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INTRODUCTION

The low�temperature (15–100°C) oxidation of
carbon monoxide by oxygen is of fundamental scien�
tific interest because it is one of the simplest oxidation
reactions and can be used to establish general laws
governing oxidation processes. Furthermore, CO is
among the most abundant toxicants. It is released into
the atmosphere as a result of natural cataclysms (fires
and volcanic eruptions) and human activity (industrial
and automobile emissions). Respirators, shielding
hoods, and gas masks whose important component is
a catalyst for CO oxidation are used to protect people
from carbon monoxide in emergency situations. 

Among the low�temperature catalysts for this reac�
tion, supported metal complex catalysts are least stud�
ied; catalysts based on palladium and copper com�
pounds are the most promising catalysts of this group
[1, 2]. At present, there is no general idea of the mech�
anism of the low�temperature oxidation of carbon
monoxide with the participation of such catalysts and
of the role of particular components of the catalytic
system. It was believed [3–6] that catalytic activity is

due to the solution of Cu(II) and Pd(II) salts occurring
in the pores of the support. It was hypothesized that,
by analogy with well�studied homogeneous liquid�
phase systems [7–10], palladium performs the main
function of CO oxidation and the role of Cu(II) is the
reoxidation of the reduced form of palladium. In turn,
reduced copper is oxidized by oxygen. The strong
dependence of catalyst properties on the nature of the
support is evidence against the hypothesis that the
PdX2–CuX2/support catalytic system, where X = Cl–,

Br–, or  is in the liquid state [11–14]. If the func�
tion of Cu(II) is actually the reoxidation of reduced
palladium compounds, the possibility of contact
between copper and palladium on the surface (for
electron transfer) should exist. The mechanism of this
interaction is one of the most interesting aspects of this
process. It is likely that halide or hydroxide bridges
between copper and palladium facilitate electron
transfer [15]. If copper and palladium are bound into a
complex, direct electron transfer from the coordinated
carbon monoxide to Cu(II) with the participation of
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Pd(II), that is, the occurrence of a catalytic process
without the reduction of Pd(II) cannot be excluded.

The sample obtained by supporting copper(II)
chloride onto the surface of γ�Al2O3 was inactive in
CO oxidation up to 100°С [14]. However, if palla�
dium(II) chloride is supported together with metal
chlorides MCl2 (where M = Mn or Ni) and MCl
(where M = Li, Na, K, or H), which are not oxidizing
agents, onto the same support, the resulting samples
show the ability to oxidize CO at room temperature in
stoichiometric amounts with respect to Pd(II) chlo�
ride [14]. Therefore, Cu(II), as in the solutions, plays
an important role in the mechanism of the process: it
facilitates the catalytic action of palladium in CO oxi�
dation. It is likely that this function of copper can be
executed only via the direct interaction of copper and
palladium compounds. This interaction occurs readily
in solution because of the high mobility of reacting
species, whereas Cu(II) and the reduced form of pal�
ladium (or palladium hydride) on the surface of the
support can interact most readily when they are bound
in a complex. The mixed complexes of palladium and
copper were detected in nonaqueous solutions [16].

What is known about the state of palladium and
copper on the surface of supports? The PdCl2–
CuCl2/activated carbon (or Al2O3 or another support)
catalytic system, which is similar to our system, was
studied by powder X�ray diffraction (XRD) and X�ray
absorption spectroscopy (XAS) [6, 11, 12, 17–22]. It
turned out that, on the surface of the freshly prepared
catalysts, copper occurred as a constituent of two crystal�
line phases—Cu2Cl(OH)3 and CuCl2 ⋅ 2H2O; the con�
centration of the Cu2Cl(OH)3 phase correlated with
the catalytic activity of the system in the oxidation
reaction of CO with oxygen [21]. The oxidation num�
ber of palladium was 2+, and chloride ligands were
present in the environment of palladium [6, 12, 17–
19, 21, 22]. With the use of in situ diffuse reflectance
IR spectroscopy in an atmosphere of CO, it was found
[4, 23] that the δ�Al2O3 surface contained the carbonyl
chlorides PdCl2(CO), (PdClCO)n, and Cu(CO)Cl
and also small amounts of terminal and bridging CO
groups bonded to palladium metal particles, which
likely resulted from the contact of the PdCl2–CuCl2/
δ�Al2O3 catalyst with CO and water vapor.

