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Abstract

In situ XANES and EXAFS were used to uncover the oxidation state of the metal constituents in a 5 wt% Pd/Al2O3 and a 0.75 wt%
Bi–5 wt% Pd/Al2O3 catalyst during the liquid-phase dehydrogenation and oxidation of 1-phenylethanol. The catalytic reactions w
ried out in a continuous-flow fixed-bed reactor serving at the same time as a spectroscopic cell for XANES/EXAFS. A special t
was applied to deposit Bi mainly as adatoms onto the supported Pd particles, as evidenced by XPS and XAS. Due to this techn
Bi atoms were located on the Pd surface and thus the Bi dispersion was higher than that of Pd. This feature of the bimetallic
led to more pronounced changes in the XANES region at the BiL3- than at the PdK-edge. As a result, the method was more surf
sensitive to the minor component Bi than to the major component Pd. The studies revealed that both the active sites (Pd) an
moter (Bi) were in a metallic state during dehydrogenation in He. After the introduction of molecular oxygen the metals rem
a reduced state as long as the oxygen supply was limiting the global reaction rate, indicating a dehydrogenation mechanism
oxidation. As soon as the rate of oxygen supply exceeded the rate of alcohol dehydrogenation, both Bi and Pd were succes
dized, leading to the well-known “overoxidation” (deactivation) phenomenon. An important consequence of the observations to th
mechanism is that the promoter effect of Bi cannot be related to its (partially) oxidized state (Bin+), or to Bi leaching and homogeneo
catalysis.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Oxidation of alcohols to the corresponding carbonyl co
pounds and carboxylic acids over supported noble meta
talysts is an attractive “green” technology: molecular oxy
can be used as oxidant and the coproduct is water [1
In the past years, various sophisticated bi- and multime
lic catalysts have been developed. The mostly used cata
consist of Pt or Pd as active components, and Bi, Pb, o
as promoter. The promoter alone is inactive under reac
conditions but can dramatically enhance the reaction
[10,11] and selectivity [12,13].

Numerous models have been proposed to interpre
role of promoters:
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(i) According to a popular model, the selectivity enhan
ment is due to a complex formation between anα-
functionalized alcohol, a surface Pt or Pd atom,
a positively charged promoter atom or promoter
[2,14,15].

(ii) Geometric blocking of a fraction of active sites m
be responsible for the rate acceleration [16,17]. T
so called “ensemble effect” is traced back to the b
ger active site ensembles necessary for the formatio
poisoning intermediates (by, e.g. C–C bond cleava
compared to the site requirement of the alcohol de
drogenation reaction.

(iii) The rate acceleration may be attributed to bifunctio
catalysis, assuming that oxygen or OH radicals
sorbed on the promoter atom are involved in alco
oxidation [18,19].

(iv) For a similar reason, Bi may act as a cocatalyst
to its higher affinity for oxygen and protect Pt or P

http://www.elsevier.com/locate/jcat
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from overoxidation [15]. That is, during reaction B
would be in a higher oxidized state than the no
metal.

(v) The improved catalytic performance might be
tributed to the formation of an ordered alloy (inte
metallic compound) between the active component
or Pd) and the promoter atom (Bi or Te) [20–22].

(vi) Finally, leaching of Bi as Bi3+ and the possible rol
of homogeneous complexes have also been thorou
investigated [23].

We assume that the major reason for the obvious
agreement lies in the difficulties in investigating the locat
and oxidation state of the promoter during alcohol oxi
tion. The possibilities of using in situ techniques for study
the solid/liquid interphase in catalysis are limited. Infra
spectroscopy can give only indirect and qualitative inform
tion on the oxidation state but is well suited for the study
adsorbates [24–26]. An electrochemical method, the m
surement of catalyst potential during reaction [27–29], is
stricted to conductive, usually aqueous media. In additio
provides only an indirect information on the oxidation st
of promoter as the measured value (“mixed potential” [
31]) is influenced by various surface species, and strong
sorption of by-products on the collector electrode can dis
the results [11].

Extended X-ray absorption fine structure (EXAFS) sp
troscopy has been used for direct structural characteriza
of the working catalyst in gas/solid-type reactions [32–3
Dynamic changes in the catalyst structure can be m
tored by applying dispersive EXAFS (DEXAFS) or qui
EXAFS (QEXAFS) [32,38–41]. It is also a powerful to
for in situ characterization of the solid/liquid interpha
[8,42,43], including the aqueous alcohol oxidation re
tion over Pt [44]. Recently, we have shown that dynam
changes can be monitored in situ during alcohol oxi
tion on Pd/Al2O3 by EXAFS and QEXAFS technique
using a continuous-flow fixed-bed reactor as the EXA
cell [45].

An interesting challenge is the extension of the appl
tion range of the method to bimetallic catalysts and the c
ification of the oxidation state of the promoter metal. O
of the limitations is that XAS is a bulk technique. Here w
show that the surface sensitivity can be enhanced by dep
ing the promoter metal onto the surface of the supported
catalyst. Dehydrogenation and oxidative dehydrogenatio
1-phenylethanol in toluene have been chosen as mode
actions for the in situ EXAFS study of Bi–Pd/Al2O3 and
Pd/Al2O3 catalysts. Some preliminary results have been
ported in a recent communication [46]. A special effort
made to reveal a potential correlation between the oxida
state and the effect of the Bi promoter on the catalytic
havior of the palladium catalyst.
-

-

2. Experimental

2.1. Materials

1-Phenylethanol (Aldrich, 98%), toluene (J.T. Bak
>99.5%), cyclohexane (Aldrich, 99+%), and water (Merck
100%) were used as received. Gases were of 99.999%
rity. The 5 wt% Pd/Al2O3 catalyst (Johnson Matthey 32
surface average diameter: 3.4 nm determined by TEM;
culated metal dispersion: 0.34 [47]) was used as receive

