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Supporting Pd catalysts characterized significant different size distribution were obtained using PdCl,, [Pd(NH;),](NO3), and
Pd(acac), as precursors. High-resolution transmission electron microscopy (TEM), X-ray diffraction (XRD), in-situ Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy were used to examine the dispersion of Pd. Catalytic per-
formance measurements show that the activities for CO oxidation increase as the Pd particle size decreases and the O,/CO ratio
increases. The activities under oxygen rich conditions are significantly higher than those at near the stoichiometric conditions.
Pd on TiO, prepared by the Pd(acac), precursor is highly dispersed, leading to a considerable activity for CO oxidation at near
room temperature. CO oxidation on the 1 wt% Pd/TiO, and under an O,/CO ratio of 1 characterized an apparent activation en-
ergy of 36.7 kJ/mol, which is closed to those reported for CO oxidation on the supported Au catalysts. The present work dem-
onstrates a high catalytic activity of highly dispersed noble metals, and suggests a promising approach of using noble metals as

catalysts with exceeding high efficiency.

noble metals, supported palladium, CO oxidation, size effect, support effect

1 Introduction

The unique properties of palladium and other platinum
group metals account for their widespread use. About 25%
of goods manufactured today which either contain Pt-group
metals or had Pt-group metals play a key role during their
manufacturing processes. A large number of catalytic reac-
tions, such as hydrogenation, dehydrogenation, C—C bond
formation, as well as in petroleum cracking, are facilitated
by Pd-base catalysts. Owing to its outstanding catalytic
properties, Pd has been widely used in chemical industry,
including in petrochemical, fine chemical, catalytic conver-
tors, water treatment, environmental fields, etc. [1-4].
World demand for palladium increased from 100 tons in
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1990 to nearly 300 tons in 2000. The global production of
palladium from mines was 222 metric tons in 2006 accord-
ing to USGS data. Over half of the supply of palladium and
its congener platinum goes into catalytic converters in the
automobile industry (Platinum group meals, Mineral Com-
modity Summaries. United States Geological Survey, Janu-
ary 2007). The numerous applications and limited supply
sources of palladium have been attracting extensive applied
and fundamental researches.

A catalytic convertor cleans the toxic combustion
by-products (hydrocarbons, CO, NO,) from an internal
combustion engine by converting to less-toxic substances
(H,0, N, and CO,). The active catalysts in a convertor are
the three-way catalysts including Pd, Pt and Rh. Within a
narrow fuel/air ratio band surrounding stoichiometry, con-
version of all three pollutants is nearly complete. However,
outside of that band, conversion efficiency falls off very
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rapidly. When there is more oxygen than required, the sys-
tem is said to be running lean, and the system is in oxidizing
condition. In that case, the converter’s two oxidizing reac-
tions (oxidation of CO and hydrocarbons) are favored, at the
expense of the reducing reaction. When there is excessive
fuel, the engine is running rich. The reduction of NO, is
favored, at the expense of CO and hydrocarbon oxidation.
Lean burn refers to the use of a higher air/fuel ratio com-
pared to the stoichiometric combustion ratio of about 14.7.
A lean burn mode is a way to improve the combustion effi-
ciency and reduce throttling losses. Thus it is important to
understanding the physical chemistry and catalytic proper-
ties for the supported Pd catalysts under an oxygen rich
condition.

CO oxidation is a typical catalytic reaction [5-24].
Model catalysis and theoretical calculation reveal that CO
oxidation on Pt-group metals follows the Langmuir-
Hinshelwood (L-H) reaction mechanism [5-12, 16, 18-20].
Goodman et al. [9, 16, 18, 20] using polarization-modulation
infrared reflection adsorption spectroscopy (PM-IRAS)
found that the L-H mechanism fits well with CO oxidation
on Pd, Pt and Rh at low pressure (10°°~107 Torr) to high
pressure (1-100 Torr). Chemisorbed oxygen rich surface
was found to be more active than a surface palladium oxide
and bulk oxide. Previously, we had found that CO oxidation
over Pt-group single crystalline surfaces, including Pd, Rh
and Pt, exhibits a hyperactive state under oxygen rich con-
ditions with a rate of at least 2-3 orders higher than those at
the stoichiometric reaction condition [16, 19, 20].