The mechanism of CO oxidation in the solutions of
palladium complexes was studied adequately [7–10,
24–26]. Mechanisms analogous to the Wacker process
mechanism (oxidation of alkenes in systems based on
Pd(II) in water and nonaqueous solvents) were con�
sidered as the main mechanisms. As shown in the
scheme, the following was hypothesized: (a) The
kinetic functions are seprated in such a way that the
alkene is oxidized by Pd(II), the reduced form of pal�
ladium (or a hydride complex) is oxidized by the
cocatalyst (Cu(II), Fe(III), heteropoly acid, quinone,
etc.), and the cocatalyst undergoes regeneration with
the participation of an oxidizing agent (O2, H2O2,
etc.). (b) A Pd0 compound can participate in CO oxi�

dation to activate the oxidizing agent (O2). (c) Pd0 can
be oxidized simultaneously with CO, but it can also
perform a catalytic function to activate oxygen. In the
latter case, the role of the cocatalyst is not obvious. In
addition, Golodov et al. [7] found that Pd(I) com�
plexes, which are more active catalysts for the oxida�
tion of carbon monoxide than Pd(II) complexes, can
form in the solutions of Pd(II) upon the interaction of
Pd(II) with carbon monoxide. It is also reasonable to
use these hypotheses in the examination of the mech�
anism of the low�temperature oxidation of carbon
monoxide on heterogeneous catalysts.

Here, we report a systematic study of the PdCl2–
CuCl2/γ�Al2O3 catalyst.

EXPERIMENTAL

Three samples were investigated by physical meth�
ods. Sample 1—the granules of γ�Al2O3 (State Stan�
dard GOST 8136�85) of size 0.5–1 mm (BET specific
surface area of 219 m2/g)—was used as the support in
the preparation of samples 2 and 3. Samples 2
(CuCl2/γ�Al2O3) and 3 (PdCl2–CuCl2/ γ�Al2O3 cata�
lyst) were prepared by the cold impregnation of sample
1 with an aqueous solution of CuCl2 (CuCl2 ⋅ 2H2O,
GOST 4167�61) and with an aqueous solution of the
salts PdCl2 (PdCl2, Technical Specifications TU 2625�
048�00205067�2003) and CuCl2, respectively [27].
The catalyst contained 1.5 wt % Pd and 3.5 wt % Cu
on a γ�Al2O3 basis. Solutions with the same concentra�
tion of CuCl2 were used to prepare samples 2 and 3.

Samples 1–3 were studied by powder X�ray diffrac�
tion with the use of synchrotron radiation. FujiFilm
ImagingPlate photosensitive plates served as a two�
dimensional detector; the diffraction patterns were
digitized with the aid of a FujiFilm BAS�5000 scanner
with a space step of 100 μm. The radiation wavelength
was 0.46416 Å, the distance between the sample and
the detector was 230 mm, and the exposure time was
30 min. The study was carried out at room tempera�
ture. The two�dimensional diffraction patterns was
primarily processed using the Fit2D program [28].

The state and structure of catalytic system compo�
nents were studied by X�ray absorption near edge
structure (XANES) and extended X�ray absorption
fine structure (EXAFS) techniques. The K�edge X�ray
absorption spectra of copper and palladium in samples
2 and 3 and also in the reference compounds CuCl2 ⋅
2H2O (s) and PdCl2 (s) and their aqueous solutions,
which were used in the impregnation of the support in
the course of the sample preparation, were obtained.
The spectra were recorded at room temperature. The
synchrotron radiation beam was monochromated with
the aid of a channel�cut Si(111) monochromator, and
ionization chambers filled with nitrogen (K edge of Cu
absorption) or argon (K edge of Pd absorption) were
used as detectors. The IFEFFIT program package was
used in the processing of the EXAFS spectra [29]. The
photoelectron scattering amplitudes and phases were
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calculated using the FEFF program [30]. All of the
measurements were carried out at the Structural
Materials Science Station of the Kurchatov Center of
Synchrotron Radiation and Nanotechnologies [31].

The microstructure of the samples was studied by
scanning electron microscopy (SEM) on a 7500 F
high�resolution scanning electron microscope with a
field emission cathode from JEOL (Japan). The
images were obtained in the low�energy secondary
electron mode. The Gentle Beam mode at accelerat�
ing voltages of 1 and 2 kV (400 V at the sample surface)
was additionally used.