The bimetallic catalyst 0.75 wt% Bi–5 wt% Pd/Al2O3
was prepared by the preferential deposition of prom
metal adatoms onto the surface of Pd particles [19,48,49
first, 2.5 g 5 wt% Pd/Al2O3 was prereduced by hydrogen
200 ml water at room temperature. After 20 min the pH w
set to 3 with 3 ml acetic acid and 49.3 mg Bi(NO3)3 · 5H2O
(Fluka,>99%) dissolved in 80 ml 2% aqueous acetic a
was dropped to the stirred slurry in 30 min in a hyd
gen atmosphere. After 5 min, 3 ml 2-propanol (J.T. Bak
>99.5%) was added in order to keep the metals in a redu
state during filtration. The system was flushed with nit
gen, the catalyst was filtered off, washed to neutral with
aqueous 2-propanol solution, then suspended with 0.0
NaHCO3 solution, and washed again with water to neut
The catalyst was dried under vacuum at room tempera
The Bi content of the catalyst was calculated from the e
jump of a XANES spectrum.

2.2. Catalytic studies in a slurry reactor

Oxidation and dehydrogenation of 1-phenylethanol w
carried out in a flat-bottomed, magnetically stirred 150
glass reactor. In a typical reaction, 0.10 g catalyst, 1.0 g
cohol, and 30 ml solvent were stirred at 55–80◦C and 1 bar,
in Ar or air.

2.3. Catalytic studies in the EXAFS cell

The measurements were carried out at the Hambu
Synchrotron Laboratory (HASYLAB at Deutsches Elekt
nensynchrotron (DESY), Hamburg, Germany) in a con
uous-flow reactor cell (0.12 ml), which allowed simult
neous catalytic and structural studies. A similar setup
been described previously [45]. A closed system was u
where all gas-out lines were connected to the exhaust
tem. Powdered catalyst was applied and the dead vol
was minimized to improve the flow characteristics. The
actor cell was filled with 28 mg catalyst. The reaction m
ture (20.5 mM 1-phenylethanol in toluene) was stored
two separate glass bubble tanks [25], where the liquid co
be saturated with He or O2 at 1 bar. The third tank con
tained pure toluene saturated with He, O2, or H2. Liquids
were provided from the tanks to the reactor or through a
pass to the purging collector vessel by a peristaltic pu
(ISMATEC Reglo 100) put in front of the reactor. The flo
rate was 0.68 ml min−1 except for oxygen-saturated tolue
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(1.19 ml min−1). The joints and tubes transferring oxyge
free medium were made of stainless steel in order to a
oxygen diffusion into the feed. Samples were taken peri
cally for GC analysis (Thermo Quest Trace 2000, equip
with an HP-FFAP capillary column and an FID detecto
Products were identified by GC-MS, and by GC analy
of authentic samples. Under the conditions applied ste
state was reached within 15 min and the conversion
selectivity could be reproduced within±0.1 and±0.5%,
respectively.

The reactor, located in an oven, was fixed on anx, z, θ ta-
ble to allow positioning of the cell in the beam. The X-ra
passed through the reactor cell via X-ray transmitting w
dows (such as Al foil, Kapton). Typically, QEXAFS spe
tra were taken when structural changes were expected
EXAFS spectra were recorded only after reaching ste
state conditions.

2.4. X-ray absorption spectroscopy (EXAFS, XANES,
QEXAFS)

Experiments were performed at beamline X1 at
DORIS III ring at DESY (ring operating at 4.4 GeV, in
jection current 140 mA) in the transmission geometry us
Si(311) and Si(111) double crystals for monochromatiza
of the beam at the PdK- and Bi L3-edges, respectively
By detuning the crystals to 70% of the maximum inte
sity, higher harmonics were effectively eliminated. Th
ionization chambers filled with Ar were used to record
intensity of the incident and the transmitted X-rays. For
Bi L3-edge a more appropriate ionization chamber mix
of Ar/N2 was only used for ex situ and reference cata
scans, since changes of gasses would decelerate the
of measurement on thesame catalyst at the BiL3- and
the PdK-edges. In contrast, monochromator crystal cha
can be achieved within a few minutes. The cell was
cated between the first and second chamber. The refe
foils for energy calibration were placed between the sec
and the third ionization chamber (Pd or Ag for PdK-edge
and Bi or Au for Bi L3-edge). In the case of Pd, EXAF
spectra were taken around the PdK-edge in the step scan
ning mode between 24,000 and 25,600 eV. Quick EXA
(QEXAFS) scans were recorded in the continuous scan
mode between 24,300 and 24,800 eV (typically 80 s/scan).
EXAFS spectra around the BiL3-edge were recorded b
tween 13,350 and 14,400 eV, and QEXAFS scans
tween 13,400 and 13,580 eV (typically 70 s/scan). The
raw data were energy-calibrated with the respective m
foil, background-corrected, normalized, and fitted us
the WINXAS 2.1 package [50]. For EXAFS data analys
Fourier transformation was applied on thek3-weighted func-

tions in the intervalk = 3.5–16 Å
−1

for Pd. For QEXAFS

data around the PdK-edge an intervalk = 2.8–10.5 Å
−1

was chosen. During reduction and oxidation of the Pd an
constituents, the extent of reduction or oxidation was ca
lated by a linear combination of the starting and end spe
d

ed

e

or appropriate reference data. The procedure is describ
the results part.

2.5. X-ray photoelectron spectroscopy (XPS)

The XPS analysis of the Pd/Al2O3 and Bi–Pd/Al2O3 ca-
talysts was performed on a Leybold Heraeus LHS11 M
instrument using MgKα (1253.6 eV) radiation. The samp
was pressed into a sample holder, evacuated in a load lo
10−6 mbar, and transferred to the analysis chamber (typ
pressure<10−9 mbar). The peaks were energy-shifted to
binding energy of Al 2p (74.7 eV) to correct for the charg
ing of the material. The surface composition of the catal
was determined from the peak areas of Pd 3d , Bi 4f , O 1s,
Al 2s, and C 1s, which were computed after subtraction
the Shirley-type background by empirically derived cro
section factors. The relative error of the analysis was±5%.
The binding energies of Bi3+/Bi0 and Pd2+/Pd0 were de-
termined by peak fitting. During calculation, the tabula
energy differences between Bi 4f7/2 and Bi 4f5/2 (5.39 eV)
and between Pd 3d5/2 and Pd 3d3/2 (5.25 eV) were kept con
stant. In addition, the full width at half-maximum (FWHM
was constrained to one value. This kept the fit parame
low. Reduction of the catalyst was performed in the load l
in a similar way as described previously [51].

