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Abstract A series of Pd/Al2O3 catalysts were prepared by

incipient wetness impregnation method. Palladium loading

was varied in a range of 0.125–4.0 mass%. The catalytic

performance of the samples was tested in model reaction of

CO oxidation at oxygen excess. Catalysts were character-

ized by temperature-programmed reduction (TPR), elec-

tron paramagnetic resonance, and UV–visible

spectroscopy. Thermal aging of chosen samples was per-

formed at 1000 �C. The thermal aging behavior was

studied using TPR, X-ray diffraction analysis, transmission

electron microscopy, and X-ray photoelectron spec-

troscopy (XPS). It was shown that palladium stabilized in

the form of dispersed surface Pd2? species when Pd

loading is 0.5 mass% and below. Samples with higher

loading preferentially contain nanosized Pd particles.

Agglomeration of Pd species during thermal aging was

found to take place starting from Pd concentration of

1.0 mass%. In some cases, size of Pd particles exceeds

150 nm, which is in about 40 times higher comparing with

the initial samples. According to XPS data, degree of Pd2?-

alumina interaction in the aged samples is also increased.

Keywords Palladium � Alumina � CO oxidation � Thermal

aging � TPR

Introduction

Palladium supported on alumina is known to be one of the

most intensively studied catalytic systems [1–7]. It attracts

attention of the researchers due to its activity in hydro-

genation of organic acids [1] and oils [8], hydrogenation

and hydrodechlorination halogen-substituted organic/nitro-

organic compounds [2, 6, 9], selective hydrogenation of

polyunsaturated hydrocarbons [7], bromoallylation of

phenylacetylene [3], ethylene selective hydrogenation [10]

and acetoxylation [11], reduction in aromatic nitro com-

pounds to amino compounds [4], and so on. In terms of

environmental science, palladium–alumina catalysts were

shown to be efficient in both gaseous (purification of

exhaust and waste gases [12–21]) and liquid (treatment of

contaminated waters [22]) media. Among gas-phase pro-

cesses, catalytic oxidation of CO [12, 13, 16, 17, 21] and

hydrocarbons [12, 14, 18–20, 23] seems to be of great

importance.

Alumina due to its high thermal stability traditionally

was used as a support for autocatalysts providing devel-

oped surface area for dispersing the active components

[24, 25]. The use of the support with high surface area

allows one to decelerate the process of active component

agglomeration taking place at elevated temperatures [26].

At the same time, the nature of the support also affects the

activity of the catalyst [27]. Thus, supports with oxygen

storage capacity (CeO2 and TiO2) promote the oxygen

activation for CO oxidation [28–30]. However, this func-

tion is the most actual in the case of three-way catalysts

when the gas-phase oxygen is not in plenty. Contrary,

when the thermal stability is more preferable (for example,

in the case of diesel oxidation catalysis), alumina is con-

sidered as the most appropriate support. In addition, the

thermal resistance of alumina-based catalysts can be easily
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enhanced by changing the preparation method [31] or by

doping the material with additives of different nature

[15, 16, 18, 32].

The activity of palladium catalysts in oxidation pro-

cesses is known to be strongly dependent on the dispersity

of Pd species and its interaction with the support [33–36].

Character of interaction with the support, in its turn, is

affected by the loading of active component and environ-

ment of catalyst’s treatment [37–39]. All it determines the

oxidative state of palladium to be stabilized. In terms of

dispersity, the nature of Pd precursor used for the catalyst

preparation plays a defining role [33, 34]. Chlorine-con-

taining precursors are known to facilitate the formation of

palladium species in the most dispersive form. Unfortu-

nately, the presence of chlorine in composition of the final

catalyst significantly decreases it activity. Pd nitrate (or

corresponding nitrate-containing complexes) was shown to

form the Pd species with acceptable dispersity and superior

activity [34].

