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A B S T R A C T

Palladium catalysts supported on nanosized CeO2 supports were synthesized by different methods. The

catalysts showed high low-temperature activity (LTA) in CO oxidation. The synthesized palladium–ceria

catalysts for low-temperature CO oxidation were investigated by a complex of physicochemical

methods, and their catalytic performance was determined in the light-off regime. It was shown using

high-resolution transmission electron microscopy (HRTEM) and EDX microanalysis that the catalysts

with high LTA are characterized by exceptionally high dispersity of palladium on the surface of the

supports. Two different states of palladium were observed by XPS. They correspond to the surface

interaction phases (SIPs) as PdxCeO2�d and small metal clusters (<10 Å). According to diffraction images

obtained by HRTEM, the latter have flattened shape due to epitaxial binding between (1 1 1) facets of

palladium and CeO2. Two types of CO adsorption sites (Pd2+ and Pd0) were distinguished by FTIR. They

can be attributed to SIP (Pd2+) and palladium in flat metal clusters (Pd
d+ and Pd0). The drop of LTA in CO

oxidation is related to the loss of the palladium chemical interaction with the surface of the support and

palladium sintering to form PdO nanoparticles. The formation of PdO particles is stimulated by

crystallization of CeO2 particle surface due to the calcination of support at temperatures above 600 8C.

The XPS, HRTEM and FTIR data give reliable evidence that PdO particles are not responsible for LTA in CO

oxidation.

In this work, the structure of the active sites consisting of two phases: atomically dispersed palladium

within the SIP and palladium metal nanoclusters is proposed. The catalyst pretreatment in hydrogen was

found to improve significantly its catalytic (LTA) properties. The effect of the hydrogen pretreatment was

supposed to be related to the formation of hydroxyl groups and their effect on the electronic and

geometrical state of the surface active sites and their possible direct participation in CO oxidation.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Palladium–ceria supported catalysts attract significant attention
of researchers in relation to the fundamental aspects of their action
as neutralizers of exhaust gases [1,2]. Industrial catalysts, for
example, three-way conversion catalysts (TWC), have complex
composition. However, palladium and cerium oxides are their basic
components and play almost indispensable role in deep oxidation of
CO and hydrocarbons at low temperatures (T < 150 8C).

The low-temperature activity (LTA) of deep oxidation catalysts
is not typical of either palladium or ceria separately. A synergetic
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effect is observed only when palladium is supported on ceria. Ceria
has been claimed to be a strong promoter of structural and
electronic properties of catalysts both in the automotive pollution
control and for a number of industrial processes, such as
purification and reforming of CH4, steam reforming of CO, CO2,
methanol, and diethyl ether [3–5], as well as PROX reaction [6,7].
Wide application of ceria in deep oxidation reactions is related to
its ability to easily donate and accept oxygen atoms [8].

Palladium is one of the most active metals interacting with the
surface of oxides. It is also characterized by relatively high oxygen
affinity. However,at temperatures below200 8C itsoxidation toPdOx

phases that could account for the low-temperature activity is not yet
observed [9–11]. CO oxidation on palladium metal is known to
follow the Langmuir–Hinshelwood mechanism. The light-off
temperature within this mechanism is largely determined by the
CO adsorption energy [12–14]. Usually, CO adsorption energy on
platinum metals, including palladium, is relatively high, varying in
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the range of 25–35 kcal/mol depending on the particle morphology
and size. So, CO oxidation begins at T > 200–250 8C [9,15]. Strongly
oxidized palladium in the form of PdO particles does not show low-
temperature catalytic activity [9,16]. The deposition of dispersed
palladium on inert or weakly interacting supports such as SiO2 or
Al2O3 decreases the light-off temperature. However, T50 is usually
not lower than 130–150 8C [17]. The low-temperature activity
appears only after deposition of palladium on oxides with variable
oxidation state due to the interaction of Pd with the support surface.
Thus, the low-temperature oxidation of CO over Pd/CeO2 catalyst can
be characterized by RedOx or Mars–Van Krevelen mechanisms [18].

Despite impressive technological achievements in develop-
ment of deep oxidation catalysts, many fundamental aspects of
catalytic action, first of all, the low-temperature oxidation
mechanism, are still not developed. In the literature there are
no unambiguous data on the electronic and structural state of the
active component that are needed for the optimal catalyst. The key
question is the interaction of the active component with the
promoter – cerium oxide. This includes determination of the
surface compounds and phases and their redox ability. These
aspects are discussed in a number of papers [19–21]. However,
there are still incomplete experimental data obtained by spectral
and structural methods together with kinetic data. The formation
of mixed palladium–cerium compounds is proposed in many
studies. However, some researchers believe that the highly active
in CO oxidation state of palladium is related to nanoparticles of
palladium oxide PdO or dioxide PdO2 localized inside the support
oxide matrix [22–24]. Also, there is a controversial information
concerning palladium in the reduced state. At this moment it is not
clear whether palladium is in metallic or ionized state (Pd

d+, Pd1+)
after action of the reaction media or after action of reducing agents
like CO or H2. In general, there is no reliable understanding what
kind of Pd–Ce–O species are the active ones in LTA of CO oxidation.

To answer the above questions, the application of a set of kinetic
and physical methods is required. Such methods can aid in
establishing a relation between electronic and geometrical structure
of active component and the catalytic properties of Pd/CeO2 system.
In this work, the following methods were used: (a) the kinetic
methods: light-off measurements and temperature programmed
reaction TPR-CO—to obtain a correlation between reaction rate and
oxygen mobility depending on temperature; (b) the spectroscopic
methods: X-ray photoelectron spectroscopy (XPS), UV–vis DR and
FTIR spectroscopy—to establish the atom charge and active
component species; (c) the structural methods: X-ray diffraction
(XRD) and transmission electron microscopy (TEM)—to characterize
the structure of support and obtain information about local structure
of active component and its distribution over the support surface.

Thus, the main objective of the present work is a detailed
investigation of the palladium interaction with the support surface
and determination of its electronic and structural state in the
catalysts characterized by high low-temperature activity in CO
oxidation. For this purpose, the Pd/CeO2 catalysts with different
catalytic activities were specially prepared by different methods.
The results of this study were used to suggest a new model of active
sites. It has a two-phase structure and a variable oxidation state of
palladium (Pd2+–Pd0) on the CeO2 surface that is required for the
low-temperature CO oxidation. No large particles of Pd or PdO,
which could be responsible for LTA in CO oxidation, are observed.

