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The ultrasonic-assisted membrane reduction (UAMR) method was used to prepare colloidal Pd nanopar-
ticles. An orthogonal experiment was performed to investigate the effect of synthesis parameters in
UAMR on Pd particle size. The average Pd particle size can be regulated in a wide range of 5-220 nm. The
fabrication of supported Pd catalyst from a typical nano-sized Pd colloid with 1 wt% Pd loading was stud-
ied. The colloid and as-prepared catalyst were characterized by TEM, BET, ICP-OES, XRD, H,-TPR, and CO
catalytic oxidation. Fabrication methods would have significant impacts on the actual Pd content, metal
dispersion, PdO/Pd reducibility, textural property, etc., over different supports. The CO oxidation activity
of the catalysts was consequently decided by these characters. The Pd/Ce(5Zro50; catalyst prepared by

adsorbing Pd nanoparticles on Cey5Zro50, showed the highest activity with CO complete oxidation at
150°C among all of the catalysts investigated.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

As we all know, three-way catalysts (TWCs) have been suc-
cessfully applied in automobile emissions control. Generally, TWCs
comprised of ceramic monolith carrier, y-Al,03-based washcoat,
and Pt, Pd, Rh precious metals as active components [1,2]. There are
still some challenges remained about TWCs for the future applica-
tion: (i) to improve the catalytic activity, especially at relative low
temperature; (ii) to reduce the amount of precious metals in TWCs;
(iii) to eliminate NOy at lean burn conditions [3,4]. The former two
aspects are related to the valid usage of the precious metals.

The activity of transition metal catalyst is determined by many
factors, such as the metal loading, composition, chemical state
(oxidized or reduced), and metal dispersion [5,6]. In the view
of nano-scale, the activities of precious metals depend on the
nanoparticle size, morphology, exposed crystal facets, surface
assembly, etc. Many researchers have studied the size or shape
dependence of metal nanoparticles on activity and selectivity in
catalytic reaction [7-11]. Goodman found that the highest activ-
ity of CO oxidation could be obtained over Au/TiO,(1 1 0) catalyst
with the supported Au particles in the size of ca. 3nm. Both
of smaller and bigger Au particles would result in a decrease
in activity under the given reaction condition [7]. Somorjai and

* Corresponding author at: Laboratory of Catalysis Chemistry and Nanoscience,
Department of Chemistry and Chemical Engineering, Beijing University of Technol-
ogy, No. 100 Pingleyuan, Chaoyang District, Beijing 100124, China.

Fax: +86 10 67396588.
E-mail address: hehong@bjut.edu.cn (H. He).

0920-5861/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.cattod.2010.04.003

his coworkers investigated the benzene hydrogenation over the
Pt nanocrystals with the cube and cuboctahedral morphology,
respectively. The results showed that both of cyclohexane and
cyclohexene could be produced over cuboctahedral Pt nanocrystals,
whereas only cyclohexane was produced on cube Pt nanocrystals
[8,9].

During the past decade, many attempts have been devoted to
the research on controllable fabrication of colloidal metal and alloy
nanoparticles with desirable size and shape as well as some valu-
able results were obtained [12,13]. The nano-sized metal colloids
can be used as catalysts directly for some liquid organic reactions
[14]. It is meaningful if supported metal catalysts, which are widely
used in the modern chemical industry, could be fabricated from
nano-sized metal colloids. The key issue is how to remove the
surfactant stabilizer. Precipitation and rinsing are optional for the
preparation. Solvent evaporation or particles adsorption on the sur-
face of carriers is also the alternative based on the solvent or carrier
properties [15].

The fabrication of nano-sized colloidal metals with the desir-
able size and shape is the important step in the novel process
of catalyst preparation. Many methods have been developed to
controllable synthesis of metal nanoparticles [12,13]. Recently, we
reported a method, i.e. ultrasonic-assisted membrane reduction
(UAMR), for fabrication of colloidal Ag and Au nanocrystals [16].
In this paper, the synthesis of Pd colloids by UAMR method was
reported. The effects of synthesis parameters on the particle size
were investigated by performing an orthogonal experiment. Sev-
eral carriers (Al 03, TiO,, SiO,, CeO,, Ceg5Zro 50, ) were employed
in the preparation of supported Pd catalysts with a nano-Pd col-
loid. The catalytic activities of the prepared catalysts, especially


dx.doi.org/10.1016/j.cattod.2010.04.003
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:hehong@bjut.edu.cn
dx.doi.org/10.1016/j.cattod.2010.04.003

L. Liu et al. / Catalysis Today 153 (2010) 162-169 163

Scheme 1. Schematic of ultrasound-assisted membrane reduction (UAMR) device
for the synthesis of metal nanocrystals.