Regarding the very limited supply of Pd in nature while
the high demand, it is very important to improve the disper-
sion of Pd, as well as other noble metals, on an oxide sup-
port surface. In this study, we used various Pd precursors to
prepare highly active supported Pd catalysts and character-
ized their activities for CO oxidation at various reaction
conditions.

2 Experiment
2.1 Catalyst preparation

Commercial high-surface area SiO, and TiO, were used as
supports. Mixed-oxide supports of FeO,/TiO, and
CeO,/TiO, were prepared by immersing TiO, into a certain
amount of Fe(NO3);-9H,0 or Ce(NO;);-6H,0 ethanol solu-
tion by stirring at room temperature for 1 h and further ag-
ing of 12 h. Then the mixtures were dried and calcined at
400 °C for 2 h.

Pd was deposited onto the above prepared supports by an
impregnation method using PdCl, and [Pd(NH;)4]J(NOs3),
water solution, and Pd(acac), toluene solution as precursors.
The supports were added into the certain amount of the
precursor solution by stirring at room temperature for 1 h,
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then aging for 12 h. The mixtures were dried by warming up,
and then conditioned at 373 K for 2 h. Then the obtained
precursors were calcined at 573 K for 2 h. Here after, the
1 wt% Pd/SiO, samples prepared from PdCl,, [Pd(NH3)4]-
(NOj), and palladium acetylacetonate (Pd(acac),) precur-
sors were referred as (a), (b), (c).

2.2 Catalytic test

The CO oxidation reaction was carried out in a continuous-
flow fixed-bed quartz microreactor. Typically, 10 mg of
catalyst was used. The catalyst was pretreated in O, at 573 K
for 30 min, swept by He, and then reduced in H, at 573 K
for 30 min. Reaction gas of 0.5 vol% CO and required
amount of O, balanced with He, pre-purified by a liquid N,
trap, was flowed at an ambient pressure through the catalyst
bed at a rate of 100 mL/min. The reaction products were
quantitatively analyzed using an on-line gas chromatograph
(GC) equipped with a methanation convertor and a flame
ionization detector (FID).

2.3 Catalyst characterization

The powder X-ray diffraction (XRD) patterns for the struc-
ture determination were measured on a Phillips Panalytical
X’pert Pro diffractometer equipped with a graphite mono-
chromator. Cu Ko radiation (40 kV and 30 mA) was used
as the X-ray source.

The X-ray photoelectron spectroscopy (XPS) was meas-
ured with a PHI Quantum 2000 Scanning ESCA Micro-
probe equipment (physical electronics) using monochro-
matic Al Ka radiation (hv = 1486.6 eV). The background
pressure in the analysis chamber was lower than 1x 10™ Pa.
The X-ray beam diameter was 100 pm, and the pass energy
was 58.7 eV for each analysis. The binding energies were
referenced to the C 1s hydrocarbon peak at 284.6 eV.

Nitrogen physisorption at 77 K was carried out with a
Micromeritics Tristar 3000 surface area and porosimeter
analyzer to examine the surface area and the porous prop-
erty of each sample. The samples were pretreated at 573 K
in vacuum for 3 h before N, adsorption. The specific sur-
face area was calculated following the BET method. The
pore diameter distribution was evaluated by the BJH
method according to desorption isotherm branch.

The distribution and Pd particles sizes were characterized
using a transmission electron microscope (TEM, FEI Tecnai
300 kV).

In-situ Fourier transmission infrared spectroscopy (FTIR,
Bruker Vertex 70V) combined with a home-made in-situ IR
cell, and in-situ Raman spectroscopy (Renishaw UV-1000x)
combined with a home-made Raman reaction cell. The
samples were pretreated by oxidizing in O, and reduced in
H, at 573 K for 30 min.
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3 Results and discussion
3.1 Dispersion and particle sizes