3. Results and discussions

3.1. Choice of catalysts and reaction conditions

On the basis of preliminary studies with various s
ported Pd catalysts in a batch reactor, the (oxidative) d
drogenation of 1-phenylethanol to acetophenone was ch
as a model reaction (Scheme 1). Dehydrogenation of
aromatic alcohol was fast under mild conditions (1 bar,
80◦C) and the product distribution provided a sensitive
for the presence of surface hydrogen. For example, in
clohexane at 80◦C, the selectivity to acetophenone vari
between 67 and 97% in Ar depending on the catalyst
conditions, and improved up to 100% in air. In the absenc
oxygen, C–O bond hydrogenolysis occurred affording et
benzene. As concerns the role of support material, Pd/A2O3
was the most selective catalyst.

Scheme 1. Pd-catalyzed dehydrogenation of 1-phenylethanol to acet
none and hydrogenolysis to ethylbenzene in toluene under inert and o
tive atmosphere.
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Next, the conditions were optimized in the continuo
flow fixed-bed reactor cell developed for in situ EXAF
measurements. The reactor allowed relatively fast varia
of the conditions such as oxygen concentration, mass
rate, and reaction temperature, and thus reduction and
dation of the catalyst. The reactor was mainly operate
the mass-transport-limited regime (oxygen transfer) that
requirement for the steady operation during the aerobic
dation of alcohols on Pt-group metals. Working in the kine
region, where the oxygen transport to the catalyst sur
is not rate limiting, results in a successive oxidation of
active sites and low reaction rates (“overoxidation”) [5
52]. The reactor allowed mimicking also this situation a
following the changes in the oxidation state of the ca
lyst.

Experiments in the continuous-flow reactor revea
some catalyst deactivation during alcohol dehydrogena
in Ar. For example, under standard conditions at 80◦C, the
conversion on the 5 wt% Pd/Al2O3 catalyst dropped from
4.3% (20 min) to 2.5–2.6% (340 min) and then stabilized
this value. We attribute this deactivation to degradation
the product acetophenone to CO and CxHy -type fragments
Note that there is a wealth of data evidencing decompos
of alcohols on Pt-group metals via the carbonyl compo
intermediate or product [53–55]. It has been also shown
the catalyst can be (partly) regenerated by introducing o
gen [26].

3.2. Investigation of Pd/Al2O3 during alcohol oxidation

The oxidation state of Pd was followed by recording sp
tra either in the QEXAFS mode (during changes of
reaction conditions) or taking EXAFS spectra in the s
scanning mode (after reaching steady state). At first (ste
Table 2), the reactor was flushed with He-saturated tolu
at 65◦C, and the spectra were recorded. The near-edg
gion of the PdK-edge is depicted in Fig. 1a and the cor
sponding Fourier-transformed EXAFS spectra are show
Fig. 1b. Spectrum 1 (start) shows that Pd was partially
idized in the catalyst stored in air: it exhibited a white li
and Pd–O scattering was observed at about 1.8 Å (Fig
not corrected for the phase shift). The small shoulder fo
in spectrum 1 of Fig. 1a at about 24.41 keV indicates
presence of Pd0. In addition, Pd–Pd scattering is found
the Fourier-transformed spectrum at 2.75 Å.

Two different procedures were applied to determine
fraction of Pd2+. In the case of linear combination analys
(LCA) the XANES region (24.28–24.45 keV) of the spe
tra was deconvoluted into Pd2+ and Pd0 using the referenc
spectra of a PdO pellet and a Pd foil, respectively. In a
tion, the Fourier-filtered EXAFS spectra were fitted to tho
of PdO and Pd with the help of the crystallographic d
summarized in Table 1. Representative fits of the Fou
filtered EXAFS functions are shown in Fig. 2. The results
both approaches are collected in Table 2. Clearly, the
treated catalyst previously stored in air contained sev
-

,

-

Fig. 1. Selected X-ray absorption spectra of 5 wt% Pd/Al2O3 at the Pd
K-edge during the reaction series shown in Table 2: (a) normalized XA
data and (b) Fourier transform ofk3-weighted EXAFS functions (not cor
rected for the phase shift). The spectra were taken in He-saturated to
at 65◦C (1), in He-saturated solution of 1-phenylethanol at 81◦C (2), in
O2-saturated toluene at 62◦C (3), and in H2-saturated toluene at 62◦C (4).

Table 1
Crystallographic data and Fourier filtering ranges of reference compou

Sample Scatter CN R FT range

atom (Å) (Å
−1

)

Pd foil Pd 12 2.75 1.5–3.1
PdO O 4 2.02 1.15–2.0

Pd 4 3.03 2.05–3.09

outer layers of PdO. The fraction of Pd2+ was 0.6, as de
termined by LCA. The considerably oxidized state of
in this sample is also reflected by the coordination num
(CN) and the distance to the nearest neighbors (R). Accord-
ing to these results oxygen neighbors to Pd are presen
apart from the Pd–Pd distance typical for metallic Pd a
the Pd–Pd distance of the second shell typical for PdO
found.
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Fig. 2. Fitting of the EXAFS data of Pd/Al2O3 with a Pd foil and a PdO reference material. Selectedk3-weightedχ(k) functions after background remov
(straight line), after extraction of the first Pd–O and Pd–Pd shells (grayish line) and the corresponding calculated fits (dashed line) are shown in (a)He-saturated
solution of 1-phenylethanol at 81◦C, (b) O2-saturated solution of 1-phenylethanol at 62◦C, (c) O2-saturated toluene at 62◦C, and (d) H2-saturated toluene a
62◦C. The fits were used for the data analysis presented in Table 2.