Another important point while studying the Pd/alumina

catalysts is their behavior during the thermal aging treat-

ment [36, 40–44]. Temperature of the procedure and

environmental conditions are parameters defining the

physicochemical and catalytic properties of the aged cat-

alyst in most cases. When the temperature exceeds

1000 �C, phase transformation of alumina (an increase in

a-phase content) as well as reduction in pore volume,

specific surface area, and palladium dispersity occurs, thus

resulting in sharp decrease in catalytic activity

[10, 13, 26, 45]. Among the most important reasons of

deactivation, strong metal-support interaction including Pd

particles decoration with alumina and Pd particles

agglomeration should be emphasized [26, 31, 45].

Recently, we have shown [44] that palladium species

can be stabilized on a surface of c-alumina when the Pd

loading is 1 mass% or less. It corresponds to the concen-

tration of electron donor sites on Al2O3 estimated using

spin probe method based on electron paramagnetic reso-

nance (EPR). In the present research, we have studied a

series of Pd/c-Al2O3 samples with Pd loading varied in a

range of 0.125–4.0 mass% by means of developed EPR-

based approach as well as by temperature-programmed

reduction (TPR), and UV–visible spectroscopy. The effect

of thermal aging treatment was elucidated using TPR,

X-ray diffraction analysis, transmission electron micro-

scopy, and X-ray photoelectron spectroscopy. The goal of

the present work is to show the possibility of Pd/alumina

catalysts preparation using palladium nitrate as a precursor

with improved stability toward drastic thermal aging con-

ditions. Isolated surface Pd2? species appeared at Pd

loading of 0.5 mass% and below were revealed to be

responsible for appropriate activity and stability.

Experimental

Synthesis of the catalysts

The samples were prepared by incipient wetness impreg-

nation of c-Al2O3 (Condea) with aqueous solution of pal-

ladium nitrate. Prior to the impregnation, alumina grains

were crushed, sieved to particle size of 0.25–0.5 mm, and

calcined at 700 �C for 12 h (SSA = 188 m2 g-1). Differ-

ent concentrations of palladium precursor in the impreg-

nation solution were used to obtain the targeted Pd loading

(0.125–4 mass%). After impregnation, the samples were

dried in air at room temperature overnight. Then, the

samples were dried at 110 �C for 12 h, heated in air up to

600 �C at 2 �C min-1 rate, and kept at 600 �C for 12 h.

Catalyst aging was carried out isothermally at 1000 �C
during 14 h with the fixed bed reactor. The aging gas

composition was 10% water vapors in air.

Characterization of the samples

Investigation of the samples (100 mg, fraction of

0.25–0.5 mm) by means of temperature-programmed reduc-

tion (TPR) was carried out in a flow reactor system equipped

with a thermal conductivity detector [44]. Low-temperature

trap (T B -50 �C) was placed between reactor and detector

to remove water vapors released during the reduction in oxide

phases. Prior to the testing, all samples were treated in oxygen

atmosphere at 400 �C for 0.5 h followed by cooling down to

-10 �C. Then, the reactor was flushed with Ar flow, and the

testing procedure was started. The flow rate of reduction

mixture (10% H2 in Ar) was 40 mL min-1. All samples were

heated in the temperature range from -10 to 400 �C with the

ramping rate of 10 �C min-1.

Electron paramagnetic resonance (EPR) spectroscopy

with spin probes was applied to characterize the donor sites

of c-Al2O3 support and Pd/c-Al2O3 catalysts. The radical

anions of 1,3,5-trinitrobenzene (TNB) were used as spin

probes. The experimental procedure was similar to that

reported in our recent publications [44, 46, 47]. A quartz

sample tube with 20 mg of loaded catalyst sample was

placed in a muffle furnace and heated on air at 500 �C for

12 h. Then, the sample was cooled down to room tem-

perature and inundated with 2 9 10-2 M solution of TNB

in toluene. At these conditions, the formation of TNB

radical anions had started.

UV–Vis diffuse reflectance spectra were recorded

between 200 and 850 nm using a UV–Vis spectrometer

UV–Vis 2501 PC (Shimadzu) with IRS-250A diffusion

reflection attachment. The reference for the all experiments

was the support of the catalysts. The UV–Vis spectra were

transformed into the Kubelka–Munk function F(R) [48].
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The phase composition of the samples was studied in 2h
range 10�–75� on a Shimadzu XRD-7000 diffractometer

(CuKa radiation, Ni filter on the reflected beam, and a

scintillation detector with amplitude discrimination).