Figure 1 shows TEM images of the prepared supported Pd
catalysts. The 1 wt% Pd/SiO, samples prepared by different
precursors, PdCl,, [Pd(NHj3)4](NOs), and Pd(acac),, appear
significantly different particle sizes. The particle sizes are
50-70, 8-15 and 4-8 nm for the samples prepared from
PdCl,, [Pd(NH;)4](NOs), and Pd(acac),, respectively (Fig-
ure 1(a)—(c)). The effects of the precursors on the particle
sizes of supported metals were proposed to relate with the
dispersion, morphology and decomposition of the precur-
sors [24]. Since the Pd(acac), precursor leads to the best
dispersion of Pd on SiO,, Pd/TiO, was prepared from the
Pd(acac), precursor. The obtained Pd/TiO, sample is absent
of Pd particles as shown in the TEM images (Figure 1 (d)
and (e)), which suggests Pd is highly dispersed on the TiO,
support, probably formation of single Pd atoms or two-dimen-
sional (2-D) Pd clusters on the surface. The high dispersion
of Pd on TiO, is consistent with XRD results which will be
shown later. Recent reports also showed highly dispersion
of metals on an oxide surface, like Pt on Al,Os3, in which
single Pt atoms on the oxide surfaces are probed by
HR-TEM [25, 26].

Figure 2 shows XRD results for the 1 wt% Pd/SiO, and
Pd/TiO, catalysts prepared from the Pd(acac), precursor.
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The XRD spectra are taken after the sample being reduced
at 573 K in H,. Note that the support TiO, shows a set of
XRD 20 peaks at 25.4°, 36.9°, 37.8°, 38.5°, 48.1°, 53.9°,
55.1°, 62.7°, 68.6°, 70.4°, 75.1°, corresponding to the crys-
talline anatase. Note also that the most intense peaks for the
metallic palladium and PdO appear at 34.1° and 40.4° re-
spectively. The Pd/SiO, sample prepared from Pd(acac),,
particle size of 4-8 nm, shows a weak peak at 34.1° for the
metallic palladium. While the Pd/TiO, sample is absent of
any peak corresponding to a metallic or oxidized palladium.
Such comparison reveals that Pd on TiO, disperses much
better than on SiO,, though prepared from the same
Pd(acac), precursor. The absence of the XRD peaks related
to Pd and lack of apparent particles in the TEM images for
the Pd/TiO, sample suggests that Pd is highly dispersed on
the support surfaces, formation of individual Pd atoms or
2-D small clusters. The better dispersion of Pd on TiO, than
on SiO, may be related to a stronger metal-support interac-
tion between Pd and TiO,.

In-situ FTIR spectra for CO adsorption on Pd/SiO, and
Pd/TiO, were compared in Figure 2(b). The saturated pres-
sures for the two samples are 1.33 kPa (10 Torr) and 2.93
kPa (22 Torr), respectively. The gas phase CO bands were
subtracted using a comparable IR spectrum for CO gas only.
Two IR bands at 2087 and 1954 cm™, attributed to the atop
and bridged adsorption of CO [3, 27], were observed for

Figure 1 TEM images of the prepared catalysts. (a)—(c) are Pd/SiO, prepared from the PdCl,, [Pd(NH3)4](NO3), and Pd(acac), precursors, respectively. (d)

and (e) are Pd/TiO, prepared from the Pd(acac), precursor.
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Figure 2 XRD (a) and CO-FTIR spectra (b) for Pd/SiO, and Pd/TiO, catalysts.

Pd/Si0,. While 2082 and 1901 cm™' were observed for
Pd/TiO,. The stronger peak for CO atop adsorption on
Pd/TiO, also confirmed a better dispersion of Pd on TiO,
than on SiO,. Moreover, the significant more intense of the
atop adsorption feature compared to the bridged adsorption
one on Pd/TiO, suggests a part of Pd on the surface forms
single atoms. Compared to bridged feature of 1954 cm™ for
CO on Pd/SiO, with a particle size of 4-8 nm, the bridged
feature of 1901 cm™ for CO on Pd/TiO, may propose a 2-D
small clusters on TiO,, owing to the strong interaction with
the support. We would like to emphasize that no band at
2130-2175 cm™ [3, 27] on the both samples, which concludes
a metallic Pd on the both supports.