A NICOLET Protege 460 spectrometer equipped
with a diffuse reflectance attachment designed at the
Zelinsky Institute of Organic Chemistry, Russian
Academy of Sciences, was used to charaterize the sam�
ples by diffuse reflectance Fourier transform IR spec�
troscopy (DRIFTS) in the range of 6000–400 cm–1

with a step of 4 cm–1 [32]. Granular samples were
placed in an ampoule with a KBr window equipped
with a two�way glass vacuum valve. CaF2 powder was

used as the standard. Before the measurement of the
spectra, samples 1–3 were held in a vacuum at room
temperature for 4 h for removal of physically adsorbed
water (the pressure in the ampoule with the sample was
2 × 10–8 Torr). Carbon monoxide was used as the probe
molecule for evaluating the electronic states of palla�
dium and copper. The ampoule with the sample was
initially evacuated; then, carbon monoxide was intro�
duced into it at room temperature and an equilibrium
pressure of 20 Torr. In the study of sample 3 (catalyst)
under the conditions of CO oxidation, the measure�
ments were conducted in a narrow wavenumber inter�
val of 2450–1700 cm–1. CO was introduced into the
ampoule at room temperature and kept at an equilib�
rium pressure of 30 Torr for 50 min. Thereafter, air was
admitted into the ampoule at atmospheric pressure.

RESULTS AND DISCUSSION

As was noted above, the phase composition and
structure of the samples were studied by powder X�ray
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diffraction with the use of synchrotron radiation. The
diffraction pattern of the γ�Al2O3 support had a num�
ber of broad peaks characteristic of this nanocrystal�
line material (Fig. 1). In particular, the four most
intense reflections were observed at the following scat�
tering angles 2θ (interplanar spacing d is given in
parentheses): 11.08° (2.40 Å), 11.61° (2.29 Å), 13.51°
(1.97 Å), and 19.08° (1.40 Å). These reflections corre�
spond to the (311), (222), (400), and (440) indices of
a face�centered cubic latter with the parameter a ≈
7.92 Å. The positions, widths, and relative intensities
of the reflections in the diffraction pattern of the
γ�Al2O3 support measured in this work are close to
published data [33, 34].

In addition to the peaks of the γ�Al2O3 phase, the
diffraction patterns of samples 2 and 3 contained nar�
row intense reflections at scattering angles 2θ (d in
parentheses) of 4.87° (5.47 Å), 9.64° (2.76 Å), and
11.74° (2.27 Å), which makes it possible to identify
this additional crystalline phase as the rhombohedral
modification of Cu2Cl(OH)3 (space group R�3m,
paratacamite). A comparison of the experimental dif�
fraction patterns of samples 2 and 3 with the theoreti�
cal curve calculated based on published crystallo�
graphic data for the paratacamite phase [35] con�
firmed this conclusion. We did not observe significant
differences between the diffraction patterns of samples
2 and 3; therefore, the introduction of palladium into
the catalytic system did not affect the composition of
the dominant crystalline phase containing copper.
Similar results were obtained earlier for the PdCl2–
CuCl2/activated carbon (or Al2O3) catalytic systems
[6, 11, 12, 17–22].

The microstructure of samples 1–3 was studied by
SEM. The experimental results (Figs. 2–4) are consis�
tent with the above data: it is likely that the microcrys�
tals of the phase Cu2Cl(OH)3 with the structure of
paratacamite (space group R�3m) are present only in
samples 2 and 3, and they form island aggregates up to
10 μm in diameter on the surface of γ�Al2O3 (Figs. 3
and 4). In sample 3, the number of faceted nanocrys�
tals is much greater.

Nanocrystal faces in sample 3 (Fig. 4) are rhombic,
characteristic of a simple rhombohedron, and this is
also consistent with the crystallization of trigonal
Cu2Cl(OH)3 on the surface of γ�Al2O3. It is possible
that the simultaneous presence of copper and palla�
dium in sample 3 contributes to the crystallization of
Cu2Cl(OH)3 and increases the particle size.

The oxidation numbers and symmetry of the coor�
dination spheres of palladium and copper in the initial
salts and impregnating solutions and on the surface of
the support were determined by XANES. Figure 5
shows the Pd K�edge XANES spectra for a number of
samples. The absorption maximum in each spectrum
corresponds to the 1s → 5p electron transition. The
spectra are similar in the shapes and positions of the
main absorption maxima. This fact suggests that the
electronic states of Pd in the solid salt PdCl2, in an

aqueous solution of PdCl2 (in the presence of CuCl2),
and on the surface of the γ�Al2O3 support do not differ
significantly. It is most likely that the oxidation state of
Pd(II) and its square�planar coordination environ�
ment of chlorine atoms remained unchanged in the
course of catalyst preparation.

