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a  b  s  t  r  a  c  t

Restructuration  of  AuPd/CeO2 catalysts  is  observed  during  1,5-cyclooctadiene  hydrogenation,  with  gold
surface segregation  in  which  gold  acts  as  a diluent  of Pd  surface  sites.  The  composition  of the  catalyst
influences  the  catalytic  behavior,  and  an  optimum  is  observed  at a  Pd/Au molar  ratio  of  0.13,  as  deter-
mined  by  X-EDS  STEM.  Pd–Au/CeO2 shows  higher  hydrogenation  rates  (11.2  × 10−5 mol/g  s)  versus  the
unpromoted  Pd/CeO2 catalysts  (1.7  ×  10−5 mol/g  s),  and the  Pd/TiO2 (7.5  ×  10−5 mol/g  s)  catalysts  used
as conventional  hydrogenation  catalysts.  Since  the active  sites  are  generated  under  reaction  conditions,
eywords:
uPd
eO2

elective hydrogenation
yclooctadiene

characterization  of  the  catalysts  after  quenching  the  reaction  at specific  reaction  times  was  required.
© 2015  Elsevier  B.V.  All  rights  reserved.
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. Introduction

A rational way to design solid catalysts will go through the
undamental understanding of the generation of the catalytic
ctive sites and their interaction with reactant and products
nder reaction conditions. For achieving that, catalysts are many
imes characterized before being subjected to the reaction and
he obtained results are correlated with catalytic activity and
electivity. Following that methodology it is sometimes difficult to
stablish good structure–reactivity correlations since, as has been
eported, structural and chemical modifications of the catalysts
an occur under reaction conditions [1–4]. Moreover these changes
ould in certain cases affect only the catalyst surface [5]. Therefore,

nowledge of the catalyst under reaction conditions (operando
pectroscopy) or at least as close as possible to reaction conditions,
ecomes very important. From the point of view of catalyst
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920-5861/© 2015 Elsevier B.V. All rights reserved.
characterization techniques, X-ray photoelectron spectroscopy
(XPS) is a very powerful spectroscopic tool which gives chemical
information from the 6–9 nm outermost surface layers, while
infrared spectroscopy (FTIR) of adsorbed molecule, gives specific
information about the interaction of molecules with active sites
located at the external catalyst surface. Thus, the combination of
both spectroscopies will be helpful for better understanding the
catalytic behavior at the surface of solids.

In the case of catalysts based on metal nanoparticles, several
parameters like particle size and morphology, metal–support inter-
actions, chemical composition i.e. oxidation states, presence of
promoters, etc. are of paramount importance for catalysis [6–9].
Moreover, the addition of a second metal to produce bimetal-
lic nanoparticles, has opened more possibilities for engineering
catalysts with enhanced activity and selectivity. Important techno-
logical areas, including catalytic reforming [10], pollution control,
alcohol oxidation [11–13], selective hydrogenation [8,14–16],
electro-catalysis in fuel cells [17], among other, are based on
bimetallic systems. It has been reported that the synthesis method

can direct the formation of bimetallic materials with different final
structures like core–shell or alloy formation with markedly differ-
ent catalytic behavior [1,18]. In the case of bimetallic materials,
and even more so when the size of the materials are in the range
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f the nanometer scale, structural and compositional changes can
roduce large differences in the catalytic behavior of the nanopar-
icles. If this is so, one should take into account that metal surface
omposition and size and shape of those bimetallic catalysts can
hange during the reaction, being the final catalyst different from
he starting one.

In the present study we will show that modifications in the
tructure of monometallic Pd and Au and bimetallic AuPd cata-
ysts occur during the hydrogenation of 1,5-cyclooctadiene, with
n impact on the catalytic activity. This has been found by
topping the reaction during the catalytic process and follow-
ng the possible change by XPS, HRTEM and FTIR spectroscopic
haracterization.