Table 1
The factor-level table used in the orthogonal experiment for Pd nanoparticle syn-
thesis by UAMR method.

Level Factor

A(ml/min) B(ml/min) C(mmol/L) D E F(Hz) G(nm)
1 1 100 40 5:1 1:1 0 40
2 5 300 80 15:1  10:1 50 100
3 10 600 200 30:1 20:1 100 200

A, reductant (NaBH,4) injection rate; B, Pd precursor solution circulating rate; C,
Pd(NOs), concentration; D, NaBH4 concentration (expressed as NaBH4/Pd mass
ratio); E, stabilizer (PVP) concentration (expressed as PVP/Pd molar ratio); F, ultra-
sonic frequency; G, hole size in membrane tube.

the Pd/Al,03 and Pd/Cegs5Zrg50, catalysts prepared by different
processes, were evaluated.

2. Experimental
2.1. Assembly of nano-Pd colloid by UAMR

The schematic diagram of UAMR method is presented in
Scheme 1. In a typical synthesis, the calculated amount of Pd pre-
cursor salts (Pd(NOs3),) and stabilizer of PVP were dissolved in D.I.
water to give an aqueous solution (loaded in Beaker I) under vig-
orous stirring. The precursor solution was driven by a peristaltic
pump to form a cycling flow. A reductant solution (in Beaker II) pre-
pared by dissolving a desired amount of NaBH, in D.I. water was
injected into the membrane reactor by a constant flowing pump.
The reactor was composed of three ceramic membrane tubes with
a canular glass tube outside. The Pd precursor solution flowed in
the glass tube reactor and outside ceramic tubes. The NaBH4 solu-
tion was forced into the ceramic tubes and infiltrated through the
abundant holes on the wall of the ceramic tubes into the glass tube
reactor, in where, the reduction of Pd%* ions by NaBH,4 occurred
immediately when the two solutions encountered. The synthesis
process was stopped after complete consumption of the NaBH4
solution. The membrane reactor was kept in an ultrasonic bath to
strengthen the dispersion and mass transfer for the reactants.

2.2. Orthogonal experiment on Pd nanoparticles synthesis

In the synthesis of Pd nanoparticles by UAMR method, there are
several factors that can be regulated. By adjusting these factors, a
seven three-level factors orthogonal experiment was carried out
according to an Ly7(313) orthogonal table. The Pd nanoparticle size
was measured by a laser particle size analyzer (PSS Nicomp 380
ZLS). The factor-level table was shown in Table 1.

Scheme 2. Illustration of Pd/Al,05 and Pd/Ceq 5Zro 50, catalysts combined with the
preparation of Al,03 and Ceg5Zro50, support.

2.3. The synthesis of nano-sized Pd colloid used to prepare the
supported Pd catalysts

The Pd colloid used for catalyst preparation was synthe-
sized according to the following conditions: the circulating
velocity =400 ml/min, injection velocity = 1 ml/min, Pd(NOs), pre-
cursor =80 mmol/L, NaBH4/Pd (mass ratio)=10/1, PVP/Pd (molar
ratio)=20/1, ultrasonic frequency = 24 kHz, hole size on the wall of
membrane tube =40 nm.

2.4. The fabrication of supported Pd catalysts by UAMR from
nano-sized Pd colloid

The Pd/supports (support = Al,03, TiO,, Si0,, Ce0,, Ceg5Zrg 50,)
catalysts were fabricated by the UAMR method. In the process, a
suitable amount of support powder was put into the Pd colloid
on the basis of 1.0 wt% Pd loading. The mixture was filtrated and
washed after stirring for 24 h at room temperature. The resulted
solid was dried at 60°C and calcined at 550°C for 3 h, giving the
Pd/Al, 03, Pd/TiO,, Pd/SiO,, Pd/Ce0,, and Pd/Ce( 5Zrg 50, catalysts.
The Al,03, TiO, and SiO, were purchased from Zhejiang Ultrafine
Powder & Chemicals CO. Ltd., whereas the CeO, and Cey5Zrg50;
were prepared by the same UAMR method.