Figure 6 shows the Cu K�edge XANES spectra.
The absorption maximum corresponds to the 1s → 4p
electron transition. The secondary peaks and shoul�
ders correspond to electron transitions to unoccupied
orbitals in accordance with dipole selection rules. The
very weak pre�edge resonance at E ≈ 8976 eV is due to
the formally dipole�forbidden 1s → 3d electron transi�
tion, which appears because of the partial p–d hybrid�
ization and quadrupole contribution. It reliably sug�
gests the presence of Cu(II) compounds. The spectra
of two aqueous solutions and supported samples 2 and
3 are indistinguishable in pairs within the experimen�
tal error. The asymmetric peak shape with a pro�
nounced low�energy shoulder in the spectra of the
supported catalysts and the reference compound
CuCl2 ⋅ 2H2O (s) is indicative of a mixed oxygen–
chlorine environment of the copper atoms [12, 17, 21,
36]. In the aqueous solutions of CuCl2, where the
hydrolysis and activation of CuCl2 occur, the mixed
oxygen–chlorine environment is replaced by a pure
oxygen environment. The observed shape of the spec�
tra is close to that expected for the tetragonal pyrami�
dal coordination of copper atoms to oxygen atoms.

More detailed information on the parameters of
the local environments of copper and palladium atoms
in samples 2 and 3 and in the solutions of precursors
was obtained by the quantitative analysis of EXAFS
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Fig. 1. Diffraction patterns: (1) sample 1 (the support
γ�Al2O3), (2, solid line) sample 2 (CuCl2/γ�Al2O3),
(3, dotted line) sample 3 (the catalyst PdCl2–CuCl2/
γ�Al2O3), and (4) paratacamite (calculated). The reflec�
tions used in the phase identification of γ�Al2O3 and parata�
camite are labeled with circles and squares, respectively.
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spectra. Figure 7 and Table 1 summarize the results of
the processing of the Pd К�edge EXAFS spectra. In
the PdCl2 salt sample, the local environment of palla�
dium is the same as is observed in the crystal structure
of the β�modification of PdCl2 [37], which includes
Pd6Cl12 hexamers with octahedrons of palladium
atoms in the apexes connected together by μ2�chloride
bridges (Table 1). Each Pd atom is coordinated to four
chlorine atoms as a square. It is likely that isolated
square�planar [PdCl4]

2– fragments occurred in the
aqueous solution of PdCl2 and CuCl2 (Table 1). Cop�
per atoms were not detected in the local environment
of the palladium atoms. The square�planar environ�
ment of palladium with chlorine atoms remained in
the catalyst (sample 3); however, the best convergence
between the experimental and theoretical spectra was
achieved for a local chlorine environment of palla�

dium at an increased distance between palladium and
one of the chlorine atoms (Table 1). The radial atomic
distribution curve for the catalyst exhibited long�range
order peaks in the range of 3–4 Å; however, they cannot
be described as contributions from the Pd–Pd or Pd–
Cu atomic pairs, but they are consistent with the pres�
ence of lighter atoms, for example, aluminum, which
may indicate the formation of Pd–Cl–Al bridging
bonds with ion�exchange positions of the support
upon chemisorption.

Figure 8 and Table 2 summarize the results of pro�
cessing the Cu К�edge EXAFS spectra. The EXAFS
spectrum of the reference compound CuCl2 ⋅ 2H2O (s)
are in good agreement with the structural data [38]
(Table 2). The environment of copper is a flat square
formed by two chlorine atoms and the two oxygen
atoms of water, and the structure is actually built from
such isolated squares. Two additional secondary
Cu…Cl interactions occurred; because of this, the
coordination polyhedron of copper atoms is com�
pleted to a tetragonal bipyramid and infinite piles of
CuCl2O2 squares form.

In the solutions of CuCl2 (both in the absence and
in the presence of palladium), the environment of
copper atoms changes to pure oxygen environment.
This environment is tetragonal bipyramidal owing to
the Jahn–Teller effect. This is typical of copper(II)
compounds [39, 40]. In other words, according to
EXAFS data, there are two nonequivalent distances:
equatorial and axial (Fig. 8, Table 2). As for the local
environment of copper, there are no noticeable differ�
ences between the solutions.