The selective hydrogenation of dialkenes and/or alkynes to
onoalkenes, continues to attract attention due to practical impor-

ance and fundamental interest [16,19,20]. While Pd exhibits the
ighest activity toward alkenes in dialkenes or alkynes hydroge-
ations, the selectivity toward monoalkenes with Pd significantly
ecreases when working at high conversions of dialkenes or
lkynes [20]. Thus, considerable attention has been paid to fac-
ors which can improve the selectivity of Pd catalysts for the above
ydrogenation reactions. The reaction selectivity during dialkenes
ydrogenation to alkenes is determined by the rates of alkene
esorption and hydrogenation. Taking into account that the inter-
ction of adsorbed molecules depends on the morphology of the
urface i.e. the coordination number of the surface atoms, which
epends among others, on the metal particle size, addition of
ther metals, etc., metal particle size effects [21,22] as well as the
ddition of other metals to Pd [16,23,24] have been studied as
ne way to improve its catalytic performance. Among bimetallic
d catalysts, the Pd–Au system has been extensively investigated
or selective hydrogenations [16,19,20,23–26] as well as for oxi-
ation reactions [11,18,27,28]. The enhanced catalytic behavior
bserved in the bimetallic AuPd system has usually been explained
ue to formation of a core/shell structure [29,30], alloy forma-
ion [24,31,32], selective poisoning of the Pd surface [16,33,34] and
hanges in metal dispersion and morphology of the particle [26].
n the other hand, the impact of metal–support interactions on

he catalytic behavior of supported metal particles is well known
or several processes. In this sense, ceria has been reported as a very
ctive support for oxidation as well as for hydrogenation reactions
35–37]. Interestingly, very few studies [38] have been reported
or the hydrogenation of cyclodienes or dialkenes using ceria sup-
orted catalysts, therefore our interest has been driven on this
eaction, as a test reaction for studying monometallic and bimetallic
u–Pd/CeO2 catalysts.

. Experimental

.1. Catalyst preparation

TiO2 was a commercial sample (Degussa P25, mainly anatase).
anocrystalline CeO2 was prepared by thermolysis of an acidi-
ed Ce(NO3)4 solution followed by redispersion, according to Ref.
36]. The dispersion was purified and concentrated using an ultra-
ltration cell equipped with a 3KD membrane. The purification was
onitored by the residual acidity of the dispersion, determined

y an acid titration of the supernatant after ultra-centrifugation at
0 000 rpm for 6 h. 0.36 wt% Au was deposited on the nanopartic-
lated cerium oxide by the following procedure: Nanocrystalline
eO2 powders (2 g) were added into an HAuCl4 aqueous solution

Aldrich, 99.9%) whose pH was fixed at 7.7 by addition of a 0.2 M
aOH solution. The mixture was stirred for 12 h, statically aged for

 h and then washed with deionized water, filtered and dried at
20 ◦C in air for 12 h. Samples of 0.1 and 0.24 wt% Pd supported
day 259 (2015) 213–221

on CeO2 and 0.13 and 0.23 wt% Pd supported on TiO2 were pre-
pared by a deposition–precipitation method by mixing CeO2 or
TiO2 powders with appropriate amounts of aqueous solutions of
Pd(NO3)2·xH2O (Aldrich, 99.9%) at a fixed pH (7.6 ± 0.3) adjusted
with 0.35 wt% NH4OH solution. The mixtures were stirred for 12 h
and statically aged for 6 h. Then they were washed with deionized
water, filtered and dried at 120 ◦C in air for 12 h.

A series of Pd–Au/CeO2 catalysts with of 0.2, 0.17, 0.10 and
0.05 wt% of Pd loading and 0.36 wt%  Au were prepared by the
deposition–precipitation method of Au/CeO2 with Pd(NO3)2. Typ-
ically, the air dried Au/CeO2 sample was  added to an aqueous
solutions of Pd(NO3)2 at a fixed pH (7.6 ± 0.3), adjusted with
0.35 wt% NH4OH. The mixture was  stirred for 12 h and statically
aged for 6 h. The samples were then washed, filtered, and dried at
120 ◦C for 12 h. The above samples dried in air at 120 ◦C for 12 h,
are referred to as prepared samples and labeled as X% Pd–Y% AuCe,
where X, Y represent the weight percent of each element as deter-
mined by ICP. The H2 pre-reduced sample was  obtained by further
treatment of the air dried sample in flowing H2 at 200 ◦C for 2 h.
Once reduced, the samples were kept under N2 atmosphere until
further use in catalytic tests or spectroscopic characterization tech-
niques. On the other hand, the as prepared Pd–Au/CeO2 samples
were studied immediately after preparation.