2. Experimental

2.1. Catalysts

The 1%Pd/CeO2 catalysts used in the study differed in the
method of ceria synthesis, palladium deposition, and thermal
treatment in oxidizing or reducing environment.
CeO2-T was prepared by Ce(NO3)3 thermolysis and calcined in
air at 450, 600 or 800 8C for 4 h at each temperature.

CeO2-P was prepared from a Ce(NO3)3 solution by precipitation
in the form of oxycarbonates (precipitation with NH4HCO3) and
calcined in air at 450 8C for 4 h.

Palladium deposition (1%) was carried out by two methods. The
first method involved impregnation with a palladium nitrate
Pd(NO3)2 solution. The samples prepared by the first method were
designated as Pd(N)/CeO2-T and Pd(N)/CeO2-P. The second method
included impregnation with a Pd(NO3)2 solution in the presence of
acetic acid. The samples prepared by this method were denoted as
Pd(N + A)/CeO2-T and Pd(N + A)/CeO2-P. Prior to the thermal
treatment in redox environments, all the samples were dried at
110 8C for 12 h.

Before the catalytic tests, the samples were treated by two
methods: treatment in 10% H2/He flow while heating from ambient
temperature to 450 8C or calcination in air at 450 8C. The supports
have an index 450, 600 or 800 8C if they were calcined at these
temperatures in air, and 450 8C-H2 if they were treated in
hydrogen.

2.2. Methods

The catalytic properties of the synthesized catalysts were
studied in CO oxidation by oxygen using the light-off method
and temperature programmed reaction with CO (TPR-CO). The
experiments were carried out in an automated installation with a
flow reactor and mass-spectrometric analysis of the gas phase. The
sample (0.5–0.25 mm size) was placed into a stainless steel
reactor. Then, the reaction mixture was fed either at 25 8C or at
0 8C. After that the sample was heated to 450 8C with 10 8C/min
heating rate.

Light-off method. The reaction mixture had the following
composition (vol.%): CO – 0.2, O2 – 1.0, Ne – 0.5, helium the
balance. Its flow rate was 1 l/min. The reaction mixture containing
0.2% CO and 1% O2 was fed at room temperature on the catalyst
sample. After a steady-state composition of CO, O2 and CO2 was
reached, the sample was heated to 450 8C at 10 8C/min heating
rate. The concentrations of CO, O2 and CO2 were measured at
0.34 Hz frequency.

TPR-CO method. The reaction mixture had the following
composition (vol.%): CO – 1.0, Ne – 0.5, helium the balance. Its
flow rate was 0.1 l/min. The reaction mixture containing 1% CO was
introduced to the catalyst sample cooled in the reactor to 0 8C.
After steady-state concentrations of CO and CO2 were established,
the sample was heated from 0 to 500 8C at 10 8C/min heating rate.
The concentrations of CO and CO2 were measured during the
reaction.

XRD studies of the samples were carried out using a HZG-4C
diffractometer with Cu Ka monochromated radiation.

HRTEM images were obtained using a JEM-2010 electron
microscope (JEOL, Japan) with lattice-fringe resolution of
0.14 nm at the accelerating voltage of 200 kV. The high-resolution
images of periodic structures were analyzed by the Fourier
method. Local energy-dispersive X-ray analysis (EDXA) was
carried out using an EDX spectrometer (EDAX Co.) fitted with a
Si (Li) detector with the resolution of 130 eV. The samples for the
HRTEM study were prepared on a perforated carbon film mounted
on a copper grid.

Specific surface areas were determined using heat desorption of
argon at �10% accuracy.

X-ray photoelectron spectroscopy (XPS) study was carried out
using an ES300 electron spectrometer (Kratos Analytical) with
MgKa irradiation, hn = 1253.6 eV. For registration of the photo-
electron spectra the samples were ground and deposited on an
indium substrate. The use of an X-ray source with increased power



Fig. 1. Dependence of CO conversion on temperature over catalysts Pd(N)/CeO2-T-

450 8C (1), Pd(N)/CeO2-P-450 8C (2), Pd(N + A)/CeO2-T-450 8C (3) and Pd(N + A)/

CeO2-P-450 8C (4) oxidized in air.

Fig. 2. Dependence of CO conversion on temperature over catalysts Pd(N)/CeO2-T-

450 8C (1), Pd(N)/CeO2-P-450 8C (2), Pd(N + A)/CeO2-T-450 8C (3) and Pd(N + A)/

CeO2-P-450 8C (4) reduced in H2.
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for several hours resulted in a considerable reduction of cerium
oxide in agreement with the previous data [25,26]. To prevent ceria
reduction, the spectra were registered at a lower X-ray power in
the 10 kV � 5 mA working mode of the X-ray gun. The spectro-
meter was calibrated by a standard method relative to two lines,
Au4f7/2 and Cu2p3/2, with binding energies 84.0 and 932.7 eV,
respectively [27]. The spectra were calibrated using the U00 0

component of the Ce3d line (BE = 916.7 eV). To determine the
quantitative chemical composition and electronic state of the
catalyst elements, precision spectra of the core photoelectron lines
were registered with the 0.1 eV energy step using constant
analyzer pass energy HV = 25. The spectra were obtained using
an electron neutralizer and long accumulation time to improve
precision for further spectroscopic processing. The electron
neutralizer was tuned to obtain the position of the U00 0 component
in the spectrum close to 916.7 eV. The spectra were processed with
a special WinCalc software that was successfully used for many
other systems [28–30]. The chemical composition of the catalysts
was calculated from integral intensities of the lines or their
components with the account of the atomic sensitivity factors
reported in [31]. The Pd3d and Ce3d spectra in all figures are
presented in a normalized mode, that is, the spectra are normalized
to the spectral background of all samples.

The IR spectra were measured using a Shimadzu FTIR-8300
spectrometer in the range of 700–6000 cm�1 with 4 cm�1

resolution. Each spectrum was scanned 100 times. The presented
spectra were normalized to wafer density (r in g/cm2). Before
registration of the FTIR spectra, powdered samples were pressed in
self-supported wafers (r � 0.02 g/cm2). Then a wafer was placed in
a quartz IR cell with NaCl windows and pretreated in air (673 K)
and then under vacuum (298 K, p < 10�6 bar). The CO adsorption
was performed at 0.2 mbar (CO/Pd = ca. 3–5/1) and 10 mbar (in the
presence of gas phase CO) at room temperature (absorption of
gaseous CO was subtracted from the spectra).