Table 2
XANES and EXAFS analysis of Pd/Al2O3 combined with the catalytic transformation of 1-phenylethanol in the EXAFS cell

Step in No. of T Atmosphere; Reactant Conversion Selectivityb Pd2+/ Scatter CNc R σ2 �E0
reaction spectruma (◦C) GC sampling (%) (%) Pd0c atom (Å) (Å2) (eV)
series time

1 1 65 He –e – – 0.60/ O 2.2 2.00 0.001 −0.73
0.40 Pd 3.82 2.75

Pd 2.0 3.03d

2 2 81 He; + 3.5 78.9 0.07/ O 0.1 2.02d 0.0027 1.18
After 70 min 0.93 Pd 10.6 2.76

3 – 58 O2; + 1.0 100 0.14/ O 0.2 2.02d 0.0031 0.08
After 50 min 0.86 Pd 10.2 2.76

3 – 62 O2; + < 0.1 100 0.16/ O 0.5 2.02d 0.0032 0.17
After 110 min 0.84 Pd 9.7 2.76

4 3 62 O2 –e – – 0.18/ O 0.5 2.02d 0.0030 −0.62
0.82 Pd 9.3 2.76

5 4 62 H2 –e – – – O 0.2 1.98 0.0042 0.85
Pd 10.4 2.80

a The corresponding spectra are collected in Fig. 1; LCA fits were made between 24.28 and 24.45 keV using Pd foil and PdO as models (Fig. 2
b Selectivity to acetophenone (see Scheme 1).
c Estimated error of ratio from XANES±5%; error for EXAFS CN±10%; forR ± 1%; the goodness of fit for EXAFS [50] was about 5%.
d Constrained to this value during the fit.
e In toluene without reactant.
ted
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In step 2 (Table 2), 1-phenylethanol in He-satura
toluene was fed to the catalyst and the temperature
raised to 81◦C to accelerate the structural changes.
ter 30 min the catalyst was fully reduced (spectra 2
Figs. 1a and b), and dehydrogenation of the reactant
ceeded with acceptable conversion (TOF: 6.5 h−1). The
moderate selectivity to acetophenone was due to for
tion of ethylbenzene, indicating a considerable concen
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tion of surface hydrogen necessary for the demanding C
bond hydrogenolysis reaction. EXAFS analysis confirm
the complete reduction of Pd. Note that EXAFS detect
of the reduction of Pd or Pt during alcohol dehydroge
tion has already been reported [44,45]. The LCA indica
that a fraction of “only” 0.93 of Pd was present in the c
alyst as Pd0 (instead of 1.0). The difference is attributed
the fact that the near-edge structure of the X-ray abs
tion spectrum is not only dependent on the oxidation s
and symmetry of the metal atom but it is also influenc
by the size of Pd particles and the support. Thus, a Pd
is not a perfect reference for the small Pd particles s
ported on a metal oxide though the relative changes in
Pd2+/Pd0 ratio can be used as additional indicator for str
tural changes.

In the third reaction step (Table 2) overoxidation of t
catalyst was investigated, a situation in which the rate
oxygen supply is higher than the rate of alcohol oxi
tion, resulting in increasing oxygen coverage of the m
surface and a drop in catalytic activity [5,8]. To achie
these conditions, the feed was changed to an O2-saturated
solution of 1-phenylethanol and the temperature was
creased to around 60◦C. Table 2 shows that overoxidation
Pd was indeed achieved: the conversion of 1-phenyleth
dropped dramatically and the calculated TOF value was
0.13 h−1, compared to 6.5 h−1 in He at 81◦C. Partial oxida-
tion of the Pd surface after 110 min in O2 was evidenced by
EXAFS analysis: the CNPd–Pd fell to 9.7 and the fraction o
Pd2+ increased to 0.16.

To provide a reference value for oxidized Pd under
action conditions, the feed was changed to O2-saturated
toluene without reactant (Table 2, step 4). Omission
the reactant induced only small changes of the white
in spectrum 3 (Fig. 1a) after 45 min. The changes in
Fourier-transformed spectra were only partly visible fr
the increase of Pd–O scattering. The decrease of the P
scattering was more informative: the CNPd–Pd fell further
to 9.3. Interestingly, the Pd2+ fraction determined by LCA
analysis rose only to 0.18. A possible reason is the pa
coverage of Pd by CxHy fragments produced mainly durin
dehydrogenation of 1-phenylethanol in He, as discusse
the former chapter.

Purging the reactor with H2-saturated toluene for 30 mi
was sufficient to reduce Pd and reactivate the catalyst
ble 2, step 5). The Pd lattice expanded in the presenc
hydrogen due to Pd-hydride formation, as evidenced
EXAFS analysis. Furthermore, a significant shift of sp
trum 4 was observed as compared to spectrum 1 (Fig.
Accordingly, removal of surface oxygen by hydroge
saturated toluene was fast and complete.

In summary, operating the reactor in the kinetic regi
led indeed to overoxidation, that is, partial coverage of
Pd surface by oxygen, which could be unambiguously c
firmed by EXAFS. The observed striking drop in cataly
activity is due to the lower number of free metallic sit
available for the dehydrogenation reaction [15,56].
l

d

Fig. 3. Schematic representation of the structure of Bi–Pd/Al2O3 prepared
by deposition of Bi onto Pd/Al2O3.