The EXAFS data for catalysts 2 and 3 are fully con�
sistent with the results of the diffraction study that
indicate the formation of a crystalline phase of parata�
camite Cu2Cl(OH)3: the structural model of the first
three coordination spheres of copper atoms, built on
the basis of crystallographic data for paratacamite

1 μm 1 μm

1 μm

Fig. 2. SEM image of the surface of sample 1 (magnifica�
tion factor of 20000).

Fig. 3. SEM image of the surface of sample 2 (magnifica�
tion factor of 25000).

Fig. 4. SEM image of the surface of sample 3 (magnifica�
tion factor of 20000).
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[35], makes it possible to describe the experimentally
observed EXAFS curve with a high accuracy.

Thus, unique conditions for the formation of
Cu2Cl(OH)3 on the surface of γ�Al2O3 appear upon
the supporting of CuCl2 (sample 2, CuCl2/γ�Al2O3) or
CuCl2 together with PdCl2 (sample 3, the PdCl2–
CuCl2/γ�Al2O3 catalyst) from an aqueous solution. In
the former case, 75% of the initially introduced chlo�
ride ions should be replaced, and a lower percentage of
these ions should be replaced in the latter case because
part of the chloride ions is bound to Pd(II) (according
to the Pd K�edge EXAFS data, the local environment
of palladium is composed of four chlorine atoms). The
basic properties of the γ�Al2O3 surface are favorable for
more complete hydrolysis of CuCl2 in the impregnat�
ing solutions used in the preparation of samples 2
and 3.

In the diffuse reflectance IR spectra of samples 1
(Al2O3) and 2 (CuCl2/Al2O3) recorded in the presence
of carbon monoxide at room temperature, there are no
bands characteristic of the stretching vibrations of the
С≡О bond in the CO molecule (Fig. 9). At the same
time, in the spectrum of sample 3 (CuCl2–PdCl2/
Al2O3) obtained under the same conditions, there are

three bands: an intense band at 1928 cm–1 and less
intense bands at 1990 and 2114 cm–1.

According to published data [4, 41–43], the vibra�
tion frequencies lower than 1800 cm–1 are due to
Pd(II) complexes with an inserted CO group, which is
similar in properties to the carbonyl group in organic
compounds. The vibration frequencies in the 1800–
2000 cm–1 range correspond to Pd(I) complexes with
a bridging CO group. The vibration frequencies higher
than 2000 cm–1 correspond to Pd(II) complexes with
a terminal CO group. The 1800–1890 cm–1 frequency
range is characteristic of CO molecules coordinated as
bridges in the of Pd0 clusters. The vibration frequen�
cies of CO groups on the surface of palladium metal
can occur in the 1800–1880, 1800–2000, and 2050–
2120 cm–1 ranges, which are characteristic of the tri�
coordinated, dicoordinated, and terminal CO mole�
cules, respectively [4]. There are no data concerning
structurally characterized Pd(I) complexes with ter�
minal CO groups and Pd(II) with bridging CO groups.
The 2050–2120 cm–1 range is characteristic of Cu(I)
with the terminal CO groups. Adequate information
on the complexes of Cu(II) with carbon monoxide is
absent from the literature.

244502440024350
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Fig. 5. Pd K�edge XANES spectra: (1) the initial salt
PdCl2, (2) an aqueous solution of PdCl2 and CuCl2, and
(3) sample 3 (the catalyst PdCl2–CuCl2/γ�Al2O3).

Fig. 6. Cu K�edge XANES spectra: (1) the initial salt
CuCl2 ⋅ 2H2O, (2, solid line) an aqueous solution of
CuCl2, (3, points) an aqueous solution of PdCl2 and
CuCl2, (4, solid line) sample 2 (CuCl2/γ�Al2O3), and
(5, points) sample 3 (the catalyst PdCl2–CuCl2/γ�Al2O3).
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Based on published IR spectroscopic data for
adsorbed CO, it can be assumed that, in the IR spec�
trum of sample 3, the band at 2114 cm–1 corresponds
to the terminal form of CO adsorbed on coordinatively
unsaturated Pd(II) atoms and/or on metallic Pd0

and/or on Cu(I). The absorption bands at 1990 and
1928 cm–1 characterize the adsorption of CO in bridg�

ing form on Pd(0) and/or Pd(I). We believe that the
coordination of CO in bridging form on Pd0 (band at
1990 cm–1) and on Pd(I) (band at 1928 cm–1) is more
probable. It is likely that the medium�intensity band at
1990 cm–1 is due to the symmetrical vibrations of
bridging CO groups on Pd(I) and the strong band at
1928 cm–1 is due to asymmetric vibrations, for exam�
ple, as in the case of the dimeric anion
[Pd2(CO)2Cl4]