The conventional impregnation method was also applied for the
synthesis of Pd supported on different carriers such as Al,03, SiO5,
TiO,, and Ceg5Zrg 50, using Pd(NOs3), precursor. The Pd loading
was still 1.0 wt%. The drying and calcination were the same to above
process.

2.5. The fabrication of Pd/Al,03 and Pd/Ceg 5Zry 50, by UAMR
combined with support preparation

The Pd/Al,03 and Pd/Ceq 5Zry 50, catalysts were also prepared
according to the processesillustrated in Scheme 2, which were indi-
cated as M1, M2 and M3. The precipitant (NH3-H,0) was placed in
Beaker I as circulating solution and Al3* or Ce3* and Zr** ions solu-
tion was placed in Beaker Il and injected to the membrane reactor.
For M1 sample, the Pd colloid was added to the liquid ammonia
as circulating solution. The co-precipitation occurred in the UAMR
reactor. The resulting solid was filtrated, washed, dried at 110°C
and calcined at 550°C for 3 h to give M1 sample. For M2 sample,
hydroxide colloid of Al; 03 or Ceg 5Zrq 50, precursor was firstly pre-
pared by the UAMR method and mixed with proper Pd colloid under
stirring for 0.5 h. The solid mixture was then filtrated, washed, dried
at 110°C and calcined at 550 °C for 3 h to give M2 samples. For M3
sample, the Al, 03 or Ceg5Zry 50, supports was firstly prepared by
UAMR. The prepared support was put into Pd colloid to fabricate M3
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catalysts, which was identical to the procedure of other supported
Pd catalysts.

2.6. Characterization

The Pd nanoparticles were characterized by a Transmis-
sion Electron Microscope (JEM-2010) operating at 200kV. The
metal colloid was deposited on a carbon coating copper grid
before TEM examination after pretreatment under ultrasonic for
15 min.

Hydrogen temperature-programmed reduction (H,-TPR)
experiments were conducted with a sample (0.2 g) pretreated in
situ in Oy/Ny (20%, flow rate=30ml/min) at 500°C for 1h over
a chemical adsorption apparatus (Micromeritics, AutoChem
2920 II). After cooling to RT in the same atmosphere, the
sample was exposed to a flow (50ml/min) of 10% H,-90% Ar
(v/v) and heated at a rate of 10°C/min to 800°C. The outlet
gases were cooled by the mixture of isopropanol and liquid
nitrogen to remove the water and analyzed online by a TCD
detector. The H, consumption (pmol/g catalyst) was calcu-
lated based on reduction peak area, which was calibrated with
a standard 0.02g of CuO sample’s H,-TPR peak area for each
sample.

X-ray diffraction (XRD) patterns of the catalysts were recorded
on a X-ray diffractometer (Shimadzu XD-D1) operated at 40 kV and
20 mA using CuKa radiation and Ni filter. Diffraction peaks of crystal
phases were referred to the database of 1998 ICDD PDF database
for identification.

N, adsorption/desorption isotherms were determined on a
physical adsorption apparatus (Micromeritics, ASAP 2020). The
samples were pretreated at 300°C under vacuum for 5h before
measurements. Calculations of the specific surface area (BET), pore
volume, and average pore size (BJH method) were performed with
the software of the apparatus.

The Pd content was analyzed by using an Inductively Coupled
Plasma-Optical Emission Spectrometry (Perkin-Elmer, OPTIMA
5300DV). The known weight of catalyst was dissolved in the mix-
ture of HCl and HNOs (3:1 proportion). After complete dissolution,
the solution was diluted to required volume and analyzed for Pd
content.

The metal dispersion was measured by O,-H, titration on a
chemical adsorption apparatus (Micromeritics, AutoChem 2920 II).
The 0.2 g of catalyst was pretreated in 10% H, /Ar at 350 °C for 60 min
and 450°C for 30 min and then purged in pure He (50 ml/min) at
450°C for 60 min, then it was cooled to room temperature before
the measurement. The catalyst was heated-up to 120°C and treated
for 30 min in a flow of 20% O, /N,. The pulse titration of pure H,
began after sweeping for 30 min under Ar flow. The metal dis-
persion was calculated automatically with the software of the
apparatus.