Diffuse reflectance UV–vis spectra (UV–vis DRS) of the
catalysts 1%Pd(N + A)/CeO2-T-450 8C, 1%Pd(N + A)/CeO2-T-600 8C,
1%Pd(N + A)/CeO2-T-450 8C and corresponding supports were
recorded using a UV-2501 PC Shimadzu spectrometer with IRS-
250A diffusion reflection attachment in the 11,000–54,000 cm�1

range. The measurements were performed in a 2-mm quartz cell in
air at room temperature. The UV–vis spectra were transformed
into the Kubelka–Munk function (F(R)) calculated as
F(R) = (1 � R)2/2R, where R is the experimentally measured
reflectivity coefficient of the samples [32].

3. Results

3.1. Investigation of the catalytic activity in CO oxidation by light-off

method

Fig. 1 presents the dependences of the CO conversion on
temperature for catalysts Pd(N)/CeO2-T-450 8C (1), Pd(N)/CeO2-P-
450 8C (2), Pd(N + A)/CeO2-T-450 8C (3), and Pd(N + A)/CeO2-P-
450 8C (4). All the catalysts of this series were calcined in air at the
same temperature, 450 8C. The presented data show that the ceria
synthesis method substantially affects the catalyst activity. The
CeO2 support itself exhibits activity in the CO oxidation only at
T > 300 8C (the data are not presented) and so, the T50 value is
390 8C. This is higher by 270 8C than T50 for the least active catalyst.
The activity of all catalysts does not change monotonically. The
conversion vs. temperature curves are characterized by hills and
dips. They are observed most clearly for the catalysts prepared
without acetate ions and somewhat flattened over Pd(N + A)/CeO2-
T-450 8C and Pd(N + A)/CeO2-P-450 8C catalysts. The activity of the
Pd/CeO2 catalysts with high surface area prepared by thermolysis
(CeO2-T) significantly depends on the palladium deposition
method. The palladium deposition in the presence of acetate ions
leads to more active catalysts (curves 1 and 3). The positive role of
the acetate ions can be due to the better dispersion of palladium
particles on the ceria surface and stronger interaction of palladium
with the ceria surface resulting in the formation of the cationic
palladium forms [33]. Meanwhile, the effect of acetic acid is almost
non-existent for Pd/CeO2 catalysts on the support prepared by
precipitation (CeO2-P). This may be due to the low surface area of
the support and, consequently, low dispersity of the palladium
particles on the support. A comparison of the catalysts synthesized
over different supports and prepared using acetic acid shows that
the activity of the sample with high surface area is higher that of
the sample with low surface area, probably, due to better
dispersion of the active component.

Fig. 2 presents the dependence of the CO conversion on
temperature for these catalysts preliminary reduced in hydrogen.
The presented results indicate that reduction in hydrogen results
in a significant increase of the activity and changes of the shape of
the CO conversion curve. It is interesting that the activity of the
samples prepared without acetic acid is more affected by
the reduction in hydrogen: T50 decreases by 25 8C. The activity
of the samples prepared in the presence of acetic acid does not
change much. For Pd(N + A)/CeO2-T-450 8C T50 grows by 5 8C,
whereas for Pd(N + A)/CeO2-P-450 8C it decreases by 9 8C. These
light-off data indicate that reduced forms of the catalyst active
sites play a significant role in the mechanism of the low-
temperature oxidation, in particular, for the light-off process.



Fig. 3. Dependence of CO conversion on temperature over catalysts Pd(N + A)/CeO2-

T-450 8C (1), Pd(N + A)/CeO2-T-600 8C (2) and Pd(N + A)/CeO2-T-800 8C (3).
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A comparison of the activity for samples prepared by different
methods shows that the most active catalysts were prepared in the
presence of acetic acid over ceria synthesized by thermolysis and
characterized by high surface area of the support. In order to
observe the changes of the low-temperature activity depending on
the sintering of the support, CeO2-T-450 8C support was also
calcined at 600 and 800 8C. The dependences of the CO conversion
on temperature for Pd(N + A)/CeO2-T catalysts prepared using
supports calcined at different temperatures are shown in Fig. 3. The
support calcination at 600 and 800 8C decreases its surface area
from 87 to 47 and 3 m2/g, respectively. The increase of the support
calcination temperature to 600 8C leads to a slight growth of the
catalytic activity in the low-temperature range for the catalyst
Pd(N + A)/CeO2-T, so that its T50 decreases by 12 8C. Meanwhile,
the calcination at 800 8C substantially decreases the catalytic
activity, and T50 grows from 48 to 192 8C. As a result, the low-
temperature activity of the catalyst synthesized on the sintered
support is negligible. The maximum conversion is reached at ca.
200 8C. This is typical of CO oxidation over catalysts with the active
component in the form of dispersed PdO particles [15].

3.2. Investigation of the catalysts by TPR-CO

The effect of calcination temperature on the state and reactivity
of the active component was studied by TPR-CO. Fig. 4 shows the
TPR-CO curves for samples Pd(N + A)/CeO2-T-450 8C, 600 8C, 800 8C
and for support CeO2-T-450 8C. There are three maxima on the TPR
curve of the Pd(N + A)/CeO2-T-450 8C catalyst with Tmax = ca. 70 8C
Fig. 4. TPR-CO spectra (dependence of CO concentration on temperature inverted

relative to Y-scale) for catalysts Pd(N + A)/CeO2-T-450 8C (1), Pd(N + A)/CeO2-T-

600 8C (2), Pd(N + A)/CeO2-T-800 8C (3) and CeO2-T-450 8C (4).
(peak I), ca. 270 8C (wide peak II) and ca. 450 8C (peak III). Peak III
can be attributed to CO reaction with oxygen from ceria because
Tmax of peak III matches Tmax of pure ceria (Fig. 4, curve 4). The
observation of CO consumption peaks at different temperatures
indicates that the oxygen atoms of the catalyst are not equivalent
with respect to bond energies. The first two peaks are related to
both palladium and the support whereas the third one is related
only to the support.