2– (bands at 1973 and 1922 cm–1) [44].
It is likely that the reduced forms of palladium and
copper result from the reduction of Pd(II) and Cu(II)
with carbon monoxide in the presence of a small
quantity of water, which remained on the surface of
sample 3 after vacuum treatment (according to the Pd
K�edge (Fig. 5) and Cu K�edge (Fig. 6) XANES data,
copper and palladium in sample 3 are in the oxidation
state 2+). Note that the amount of carbon monoxide
introduced into the ampoule with the sample is insuf�
ficient for the complete reduction of Pd(II) to Pd(I) or
Pd0 and of Cu(II) to Cu(I). We failed to detect carbon
dioxide coordinated on the surface or CO2 in the gas
phase as the CO oxidation product; this may be
explained by the resulting amount of CO2 being too
small to be detected. The absence of absorption bands
due to the coordinated CO group from the IR spectra
of the sample of CuCl2/γ�Al2O3 in an atmosphere of
CO and also the experiments carried out to test the
catalytic activity of this sample suggest that copper(II)
in the form of Cu2Cl(OH)3 with the structure of
paratacamite on the surface of γ�Al2O3 does not oxi�
dize CO to CO2 to any noticeable extent under the
conditions of our experiments in the absence of palla�
dium. Palladium catalyzes the oxidation of carbon
monoxide by copper(II).

The IR spectrum shown in Fig. 9 is stable for
50 min. Upon contact with air, the gradual changes
shown in Fig. 10 occur. The absorption band at
2346 cm–1, which is characteristic of physically

20

15

10

5

0

543210

Pd–Cl

Pd…Pd

R, Å

Fig. 7. Radial distribution curves of atoms obtained by the
Fourier transform of the Pd K�edge EXAFS spectra: (solid
line) PdCl2 (s), (open circles) an aqueous solution of
PdCl2 and CuCl2, and (solid circles) sample 3 (the catalyst
PdCl2–CuCl2/γ�Al2O3).

Table 1. Local environment parameters based on the results of the treatment of Pd K�edge EXAFS spectra

Sample  Atomic pair Coordination 
number r, Å σ

2, Å2 Rf

PdCl2 (s) Pd–Cl 4 2.29 (2.30–2.31)* 0.0027 0.007

Pd–Pd 4 3.28 (3.28–3.33)* 0.0146

Pd–Cl 1 3.37 (3.34)* 0.0013

Pd–Pd 1 3.72 (3.77)* 0.0040

Pd–Cl–Pd–Cl 2 4.57 (4.60–4.62)* 0.0026

Solution of CuCl2 + PdCl2 Pd–Cl 4 2.28 0.0022 0.030

Pd–Cl–Pd–Cl 2 4.56 0.0050

Catalyst 3 Pd–Cl 3 2.26 0.0015 0.019

(PdCl2–CuCl2/γ�Al2O3) Pd–Cl 1 2.36 0.0015

Note: r is the interatomic distance, σ2 is the Debye–Waller parameter, and Rf is the uncertainty factor. The coordination numbers have
integral values characteristic of the hypothetical structure models; they were not refined.
* Interatomic distances according to crystallographic data [37] are given in parentheses.

|FT(k3χ(k))|
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adsorbed СО2, appears already after 1 min [43]. The
intensity of this band grows to 7 min, and then it does
not change up to the 32nd minute, whereas absorption
bands due to CO groups gradually disappear. This sug�
gests the direct participation of oxygen in the forma�
tion of CO2 from CO.