The catalytic performances of the catalysts for the CO oxida-
tion were investigated in a fixed bed quartz reactor. Feed gas
composition was 1% CO, 1% O, with He as balance at atmo-
spheric pressure. The mass of catalyst loaded to the reactor was
0.05g and total flow rate of the feed gas was maintained at
100 ml/min, which corresponding to a space velocity of 60,000 h—1.
The reactants and products were analyzed online with a gas chro-
matograph (Shimadzu GC-14C). The CO and O, were separated
by a 5A molecular sieve packed column and analyzed by a TCD
detector. Due to the low concentration of reactants and prod-
ucts in the gas flow, the volumetric change after reaction was
ignored in calculation. The conversion of CO was calculated as fol-
lows:

[CO]Out> x 100 (1)

XCO (%) = (1 - [CO]

Fig. 1. Average particle size of Pd nanoparticle under three levels of 1, 2, 3 for each
factor (the levels and factors can be referred to Table 1).

3. Results and discussions
3.1. Orthogonal experiment analysis

The average particle size of the nano-Pd in the experiment was
in the range of 5.5-224 nm. The impact strength of different fac-
tors on the nanoparticle size was obtained by the range analysis
on the experimental data. The capability of seven factors affecting
the particle size was in the order of C (Pd(NO3 ), concentration)>E
(PVP concentration)>G (hole size in membrane tube)>A (NaBH,
injection rate) > B (Pd precursor solution circulating rate) > F (ultra-
sonic frequency)>D (NaBH4 concentration). We also did analysis
of variance of the experimental data. The F-distribution, which was
used to check the significance of factor, suggested the same order
of seven factors to impact on the Pd particle size. The concentra-
tions of Pd2* ions and PVP were the most two sensitive factors to
influence Pd nanoparticle size.

The Pd particle size at three levels for each factor was plotted
in Fig. 1. It can be seen that monotonic effect on particle size with
the levels in the range was observed for some factors (A, C, E, and
G). The increase of A (NaBH,4 injection rate) and E (PVP concen-
tration)’s level resulted in a decrease of Pd particle diameter. The
particle size increased with C (Pd(NOs3 ), concentration) and G (hole
size in membrane tube)’s level enhancement. The extreme value of
particle size appeared as the three levels of B (Pd precursor solu-
tion circulating rate), D (NaBH4 concentration) and F (ultrasonic
frequency) factors were changed. So if we need to prepare small
Pd nanoparticles by UAMR method, the following conditions can
be considered: fast NaBH, injection rate, fast circulating rate (for
reducing synthesis time), low Pd%* concentration, NaBH,4/Pd (mass
ratio) of 15, high PVP concentration, low ultrasonic frequency (for
saving energy consumption), and small pore size on the wall of
membrane tube.

3.2. Catalysts from nano-Pd colloid on different supports

The Pd colloid used for catalyst preparation, which was synthe-
sized as described in Section 2, was characterized by TEM (Fig. 2).
The size distribution of Pd nanoparticles was determined by mea-
suring the diameter of 200 Pd particles in TEM image and presented
also in Fig. 2. Spherical Pd nanoparticles with the size of smaller
than 10 nm were observed and most of them were twinned par-
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Fig. 2. TEM image of colloidal Pd nanoparticles and particle size distribution.

ticles (MTPs) [17]. The HRTEM image at the right low corner in
the picture showed clear diffraction fringes and twinned crystal
structure. The particle diameter was in the range of 3-14nm and
centered at 7 nm.

The powders of Al,03, TiO5, SiO,, CeO,, and Ceg5Zrg50, were
added to above Pd colloid, respectively, to prepare the catalysts
with different supports and Pd loading of 1.0 wt%. Some physico-
chemical properties of the catalysts were summarized in Table 2.
The catalysts showed significant differences in the textural prop-
erties (BET surface area, pore volume, and size) due to using the
dissimilar supports. The CeO, and Ceg5Zrg50, supported cata-
lyst exhibited smaller pore volume and pore size than others. The
Pd contents of catalysts were analyzed by ICP-OES, all of which
were lower than the theoretical loading (1.0 wt%). In the catalyst
preparation, the colloidal Pd nanoparticles interacted with sup-
port surface through electrostatic attraction, capillary adsorption,
hydrogen bond, etc. So the properties of support, such as sur-
face polarity and pore diameter, possessed significant effects on
Pd nanoparticle adsorption and sediment, leading to the different
actual Pd loadings. The textural property of catalyst was generally
kept from that of the corresponding support. The small pore size
and pore volume might limit the diffusion and ability of Pd colloid
into the pores of CeO, and Ceg 5Zrg 505, resulting in the low Pd load-
ing for the Pd/CeO, and Pd/Ceq5Zrg50, catalysts (both less than
0.3 wt%, Table 2). However, the high metal dispersion was obtained
over the two catalysts. It was understandable that less Pd species
would reduce aggregation.

