au-Pd catalysts in the glycerol oxidation reaction.
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