Interpretation of the diffraction patterns was done in

accordance with JCPDS-ICDD database [49].

Transmission electron microscopy (TEM) images were

obtained using a JEOL JEM-2010 electron microscope

with lattice resolution 0.14 nm at accelerating voltage

200 kV. The local energy-dispersive X-ray (EDX) micro-

analysis was carried out using EDAX spectrometer with

energy resolution 127 eV.

The X-ray photoelectron spectra (XPS) were obtained

with a VG ESCA-3 (VG Scientific, GB) electron with

Mg Ka radiation. The binding energy of adventitious C1 s

(284.5 eV) was used as an internal reference. The pressure

in the analysis chamber was maintained lower than

1 9 10-7 mbar. Energy regions were selected after a

general survey and scanned with several sweeps until a

good signal-to-noise ratio was observed. The accuracy of

the binding energy (BE) values was ± 0.1 eV.

Testing the catalytic activity

The catalytic performance of samples in a model reaction

of CO oxidation was studied using laboratory-scale light-

off testing procedure. After grinding and sieving to reach

the grain size in the range of 0.25 to 0.5 mm, catalyst

samples were employed for testing. The feed stream con-

sisted of 0.15 vol% CO, 14 vol% O2, 0.01 vol% NO,

5 vol% H2O, and N2 as the balance. The total gas flow was

0.3 dm3 min-1 corresponding to a feed gas space velocity

(GHSV) of 180,000 h-1. The temperature of the catalyst

was increased from 60 to 320 �C with a heating rate of

10 �C min-1. The gas concentrations were determined

using FTIR gas analyzer (Siemens). Each sample was

tested in several heating–cooling cycles.

The turnover frequency (TOF), number of molecules of

CO converted per surface atom of palladium particles and

per second, was calculated for all samples at 120 �C as

described in Ref. [50].

Results and discussion

Characterization of the prepared samples

As it was mentioned, Pd/Al2O3 catalysts are widely used in

vehicle pollution control systems in order to oxidize CO

and hydrocarbons. Typical light-off curves of CO conver-

sion versus temperature for a number of catalysts with

various Pd loadings are shown in Fig. 1. Presented data are

related to the first cycle of catalytic reaction, before which

the catalyst sample was maintained in the reaction gas feed

at 60 �C for 1 h. The monotonous dependence of the T50

parameter (temperature corresponding to 50% of CO con-

version) upon Pd concentration can be obviously seen. This

dependence was found to reach its plateau at the Pd con-

centration of about 0.5%. Further increase for palladium

deposited on alumina has no effect on T50. Figure 2 shows

light-off curves (three consecutive cycles) for fresh and

thermally aged 1.0%Pd/Al2O3 catalyst, as an example.

Data for all samples are summarized in Table 1. There are

two important notes, which could be made based on results

presented in Figs. 1 and 2, and Table 1. Firstly, method of

catalytic testing is very sensitive since it allows one to

detect reliably the active sites of Pd/Al2O3 catalysts at low

Pd loading. Secondly, the catalytic performance of x%Pd/

Al2O3 samples does not practically improve when x%

exceeds 0.5%. Therefore, the samples with Pd loading of

0.5 mass% and below are believed to be relatively

stable and resistant toward high-temperature agglomera-

tion. In order to clarify this assumption, the catalysts were

characterized by a set of physicochemical methods.

Temperature-programmed reduction (TPR) by hydrogen

appears to be a useful and highly sensitive method for

detection and quantitative definition of coarse particles of

PdO phase dispersed on the surface of Pd-containing oxide

catalysts [51–53]. It is caused by rather narrow temperature

range around 20 �C in which the sample absorbs hydrogen

due to reduction of PdO and formation of Pd hydride [54].