2.2. Catalyst characterization

Gold and palladium loadings were determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES).

X-ray photoelectron spectra of the catalysts were recorded with
a SPECS spectrometer equipped with a Phoibos 150MCD multichan-
nel analyzer, using MgK� (1253.6 eV) irradiation. The spectra were
recorded with an X-ray power of 50 mW in order to avoid fotore-
duction of the gold species. The residual pressure in the analytical
chamber was  maintained below 10−9 mbar during data acquisi-
tion. The binding energies of Au 4f and Pd 3d were corrected for
surface charging by referencing them to the energy of Ce3d5/2 v1
peak of the ceria support set at 882.178 eV in case of CeO2 sup-
ported samples and to the Ti2p3/2 XPS peak set at 458.5 eV in case
of TiO2 supported samples. Peak intensities have been calculated
after nonlinear Shirley-type background subtraction and corrected
by the transmission function of the spectrometer. CasaXPS software
has been used for spectra deconvolution.

FTIR spectra have been collected with a FTS-40A BioRad spec-
trometer equipped with a DTGS detector (4 cm−1 resolution, 32
scans). An IR cell allowing in situ treatments under controlled
atmospheres and temperatures from −176 ◦C to 500 ◦C has been
connected to a vacuum system with gas dosing facility. Self-
supporting pellets (ca. 10 mg  cm−2) were prepared from the sample
powders and treated at 50 ◦C under dynamic vacuum (10−4 mbar).
After activation, the samples were cooled down to −176 ◦C fol-
lowed by CO dosing at increasing pressures (0.4–8.5 mbar) and the
IR spectrum recorded after each dosage.

Electron microscopy studies (HRTEM, HAADF-STEM, XEDS-
STEM) were performed in a JEOL2010F microscope. The structural
resolution in HRTEM mode of this microscope is 0.19 nm. The
crystallographic information in HRTEM images was  analyzed from
Digital Diffraction Patterns calculated from selected regions. Local,
subnanometer scale, chemical analysis of the catalysts was done
by recording X-EDS spectra using an electron probe with a 0.5 nm
diameter.

XPS, electron microscopy and FTIR studies have also been done
on samples after catalytic performance. For that purpose, the reac-

tion has been stopped at specified times, the reactant mixture
removed and analyzed by GC and the catalysts recovered by filtra-
tion followed by drying in vacuum and keeping in a N2 atmosphere
until use in characterization studies.
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.3. Selective hydrogenation of 1,5-cyclooctadiene

The liquid phase hydrogenation of 1,5-cyclooctadiene (COD)
as carried out in a reinforced glass batch reactor (2.5 mL,

UPELCO) closed with a Teflon septum and equipped with a pres-
ure gauge and a side arm with an on–off lock. A micro-syringe
an be allowed to inject and withdraw liquid or gas through the
ock. Typically, the reactor with 7 mg  (80–120 mesh) of the catalyst
nd 56.1 mg  (0.5 mmol) 1,5-cyclooctadiene in n-octane (1.0 mL)
as purged with hydrogen for 3 times and then hydrogen was

ntroduced up to 10 bar. The reaction was assumed to start when
he reactor was introduced into the oil bath at 50 ◦C and vigorously
tirred (ca. 1000 rpm). At a desired reaction times, 20 �L samples
ere taken through the micro-syringe and analyzed with a HP gas

hromatograph equipped with a FID and a Carbowax 20M capillary
olumn. The mole calibration factors of n-cyclooctane (fCOA = 1.00),
yclooctene (fCOE = 0.98), 1,3-cyclooctadiene (f1,3COD = 0.77) and
,5-cyclooctadiene (fCOD = 0.77) were determined by standard solu-
ion of these components. Isomerization of 1,5-cyclooctadiene to
,3-cyclooctadiene is observed as a primary product on all catalysts.