In-situ Raman spectroscopy was used to study the oxida-
bility of different sizes of Pd nanoparticles on SiO,. Tem-
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perature-programmed oxidation of Pd/SiO, was shown in
Figure 3. In Figure 3(a), Pd particles prepared from PdCl,
with a size of 50-70 nm appear a sharp peak at 648 cm™
above 553 K, which can be assigned to a crystalline PdO
[28]. The sample prepared from [Pd(NH3),](NO3), having a
particle size of 815 nm appears a weak PdO peak when
oxidized at 423 K (Figure 3(b)). The Pd/SiO, obtained from
the Pd(acac), precursor appears a very weak PdO peak after
oxidized at 423 K. The weak Raman peak is resulted from
the poor crystalline of PdO, consistent with small particle
size of 4-8 nm (Figure 3(c)). The results demonstrate that
smaller Pd particles are much easier to be oxidized than
large Pd particles. Which suggests a higher ability to acti-
vate a dioxygen molecule under CO oxidation condition,
hence possesses a higher catalytic activity for CO oxidation.
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Figure 3 In situ Raman spectra for Pd/SiO, oxidation at elevated temperature. (a), (b) and (c) correspond to the sample prepared from the PdCl,,

[Pd(NH3)4](NO3), and Pd(acac), precursors, respectively.
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3.2 Catalytic performance

Particle sizes and the O,/CO ratio on the activities for CO
oxidation based on the TEM results the particle sizes for the
1 wt% Pd/SiO, catalysts prepared from PdCl,, [Pd(NHj3)4]-
(NOs), and Pd(acac), precursors are 50-70, 815 and 4-8
nm, respectively. The three samples were noted as (a), (b),
(c) in Figure 4. The O,/CO ratio of 1, 2, 5, 10, 20, 50, 100
examined were marked in Figure 4. The O,/CO ratio is the
molecular ratio, which is equal to Py,/Pco. The results in
Figure 4 show clearly that CO, formation rates are en-
hanced substantially as increase the O,/CO ratio. The reac-
tion temperature at about 10% CO conversion decreases
almost 60 K when the O,/CO ration increases from 1 to 100.
Moreover, the activities were also significantly affected by
Pd particle sizes. As the particle size reduced, the activities
increase largely. This is more clearly seen by comparing the
deferent catalysts at the same reaction condition as shown in
Figure 5. Especially, the Pd/TiO, catalyst prepared from
Pd(acac), precursor bears an apparent activity for CO oxi-
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dation at room temperature. Here, it is worth to mention that
Pd on TiO, may form highly dispersive Pd species, like
individual Pd atoms and 2-D small cluster, as evidenced by
TEM, XRD and FTIR using CO as a probe.

For further evaluating the particle size effect on the cata-
lytic activities, the Pd/TiO, sample was sintered by calcin-
ing at higher temperatures of 773 and 973 K. As shown in
Figure 6(a), the activities drop off significantly as the cal-
cined temperature increases. The XRD characterization for
the sintering samples was shown in Figure 6(b) and (c). In
both oxidized and reduced samples, the higher temperature
calcined leads to appear a XRD feature at 33.5° and 40.5°
corresponding to crystalline PdO or Pd, respectively. Which
intensities increase as the calcine temperature increases.
Whereas, the sample calcined at 573 K doesn’t present PdO
or Pd XRD peak for the oxidized or reduced palladium,
confirmed that Pd is highly dispersive. This set of experi-
ments evidently demonstrated that the low temperature ac-
tivity for CO oxidation on Pd/TiO, is related to the Pd par-
ticle size, as well as the support effect.
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Figure 4 Comparison of CO oxidation on Pd/SiO, (a)-(c) and Pd/TiO, (d) catalysts. (a)—(c) correspond to the Pd/SiO, prepared from PdCl,,
[Pd(NH3)4](NO3), and Pd(acac), precursors, respectively. The O,/CO ratios are marked for each curve.
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Figure 5 Comparison of CO oxidation on Pd/SiO, and the Pd/TiO, catalysts O,/CO ratio of 1 and 100. Line (a)-(c) correspond to the Pd/SiO, prepared
from PdCl,, [Pd(NH3)4](NO;), and Pd(acac), precursors, respectively.
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Figure 6 (a) Catalytic activities for CO oxidation on 1 wt% Pd/TiO, calcined at different temperatures. XRD spectra for the samples just after being cal-
cined (b) and reduced at 573 K in H, (c) .

Figure 7 Promotional effects of FeO, and CeO, for CO oxidation on Pd/TiO, (a), XRD spectra (b), and oxygen storage amount by an oxygen pulse ex-

periment (c).
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Effects of additive: Figure 7(a) shows catalytic activities
for CO oxidation on 0.5 wt% Pd/TiO, promoted with FeO,
and CeO,. Here, 0.5 wt% Pd was used instead of 1 wt%, and
the total catalyst of 20 mg was used to maintain the same Pd
amount. We emphasized that the catalytic activity (per total
Pd per second) is proportional to the Pd loading from 0.25
to 2 wt%. This may also support that Pd is highly dispersive
on TiO, prepared by Pd(acac),, with all loading Pd having
equal activity for CO oxidation, e.g. near 100% dispersion.
The promotional effects of FeO, and CeO, are apparent in
Figure 7(a). It is more efficient at low temperature for FeO,,
while it is at high temperature for CeO,.