Three TPR peaks with Tmax = ca. 110 8C, ca. 250 8C and ca. 450 8C
and two unresolved shoulders with T � 70 and 200 8C overlapping
peaks I and II were observed for the catalyst supported on CeO2

preliminary calcined at 600 8C. Note that Tmax of the first two peaks
and their areas changed for this sample. Tmax of peak I shifted to
higher temperatures from 70 to 110 8C due to the growth of a new
state, so that the area of this peak significantly increased. Tmax of
the second peak slightly decreased from 270 to 250 8C, whereas the
area of this substantially decreased. It appears that more active
sites with lower oxygen bond energy are formed over the support
calcined at 600 8C. Thus, the increase of the fraction of particles
with lower oxygen bond energy leads to the growth of the catalyst
activity in CO oxidation for the sample calcined at 600 8C.

Further increase of the support calcination temperature to
800 8C results in the disappearance of type I and type II active sites
accompanied by the formation of new sites with Tmax = 190 8C. This
implies that this sample does not have weakly bound oxygen.
Consequently, T50 in CO oxidation shifts to higher temperatures as
it is observed in the light-off curves (Fig. 3). Note that the sites of
types I and II disappear together. This fact might indicate that the
oxygen forms giving these two peaks in TPR-CO are interrelated. In
other words, the formation of weakly bound oxygen (peak I) is due
to the presence of a surface phase in which there are more strongly
bound oxygen atoms (peak II).

3.3. XRD study of the catalysts

According to the XRD data (Table 1), in the samples supported
on CeO2-T calcined at 450 8C ceria exists as c-CeO2 phase
(a = 5.411 Å) with the average particles size of ca. 9 nm. Mean-
while, in the samples supported on CeO2-P calcined at 450 8C the
average size of the c-CeO2 particles is larger, ca. 16 nm. No phases
of Pd metal or PdO were observed in either sample.

3.4. XPS study of the catalysts

The spectra of Pd3d lines for samples Pd(N)/CeO2-T-450 8C
(Spectrum 1), Pd(N)/CeO2-P-450 8C (Spectrum 2), Pd(N + A)/CeO2-
T-450 8C (Spectrum 3), Pd(N + A)/CeO2-P-450 8C (Spectrum 4)
calcined in air at 450 8C are shown in Fig. 5. The Pd3d spectra
are presented as the difference spectra obtained by subtraction of
Shierly’s background from experimental spectra. The difference
Table 1
Physico-chemical properties of the Pd/CeO2 catalysts.

Catalyst Phase composition Support calcination

temperature

(8C; duration, h)

Sspecific

(m2/g)

Pd(N)/CeO2-T c-CeO2 with particle

size 9.5 nm.

450 (4 h) 87

Pd(N+A)/CeO2-T PdO phase was not

revealed.

600 (4 h) 47

800 (4 h) 3

Pd(N)/CeO2-P c-CeO2 with particle

size 16 nm.

450 (4 h) 17

Pd(N+A)/CeO2-P PdO phase was not

revealed.

600 (4 h) 14

800 (4 h) 4



Fig. 5. Pd3d spectra of catalysts Pd(N)/CeO2-T-450 8C (1), Pd(N)/CeO2-P-450 8C (2), Pd(N + A)/CeO2-T-450 8C (3) and Pd(N + A)/CeO2-P-450 8C (4) after calcination at 450 8C in

air.

Fig. 6. Ce3d spectra of CeO2-T-450 8C support (1) and supported catalyst Pd(N)/

CeO2-T-450 8C (2).
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spectra are shown together with the results of their decomposition
into components using Voigt functions as a sum of Gaussian and
Lorentzian curves. Equally with Voigt functions, the Doniach–
Sunjic functions are widely used for curve fitting analysis in XPS
[27]. Our curve fitting analysis showed that Voight functions are
more compatible for the decomposition of experimental spectra.
The curve fitting shows that Pd3d spectra of all samples consist of
two main doublets characterizing palladium atoms in different
oxidation states. The other components are caused by plasmon
excitations and were added to obtain the description quality [34].
First of all, note that neither of the doublets can be attributed to
palladium oxide particles because their positions are quite
different from the value typical of PdO (336.8 � 0.2 eV)
[17,20,35]. Furthermore, there is no plasmon peak typical of PdO
that should be located near 345 eV. Additionally, the electron
microscopy data and the results obtained by UV–vis DRS that will
be reported below also do not support the formation of PdO particles
on the surface of the studied catalysts.

The doublet with a higher binding energy of spin–orbital
components (Eb(Pd3d5/2) = 337.4 eV (curves 3 and 4); 338.0 eV
(curves 1 and 2)) can be attributed to palladium in the surface
interaction phase (SIP) where the active component interacts with
the supports surface (hereafter denoted as SIP or PdxCeO2�d)
[20,36]. Meanwhile, the other doublet with a lower Eb corresponds
to palladium metallic clusters and nanoparticles. The attribution of
the line with Eb(Pd3d5/2) = ca. 337.4–338.0 eV to the surface
palladium–ceria interaction phase PdxCeO2�d appears to be more
reasonable compared to the hypothesis about the formation of
oxides such as PdO2 [24–26] that are unstable at high calcination
temperatures.

Comparison of the Ce3d spectra also gives evidence to the
formation of SIP rather than higher palladium oxide. Fig. 6 presents
the normalized Ce3d spectra obtained from the calcined catalyst
and support. Ce3d spectra are shown in the difference variant
when spectral background is subtracted. These Ce3d spectra are
presented in a standard variant of their deconvolution to
components related to Ce3+ and Ce4+ ions according to
[17,37,38]. The labeled components U, V, U0 0, V0 0, U0 0 0, and V0 0 0 are
related with different final states of photoionized Ce4+. Other four
components U0, V0, U0, and V0 are assigned to Ce3+. The
concentration ratio of these ions in the surface layers was
calculated from the corresponding component areas. It was found
that the relative concentration of Ce3+ ions decreased from 25 to
20% after the palladium deposition. This decrease was readily
reproducible for all samples and well beyond the experimental
error. Based on these data, the decrease of the relative concentra-
tion of Ce3+ ions can be related to the interaction of the support
surface with the palladium nitrate solution followed by partial
reduction of Pd2+ ions to Pd metal and oxidation of the Ce3+ ions
contacting with it. It should be mentioned that the Ce(NO3)3

thermolysis method used for the synthesis of this support yields a
product with relatively high concentration of Ce3+ ions on the
surface even despite calcination in air at relatively high
temperature 450 8C. This fact proves that the catalyst surface
and subsurface layers are highly defective. This defectiveness is
related to the high concentration of Ce3+ ions and, therefore,
oxygen vacancies.