. Results and discussion

.1. Pd/CeO2 catalysts

The as prepared Pd/CeO2 samples show no catalytic activity for
he hydrogenation of COD, in opposite to Pd/TiO2 samples which
ive conversions close to 100% at the same Pd loading (Fig. 1A).
PS characterization of the samples prior to catalytic test (Table 1)
hows in both cases the presence of Pd2+ (BE 337–336 eV) [39,40]
aking then difficult to explain their different catalytic behavior

rom the analysis of the fresh catalysts. However, when the sam-
les were analyzed by XPS after stopping the reaction at specific
eaction times, clear differences can be observed between the two
amples. Pd0 (BE 334.5 eV) [39,40] is detected in the PdTiO2 sam-
le stopping the reaction at 50 min, while only Pd2+ was  found in
he PdCeO2 sample even after 160 min  reaction time. These results
ould be consistent with the high potential of CeO2 to stabilize
ationic species and could help to explain the catalytic behavior
isplayed in Fig. 1A by assuming Pd0 sites, generated under reac-
ion conditions, as the catalytic active sites for the hydrogenation
f COD.
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ig. 1. (A) COD conversion versus reaction time on 0.1PdCe (�), 0.13PdTi (©) and 0.24PdT
.1PdCe-H2 (�) and 0.24 PdCe-H2 (�) samples.
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Since the lack of activity observed with PdCeO2 samples could
be related, in a first approximation, to the absence of reduced Pd
species, one could then increase the amount of reduced Pd species,
and therefore their catalytic activity, by reducing the samples in H2.
Ex situ reduction at 200 ◦C in H2 leads to the formation of Pd0 in
PdCeO2, as confirmed by XPS analysis (Table 1) and, consequently to
an increase in the hydrogenation activity (Fig. 1B). However when
compared with Pd/TiO2, at the same Pd loading (0.1 wt%), the reac-
tion rate of the reduced 0.1PdCe-H2 sample (1.7 × 10−5 mol/g s)
is still lower than the value observed with the 0.13PdTi sam-
ple (4.4 × 10−5 mol/g s) or 0.13PdTi-H2 sample (7.5 × 10−5 mol/g s).
Thus, the different catalytic activity of Pd/CeO2 and Pd/TiO2 sam-
ples cannot be simply explained by a difference in the amount of
Pd0 species under reaction conditions (see Table 1), but other fac-
tors like metal morphology, size and shape, may  also play a role,
being those under investigation. The selectivity to products differs
slightly in the 0.13PdTi versus 0.1PdCe sample (Fig. S1, supple-
mentary information). In particular, the selectivity to isomerization
product (1,3-cyclooctadiene) is lower in the PdTi sample while their
selectivity to cyclooctane is higher. In accordance with the above
reported differences in activity, the differences in selectivity agree
with the postulated morphological factors.

As the activity and selectivity of Pd can be modified by intro-
duction of promoters, we  have explored this possibility here by
synthetizing bimetallic Pd–Au materials.

3.2. Pd–Au/CeO2 catalysts

An air dried Au/CeO2 (0.36 wt% Au) sample was  impregnated
with different Pd loadings (0.05–2 wt%) within a molar ratio Pd:Au
of 0.25–1. XPS data of the as prepared samples (Table 2) show
the presence of Au0 (84–83.6 eV) and Au+ (85.6 eV) [36,41] in both
Au/CeO2 and Pd–Au/CeO2 samples. Meanwhile Pd2+ and Pd0 are
both present in the as prepared Pd–Au/CeO2 samples, while only
Pd2+ was detected in Pd/CeO2 (see Table 1). Thus, the presence of
Au seems to favor the reduction of Pd2+ to Pd0 even during sam-
ple impregnation/drying. On the other hand, the Pd/Au molar ratio
determined by XPS increases (except in the 0.2Pd–0.36AuCe sam-
ple) when increasing the Pd loading, as expected according to the

preparation method in which Pd is added on the previously pre-
pared Au/CeO2 sample.

Ex situ reduction of the bimetallic samples in H2 at 200 ◦C
increased the amount of Pd0 species, and reduced all Au species
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i (�) samples. (B) COD conversion versus reaction time on ex situ reduced samples:
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Table 1
XPS data of as prepared and ex situ reduced Pd/CeO and Pd/TiO2samples, before and after stopping the reaction at specific reaction times.e

Sample Pd (wt%)a Pd/(Me + O)b Before catalytic test After catalytic test t (min) %Ce