Unstable Pd hydride undergoes decomposition near 90 �C
which is indicated by the hydrogen release peak on TPR

curve. TPR profiles for a series of studied Pd/Al2O3 cata-

lysts with various contents of the supported Pd are pre-

sented in Fig. 3.
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Fig. 1 Temperature dependences of the CO conversion for the x%Pd/

Al2O3 samples with various concentrations of supported Pd. Data are

provided for the first catalytic cycle
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In general, the obtained TPR results are in good corre-

lation with the data on Pd/Al2O3 catalysts available in the

literature [51–53]. The presence of three characteristic

areas of hydrogen consumption (A, B, and C) is readily

shown in Fig. 3. The first low-temperature sharp peak

(A) around 20 �C emerges for samples containing more

than 1% of supported Pd and gives primary contribution to

the total hydrogen uptake for sample 4%Pd/Al2O3 while it

remains negligible for low-content Pd/Al2O3 samples

(Table 2). According to the literature data, this peak can be

attributed to consumption of hydrogen by PdO particles.

The wide peak (B) having an uptake maximum at a range

of 120–150 �C keeps rising with the increase in Pd con-

centration up to 2%, but then practically disappears for

4%Pd/Al2O3 sample (Fig. 3; Table 2). The high-tempera-

ture peak (C) characterized with H2 uptake maximum

around 300–320 �C was found to be prevailing for a

sample containing 0.125% Pd (Fig. 3, curve 2) and virtu-

ally reveals no further intensity growth at the Pd concen-

tration increase up to 4% (Table 2).

It is worth noting that the total hydrogen uptake mea-

sured in the temperature range from -10 to ?400 �C and

calculated by combining the (A), (B), and (C) peak inten-

sities coincides for all samples with the total amount of Pd

atoms in a sample within experimental accuracy (Table 2).

So, almost entirely supported Pd in the studied samples

exists in the ionic form Pd2?. At the same time, an increase

in Pd loading leads to the changes of the contribution of

PdO phases with different reducibility.

The series of x%Pd/Al2O3 samples (where x\ 1%)

indicating the absence of the PdO phase (exhibiting no

peak (A) on TPR curve, accordingly) represent the greatest

interest within the scope of present research and results on

EPR spin probes method. As it was shown in our papers

[44, 46, 47], the spin probe method represents an effective

tool for investigation of the active sites present in Pd/Al2O3

and Pd-Rh/Al2O3 catalysts characterized with low content

of the supported precious metals. The important role of the

intrinsic donor sites of the Al2O3 support in stabilization of

surface Pd2? species was demonstrated.

In the present research, the samples with different Pd

loading were activated at 500 �C and then inundated with

2 9 10-2 M solution of TNB in toluene. The reaction of

radical formation was conducted at 80 �C. Concentration
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Fig. 2 Temperature dependences of the CO conversion for the fresh

and thermally aged 1.0%Pd/Al2O3 sample in three consecutive

catalytic cycles
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Fig. 3 TPR profiles for Pd/Al2O3 catalysts with various Pd loadings.

Prior to measurements, all the samples were calcined in oxygen flow

at 400 �C

Table 1 Catalytic performance of x%Pd/Al2O3 samples in CO oxidation

Pd loading/

mass%

T50 (fresh samples)/�C TOF/s-1 T50 (aged samples)/�C

First cycle Second cycle Third cycle First cycle Second cycle Third cycle

0.125 166 169 174 0.001 179 181 181

0.25 137 150 156 0.027 173 173 175

0.5 115 129 131 0.116 149 153 155

1 118 150 152 0.069 171 173 175

2 115 143 147 0.060 169 174 173

4 120 151 155 0.036 175 179 180
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of radicals was registered after 5 h. The resulted EPR

spectra are presented in Fig. 4. It is seen that the intensity

of signal increases with regard to Pd loading. Figure 5

demonstrates how concentration of anion radicals depends

on content of palladium. As evident, the concentration

grows until the Pd loading of 0.5 mass% and then reaches

its plateau. Note that this observation is in similar to results

of catalytic tests described above.