The activities of the prepared catalysts for CO oxidation
were presented in Fig. 3. The total CO conversion temperature
(T100%) Was in the temperature range of 150-250°C. From Fig. 3,
one can see that the activity of the catalyst decreased in the
order of Pd/Ce0_5Zr0_502 > Pd/CEOZ > Pd/A1203 > Pd/TiOz > Pd/SiOZ.
The light-off (T5g%) temperatures were comparable to activity data

Fig. 3. CO conversion over Pd catalysts. Reaction conditions: 1% CO, 1% O, He bal-
ance; catalyst weight=0.05g, SV=60,000h-'.

of Pd catalysts on different supports with 5 wt% Pd loading reported
by Luo [18]. To our surprise, the Pd/CeO, and Pd/Ce( 5Zrg 50, cata-
lysts with actually very low Pd content in this study showed higher
CO catalytic oxidation activity than other supported Pd catalysts.
Many factors should be accounted for the activity differences, such
as support properties, state of Pd (oxidized or reduced), and strong
metal-supportinteraction (SMSI). But in present study, the number
of exposed Pd species, which could provide active sites, might play
an important role to dominate the catalytic activity. The exposed
Pd species can be estimated by a multiply of actual Pd content with
metal dispersion, higher values of which were gotten on Pd/CeO,
and Pd/Ceq 5Zrg 50, catalysts than on others.

For comparing the activity of the catalysts prepared by colloid
sediment and conventional impregnation methods, the supported
Pd catalysts with the Pd loading of 1.0wt% were fabricated by
impregnation method and the activities of the catalysts for CO oxi-
dation were investigated under the same reaction conditions. Due
to the difference of actual Pd content in catalysts, the CO oxidation
activity was expressed as CO conversion rate (wmolmin~—!g-1).
The napierian logarithm (Ln) of reaction rate was plotted with
the reciprocal of absolute temperature to give the Arrhennius plot
in Fig. 4, including Pd/Al, 03, Pd/TiO,, Pd/SiO, and Pd/Cey5Zrg50;
catalysts prepared by both UAMR and impregnation method. The
apparent activation energy (E;) can be calculated from the Arrhen-
nius plot for each catalyst. The E; of Pd/Al,03, Pd/TiO,, Pd/SiO-,
and Pd/Ce(5Zrg 50, catalysts prepared by UAMR were 71.8, 33.6,
92.2, and 12.5 kJ/mol, respectively. They were in accordance with
the activities in Fig. 3, because low activation energy generally
means high reaction rate constant. The catalysts prepared by
impregnation exhibited E; with higher values of 144.4, 37.2, 187.3
and 43.9 kJ/mol, respectively, than those of catalysts prepared by
UAMR. These activation energies were comparable with those of Rh
supported catalyst (~110k]J/mol) reported by McClure and Good-
man [19]. The catalysts prepared by UAMR method can markedly
decrease the activation energy of CO oxidation, in comparison with
catalysts prepared by conventional impregnation method.

3.3. Pd/Al;03 and Pd/Ceq 5Zr( 505 catalysts from nano-Pd colloid
combined with support preparation

When the catalyst and support were prepared simultaneity in
the nano-Pd colloid solution, the textural property of the pre-
pared catalyst was changed. The XRD patterns of Pd/Al,03 and
Pd/Ceqs5Zrg 50, catalysts fabricated with different processes (M1,
M2 and M3 in Scheme 2) were shown in Fig. 5. In the XRD pat-
terns of Pd/Al,O3 (Fig. 5a), the diffraction peaks corresponding to
tetragonal y-Al,03 phase were seen at 20 =37.4°, 45.7°, 60.2° and
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Table 2
Physico-chemical properties of Pd catalysts based on different supports.

Catalyst BET surface area (m?/g) Pore volume (cm3/g) Pore size (nm) Actual Pd (wt%) Metal dispersion (%)
Pd/Al, 03 75.5 0.290 13.1 0.91 6.5
Pd/SiO, 316.5 1.01 119 0.74 1.4
Pd/TiO, 228.9 0.738 10.2 0.79 9.1
Pd/CeO, 514 0.086 4.8 0.29 61.2
Pd/Ceg5Zrp50; 40.3 0.055 43 0.27 36.7

Fig. 4. Arrhenius plot of CO oxidation over Pd/Al,03 (-[J-), Pd/TiO; (-O-), Pd/SiO;
(-A-), Pd/Cegs5Zro50; (-v-) prepared by UAMR (up) and impregnation (down)
method.