Pd/(Me + O)c Pd2+ (%)d Pd0 (%)d Pd/(Me + O)c Pd2+ (%)d Pd0 (%)d

0.1PdCe 0.096 0.0005 0.001 337.2 (100) – n.d. n.d. n.d.
0.24PdCe 0.24 0.0013 0.0026 337.2 (100) – 0.0076 337.8 (100) – 160 1.03
0.13PdT 0.13 0.0003 0.0005 336.0 (100) – n.d. n.d. n.d.
0.23PdT 0.23 0.0005 0.0013 336.0 (100) – 0.0013 336.5 (61.7) 334.5 (38.3) 50 97.0

0.1PdCe-H2 0.096 0.0005 0.001 337.5 (61.4) 334.9 (38.5) 0.0015 337.0 (59.4) 334.7 (40.6) 130 65
0.24PdCe-H2 0.24 0.0013 0.0026 n.d. 0.0048 337.0 (38.1) 334.3 (61.9) 11 44.83
0.13PdT-H2 0.13 0.0003 0.0005 337.0 (61.4) 333.6 (38.6) 0.0008 336.6 (61.2) 334.2 (38.8) 10 35.24

a Pd weight percent determined by ICP.
b Surface composition (atomic ratio) determined by ICP; Me = Ti or Ce.
c Surface composition (atomic ratio) determined by XPS; Me  = Ti or Ce.
d BE (eV) of each oxidation state. Values in brackets represent the atomic percent of each oxidation state determined by XPS.
e Conversion of COD (%C) at reaction time (t) at which the sample has been characterized.

Table 2
XPS data of as prepared and ex situ reduced Pd–Au/CeO2 samples before catalytic test.

Sample Pd/Aua Pd/Aub Pd 3d5/2c Au4f7/2c

Pd2+ (%) Pd0 (%) Au0 (%) Au+ (%) Au3+ (%)

0.00Pd–0.36AuCe 0 0 – – 84.1 (76.1) 85.6 (23.8)
0.05Pd–0.36AuCe 0.25 1.28 337.4 (100) – 83.8 (83.0) 85.2 (17.0) –
0.10Pd–0.36AuCe 0.5 3.5 337.3 (85.7) 334.7 (14.3) 83.6 (67.6) 85.8 (32.4) –
0.17Pd–0.36AuCe 0.87 7.77 337.3 (88.2) 335.3 (11.8) 83.6 (67.6) 85.8 (32.4) –
0.20Pd–0.36AuCe 1 5.8 n.d n.d

0.05Pd–0.36AuCe-H2 0.25 4 336.5 (64.5) 334.0 (35.5) 83.1 (100) – –
0.10Pd–0.36AuCe-H2 0.5 7.4 337.0 (53.3) 335.2 (46.7) 83.3 (100) – –
0.17Pd–0.36AuCe-H2 0.87 3.16 337.2 (47.7) 335.2 (52.3) 83.2 (100) – –
0.20Pd–0.36AuCe-H2 1 8.1 337.0 (74.2) 334.8 (25.8) 83.5 (100) – –
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a Surface composition (atomic ratio) determined by ICP.
b Surface composition (atomic ratio) determined by XPS.
c BE (eV) of each oxidation state. Values in brackets represent the atomic percent

o Au0 (Table 2). A change in the Pd/Au metal surface composition
s also observed by XPS, pointing to a re-dispersion of both metals
uring H2 reduction. However no clear trend is observed in the
urface distribution of both metals (Pd/Au ratio) during reduction
onditions, with the metal loading. In the XPS core level bind-
ng energy (BE) the 84.1 eV of metallic gold, observed in the Pd
ree Au/CeO2 sample, shifts to lower BE in the presence of Pd,
3.6 ± 0.2 eV in the as prepared samples and to 83.2 ± 0.2 eV in the
educed ones. This shift could be related to particle size effects or
o an electronic interaction between Pd and Au. In the case of pal-
adium, Pd0 BE between 334.5 and 335.5 eV are observed in the
s prepared as well as in reduced samples, however the different
d BE are not clearly associated to the presence of gold or to the
eduction treatment. Thus, according to the XPS results no clear
vidence about the presence of any Au–Pd particle interaction or
lloy formation can be deduced.