Table 3
Surface composition (at%) of the Bi–Pd/Al2O3 and Pd/Al2O3 catalysts an-
alyzed by XPS

Pd/Al2O3 Bi–Pd/Al2O3

C 1s 1.5 1.3
O 1s 76.8 74.9
Al 2s 20.9 23.0
Pd 3d 0.9 0.6
Bi 4f – 0.2

3.3. Structure of the bimetallic catalyst

The bimetallic catalyst was prepared by consecutive
duction of Bi onto Pd/Al2O3. During Bi deposition, Bi
adatoms (submonolayer deposition) and small Bi parti
(multilayer deposition) are formed on the surface of the
particles. In addition, Bi3+-containing particles may develo
on the support, as illustrated in Fig. 3. It is expected that
promoter influences the catalytic performance of the ne
boring Pd sites only. The Bi-containing particles on the s
port are only spectator species and the possible dissol
of Bi3+ in the presence of a good chelating agent reacta
product may complicate the interpretation of the promo
effect. To favor the formation of modified active sites, a s
cial technique was applied allowing the preferential dep
tion of promoter metal adatoms [19,48,49]. The basis of
(nonelectrochemical) method is that under conditions wh
both adatom and bulk metal deposition are possible t
modynamically, formation of adatoms is kinetically favor
at low Bi3+ concentrations. Note that the characteristics
metal adatoms has been the topic of intensive researc
electrocatalysis [57,58].

XPS analysis of Pd/Al2O3 and Bi–Pd/Al2O3 (Tables 3
and 4) revealed that a considerable fraction of Pd was
ered by Bi in the bimetallic catalyst as indicated by
decrease in the Pd 3d peak intensity. The fraction of B
deposited onto Pd, which is reducible by hydrogen in
XPS chamber even at room temperature, was calculate
be 73%. The reduction of Bi3+ to Bi0 on Pd at room tem
perature was confirmed also by XAS as will be discus
later. The remaining 27% Bi3+ is assumed to be present
Bi2O3·xH2O on the high surface area support (Fig. 3). N
that already during evacuating the catalyst some Bi0 was ob-
served by XPS that may be due to some residual hydro
being present in the load lock. Pd2+ could not be detected b
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Table 4
XPS analysis of Bi 4f and Pd 3d peaks in the Bi–Pd/Al2O3 and Pd/Al2O3
catalysts

Bi0 Bi3+ Pd0

Bi 4f7/2 Bi 4f5/2 Bi 4f7/2 Bi 4f5/2 Pd 3d5/2 Pd 3d3/2

Bi–Pd/Al2O3
a

Binding 156.9 162.3 160.7 166.1 335.4 340.6
energy (eV)
Extent (%)c 33.9 29.8 16.1 20.1 54.6 45.4
FWHM (eV) 3.15 3.15 3.15 3.15 3.15 3.15

Bi–Pd/Al2O3
b

Binding 157.2 162.6 160.4 165.8 335.5 340.7
energy (eV)
Extent (%)c 38.0 35.2 15.2 11.6 54.6 45.4
FWHM (eV) 2.95 2.95 2.95 2.95 3.0 3.0

Pd/Al2O3
a

Binding – – – – 335.1 340.3
energy (eV)
Extent (%)c – – – – 55.2 44.8
FWHM (eV) – – – – 3.5 3.5

a Stored in air.
b After in situ reduction by hydrogen at room temperature.
c Estimated error±5%.

XPS and thus Pd was in the metallic state in both Pd/Al2O3
and Bi–Pd/Al2O3.

3.4. Investigation of Bi–Pd/Al2O3 during alcohol oxidation

The series of (oxidative) dehydrogenation experime
carried out over Bi–Pd/Al2O3 is illustrated in Fig. 4. In this
series we focused on the dynamic changes in the Bi
stituent, since the oxidation state of Pd was already stu
in the former series with Pd/Al2O3.

3.4.1. Step 1 (Fig. 4)
At first the PdK-edge of the catalyst was probed by XA

in He-saturated toluene at 46◦C. The Pd constituent of th
bimetallic catalyst stored in air (spectra 1 in Figs. 5a an
contained less oxidized species, compared to Pd/Al2O3 un-
der similar conditions (spectra 1 in Figs. 1a and b). Also
increased Pd–Pd scattering of Bi–Pd/Al2O3 in the Fourier-
transformed EXAFS spectrum (1 in Fig. 5b) confirmed t
difference. The variation is obvious when considering
preparation method: a substantial fraction of surface
atoms was covered by the promoter metal during depos
of Bi onto the supported Pd particles, preventing oxida
of these atoms after exposure to air. The BiL3-edge of the
bimetallic catalyst revealed the presence of Bi3+ only. (This
spectrum will be used as a reference for calculating the
dation state of Bi during the subsequent reaction steps;
infra.)

3.4.2. Step 2
Reduction of Bi–Pd/Al2O3 was studied by feeding a He

saturated solution of 1-phenylethanol to the catalyst (f
153 min on in Fig. 4). The temperature was raised to 65◦C
to accelerate reduction of the metals. The QEXAFS sp
tra measured at the BiL3-edge are collected in Fig. 6
Reduction of Bi3+ started already at 46◦C and was com
plete within 1 h. The last QEXAFS spectrum shows t
the white line around 13.44 keV (assigned to Bi3+) nearly
disappeared. Att = 214 min no further reduction of bis
muth was observed and the catalyst was moderately a
d
ion
Fig. 4. Catalytic studies combined with XAS analysis during transformation of 1-phenylethanol over Bi–Pd/Al2O3 in the in situ EXAFS cell. Standar
conditions as given in the experimental part; the only by-product is ethylbenzene. Vertical dashed lines indicate the change of the feed composit; toluene
was always present in the feed.
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Fig. 5. Selected X-ray absorption spectra of Bi–Pd/Al2O3 at the PdK-edge
during the reaction series shown in Fig. 4: (a) normalized XANES spe
and (b) Fourier-transformedk3-weighted EXAFS functions. The spect
were taken in He-saturated toluene at 46◦C (1), in He-saturated solution o
1-phenylethanol at 62◦C (2), in O2-saturated toluene at 27◦C (3), and in
H2-saturated toluene at 82◦C (4).

in 1-phenylethanol dehydrogenation (Fig. 4). The prod
distribution (93% selectivity to acetophenone and 7% se
tivity to ethylbenzene) reflects the presence of consider
amount of hydrogen on the surface Pd sites necessary fo
hydrogenolysis of the C–O bond (Scheme 1).