Comparison of the Pd3d spectra of the samples Pd(N)/CeO2-T-
450 8C and Pd(N)/CeO2-P-450 8C after calcination (Fig. 5) shows
that the positions of the spectral components and their ratio are
about the same. This fact proves that at relatively low palladium
concentrations its deposition on the surface of supports with
considerably different surface areas using the same deposition
procedure results in approximately the same distribution of the
palladium oxidation states.



Fig. 7. Pd3d spectra of catalysts Pd(N)/CeO2-T-450 8C-H2 (1), Pd(N)/CeO2-P-450 8C-H2 (2), Pd(N + A)/CeO2-T-450 8C-H2 (3) and Pd(N + A)/CeO2-P-450 8C-H2 (4) after reduction

in hydrogen at 450 8C.

Fig. 8. Pd3d spectra of catalysts Pd(N + A)/CeO2-T-450 8C (1), Pd(N + A)/CeO2-T-

600 8C (2) and Pd(N + A)/CeO2-T-800 8C (3) after calcination of the support at the

corresponding temperature in air.
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When palladium was deposited in the presence of acetic acid,
both the positions of Pd3d components and their relative
intensities are changed. Both Pd3d doublets are shifted to lower
binding energies. This fact indicates that palladium is more
reduced in both phases, i.e. there is less oxygen in the SIP
PdxCeO2�d and larger palladium metal particles are formed in this
case.

In addition, the preparation procedure affects the Pd3d spectra
of the samples reduced in hydrogen (Fig. 7). A higher palladium
reduction degree was observed for samples Pd(N + A)/CeO2-T-
450 8C-H2 (spectrum 3) and Pd(N + A)/CeO2-P-450 8C-H2 (spec-
trum 4) as the intensity of the doublet with Eb(Pd3d5/2) � 338 eV
considerably decreased and position of ‘nanometallic’ Pd3d
doublet is more close to position of palladium in the bulk
(Eb(Pd3d5/2) � 335.3 eV [9,29,31,35,38]). Also Eb(Pd3d5/2) for
reduced palladium in these samples was somewhat lower than
the corresponding value for samples Pd(N)/CeO2-T-450 8C-H2

(spectrum 1) and Pd(N)/CeO2-P-450 8C-H2 (spectrum 2) indicating
that the palladium metal particles were larger in the former
samples. These results prove that the catalysts prepared using
acetic acid are not only better dispersed, but have higher lability
relative to palladium redox processes in the interaction phase on
the ceria surface.

Fig. 8 shows the Pd3d spectra of Pd(N + A)/CeO2-T catalysts
prepared using supports calcined at different temperatures (450 8C
(1), 600 8C (2) and 800 8C (3)). Two doublets with Eb(Pd3d5/

2) � 336.0 and 337.7 eV were observed in the Pd3d spectra of the
samples with the support calcined at 450 and 600 8C. As discussed
above, these doublets can be attributed to small palladium metal
particles and the interaction phase PdxCeO2�d, respectively. Note
that the increase of the support calcination temperature leads to an
increase of the fraction of palladium metallic clusters. Meanwhile,
the negligible shift for the doublet with Eb(Pd3d5/2) � 336.0 eV
allows suggesting that no sintering of palladium metallic particles
occurs. In the meantime, the doublet attributed to the interaction
phase is shifted by ca. 0.4 eV, indicating the palladium in this phase
becomes more ionic. Thus, the support calcination at higher
temperature (600 8C instead of 450 8C) results in a more
homogeneous distribution of palladium metallic clusters on the
surface of the interaction phase containing more oxygen.

Only one doublet with Eb(Pd3d5/2) = 336.9 eV was observed in
the Pd3d spectrum of the catalyst prepared using the support
calcined at 800 8C. Its position matches well the position of the line
in PdO in agreement with our experimental and literature data
[17,20,36]. In addition, a plasmon peak at ca. 345.5 eV that is
reliably attributed to the PdO phase [20] was also observed in this
spectrum. The attempts to decompose the Pd3d line into two or
more doublets were not successful. The most reliable and correct
curve fitting is presented in Fig. 8 (spectrum 3).

Thus, preliminary annealing of the supports with crystallization
of CeO2 particles results in the lack of the interaction phase and
active sites related to weakly bound oxygen responsible for the
low-temperature catalytic activity in the catalyst prepared using
this support.



Fig. 9. FTIR spectra in the carbonyl region of CO adsorbed on Pd(N + A)/CeO2-T-450 8C (A) and Pd(N + A)/CeO2-T-600 8C (B) catalysts at 25 8C and CO pressure: curves 1—

0.2 mBar and curves 2—10 mBar.
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3.5. FTIR study of the catalysts

The surface state of the Pd particles supported on the CeO2-T-
450 8C and CeO2-T-600 8C was studied by FTIR spectroscopy of
adsorbed CO molecules. Only a weak absorption band (a.b.) at
2180 cm�1 was observed in the spectra of CO adsorbed at 25 8C on
the surface of the supports. So, FTIR spectroscopy can be used for
identification of the ionic and metal states of palladium in
supported catalysts.

The FTIR spectra of CO adsorbed on Pd(N + A)/CeO2-T-450 8C
and Pd(N + A)/CeO2-T-600 8C are shown in Fig. 9a and b. The
following a.b. appeared when CO was adsorbed: 2140–2145,
2130–2125, 2090, 2055, 2020, 1950, 1910 and 1820–1840 cm�1.
The adsorption band at 1820–1840 cm�1 can be attributed to
threefold-hollow CO species, the bands at 1910 and 1950 cm�1—to
bridged CO species, whereas the band at 2020–2095 cm�1 can be
assigned to linear CO species on Pd metal particles [39,40]. The
intensity of absorption bands of linear CO species substantially
exceeds that of the bridged forms.

The intensity of a.b. at 2020 cm�1 increased with CO pressure
and did not change after brief evacuation at 25 8C. Earlier a.b. at
2010–2020 cm�1 observed for reduced samples Pd/CeO2-T
calcined at 450 and 600 8C was ascribed to CO linearly bonded
to a Pd atom in an electron-donor oxygen vacancy or to Pd sites
with electronic properties strongly changed by interaction with
basic oxide ions of the support [41]. The band at 2090 cm�1 only
slightly shifted to higher frequencies (2095 cm�1) when the CO
pressure was increased. According to [42], this band can be
attributed to linear CO complexes with palladium in an electron-
deficient state. This electron deficiency on the metal can
originate from the interaction of the metal particle with local
sites of the support surface. This band can be easily removed by
brief evacuation. The bands at 2055–2075 cm�1 did not
disappear after brief evacuation and can be ascribed to CO
linearly bonded to Pd atoms on edges, steps, and terraces of
(1 0 0) and (1 1 1) facets [43].