The catalytic activity of the Au/CeO2 catalyst for the hydroge-
ation of COD is very low, even after H2 reduction at 200 ◦C (8%
onversion at 160 min). As prepared Pd–Au/CeO2 samples shows
lso low activity. However activity increases drastically after ex
itu reduction in H2 (Fig. 2), being this activity higher than on
educed Pd/CeO2 samples and even higher than on the reduced
d/TiO2 samples (at the same Pd loading (0.1 wt%)), with initial
eaction rates of 11.2 × 10−5 mol/g s for the 0.1Pd–0.36AuCe-H2
ample. Moreover the initial reaction rate of reduced Pd–Au/CeO2
amples follows a volcano type curve when plotted versus the
ominal Pd loading (i.e. Pd/Au molar ratio), with a maximum
t a Pd/Au molar ratio of 0.5 (Fig. 3). The selectivity to isomer-

zation and hydrogenation products changes also with catalyst
omposition (Fig. S2 in supplementary information). Specifically
he selectivity toward isomerization is lower in all Pd–Au/CeO2
amples versus the un-promoted PdCe sample. Interestingly the
ch oxidation state determined by XPS.

lowest 1,3-cyclooctadiene selectivity is observed on the most active
catalysts (i.e. with a Pd/Au molar ratio of 0.5), while the selectiv-
ity to cyclooctane is higher on this sample. In order to understand
the promoting effect of gold on the catalytic activity observed with
Reaction Time /min

Fig. 2. COD conversion versus reaction time on as prepared (open symbol) and ex
situ  reduced (full symbols) 0.05Pd–0.36AuCe (©, �), 0.1Pd–0.36AuCe (�, �) and
0.17Pd–0.36AuCe (�, �) samples.
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Fig. 3. Variation of the reaction rate in reduced Pd–Au/C

haracterization of the samples has been performed after stopping
he reaction at specific reaction times.

From those data, we can conclude that under reaction condi-
ions, and according to XPS results, a modification of the oxidation
tate of the metal surface sites and a surface restructuration of the
uPd/CeO2 catalysts is observed (see Table 3 and Figs. S3a, b and
4a, b in supplementary information). The amount of Pd0 species
ncreases in both the as prepared and ex situ reduced samples, to
round 53% and 70% respectively, due to the in situ reduction of Pd2+

ons under reaction conditions. On the other hand, a gold surface
egregation has been observed after reaction, being more evident
n the reduced samples, giving a Pd/Au molar ratio of ∼2.5 in all
ases. This agrees with the much lower surface energy of Au versus
d [42], favoring surface enrichment by Au. However the different
atalytic behavior shown in Fig. 2 for the as prepared and ex situ
educed samples, cannot be explained according to the XPS data,
s both samples show similar XPS results once exposed to reaction
onditions. Therefore further characterization work was required
or explaining the reactivity behavior. Since different morphology
f the exposed metal particle, such as crystallographic phases, coor-
ination number of the surface atoms, particle size effects, etc. has
een reported to influence the catalytic behavior of Pd samples in

elective hydrogenation reactions, electron microcopy studies as
ell as IR studies of CO adsorption as probe molecule have been
erformed on the as prepared and ex situ reduced 0.1Pd–0.36AuCe
ample after stopping the reaction at 15 min. Both techniques are

able 3
PS data of as prepared and ex situ reduced Pd–Au/CeO2 samples after stopping the reac

Sample t (min) C (%)a Pd/Aub Pd3d5/2c

Pd2+ (%) 

0.05Pd–0.36AuCe 15 7.13 2.4 337.4 (45.1
0.10Pd–0.36AuCe 15 3.91 3 337.2 (47.9
0.17Pd–0.36AuCe n.d n.d n.d 

0.20Pd–0.36AuCe n.d. n.d n.d 

0.05Pd–0.36AuCe-H2 15 54.04 2.2 336.8 (42.1
0.10Pd–0.36AuCe-H2 15 94.55 2.57 337.6 (27.8
0.17Pd–0.36AuCe-H2 7 39.2 2.23 337.2 (28.5
0.20Pd–0.36AuCe-H2 7 55.35 2.4 337.5 (41.7

a Conversion of COD (C) at reaction time (t) at which the sample has been characterize
b Surface composition (atomic ratio) determined by XPS.
c BE (eV) of each oxidation state. Values in brackets represent the atomic percent of ea
molar  ratio

mples versus the Pd/Au molar ratio determined by ICP.

very suitable for analyzing particle size and morphology and deter-
mining surface properties.