Fig. 7 illustrates that the XANES spectra of the catal
stored in air (measured as a pellet, spectrum 3) and
its exposure to He-saturated toluene (measured as a po
spectrum 4) are very similar. The white line at 13.44 k
is also found in Bi(NO3)3 and is typical for Bi3+, while it
is decreased for the Bi metal powder and also the redu
Bi–Pd/Al2O3 catalyst. In addition, the spectrum taken
ter reduction by diluted gaseous H2 (spectrum 5) and tha
recorded after reduction by 1-phenylethanol in He-satur
toluene (spectrum 6) are almost identical. Reduction in
absence of solvent by 5% H2 in Ar at 200◦C (not shown
here) and at room temperature (spectrum 5) indicated
r,

Fig. 6. QEXAFS spectra at the BiL3-edge of Bi–Pd/Al2O3 recorded in a
He-saturated toluenic solution of 1-phenylethanol at 46◦C (step 2 in Fig. 4).
The inset shows the extent (α) of reduced and oxidized Bi determined b
linear combination of the first and last QEXAFS spectrum. At the do
line (48 min) the temperature was raised to 65◦C.

Fig. 7. XANES spectra at the BiL3-edge of Bi–Pd/Al2O3 compared to
reference materials. (1) Bi(NO3)3 · 5H2O; (2) Bi metal powder; (3) Bi–Pd
Al2O3 catalyst in air before reduction (no solvent); (4) Bi–Pd/Al2O3 ca-
talyst in He-saturated toluene (step 1 in Fig. 4); (5) Bi–Pd/Al2O3 catalyst
after reduction by 5% H2 in Ar at 35◦C (no solvent); (6) Bi–Pd/Al2O3
catalyst reduced by 1-phenylethanol in He-saturated toluene at 84◦C (not
shown in Fig. 4).

same extent of reducible Bi. In conclusion, 1-phenyletha
reduces the Bi promoter in Bi–Pd/Al2O3 to about the sam
extent as diluted gaseous H2. Accordingly, the fraction of
Bi0 in Fig. 4 was calculated by linear combination of t
spectra of “oxidized” and “reduced” Bi–Pd/Al2O3 (Fig. 7,
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r LCA
ne;
Fig. 8. Selected BiL3-XANES spectra of Bi–Pd/Al2O3 and the resulting fits achieved by linear combination analysis (LCA). (a) Reference spectra fo
(oxidized, straight line; reduced, dashed line), (b) He-saturated solution of 1-phenylethanol at 47◦C (t = 196 min in Fig. 4; measured spectrum, straight li
corresponding fit, dashed line), (c) O2-saturated solution of 1-phenylethanol at 30◦C (t = 618 min in Fig. 4; measured spectrum, straight line), (d) H2-saturated
toluene at 82◦C (measured spectrum, straight line; spectrum 7 in Fig. 9). The calculated fraction of Bi0 is shown in Fig. 4.
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spectra 4 and 6). Some selected fits obtained from li
combination of the reference spectra are shown in Fig. 8.
LCA fits were performed in the near-edge region (13.
13.56 keV). The QEXAFS data shown in Fig. 6 were a
analyzed by LCA using the starting and final scan (inte
13.41–13.55 keV).

The original XANES spectra at the BiL3-edge of Bi–
Pd/Al2O3, taken during the continuous experiment in Fig
are shown in Fig. 9. The pronounced difference betw
spectra 1 and 2 is due to reduction by 1-phenyleth
in the absence of oxygen. As noted before, spectru
refers to the state of the catalyst where all reducible B
present as Bi0. The small white line at 13.44 keV com
pared to Bi powder (spectrum 2 in Fig. 7) may be due
some Bi present as Bi3+ (presumably Bi2O3 · xH2O) on
the support. These species are not reducible by hydr
even at 200◦C. Note that XPS confirmed this interpretatio
as discussed above. An important conclusion from Fig
is that reduction of the bimetallic catalyst at 82–84◦C by
hydrogen-saturated toluene (spectrum 7) or by 1-phe
ethanol in toluene (spectrum 6) affords almost identical
dation states of Bi.

After reduction of Bi–Pd/Al2O3 by 1-phenylethanol, th
crystal was changed from Si(111) to Si(311) and the Pd
stituent was analyzed at the PdK-edge. Spectra 2 in Fig.
show that also Pd was reduced during dehydrogenatio
1-phenylethanol in He, as expected.
Fig. 9. XANES spectra at the BiL3-edge of Bi–Pd/Al2O3. (1) In
He-saturated toluene at 46◦C (step 1 in Fig. 4); (2) in He-saturated s
lution of 1-phenylethanol at 64◦C (step 2 in Fig. 4); (3) in O2-saturated
solution of 1-phenylethanol at 48◦C (step 3 in Fig. 4); (4) the same a
(3) but at 30◦C; (5) in O2-saturated toluene at 27◦C (step 4 in Fig. 4);
(6) in He-saturated solution of 1-phenylethanol at 84◦C (not included in
Fig. 4); (7) in H2-saturated toluene at 82◦C (not included in Fig. 4).
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3.4.3. Step 3
Alcohol oxidation and reoxidation of the bimetallic c

talyst was investigated stepwise by changing the feed f
He- to O2-containing toluenic solution of 1-phenylethan
(Fig. 4). Addition of molecular oxygen resulted in a ra
enhancement by a factor of 12. Besides, the by-product
ylbenzene disappeared, indicating that the actual hydro
concentration on the Pd sites was negligible. Still, the o
dation state of Bi did not change detectably (t = 415 min),
despite the presence of oxygen in the feed. These condi
seem to be ideal for the oxidation of 1-phenylethanol:
reaction runs fast and selective over a completely redu
metal surface. Assuming a solution saturated with O2 at the
reaction temperature [59], the theoretical limit of alcoh
conversion was higher than 80%.