The band at 2130–2125 cm�1 was observed on admission of
0.2 mbar CO. New absorption bands appeared at 2140–2145 cm�1

at the increase of CO pressure to 10 mbar. The a.b. could not be
removed by brief evacuation at 25 8C. These bands can be assigned
to CO adsorbed on two different Pd2+ species [44–46] probably, in
the PdxCeO2�d phase.

Thus, in our system there are small disordered Pd metal
particles strongly interacting with the support and palladium ions
located in a finely dispersed amorphous interaction phase
PdxCeO2�d.

Comparison of the intensities of adsorbed CO bands on samples
Pd(N + A)/CeO2-T-450 8C and Pd(N + A)/CeO2-T-600 8C shows that
higher concentration of ionic state of palladium can be obtained
using the support with lower calcination temperature (CeO2-T-
450 8C) because the intensities of a.b. at 2130 and 2145 cm�1 are
much higher in the spectra of CO adsorbed on Pd(N + A)/CeO2-T-
450 8C. The electron-donor effect of the support on palladium
metal particles is more significant for CeO2-T-450 8C support. The
intensity of the band at 2020 cm�1 in the spectra of adsorbed CO is
greater on this support. Meanwhile, palladium particles formed on
CeO2-T-600 8C support are characterized by greater electron
acceptor effect of the support because a more intense a.b. at
2095 cm�1 is observed in the spectra of adsorbed CO.

3.6. HRTEM studies

The particle morphology in samples Pd(N + A)/CeO2-T-600 8C
and Pd(N + A)/CeO2-T-800 8C is presented in Figs. 10a–b and 11a–
b, respectively. The size of CeO2 crystallites in the sample calcined
at 600 8C is 10–40 nm. After calcination at 800 8C they grow to
100 nm and more. The EDX spectra from CeO2 particles in both
samples reveal the presence of palladium (Fig. 12a and b).
Meanwhile, the HRTEM images show that most Pd in the sample
Pd(N + A)/CeO2-T-600 8C is not usually observed (Fig. 10b). Only
few Pd metal nanoparticles (clusters) with sizes of ca. 1 nm are
observed on the CeO2 surface (Fig. 10c). The Pd particles were
identified using interplanar spacing d1 1 1 = 0.224 in the images of
their lattice obtained by HRTEM. An FFT picture (Fig. 10e) obtained
from the HRTEM image of Pd cluster on CeO2 (Fig. 10c and d)
suggests epitaxial correspondence of the Pd and CeO2 cubic
lattices. For example, Fig. 10d shows a good match of the
crystallographic directions [1 1 1] in the metal and oxide lattices
with small angular disorientation (ca. 10 8) and the formation of
more structures. The contrast of Pd particles at the background of



Fig. 10. TEM images of Pd(N + A)/CeO2-T-600 8C catalyst: (a) morphology of CeO2 support; (b) HRTEM image of CeO2 particles, Pd particles are not visible; (c) Pd clusters with

size about 1 nm; (d) single Pd cluster bound epitaxially with CeO2; (e) FFT from cluster (arrows show patterns from Pd and CeO2).

Fig. 11. TEM images of Pd(N + A)/CeO2-T-800 8C catalyst: (a) PdO particles on the surface of CeO2; (b) enlarged image of PdO particles (position for FFT is marked by frame); (c)

HRTEM image of PdO lattice in [0 1 0] direction; (d) FFT with indication of patterns from PdO.
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CeO2 particles is rather poor. This may be caused by flattening of
the palladium clusters due to strong epitaxial interaction of the
metal with ceria. The most finely dispersed Pd form (isolated
atoms or ions) is not observed in the HRTEM images. Nevertheless,
the Pd observation by EDX in the sample without association of the
atoms into Pd metal particles suggests that atomically dispersed Pd
ions are stabilized in the surface layers of CeO2.

Fig. 11a and b show that the sintering of the CeO2 support in
the Pd(N + A)/CeO2-T-800 8C sample leads to the formation of
many large three-dimensional crystalline PdO particles with
sizes 10–20 nm. An EDX spectrum from PdO particle on ceria is
shown in Fig. 12b. Fig. 11b shows that all the particles are
composed of blocks. Fig. 11c shows a [0 1 0] projection of the
crystalline lattice from a large PdO particle (from the fragment
marked in Fig. 11b). The FFT picture (Fig. 11d) was identified as
PdO phase. A PdO epitaxy on CeO2 was not observed by HRTEM
for this sample. So, only random physical interaction of large
particles occurs.
Thus, the support calcination at 800 8C leads to substantial
changes in the structure of Pd/CeO2 sample. Large PdO particles are
formed instead of finely dispersed atomic (ionic) or cluster Pd
forms observed on the supports calcined at 450 and 600 8C.

3.7. UV–vis spectroscopy study

Fig. 13 presents the UV–vis spectra of Pd(N + A)/CeO2-T
catalysts prepared using ceria supports calcined at different
temperatures. The spectra of the supports after calcination at
the corresponding temperatures that were used as the background
and difference spectra are shown for comparison. Two intense
absorption bands at 37,000 and 29,300 cm�1 were observed for all
the samples. They may be caused by Ce4+ O2� charge transfer
and interband transitions in CeO2 [47]. The declining branch of the
band at 29,300 cm�1 from the short-wave side is responsible for
the spectral background to transitions related to Pd. Two more a.b.
in the visible region at 21,700 and 25,000–25,800 cm�1 were



Fig. 12. (a) Sample Pd(N + A)/CeO2-T-600 8C. EDX spectrum from CeO2 particle, where Pd particles are not visible at the HRTEM image (Fig. 10b); (b) sample Pd(N + A)/CeO2-T-

800 8C. EDX spectrum from PdO particle located on CeO2 (Fig. 11b).

Fig. 13. UV–vis DR spectra of Pd(N + A)/CeO2-T catalysts prepared using CeO2

support calcined at different temperatures: 450 8C (A), 600 8C (B), 800 8C (C). 1—

spectra of CeO2 supports; 2—spectra of Pd/CeO2 catalysts; 3—the difference

spectra.