It can be suggested that the strong bonding of isolated

Pd2? species with the donor site prevents their agglomer-

ation with formation of PdO particles. Pd2? species

therefore prefer being stabilized, first of all, on the donor

sites of Al2O3. As soon as all donor sites are occupied

(when Pd concentration exceeds 0.5 mass%), the nucle-

ation of PdO nanoparticles statistically distributed

throughout the surface begins to take place. The values of

turnover frequency calculated at 120 �C (Table 1) start to

decrease at Pd loading of 1.0 mass% and above.

The revealed effect of the intrinsic donor sites of oxide

support on stabilization of the isolated Pd2? species is in a

good agreement with the results of quantum chemical

calculations made for Pd/MgO system [55] where the

important role of electron donor sites of MgO in stabi-

lization of Pd2? species was demonstrated.

UV–Vis diffuse reflectance (DR) spectra for

0.125–4.0% Pd/Al2O3 samples calcined at 600 �C are

presented in Fig. 6. It seems possible to separate two typ-

ical areas by concentration of supported metal character-

ized by different state of Pd (0.125–0.5 and 0.5–4.0%).

At low Pd loading (0.125–0.5 mass%, Fig. 6), the Pd2?

species were found to be isolated. Their UV–visible spectra

show a d–d transition at 450 nm and palladium–oxygen
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Fig. 4 EPR spectra recorded after adsorption of 1,3,5-trinitrobenzene

on Al2O3 and Pd/Al2O3 samples
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Fig. 5 Concentration of TNB anion radicals resulting from adsorp-

tion of 1,3,5-trinitrobenzene (TNB) over Pd/Al2O3 catalyst versus Pd

loading

300 400 500 600 700 800
0

1 4.0 mass% Pd

0.5 mass% Pd

F
 (

R
)

/nm

0.125 mass% Pd

Pd2+
PdO

bulk

Fig. 6 DR UV–Vis spectra of Pd/Al2O3 (600 �C, 0.125–4.0 mass%

of Pd). The arrows show the lines corresponding to the d–d transitions

of Pds
2? and the spectral region characterizing the appearance of PdO

particles

Table 2 Hydrogen uptake calculated from TPR data measured for

Pd/Al2O3 samples with various Pd loadings

Pd

loading/

mass%

N(Pd)/

lMol g-1
H2 uptake, N(H2)/lMol g-1 N(H2)/

N(Pd)
Peak

A

Peak

B

Peak

C

Sum

A ? B ? C

0 0 \0.1 \1.5 \1 \2.6 –

0.125 11.7 \0.1 5.2 3.6 8.9 0.76

0.5 47.0 1.5 37 2.8 41.3 0.88

1 94.0 2.5 93 5.6 101.1 1.07

2 188 41 173 5.2 219.2 1.17

4 376 470 6 7.2 483 1.28
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charge transfer band at 250 nm [56, 57]. At high Pd

loading (4.0 mass%, Fig. 6), with an increase in the PdO

particle size, the formation of absorption edge of band gap

(Eg) at a higher wavelength than the d–d transition of

isolated Pd2? species takes place. This makes it possible to

evaluate the average particle size of PdO. Such size char-

acterization is based on the relation between the domain

size and the band gap energy (Eg) of a semiconductor [58].

Bulk band gap energy of PdO is about 0.8 eV [59]. With

the increase in the Pd content from 0.5 to 4.0%, the band

gap of PdO particles decreases from 2.35 to 2.0 eV.

Studying the thermal aging behavior of palladium

species

In order to study the thermal aging effect at elevated

temperature, three Pd-containing samples were chosen.

Samples 0.125%Pd/Al2O3 and 2%Pd/Al2O3 represent low-

loaded and high-loaded catalysts, respectively. Sample

0.5%Pd/Al2O3 was selected as a medium one. Each sample

was characterized with a different technique in accordance

with the sensitivity of the methods and usability of

obtaining information.