Next, we tried to mimic the so-called overoxidation of t
catalyst by applying the same feed and decreasing the re
temperature. The phenomenon is well known in the litera
and is based on the fact that the dehydrogenation act
of oxidized Pd or Pt is remarkably lower than that of t
reduced metal surface [15,56]. Lowering the temperature
minished the rate of alcohol dehydrogenation and increa
the solubility of oxygen in the feed. Induced by these t
effects, the rate of oxygen supply to the catalyst surface
cessively exceeded the rate of alcohol dehydrogenation
bimetallic particles were oxidized, and the rate of alcohol
hydrogenation dropped further to a low value (t = 520 min,
Fig. 4). Spectra 3 and 4 in Fig. 9 show that reoxidat
of Bi during catalyst overoxidation was incomplete. A pr
longed exposure of the catalyst to these conditions incre
the fraction of Bi3+, though complete reoxidation of th
promoter metal was not achieved (t = 618 min, Fig. 4). In-
terestingly, further oxidation of the Bi constituent was n
reflected by any change in the catalytic properties (con
sion and selectivity, Fig. 4).

3.4.4. Step 4
The oxidation state of Bi was further investigated in

absence of 1-phenylethanol. As spectrum 5 in Fig. 9 sho
complete reoxidation of Bi could not be achieved even
ter exposure to oxygen-saturated toluene for several h
at room temperature. LCA revealed a fraction of 63% B3+
at 807 min time on stream (Fig. 4). Assuming again that
feed was saturated with O2 [59], we calculated that comple
oxidation of the total amount of surface Pd, and Bi atoms
the Pd particles, would require less than 30 s.

A plausible explanation for the incomplete reoxidation
Bi is that the surface Bi atoms were partially covered b
strongly (irreversibly) adsorbed organic residue. As no
above, preliminary studies in the continuous-flow reac
cell indicated a significant catalyst deactivation, which
attributed to product degradation to CO and CxHy -type frag-
ments. Oxidation of these poisoning species is incomp
at close to ambient temperature. In a control experim
we tried to regenerate the catalyst by reduction with
He-saturated solution of 1-phenylethanol at 84◦C. The re-
r

duction of Bi3+ by the alcohol occurred fast but remain
incomplete (fraction of Bi0 = 0.83). A comparison of spec
tra 2 to 6 in Fig. 9 reveals that the intensity differenc
between the second and the first maximum in spectrum
lower, indicating a lower fraction of reduced Bi. This diffe
ence corroborates the assumption that a part of the bime
catalyst is successively covered by organic residue du
the long experiment, the contamination of which distorts
structural analysis.

Parallel to the analysis of the Bi constituent, the oxidat
state of Pd in Bi–Pd/Al2O3 was also investigated in oxyge
saturated toluene. Spectra 3 in Figs. 5a and b reveal o
partial reoxidation of Pd. The deviation at the PdK-edge is
smaller than that observed for Pd/Al2O3 (spectra 3, Figs. 1
and b). The reason for this difference is the structure of
bimetallic catalyst: a large fraction of surface Pd atom
covered by Bi. Note that a reference spectrum for comple
reduced Pd in Bi–Pd/Al2O3 cannot be obtained by feedin
H2-saturated toluene due to hydride formation (spectrum
Fig. 5).

From the point of view of alcohol oxidation with mole
ular oxygen, the most interesting observation is the redu
state of both metal components in Bi–Pd/Al2O3 during re-
action (step 3, at ca. 420 min in Fig. 4). This result w
confirmed in another study [46], which was carried out
der standard conditions in a similar way as depicted in Fi
but 65 mg catalyst was filled in the reactor instead of 28
The reactor temperature was kept constant at 60◦C through-
out the procedure. The conditions for aerobic oxidation w
maintained for more than 2 h by feeding air-saturated t
enic solution of 1-phenylethanol. During that period both
PdK-edge and the BiL3-edge were analyzed. The analy
corroborated that both Bi and Pd remained in a reduced s
despite the presence of oxygen.

3.5. Advantages and limitations of in situ XAS for
structural analysis of unpromoted and promoted Pd/Al2O3

In situ XAS studies over Pd/Al2O3 and Bi–Pd/Al2O3
have shown that the structural transformations (ox
tion/reduction) during variation of the alcohol/oxygen ra
are similar for both the Pd and the Bi constituent. Howe
the structural changes are more pronounced at the BiL3-
edge. This is due to the location of Bi on the surface of
Pd particles and according to XPS only a fraction of 27%
present on the support as “spectator species” (denoted
as species that are not involved in the redox reaction o
metals; see Bi2O3 · xH2O in Fig. 3). The fact that Bi stay
on the surface is supported by XPS and previous exp
mental evidence for Bi on noble metal surfaces [60]. T
is the main reason for improved surface sensitivity co
pared to the Pd constituent, where the major part refl
“bulk species” (which are not involved in redox proces
at the surface). Surface sensitivity in EXAFS studies is u
ally improved by higher metal dispersion in case of sm
metal particles, particularly reported for gas-phase react
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[61,62]. Surface sensitivity was also enhanced for in
XAS studies by deposition of a thin active catalyst layer
top of an inert metal oxide support, i.e., a V–P–O layer
top of SiO2 [63]. With respect to the Pd/Al2O3 catalyst this
would mean that palladium is used in a high dispersion. T
may, however, also lead to a different catalytic performa
and/or sintering effects during the dynamic changes of
reaction atmosphere.

Hence, not only the study of a promoter atom itself is
teresting but also another attractive strategy is the use
promoter atom as “probe atom” instead of special layer-t
model catalysts. In the present study the number of “spe
tor species” could be reduced to a low level by the spe
deposition technique, which preferentially deposited the
atoms onto the surface of the Pd particles. In general
probing of promoter atoms or bimetallic catalysts with o
of the components being located on the surface may be a
ternative to the usually applied procedure of using thin lay
of the active catalyst species or high metal dispersion to
crease the surface sensitivity of XAS. However, the mo
system must be carefully chosen because surface sens
is not enhanced if the deposited metal atoms segregate
the metal particle or promoter atoms diffuse into the m
oxide support. For Bi and Pb as promoter atoms on top o
the tendency to form surface adatoms is high [57]. The
vestigation of Pt on top of Pd is less useful since Pt has
tendency to segregate into the Pd particle [64,65] and P
Pd form mixed alloys.