A.I. Boronin et al. / Catalysis Today 144 (2009) 201–211 209
observed in the spectra of the catalysts. The band at 21,700 cm�1

was observed only for sample Pd(N + A)/CeO2-T-800 8C. According
to [48,49], a.b. at 21,000–22,000 cm�1 observed for aqueous
solutions of palladium halides, e.g. [PdCl4]2�, corresponds to the
spin-allowed d–d transitions in Pd2+ ions. When chloride ions were
substituted for stronger ligands, such as H2O, the band of d–d
transitions in Pd2+ ions shifted to shorter wavelengths (ca.
25,000 cm�1 for [Pd(H2O)4]2+) [49]. The band at 22,000 cm�1

was observed for a series of palladium catalysts supported on
alumina [50]. The authors suggested that O2� and Cl� ions create
crystalline fields of similar strengths in Pd2+ complexes because
the same band was observed in the UV–vis spectra of the samples
with and without chlorine ions. So, the intense absorption band at
21,700 cm�1 in the spectrum of Pd(N + A)/CeO2-T-800 8C can be
attributed to d–d transitions in Pd2+ ions in square-planar PdO
complexes. The charge transfer bands in Pd2+ ions are overlapped
by more intense a.b. of the support. Note that the band at
21,700 cm�1 was not observed in the spectra of the samples
Pd(N + A)/CeO2-T-450 8C and Pd(N + A)/CeO2-T-600 8C. This fact
appears to indicate that PdO phase is not present in these samples.
The absorption band at 25,000–25,800 cm�1 can be assigned to d–
d transitions in Pd2+ ions in stronger crystalline field, probably in a
mixed PdxCeO2�d phase.

4. Discussion: factors determining LTA in CO oxidation

4.1. Formation, properties and role of surface interaction phase

The investigation of the catalytic and physicochemical properties
of the synthesized Pd/CeO2 samples showed that their LTA depends
on many factors. The most important one is the interaction of the
active component with the support. According to the XPS, FTIR and
UV–vis data, there are several forms of palladium on the ceria
surface. SIP is the strongest interaction that is characterized by
Eb(Pd3d5/2) = 337.7–338.2 eV in the XPS spectra. This value of
Eb(Pd3d5/2) is attributed to Pd2+. Concerning the cerium state in SIP,
it is problematic to determine unambiguously the oxidation state of
cerium in this phase (Ce3+ or Ce4+) from the Ce3d spectra. The reason
is the low palladium concentration on the catalyst surface. So, it is
very difficult to separate cerium atoms interacting with the
palladium from the majority of cerium atoms in the support. The
presence of a high-energy state in the Pd3d spectrum is typical only
of supported palladium catalysts where the support is characterized
by variable oxidation state of the metal ions that can be reduced
relatively easily [20,23,24,36]. On the contrary, palladium with high
binding energy is not formed at moderate calcination temperatures
over oxides with constant oxidation state and strong M–O bonds
(SiO2, Al2O3). Usually, particles of the oxidized phase PdO are formed
on such supports [10,51], and no LTA in CO oxidation is observed. The
SIP formation requires the support oxide with variable oxidation
state to be in a nanosized state with high surface defectiveness. The
results presented in this paper in Figs. 3, 4, 8 and 10–13
unambiguously show that crystallization of the support and
ordering of its surface by thermal treatment prevent strong
interaction of palladium with the CeO2 surface. Evidently, the
adhesion heat is low on a well-crystallized and oxidized CeO2

surface and does not facilitate the SIP formation. As a result, PdO
nanoparticles, as another more thermodynamically stable phase of
the active component, are formed in this case. Thus, to form SIP, the
CeO2 support has to be in a nanosized state that provides a defective
disordered state of the surface. This defective state appears to
increase the reducing ability of CeO2, especially in the surface layers,
providing for strong chemical interaction with palladium. The need
for some reduction of the oxide surface to gain strong interaction
with metals has been mentioned in several papers [7,24,52].
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This nanosized state is not the only factor that controls the SIP
formation. For instance, LTAs of the catalysts with different specific
areas of supports CeO2-T and CeO2-P are not cardinally different.
Moreover, the investigation of the catalytic activity showed that
the behavior of the light-off curves can differ enough for catalysts
prepared on the same support using different Pd deposition
techniques. As noted above, it is also very important to deposit
palladium from solution on the support surface in the very uniform
and most finely dispersed form. The presence of acetate ions can
help to reach this goal during palladium deposition.

So, the obtained results indicate that certain requirements have
to be met both by the support and by the method used for
deposition of the active component in order to form SIP. Highly
defective surface of the support and very uniform palladium
deposition in the most finely dispersed form are required to obtain
active SIP.

It is difficult to make any conclusions on the stoichiometry of
PdxCeO2�d SIP from the presented data. Taking into account the
fact that palladium–ceria catalysts are active in wide temperature
range, the composition of this phase apparently can be varied in a
very wide range, and one Pd2+ ion can activate a significant number
of oxygen atoms. We believe that the role of SIP is to activate
oxygen of the support by increasing its mobility, making possible
to use it efficiently at low temperatures. The SIP stoichiometry will
be discussed later in the following papers devoted to the
investigation of LTA on Pd–Ce systems.

4.2. Reduced state of palladium

The results obtained by XPS, FTIR and HRTEM indicate that a
significant amount of palladium exists on the CeO2 surface in
reduced form. FTIR reveals the presence of reduced state Pd0. The
XPS data give two main characteristics of the electronic state of
palladium: Eb(Pd3d5/2) = 337.8 � 0.3–338.2 eV (palladium in SIP)
and Eb(Pd3d5/2) = 336.0 � 0.3 eV. As it was discussed above, the
position of the latter peak is between the positions typical of Pd metal
(Eb = 335.2 � 0.2 eV) and PdO (Eb = 336.8 � 0.2 eV)
[7,9,10,13,14,16,27,31,34]. In the literature, the state with
Eb > 336 eV is usually assigned to separate or interacting PdO
particles. However, the results obtained by a complex of methods
(TPR-CO, HRTEM, FTIR and UV–vis spectroscopy) bring us to the
conclusion that no PdO particles are present on the surface of the
catalysts having LTA.