Data concerning the effect of the thermal aging proce-

dure on the ratio of TPR peaks (A), (B), and (C) for

0.5%Pd/Al2O3 sample are presented in Table 3. The sig-

nificant increase in contribution of peak (A) in total H2

uptake after calcination of the samples at 1000 �C
accompanied with substantial reduction in peak (B) inten-

sity is well seen. At the same time, the total consumption of

hydrogen after thermal aging of sample in air at 1000 �C
does not practically change (Table 3). A quite noticeable

growth of peak (C) contribution into total hydrogen uptake

in the considered temperature range (under 400 �C) should

be noted as well.

The low- and medium-loaded samples were examined

by means of EPR. Figure 7 shows corresponding diagram.

Concentrations of donor sites for pure alumina calcined at

the same temperatures are given for comparison. As fol-

lows from the data, calcination at 1000 �C slightly

decreases the intensity of EPR signal in all cases. The

reduction in anion radical concentration corresponds to

decreased amount of donor sites on the surface of the

support. The observed result is connected with alumina

phase transformation only. No palladium species agglom-

eration or strengthened interaction with support takes place

in this case. Thus, low-loaded Pd-containing samples can

be considered as thermally stable catalysts, at least up to

the temperature of alumina phase transformation (about

1000 �C).

The evidence of alumina phase transformation can be

confirmed by XRD data. Samples 2%Pd/Al2O3 and pure

alumina calcined at 600 and 1000 �C were comparatively

studied by this technique. As shown in Table 4, for the

samples heated at 600 �C, the c-Al2O3 phase is identified.

Palladium in 2%Pd/Al2O3 sample is represented by PdO

particles with tetragonal structure and RCS (region of

coherent scattering) of 4 nm. The thermal aging treatment

(1000 �C) results in transformation of c-Al2O3 into a-

Al2O3 and d-Al2O3 phases. Noticeable agglomeration of

0.00E + 000
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Fig. 7 Concentration of donor sites on Al2O3, 0.125%Pd/Al2O3, and

0.5%Pd/Al2O3 samples calcined at 600 �C and 1000 �C

Table 4 XRD data for Al2O3 and 2%Pd/Al2O3 samples

Sample Phase

composition

Unit cell

parameter/nm

RCS/

nm

c-Al2O3 (600 �C) c-Al2O3 0.7915(5) 5.0

c-Al2O3 (1000 �C) a-Al2O3

(*65%)

– –

d-Al2O3

(*35%)

0.7870(5) 11.0

2%Pd/c-Al2O3

(600 �C)

PdO (tetr.) – 4.0

c-Al2O3 0.7915(5) 5.0

2%Pd/c-Al2O3

(1000 �C)

PdO (tetr.) – 35.0

a-Al2O3

(*65%)

– –

d-Al2O3

(*35%)

0.7865(5) –

Table 3 Hydrogen uptake calculated from TPR data measured for

0.5%Pd/Al2O3 catalyst: the initial sample (heated at 600 �C) and

thermally aged sample (air, 1000 �C, 12 h)

T/�C N(Pd)/

lMol g-1
H2 uptake, N(H2)/lMol g-1 N(H2)/

N(Pd)
Peak

A

Peak

B

Peak

C

Sum

A ? B ? C

600 47.0 1.5 37 2.8 41.3 0.88

1000 47.0 12 19 9.6 40.6 0.86
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PdO particles takes place during the treatment (increasing

of RSC from 5 to 35 nm).

According to results of TEM study for 2%Pd/Al2O3

sample presented in Figs. 8 and 9, PdO particle size dis-

tribution appears to be quite uniform with the maximum at

2–4 nm when the sample was treated at 600 �C. However,

as it follows from TEM images (Fig. 8a, b), the structure of

the particles is not regular in many cases. Unfortunately, it

was not possible to calculate the particle size distribution

for the sample heated at 1000 �C. The size of PdO particles

in this sample exceeds 150–200 nm (Fig. 8c, d). It should

be mentioned that enlargement of PdO particles from few

nanometers up to hundreds of nanometers as a result of

high-temperature agglomeration was also reported in Refs.

[41, 43, 45].