66.7°. Peaks at 20 value of 33.8° and 54.6° could be assigned to
PdO. No Pd metal phase was detected [20-22]. The more intense
peaks of Al;03-M3 than others indicated that the Al,O03 support
was the well crystallinity, which might be related to the calcina-
tions of Pd/Al,03-M3 two times. However, on the XRD patterns of
Ceg5Zro50, (Fig. 5b), only peaks corresponding to cubic or tetrahe-
dral (Ce, Ze)O phase (undistinguishable due to peak widening) were
observed [23,24]. The diffraction peaks (26 =33.8°, 54.6°) induced
by PdO or Pd were not differentiated due to overlap with diffraction
peaks of Ceg 5Zrp 505. Zhou et al. attributed the peak at 33.8° to PdO
phase without exceptions when they studied Pd/CexZr{_,0,/SiO,
catalysts [25]. It is believed that the diffraction peak (26 =33.1°) of
(200) facet of CeO, phase was omitted owning to the overlap.
The preparation of support (Al,03 and Ceq5Zrg50;) in nano-Pd
colloid (M1 in Scheme 2) created well textural structure due to the
dispersion effect of the dissolved PVP polymer, which was approved
by BET surface area and pore volume in Table 3. The Pd/Al,03-
M1 and Pd/Ceq5Zrg50,-M1 samples exhibited higher surface area
and larger pore volume than another corresponding two samples

Fig. 5. XRD patterns of Pd/Al,05 (a) and Pd/Ce(5Zro50; (b) catalyst.

(M2 and M3). The BET surface area, pore volume, and pore size
of all Al,O3 based catalysts were larger than the corresponding
Ceg5Zrg50, based catalysts. The actual Pd content was different
from each other but exhibited the same variety for the Pd/Al,03
and Pd/Ceq5Zrg50, catalysts. The Pd/Al;03-M3 possessed lower
actual Pd loading (0.44 wt%) than the Pd/Al,03 prepared by sup-
porting Pd on commercial Al,03 (0.91 wt%), which was attributed
to the different Al, 03 source (prepared by UAMR and commercial,
respectively). Therefore, the variety and property of Al;03 support
plays an important role to determine the Pd loading when catalyst
is prepared from nano-Pd colloid by surface adsorption process.
Undoubtedly, the Pd/Ceg 5Zrp 50,-M3 exhibited also low Pd loading
(0.27 wt%). For M1 and M2 samples (both Al,03 and Ce( 5Zrg507),
the actual Pd contents were higher than the corresponding sam-
ples prepared by the M3 process, indicating that the M1 and M2
processes benefited to the loading of Pd nanoparticles on the sur-
face of Al,03 and Ce 5Zrg 50,. The metal dispersion determined by
H,-0, titration was in similar level for all catalysts, except for the
Pd/Al,03-M3 (5.3%) and Pd/Ceq 5Zrp50,-M1 (7.9%) samples.

The H,-TPR profiles of Pd/Al,03 and Pd/Ceg5Zrg50, catalysts
were shown in Fig. 6. An obvious negative peak at ca. 70 °C appeared
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Table 3
Physico-chemical properties of Pd/Al,03 and Pd/Ceq5Zro 50, catalysts.

Catalyst BET surface area (m?2/g) Pore volume (cm3/g) Pore size (nm) Actual Pd (wt%) Metal dispersion (%)
Pd/Al,03-M1 302.2 0.39 4.0 0.96 41.9
Pd/Al,03-M2 280.4 035 4.0 1.00 53.4
Pd/Al,03-M3 233.2 0.38 5.1 0.44 53
Pd/Ceg5Zr950,-M1 67.8 0.072 3.7 0.77 79
Pd/Ceq5Zrg502-M2 40.7 0.046 3.8 0.75 393
Pd/Ceg5Zrg502-M3 35.5 0.059 4.5 0.27 36.7

Fig. 6. H,-TPR profiles of Pd/Al,03 (a) and Pd/Ceq 5Zro 50, (b) catalyst.