Note that the above results coincide to a certain
extent with the earlier [4] and latest [23] data on cata�
lysts with similar compositions and preparation proce�
dures; however, there are essential differences. For
example, according to Shen et al. [23], the intense
bands at 2162 and 2126 cm–1 are the main absorption
bands in the diffuse reflectance IR spectra of an anal�
ogous catalyst in contact with carbon monoxide. Shen
et al. [23] assigned these absorption bands to the CO
group adsorbed on Pd(II) and Cu(I), respectively. In
the spectra of catalyst 3, which were measured under
similar conditions (Figs. 9, 10), the band at 2162 cm–1

was absent, but there was a band at 2114 cm–1, which
was assigned to the terminal CO group on Pd(II)
and/or on metallic Pd0 and/or on Cu(I). The strongest
band in our spectrum was the band at 1928 cm–1, which
was assigned to the bridging CO group coordinated to
Pd(I) and/or Pd0. This band was missing in the spectra
of the analogous catalyst [23], and so was the band at
1990 cm–1, which was also assigned to the bridging CO
group coordinated to Pd(I) and/or Pd0. Similar

absorption bands occurred in the published spectra of
catalysts prepared by cold impregnation with the use
of aqueous ammonia [23] and also in the spectrum of
an analogous catalyst published by Choi and Vannice
[4]. Choi and Vannice [4] additionally observed a weak
band at 2158 cm–1 (at a low partial pressure of CO or
under reaction conditions), which was assigned to ter�
minal CO groups on Pd(II), and a shoulder at
2080 cm–1, which is due to the vibrations of terminal
CO groups on Pd0. Unlike Choi and Vannice [4], we
did not observe the reduction of Cu(II) with carbon
monoxide in the CuCl2/γ�Al2O3 sample under mild
conditions and the appearance of a band at 2120 cm–1,
which is due to the terminal CO group coordinated to
Cu(I). Note that Shen et al. [23] also observed the for�
mation of CO2 (the appearance of a band at 2300–
2400 cm–1) in the gas phase upon passing CO + O2 and
CO + O2 + H2O mixtures through the catalyst.

Thus, in accordance with data obtained for the
PdCl2–CuCl2/γ�Al2O3 catalyst (sample 3) before its
contact with the reagents by XRD (Fig. 1), XAS
(Figs. 5–8, Tables 1, 2), and SEM (Fig. 4), the crystal�
line phase of Cu2Cl(OH)3 with the structure of parata�
camite (space group R�3m) occurred on the surface of
γ�Al2O3. The reflections corresponding to the crystal�
line phases of palladium were absent from the diffraction
patterns of the catalyst (sample 3) (Fig. 1). This fact sug�
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Fig. 8. Radial distribution curves of atoms obtained by the Fourier transform of the Cu K�edge EXAFS spectra: (1) CuCl2 ⋅ 2H2O (s),
(2, solid line) an aqueous solution of CuCl2, (3, circles) an aqueous solution of PdCl2 and CuCl2, (4, solid line) sample 2
(CuCl2/γ�Al2O3), and (5, circles) sample 3 (the catalyst PdCl2–CuCl2/γ�Al2O3).
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gests that either the amount of these phases is lower
than the detection limit of this technique or palladium
is in the amorphous state. According to XAS data, the
local environment of palladium is a planar square of
four chlorine atoms with an increased distance
between palladium and one of the chlorine atoms. It is
likely that palladium interacts with the accessible elec�
trophilic centers of γ�Al2O3 through this chlorine.
According to EXAFS data, there is no direct contact
between palladium and copper.

We found using XAS that the oxidation numbers of
palladium and copper remained unchanged in the
course of the preparation of the PdCl2–CuCl2/
γ�Al2O3 catalyst. However, a change in the local envi�
ronment of copper occurred: it was tetragonal pyrami�
dal in CuCl2 ⋅ 2H2O (s) (the coordination polyhedron
in the form of a tetragonal pyramid—two chlorine
atoms and two oxygen atoms of water in the equatorial
plane formed a flat square and two chlorine atoms
were located in the axial position); in the impregnating
solutions of CuCl2 (both in the absence and in the
presence of palladium, because of the local environ�
mernt of copper being essentially the same in these
solutions) it was purely tetragonal pyramidal oxygen;
however, a somewhat irregular oxygen environment
with secondary Cu…Cl interactions occurred in the

catalyst. The coordination environment of palladium
did not undergo substantial changes on passing from
the solid salt PdCl2 (a flat square of chlorine atoms) to
palladium in sample 3 (four chlorine atoms with an
increased distance between palladium and one of the
chlorine atoms). Analogous data on the states of cop�
per and palladium in the catalytic systems with similar
compositions and preparation procedures were
obtained previously [6, 11, 12, 17–22]. In this work,
we observed, for the first time, an increase in the dis�
tance between palladium and one of the four chlorine
atoms in the freshly prepared catalyst and demon�
strated the evolution of the local environment of cop�
per and palladium on passing from the initial salts to
the impregnating solutions and chlorides located on
the surface of γ�Al2O3.