Sample 2%Pd/Al2O3 calcined at 600 �C and 1000 �C
was also characterized by XPS. Corresponding spectra of

Pd3d region are shown in Fig. 10. As shown in Fig. 10 A,

the sample calcined at 600 �C illustrates the presence of

PdO species (336.3 eV). At the same time, according to the

literature the binding energy for PdO is 336.8 eV. This

difference can be attributed to formation of PdO particles

with tetragonal structure confirmed by XRD. Peak with

Eb = 338.2 eV may be refer to Pd2? stabilized within the

structure of Al2O3 (strengthening of Pd2?-support interac-

tion). In sample, calcined at 1000 �C the main part of

palladium is represented by PdO species on the surface of

support (Eb = 336.6 eV). A small parts of Pd0

(Eb = 333.3 eV) as well as Pd2? in the structure of the

support (Eb = 340.6 eV) are observed.

Summarizing these results, it can be concluded that in

the case of high-loaded Pd/alumina samples the intensive

PdO particles agglomeration accompanied with strong

metal-support interaction occurs. The strengthening of

10 nm
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Fig. 8 TEM images of PdO particles for 2%Pd/Al2O3 sample

calcined at 600 �C (a, b) and 1000 �C (c, d)
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330 335 340 345

Binding energy/eV

350 330

333.3

338.2

600 °C

Pd3d

1000 °C

Pd3d336.3

340.6

336.6

335 340 345

Binding energy/eV

350

(a) (b)
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Pd2?-alumina interaction can be explained by decoration of

PdO particles with alumina which is known to take place at

temperature of 1000 �C and above [26, 45]. When the

concentration of supported Pd is comparable with donor

site concentration (0.5%Pd/Al2O3), the effect of high-

temperature aging is not so evident. Such catalysts can be

considered as thermally quasi-stable systems. They

undergo deactivation at elevated temperatures, but signifi-

cantly slowly. And finally, the most efficient catalysts are

the samples with low Pd loading (less than 0.5 mass%).

These systems show high activity along with superior

stability.

Conclusions

The role of atomically dispersed forms of supported pre-

cious metals for performance in various catalytic reactions

is now intensively discussed in the literature. It is rather

obvious that reduction in the particle size of supported

metal (or its oxide) would lead to enhancement of its

effectively working surface. At the same time, the shift

from nanoparticles to the isolated species stabilized on the

surface of the support is believed to make cardinal changes

in its coordination environment and, as a consequence, to

alter its reactivity. For Pd/Al2O3 system, this effect is

convincingly demonstrated on quantitative level by means

of TPR. The obtained results unambiguously indicated

much higher stability of the isolated Pd2? species with

respect to hydrogen atmosphere as compared with PdO

particles. Such isolated species are considered to be

responsible for the high activity of Pd/Al2O3 system in the

catalytic oxidation of CO.

It is necessary to emphasize that the presence of specific

(donor) sites of the support is liable for stabilization of

Pd2? species in the case of low-loaded Pd/Al2O3 catalysts

(0.125–0.5 mass%). The concentration of donor sites in

Al2O3 support is rather low and was evaluated to be around

(1–2) 9 1019 sites g-1. Taking into account the value of

the specific surface area of support (about 200 m2 g-1),

one can estimate the surface concentration of such sites to

be near 1017 sites m-2, i.e., less than 1% of a monolayer. It

is also rather obvious that the appearance of such sites is

caused by the presence of coordinately unsaturated struc-

tures on the surface. There are no unambiguous data in the

literature regarding the structure of such sites so far. It

seems reasonable to expect them to be present on a high-

indexed faces of nanocrystals or on the edges and tops

located between them.

In general, the obtained results can be considered as an

indication of the possibility to create stable and highly active

CO oxidation catalysts containing rather low concentrations

of the supported Pd. An important role in the formation of

the active sites of such catalysts is played by intrinsic sites of

the support allowing one to stabilize the isolated Pd2? spe-

cies. The techniques developed for diagnostics of such sites

permit one to make their preliminary selection from the

point of view of task to be solved.
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