for all catalysts investigated, indicating the hydrogen releasing dur-
ing the TPR procedure that might be due to the decomposition of
palladium hydride (3-PdHy) [24]. The dispersed PdO species can
be reduced at subambient temperature (even below 0°C) [24,27].
Therefore, it is not possible to observe this PdO reduction peak
because our TPR experiment started from about 35 °C. At the same
time, some hydrogen molecules could dissociate and form PdHy
species by interacting with Pd [24] or PdO [26] on catalyst surface.
The PdHy species was unstable and decomposed to release molec-
ular hydrogen at 70-100°C [27]. The process can be expressed as
follows:

PdO + Hy — Pd + H,0 (2)
H, — 2H (3)
xH + Pd — B-PdHy (4)
B-PdHy — Pd + 0.5xH, (5)

The amounts of released H, calculated based on the negative
peaks over the Al,03 and Cegs5Zrgs50, supported catalysts were
listed in Table 4. Due to the complexity of above process, the com-
parison of H, release was difficult. For example, the exact value
of x in 3-PdHx was unknown and difficult to be estimated. How-

ever, the amounts of H; released from different catalysts, including
both of Pd/Al,03 and Pd/Ceq 5Zrg50,, were in the level from 24 to
79 pmol/g.

The TPR curves above 100°C were magnified fivefold for
Pd/Al,03 catalysts in Fig. 6a. One H, consumption peak at
200-300°C appeared for the three samples, which corresponded
to the reduction of PdO interacted strongly with alumina surface
[27]. The other weak PdO reduction peak could be observed at
350-450°C for Pd/Al, 03 samples, suggesting more intensive inter-
action occurred between PdO and alumina [22,24,28]. The peaks
at higher temperature 500-650°C (even 800 °C for Pd/Al,03-M3)
were ambiguous, which probably related to the rearrangement of
the hydroxylated structure on Al,03 support [29]. The theoretical
amounts of H, consumed on reduction of PdO over the Pd/Al,03-
M1, Pd/Al;03-M2, and Pd/Al,03-M3 samples were 90, 94, and
42 n.mol/g, respectively, which were generally higher than the val-
ues obtained in TPR data processing (Table 4), approving the partial
reduction of PdO species at low temperature. As stated above, the
quantitative relation between H, consumption and release was
hard to be evaluated because the composition of palladium hydride
(B-PdHy) was unclear.

Compared to the Pd/Al,O3 sample, the bigger reduction peaks
were observed over the Pd/Ceq5Zry 50, (-M1, -M2, and -M3) cat-
alysts at 100-300°C and another peak appeared at ca. 800°C for
Pd/Ceg5Zrg50,-M1 and Pd/Ceq 5Zrg 50,-M2 samples. The amounts
of Hy consumption based on the reduction peaks were calcu-
lated and presented in Table 4. It can be seen that the values
were in the range of 1165-1476 wmol/g and much higher than
theoretical amounts consumed by PdO reduction, which were
73, 71 and 26 pwmol/g for Pd/Ceg 5Zrg50,-M1, Pd/Ceq 5Zrp50,-M2
and Pd/Ceq5Zrg50,-M3, respectively. It was obvious that these
peaks were not completely contributed by the reduction of PdO
species. It was reported that the reduction peaks at low temper-
ature over Pd/Ceys5Zrgs50, should be assigned to the reduction
of both PdO species and Ce** in Ceg5Zrg50; solid solution [30].
The high temperature reduction at 800 °C for Pd/Ceg 5Zrp505-M1
and Pd/Ceg 5Zrg50,-M2 could be assigned to the reduction of lat-
tice oxygen in Ce( 5Zrg 50, [24]. Stoichiometrically, 1 g Ce 5Zrg502
required 1700 wmol/g H, for a complete reduction of Ce** to
Ce3*. The quantity of Ce*" — Ce3* reduction was in the order
of Ceg5Zrg50, -M2(1476) > Cegs5Zrp5 02—1\/[1(1363) >Ceg5Zrp50,-
M3(1165). While the reduction temperature was in the sequence of
C60,52r0.502—M1(188 OC) >Ceg5Zrp50,-M2 (150 OC) >Ceg5Zrg50,-
M3 (100°C) (Fig. 6b). The partial reduction of CeO, at low
temperature (100-200 °C) was also observed by Wang et al. when
they did research on Pd/CeO, catalyst for CO oxidation [30]. The
reduction at low temperature may associate with the hydrogen
spillover from the metal to the support and metal-support strong
interaction [24], which would promote the reduction of Ce** ions.