Formally, the position of the peak of reduced palladium in the
Pd3d spectrum corresponds to the oxidation state Pd1+. However,
the reduced state cannot be attributed only to the Pd1+ state
because there is no separate metal state with Eb = 335.2 eV in the
Pd3d spectrum. We believe that the low-energy doublet in the
Pd3d spectra is related to palladium in the form of extremely small
metal particles. The attribution of the doublet in the Pd3d
spectrum with lower energies Eb = 336.0 � 0.3 eV to metal clusters
is based on both the experimental and theoretical studies by
photoelectron spectroscopy of metal clusters deposited on carriers
and supports with different conductivities. In agreement with [53–
55], the observed values Eb(Pd3d5/2) � 336.0 eV, which exceed those
typical of the palladium metal state (Eb(Pd3d5/2) � 334.8–335.4 eV),
can be explained by the size effects in the photoionization process of
metal clusters. According to this concept, when metal clusters
localized on an insulator carrier become smaller, the photolines of
metal are shifted to higher binding energies due to the decrease of
extra-atomic relaxation and charge conservation in the final state.

In addition, higher binding energies Eb(Pd3d5/2) � 335.7–336.0
were also observed in the experimental study of catalysts reduced
by hydrogen (Fig. 7) under conditions when palladium must be
reduced to palladium metal. The reduction of palladium was
confirmed by intensive hydrogen consumption. The reduced
catalysts are also characterized by two components in the Pd3d
spectra (Fig. 7). However, their main component is a doublet with
Eb(Pd3d5/2) � 335.7–336.0 eV characterizing palladium metal. A
similar interpretation has also been suggested in the investigation
of a Pd/Si3N4 system [56].

Thus, the spectroscopic data indicate that the reduced state of
palladium in Pd/CeO2 catalysts is composed of small islands of
palladium metal. Apparently, the boundary atoms of the palladium
islands undergo a strong polarizing effect from oxygen of the
support. This effect can result in partial transfer of the electron
density to the support to form partially charged boundary
palladium atoms with oxidation state close to Pd1+. In the case
of small metal particles, the contribution of the boundary
palladium atoms to the total number of atoms in the particle
can be relatively high and affect the chemical shift of palladium
photoelectron lines in the XPS spectra.

The electron microscopy data can be interpreted using the
same approach. According to the HRTEM and EDX data, the surface
of catalysts prepared using supports calcined at 450 and 600 8C
contains small palladium metal particles in addition to atomically
dispersed palladium. These particles are epitaxially bound to the
CeO2 surface. In this case, the electron density can be transferred
from palladium to the surface of the support to form a charged
metal particle. The epitaxial bonding of palladium to the support
surface results in a substantial electron and structural modifica-
tion of palladium leading to the formation of small flat two-
dimensional palladium clusters. The formed two-dimensional
palladium structures appear to be most suitable for optimal CO
activation and subsequent formation of reaction intermediates.
Due to the epitaxial interaction, this state of palladium can be
relatively stable with respect to oxygen and resist the formation of
PdO particles. Under the action of the reaction mixture and
growing temperature the epitaxially bound islands can probably
be transformed to other palladium–ceria structures. However,
these transformations are reversible and do not lead to three-
dimensional PdO structures. It is clear that thermal stability of the
catalysts to low-temperature CO oxidation is largely determined
by the stability of two-dimensional palladium particles with
respect to annealing to three-dimensional metal or oxide
particles.

4.3. Effect of hydrogen on the formation of Pd/CeO2 LTA catalysts

The data presented in Figs. 1 and 2 show that preliminary
calcination of the catalysts in hydrogen has a significant activating
effect on the LTA appearance. The CO conversion at low
temperatures sharply increases and the maximum conversion is
achieved at T = 70–120 8C. This effect can be stronger than certain
fine details in the synthesis of the catalysts. This phenomenon can
be related to two reasons.

The first one is the formation of the reduced palladium phase as
small metal islands of optimal size. For instance, the XPS data
(Figs. 5 and 7) show that after treatment in hydrogen the ‘‘metal’’
doublet in the Pd3d spectra is only slightly shifted to lower Eb, but
it does not reach the value of 335.2 eV typical of large palladium
metal particles. The Eb values observed for the four samples (Fig. 7)
are in the interval 335.7–336.0 eV. These values appear to
correspond to an optimum electronic and geometrical (size and
shape) structure of palladium clusters required for CO oxidation at
low temperatures. For comparison, the TPR-CO spectra give a
reliable evidence of much stronger reduction of the active
component during interaction with CO. These data agree with
the results of Zhu et al. [57] who suppose that ‘‘the reason may be
that the dissociation of adsorbed H2 is necessary for the reduction
by H2, while CO can directly attack the surface oxygen in CeO2

sample’’.
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The second possible reason is the formation of specific hydroxyl
groups located on the support either along the boundary with
palladium islands or on the whole SIP surface. In any case, the OH�

group formed during the hydrogen treatment can affect the
formation of the active component in certain electronic and
structural state. They can also react with CO, forming the reaction
intermediate such as hydrocarbonate or formate complexes. The
effect of OH� groups on the low-temperature CO oxidation has
been reported in several papers in relation to PROX and WGS
reactions [6,7,52,56].

5. Conclusion

The detailed investigation of palladium–ceria catalysts for low-
temperature CO oxidation was carried out by a complex of
physicochemical and kinetic methods. HRTEM and EDX methods
showed that the catalysts having low-temperature activity are
characterized by extremely high palladium dispersion on the
surface of the supports. XPS revealed two different states of
palladium composed of the SIP PdxCeO2�d and small metal clusters
(d < 10 Å). The diffraction images obtained by HRTEM show that
these clusters have flattened shape due to epitaxial bonding
between (1 1 1) facets of palladium and CeO2. FTIR distinguished
two types of CO adsorption sites (Pd2+ and Pd0) that can be related
to SIP (Pd2+) and palladium metal clusters (Pd0). The loss of LTA in
CO oxidation is related to the loss of chemical interaction between
palladium and the support followed by palladium sintering to large
PdO nanoparticles. The presented results show unambiguously
that PdO particles are not responsible for LTA in CO oxidation.

Thus, we have determined a two-phase structure of the active
sites consisting of atomically dispersed palladium in SIP and
palladium in metal nanoclusters. The catalysts pretreatment in
hydrogen was found to significantly improve their catalytic (LTA)
properties. The effect of hydrogen treatment was supposed to be
related to the formation of hydroxyl groups. Effect of hydroxyl
groups can be bound with the influence on the electronic and
geometrical state of the surface active sites and their possible
direct participation in the CO oxidation.
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