Compared to the unique properties for low temperature
CO oxidation on supported Au nanoparticles, the reports for
low temperature CO oxidation on supported Pd are very
rare. Table 1 listed several literature results for CO oxida-
tion on various supported Pd at near room temperature, as
well as our own data. The most reported TOFs (s™') are
about 10’3, except those on Pd/CeO, with a TOF of 2.03 x 1072
at 323 K. We have achieved TOFs of (2.6—8.7)x 107 over
the 1 wt% Pd/TiO, and 0.5 wt% Pd/FeO,/TiO, at 313-323
K, which values are significantly higher than the current
reported data.

XRD characterization (Figure 7(b)) found crystalline
CeO, but amorphous FeO, for 0.5 wt% Pd/Ce0,/TiO, and
0.5 wt% Pd/FeO,/TiO,, respectively. Pd is highly dispersed
without presenting any XRD peak corresponding to PdO or
metallic Pd for the 0.5 wt% Pd/TiO,, 0.5 wt% Pd/4Fe/TiO,
and 0.5 wt% Pd/15Ce/TiO, catalysts.

Sci China Chem

September (2010) Vol.53 No.9 2053

3.3 Discussion

For CO oxidation over Pt-group metals at near stoichiometric
reaction condition, the surface is dominant by CO adsorp-
tion. The reaction rate is limited by the adsorption and acti-
vation of O,. And the activation energy is reported to be
92-138 kJ/mol (22-33 kcal/mol), which is closed to the heat
of adsorption for CO on Pt-group metals [16]. On model
surfaces, we have found that the reaction rates are 2-3
orders higher at an oxygen rich condition than those at near
the stoichiometric condition [16, 18-20]. In situ IRAS re-
veals that the surfaces at oxygen rich condition are domi-
nant with chemisorbed oxygen rather than CO at the high
rate region.

The above results show that the catalytic activities for
CO oxidation over the 1 wt% Pd/SiO, and Pd/TiO, samples
are affected significantly by the Pd particle sizes, O,/CO
ratio and the reaction temperature. Furthermore, the critical
temperature (7¢) to achieve the high rate decreases as the
particle size decreases, and also decreases as the O,/CO
ratio increases. As shown in Figure 8, the plot of log(O,/CO)
against 1/T¢ shows a good linear relationship. Surface ox-
ides of transition metals are evidenced to be precursors for
their corresponding bulk oxides [31-33]. As proposed by
Campbell [31] that the formation of a surface oxide is func-
tions of oxygen pressure and temperature.

For a given reaction,

1
M+EOZ —-M-0,,

Table 1 Comparison of low temperature CO oxidation on supported Pd catalysts

Catalyst 0,/CO Reaction Temp. (°C) TOF (s7")? Ref.

40 4.05%x107

Pd/CeO, 1.2%/2.4%=0.5 1
50 2.03x107

Pd/CeO,(nanorod) 5%/1% =5 50 2.81x107° [27]
40 4.16x107

Pd/Ce0,-TiO, 5%/1%=5 [29]
50 7.72%x 107
40 -

Ce,Pd,_,TiOg 20%/2.5% =8 [30]
80 2.32x1072
40 3.32x107°

Pd/ZMS-5 25.3%/0.8% =31.6 4]
50 6.03x107°
40 2.6x107

Pd/TiO, 0.5%/0.5% = 1 , this work
50 3.9%x 10"
40 6.0x1072

Pd/FeO,/TiO, 0.5%/0.5% = 1 , this work
50 8.7x 10"

a) TOF is calculated based on the total Pd loading.
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Figure 8 Plots of log(O,/CO) against 1/T¢c. Tc is the temperature to
achieve the high rate.

the kinetic constant can be derived as,

Ky =(Py/P?) " =exp(-AG®/RT)