Electron microscopy results show the presence of both large
and very small Au nanocrystals in the as prepared 0.1Pd–0.36AuCe
sample (non-active sample) after stopping the reaction at 15 min
reaction time. Data included in Fig. 4 illustrate the case of the
large Au nanoparticles. The X-EDS spectrum recorded from this
large, very high intensity area confirms that it corresponds to Au.
Likewise, the combination of HRTEM and XEDS results recorded
on the same areas of the catalyst also suggests the occurrence of
very small gold nanocrystals. Thus, Fig. 5 shows a HRTEM image in
which a CeO2 nanoparticle is unambiguously identified from the
spots observed in the corresponding DDP (shown as inset). The X-
EDS spectrum recorded from the same crystallite, using a 0.5 nm
probe in STEM mode, shows Au in addition to Ce and O peaks. Since
no gold particle is clearly visible in the analyzed area, we  must
conclude that gold must be present in that area in a very highly dis-
persed state. Image simulation data [43] indicate that the detection
limit in HRTEM images of metal nanoparticles supported on ceria is
roughly below 1 nm.  Small patches of material with diameter below
1 nm have been also detected by HRTEM on the border of the CeO2
nanocrystals which suggest the occurrence of subnanometer-sized

Au nanocrystals (Fig. S5, supplementary information). Pd particles
could not be observed in the images of the as-prepared catalyst.
Likewise, X-EDS from large regions in this catalyst did not show
the presence of Pd peaks, this suggesting that probably Pd is in the

tion at specific reaction times.a

Au4f7/2c

Pd0 (%) Au0 (%) Au+ (%) Au3+(%)

) 334.3 (54.9) 83.9 (77.6) 85.6 (22.4) –
) 334.7 (52.1) 83.8 (57.1) 85.6 (42.9) –

n.d
n.d

) 334.6 (57.9) 84.0 (68.6) – 86.0 (31.4)
) 335.0 (72.2) 84.2 (67.8) – 86.5 (32.2)
) 334.7 (71.5) 83.3 (55.5) – 86.1 (44.5)
) 334.8 (58.3) 83.8 (77.9) – 86.1 (22.1)

d.

ch oxidation state determined by XPS.
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ig. 4. HAADF-STEM of the as prepared 0.1Pd–0.36AuCe sample after 15 min  reactio
opper and molybdenum signals arise from the specimen holder and the coated M

orm of larger crystallites, statistically hard to find due to the very
ow Pd content. Particle size distributions could not be obtained
n any case due to intrinsic difficulties associated to the combined
ffects of very small metal loadings, the nanocrystalline nature of
he support which results in a huge number of crystal overlaps and
he heavy atomic number of Ce.

IR spectra of CO adsorption performed on the as prepared
.1Pd–0.36AuCe sample after stopping the reaction at 15 min  reac-

−1
ion time (Fig. 6A) shows the presence of an IR band at 2127 cm
hich should be related to Pd�+ or Au�+ (oxo) species [44], and an IR

and at 2098 cm−1 ascribed to unsaturated surface sites, probably
ssociated to the small Au particles detected by HRTEM [44]. While

Fig. 5. HTREM image of the as prepared 0.1Pd–0.36AuCe sample after 15 min  re
e. The XEDS-spectrum was recorded on the large crystallite shown as enlargement.
s used, respectively.

the 2098 cm−1 IR band could also be related to unsaturated sites
associated to Pd(1 0 0) surface [45–48], HRTEM disregard this pos-
sibility since larger Pd crystallites (with a higher saturation degree)
could be assumed from the HRTEM data.