Using the Bi–Pd/Al2O3 system allowed us to study th
catalyst element specific under reaction conditions.
though the number of spectator species could be minim
by studying Bi adatoms, such studies under real cata
conditions are also often disturbed by surface impurit
formed during reaction. These impurities led not only to
crease of the catalytic activity but also to an increase of
number of metal atoms that are not involved in the re
tion any more (spectator species due to the fact that the
covered by impurities) and thus disturb the spectrosc
measurements.

Presently, XAS is probably the most appropriate met
for monitoring dynamic structural changes in the oxidat
state of metals during a catalytic reaction in a nonconduc
organic medium.

3.6. Implications to the mechanism of alcohol oxidation on
Bi-promoted Pd

It is generally accepted that promotion of Pt-group m
als by Bi, Pb, or other inactive components can improve
activity and selectivity in alcohol oxidation with molecul
oxygen [2,5–9]. Several methods have been develope
the fine tuning of the structure of the bimetallic cataly
and the improvements achieved are sometimes dram
There is no agreement, however, in the mechanistic un
standing of the role of promoters. Many plausible mod
have been suggested in the past years, which are supp
-

y

r

.
-

d

only by indirect observations, such as kinetic analysis.
present study provides unambiguous evidence for the
duced, metallic state of Pd and Bi in Bi-promoted Pd/Al2O3
during the oxidation of 1-phenylethanol to acetopheno
Clearly, on the surface of the particles the oxidation stat
both metals is the same during dehydrogenation in Ar
during oxidation with molecular oxygen. Among the v
ious models referred to in the Introduction, the geome
blocking of a fraction of active sites by the modifier fits b
to these observations [16,17]. This model assumes tha
major role of modifier is the suppression of side reacti
by decreasing the size of Pd active site ensembles. In
with this model, a recent ATR-IR study on the oxidation
cinnamyl alcohol over Pd/Al2O3 indicated that the reactio
obeyed a dehydrogenation mechanism and the major ro
oxygen was the removal of poisoning species (CO and CxHy

fragments) from the active sites [26].
Another model that conforms with the reduced state

promoter during alcohol oxidation assumes the presenc
intermetallic compounds [20–22], in our case Bi2Pd and
BiPd [21], as active sites. However, formation of interme
lic compounds requires elevated temperatures and ou
talysts were prepared under very mild conditions, at ro
temperature. Hence, this possibility is unlikely.

A further important conclusion is that the promoter
fect in alcohol oxidation is a truly heterogeneous catal
phenomenon. As both metals were in a reduced state d
oxidation, dissolution of bismuth as Bi3+ and homogeneou
catalysis can be excluded.

Measurement of catalyst potential during oxidation of
cohols and polyols [25,26] has revealed that in some ca
for example, in sorbose oxidation [66], the reactions
only on a partially oxygen-covered metal surface; parti
hydrogen-covered metal was inactive. Clearly, the struc
of the reactant and product has a critical influence on
side reactions and may also affect the oxidation state o
catalyst during reaction. It remains the task of future wor
clarify to which extent the observations presented here
be generalized to other reactions and other bimetallic c
lysts.

4. Conclusions

Catalytic oxidation and dehydrogenation of an a
matic alcohol in an organic medium were performed i
continuous-flow fixed-bed reactor. The reactor was desig
to serve at the same time as an EXAFS cell and the ox
tion state of the supported metal catalyst was followed
situ by XANES/EXAFS spectroscopy. This approach p
vides insight into the structure-activity relationship at
solid/liquid interphase, similarly to previous in situ stud
of gas/solid-type reactions [32–35]. An important feature
our approach is that the Bi promoter was present mainl
the Pd surface. This structure resulted in high Bi disper
and the “bulk technique” XAS could sensitively detect
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changes in the oxidation state of the promoter atom. T
technique of using “probe atoms” may be generally appl
ble for in situ catalytic studies. A considerable advantag
using XANES/EXAFS is that the technique is not sensit
to the reaction medium and it is element specific, in cont
to IR spectroscopy or catalyst potential measurement.

Dynamic changes in the activity and selectivity of
Pd/Al2O3 and a Bi-promoted Pd/Al2O3 catalyst were de
tected during the transformation of 1-phenylethanol
toluene, induced by the changes in the actual surface con
tration of oxygen. XANES/EXAFS spectroscopy revea
that both the promoter metal (Bi) and the active noble m
component (Pd) were in a reduced state in the presen
oxygen when the reaction ran with a high rate and 100%
lectivity to acetophenone. This observation conforms w
the classical dehydrogenation mechanism of alcohol ox
tion on Pt-group metals, namely that the reaction proce
via dehydrogenation and the coproduct hydrogen is oxid
to water. The reduced state of the noble metal is due to
presence of surface hydrogen and the alcohol/carbonyl c
pound redox couple.

The present results allow us to extend this mode
bimetallic catalysts. There are several contradictory ex
nations for the positive effect of promoter metals on the
and selectivity of alcohol oxidation over Pt-group meta
None of these models, addressed in the Introduction,
been supported yet with in situ analysis of the oxidation s
of the promoter metal. The present study indicates that
those models can be used to rationalize the promoter e
that do not assume a partially or completely oxidized s
of the promoter metal.

Notation

E Photoelectron energy (keV)
�E0 Difference in the origin of photoelectron energy b

tween the reference and the sample (eV)
CN Coordination number of nearest neighbors of a c

tral atom, calculated from the EXAFS fit
R Bond length to the corresponding neighbors (Å)

σ 2 Debye–Waller factor (Å2)
k Wave vector of a photoelectron

χ(k) Normalized EXAFS function
µ Absorption coefficient

FWHM Full width at half-maximum
LCA Linear combination analysis
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