In the presence of water vapor and carbon monox�
ide, the reduction of copper and palladium and the
coordination of carbon monoxide on the catalyst sur�
face yield terminal and bridging carbonyl groups. The
carbonyl compounds of palladium are the most prob�
able intermediate products. The conversion of carbon
monoxide coordinated to palladium into carbon diox�
ide involves oxygen and water, which is consistent with
previously obtained kinetic data [45].

Table 2. Local environment parameters based on the results of the treatment of Cu K edge EXAFS spectra

Sample Atomic pair  Coordination 
number r, Å σ

2, Å2 Rf

CuCl2 ⋅ 2H2O Cu–O 2 1.95 (1.94)* 0.0045 0.030

Cu–Cl 2 2.27 (2.28) 0.0035

Cu–Cl 2 2.86 (2.93) 0.0148

Solution of  CuCl2 Cu–Oeq 4 1.97 0.0043 0.021

Cu–Oax 2 2.29 0.0210

Solution of  CuCl2 + PdCl2 Cu–Oeq 4 1.97 0.0044 0.018

Cu–Oax 2 2.30 0.0203

Sample 2 (CuCl2/γ�Al2O3) Cu–O 2 1.99 (1.98) 0.0026 0.016

Cu–O 3 2.05 (2.11) 0.0266

Cu–Cl 1 2.85 (2.79) 0.0065

Cu–Cu 4 3.09 (3.06) 0.0186

Cu–Cu 2 3.47 (3.41) 0.0093

Sample 3 (PdCl2–CuCl2/γ�Al2O3) Cu–O 2 1.99 (1.98) 0.0028 0.016

Cu–O 3 2.09 (2.11) 0.0400

Cu–Cl 1 2.89 (2.79) 0.0072

Cu–Cu 4 3.09 (3.06) 0.0157

Cu–Cu 2 3.47 (3.41) 0.0116

Note: See Table 1 for notation. 
* The interatomic distances r given in parentheses correspond to crystallographic data [35, 38].
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Fig. 9. Diffuse reflectance IR spectra of samples (1) 1, (2), 2, and (3) 3 at an equilibrium CO pressure of 20 Torr and room tem�
perature.

Fig. 10. Diffuse reflectance IR spectra of sample 3 (catalyst PdCl2–CuCl2/γ�Al2O3), which are indicative of the conversion of
coordinated CO with the participation of atmospheric oxygen at room temperature and atmospheric pressure. The numbers to
the right of the spectra specify the samople–air contact time (min).

The above results do not provide an unambiguous
insight into the role of copper in the mechanism of the
process. If Cu2Cl(OH)3, which occurs on the surface
in the crystalline state, oxidizes Pd0 or another form of
palladium, for example, a hydride complex, then,
contact between the crystals of Cu(II) hydroxide chlo�

ride and the palladium compound is necessary. How�
ever, the possibility of this contact or the presence of
the mixed complexes of palladium and copper in the
freshly prepared catalyst does not follow from our
data. Another possible function of copper is activation
of oxygen by Cu(I) complexes with the subsequent
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interaction of this complex, for example, with the
hydroxycarbonyl complex of palladium according to
the reaction

(I)

However, either the presence of Cu(I) and Pd(II)
as a single complex or the possibility of their interac�
tion on the surface of the support is necessary for ful�
filling this function. But we cannot exclude the possi�
bility of forming the mixed complex in the course of
the process.

The formation of an active site of the catalyst for
CO oxidation by oxygen can involve the following
steps:

reduction of Pd(II) in the presence of H2O and
CO;

surface diffusion of the reduced complex of Pd0 and
its interaction with Pd(II) yielding Pd2(I) according to
the reaction

 (II)
with the Pd2(I) complex stabilized by bridging carbo�
nyl groups in the form of Pd2(μ�CO);

catalysis of the partial reduction of Cu(II) to Cu(I)
by the Pd2(μ�CO)2 complex in the interaction of
Cu(II) with H2O and CO,

 (III)

formation of the active site Pd2(I)–Cu(I)n as a
result of these reactions (similar to the formation of
the complex [(PdCl2)2CuCl2(DMF)4]n in the Wacker
oxidation of alkenes in the DMF–H2O system [16]) or
the surface sites Pd2(I) and Cu(I)n, which are not con�
nected with chemical bridges (electron carriers).

Our forthcoming studies will be aimed at explain�
ing the mechanisms of the formation of the active site
of catalysis and the action of the catalyst.
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