A different picture is clearly observed in the reduced
0.1Pd–0.36AuCe sample (active sample) after stopping the reaction
at 15 min  reaction time. In this case, X-EDS spectra analysis of high
intensity areas observed in HAADF-STEM images of this catalyst,

using a tiny (0.5 nm)  electron probe, show the presence of both Au
and Pd signals (atomic composition around 88.68%Au, 11.32%Pd,
Pd/Au ratio of 0.13), suggesting the coexistence of both metals in
the same particle as it can be seen in Fig. 7. However confirmation

action time. The DDP inset confirms the cubic fluorite-like phase for CeO2.
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R  band at 2155 cm−1 assigned either to Au+, Ce4+, OH groups [51] or to Pd2+ ions [4
c)  on ex situ reduced 0.1Pd–0.36AuCe sample, after 15 min  reaction time. Large sa
47]

f a PdAu alloy phase by HRTEM was not possible due to the over-
ap of the image of these small particles with the contrasts coming
rom a large number of underlying ceria crystallites. DDPs from
he HREM images could only be indexed as corresponding to cubic
uorite CeO2. Smaller particles containing only Pd have also been
etected, as it is illustrated by the HAADF-STEM and XEDS-STEM
tudies summarized in Fig. 8.

The surface structure of the reduced 0.1Pd–0.36AuCe sample

fter stopping the reaction at 15 min  reaction time has also been
tudied by IR spectroscopy of adsorbed CO (Fig. 6B). IR bands in the
106–2098 cm−1 region, ascribed to Pd0 and Au0 low coordinated
etal surface sites are observed, while no IR bands due to large
 FTIR spectra of CO adsorption at −176 ◦C and 0.2 mbar (a), 0.5 mbar (b) and 1 mbar
d IR band at 2155 cm−1 assigned either to Au+, Ce4+, OH groups [51] or to Pd2+ ions

crystals (at ∼2110 cm−1) are detected. This agrees with HRTEM
data where no large Pd crystallites were detected on the reduced
samples after catalytic test.

At this point we  can say that HRTEM and FTIR-CO results suggest
the coexistence of both Au and Pd metals in the same particle, with
an Pd/Au atomic composition of 0.13, together with the absence
of big crystallites and the stabilization of small Pd particles, after
catalytic test in the most active ex situ reduced 0.1Pd–0.36AuCe

sample, while they were not observed in the non-active sample.
Moreover a strong restructuration of the surface metal species
has been observed after reaction conditions, with gold segrega-
tion toward the surface, disrupting the Pd crystal surface. In fact,
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Fig. 7. HAADF-STEM image and XEDS spectra of the reduced 0.1Pd–0.36AuCe sample after 15 min reaction time.
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ig. 8. HAADF-STEM image and XEDS spectra recorded on different spots of the red
arked as 1 on the image peaks both Ce and Pd signals whereas only Ce peaks are 

PS data of the ex situ reduced 0.1Pd–0.36AuCe sample shows a
ecrease in the Pd/Au molar ratio from 7.4 prior to reaction to
.6 after reaction, pointing to a decrease of Pd on the surface.
his agrees with the FTIR studies of CO adsorption where well
aceted Pd crystals observed on the ex situ reduced 0.1Pd–0.36AuCe
ample before reaction (Fig. S6, supplementary information) are
ot more detected once the sample has been exposed to reac-
ion conditions. On the other hand, since the catalytic activity
hows a volcano type correlation with the Pd/Au molar ratio,
he surface composition of the Au–Pd surface phase should play
n important role for catalytic activity. In our case, X-EDS STEM
nalysis shows a Pd/Au molar ratio of 0.13 for the most active sam-
le. This result implicates isolated Pd surface sites. Moreover the

bserved drop in the selectivity to isomerization product agrees
ith the presence of isolated Pd surface sites on the most active

ample. However, in detrimental, the selectivity to further hydro-
enated product (cyclooctane) increases. This may  be related to the
.1Pd–0.36AuCe sample after 15 min reaction time. XEDS spectrum from the region
ed in the spectrum obtained from 2.

different interaction strength of intermediate products on isolated
Pd surface sites [49]. According to Goodman and co-workers [50],
the promotional role of Au is to generate isolated Pd monomer
sites. Thus these authors attributed the enhanced catalytic activity
of Au–Pd catalysts for the acetoxylation of ethylene to vinyl acetate
to pairs of Pd monomers.

4. Conclusions

Strong restructuration of AuPd/CeO2 catalysts is observed after
reaction conditions, with gold surface segregation favoring dilution
of Pd atoms by Au at the surface of the crystallites. In this sense,
the promotional role of Au in our catalysts appears to be related

to generate isolated Pd sites, which act as catalytic active sites for
the selective hydrogenation of 1,5-COD. This conclusion opens new
perspectives for the design of more active and selective catalyst,
this being the subject of further investigations.
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