= exp| -(AH® —TAS)]/RT
then,
In(R,, o /P°)=(2aH°[R)x(1/T)-2AS/R

which demonstrates a linear relationship of In(F, )

against 1/T. Regarding the fact that the active surface trans-
forms from a CO-covered to an O-covered surface at an
oxygen rich condition, the surface free energy difference in
these two, (G(O)-G(CO)), can be approximated to the heats
of adsorption of oxygen and CO, (Eg-Eco). The observation
of straight lines in the plots of log(O,/CO) against 1/T¢ pro-
vides another experimental evidence supporting the change
of the active surfaces from a CO-covered to an O-covered
surface. The gradient of each line is slightly different from
each other, which may origin from the different binding
energies of oxygen and CO on the different sizes of parti-
cles [34, 35].

Moreover, the Pd particle size also affects the reaction
activation energies. As shown by the Arrhenius plots in
Figure 9, the CO, formation rate is plotted as a function of
1/T, where the gradients represent the activation energies.
Line (a)—(c) correlates with the Pd/SiO, catalysts prepared
from PdCl,, [Pd(NH3),](NO;), and Pd(acac), precursors
respectively, which Pd particles are 50-70, 815 and 4-8
nm as derived from the TEM images in Figure 1. The acti-

1000/T (K"

Figure 9 The Arrhenius plots for Pd/SiO, and Pd/TiO, catalysts.

vation energies for the three Pd/SiO, catalysts are 133.8,
106.9 and 98.4 kJ/mol, respectively, which shows a clear
trend of that the activation energy decreases as the particle
size decreases. For Pd/TiO, catalyst, due to its high disper-
sion of Pd, the activation energy is only 36.7 kJ/mol, which
is closed to those of 7-21 kJ/mol observed for low tem-
perature CO oxidation on supported Au nanoparticles
[36-39].

TEM and XRD results both show that Pd on TiO, pre-
pared by the Pd(acac), precursor is highly dispersed. The
significantly higher intensity of CO atop adsorption than
that of bridged adsorption on Pd/TiO, in FTIR compared to
those on Pd/SiO, also evidenced a highly dispersed Pd on
TiO,, due to the formation of single Pd atoms and/or small
2-D clusters. Different from CO adsorbed on Pd/SiO,, CO
on Pd/TiO, at room temperature also appears weak gas
phase CO, peaks and surface carbonate species at 1568 and
1351 ecm™ [27, 29]. This means CO reacts with the lattice
oxygen of the Pd/TiO, catalysts, which may be an interface
oxygen species between Pd and TiO, support, or an inverse
spillover oxygen species from the TiO, support to Pd. It has
been reported that surface OH group may play an important
role for low temperature CO oxidation [40, 41]. However,
the reaction gas (CO + O, + He) was further purified by a
liquid nitrogen trap in our experiments. The H,O amount
should be negligible. Hence, the OH may not be an active
surface species. The highly dispersed Pd species and the
active lattice oxygen may be origins of the low temperature
activity for CO oxidation on Pd/TiO,.

Regarding the promotional effects of FeO, and CeO,, O,
adsorption amounts were used to evaluate. Figure 7(c)
shows oxygen pulse experiments for 0.5% Pd/TiO,, 0.5%
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Pd/4Fe/TiO, and 0.5%Pd/15Ce/TiO,. Before pulse experi-
ments, the samples was pre-reduced in H, at 573 K for one
hour. Compared to Pd/TiO,, oxygen consuming amounts
increase apparently, especially on Pd/FeO,/TiO,. The
oxygen adsorption amounts correlate well with the catalytic
activities, in that the higher oxygen consuming amount
leads to the higher CO oxidation activity. The promotional
effects then may relate with oxygen storage ability of FeO,,
CeO,, with redox pairs of Fe**/Fe** and Ce*"/Ce™.

4 Conclusion

High reaction rates were observed at an oxygen rich condi-
tion for CO oxidation on the Pd/SiO, and Pd/TiO, catalysts.
The catalytic activities increase and the temperatures

achieved the high rate decrease as the O,/CO ratio increases.

Significant size effect was observed, in which the smaller
the Pd particle size the higher rate achieves. Pd on TiO,
prepared from a Pd(acac), precursor is highly dispersed,
resulting of the formation of single Pd atoms and small 2-D
clusters, which possesses a high CO oxidation activity at
near room temperature. The rates achieved are significantly
higher than those reported in literature.
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