At last, the catalytic activities of all Pd/Al, 03 and Pd/Ce 5Zry50;
catalysts for CO oxidation were investigated and the results
were summarized in Fig. 7. For Pd/Al,03 catalysts, the activity
was increased in the order of Pd/Al;03-M1 (190°C)<Pd/Al,03-
M2 (200°C)<Pd/Al,03-M3 (230°C) samples, suggesting that the
process of Al,O3 preparation in Pd colloid was benefit to the
enhancement in catalytic CO oxidation activity of Pd/Al,O3 cat-
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;;21;24 release and consumption in H,-TPR process over Pd/Al,03 and Pd/Ceq5Zro 50, catalysts (jmol/g).
Samples Pd/Al;03 Pd/Ceo5Zro502
M1 M2 M3 M1 M2 M3
H; release (negative peak) 36 26 79 50 55 24
H, consumption (positive peak) 72 68 40 1363 1476 1165

Fig. 7. CO oxidation activity over Pd/Al,0s; (a) and Pd/Ceps5Zros0, (b) cata-
lysts. Reaction conditions: 1% CO, 1% O, He balance; catalyst weight=0.05g,
SV=60,000h-1.

alyst. The low actual Pd loading may be responsible for the low
activity due to the reduction of active components for these
Pd/Al,03 catalysts. However, the CO oxidation activities over
the three Pd/Cey5Zrg50, catalysts were absolutely different. The
Pd/Ceg5Zrg50,-M3 catalyst showed the highest activity, namely,
the lowest CO total conversion temperature in the three samples.

As above statement, the catalytic activity of supported Pd-based
catalysts was dominated by many factors, such as the number
of exposed Pd particles, the reducibility of PdOyx species, and the
surface structure. The number of exposed Pd particles on cata-
lyst surface has been discussed in previous text, which can be
still applied for elucidation of activities on Pd/Al,03 samples.
The Pd/Al;03-M3 showed lower activity than other two Pd/Al,03
samples in CO oxidation (Fig. 7) due to the small quantity of
exposed Pd species over the Pd/Al,03-M3 catalyst (0.02 x 104 g/g
for Pd/Al,03-M3, 0.4 x 10~ for Pd/Al,03-M1, and 0.53 x 104 for
Pd/Al,03-M2), which was calculated by multiplying of actual Pd
content and metal dispersion. However, the number of exposed
Pd atoms was not only factor to govern the catalytic activity of
Pd/Ceg5Zrg50, sample. The Pd/Cegs5Zrg50,-M3 with the high-
est activity exhibited just a medium exposed Pd atoms value of
0.1 x 10~%g/g. Whereas the numbers of exposed Pd atoms for
Pd/Ceq 5Zry502-M1 and Pd/Ceq 5Zro50,-M2 were 0.06 x 104 and
0.29 x 10~4 g/g, respectively.

The reducibility of Pd species was also an important fac-
tor to influence the activity. However, in the TPR process of
Pd/Ceq 5Zry50, samples, the reduction of PO and Ce** ions partial
reduction occurred simultaneously. Since the Ce** can be reduced
at temperature as low as 100-200°C, they could participate in
the reaction through redox cycle. It was particularly true under
the real TWC reaction process. The easily reduced CeO, and PdO
species at low temperature were found on Pd/Ceg 5Zrg 50,-M3 sam-
ple (TPR results), which were crucial for participation of Ce**/Ce3*
and PdO/Pd species in the redox cycle in CO oxidation. The cycle of
Ce*/Ce3* at low temperature less than 200 °C may be very impor-
tant, since it was not observed in Pd/CeO, sample (not plotted here).
So the Pd/Ce0O, exhibited lower activity than Pd/Ceg5Zrg50, in
spite of its higher metal dispersion. Similarly, the lower reducibility
of PdO particles would decrease the catalytic activity of Pd/Al,03

catalyst, which had also been observed by Groppi [31]. The Ce**
species that can be reduced at high temperature (~800°C) should
have not significant contribution on the activity of Pd/Ceg 5Zrg50-
catalysts, because the CO was totally converted below 250°C. The
reducibility of PdO species also may be accounted for the activity
difference of Pd/Al;03-M1 and Pd/Al,03-M2 catalysts. Although
Pd/Al;,05-M1 catalyst possessed a lower number of exposed Pd
atoms (0.4 x 10~4) than Pd/Al;03-M2 (0.53 x 10~4), a little higher
activity was gotten on Pd/Al,03-M1 catalyst. The reduction of PdO
species appeared on Pd/Al,03-M1 happened at ca. 230°C, which
was lower than that on Pd/Al,03-M2 (260°C).

4. Conclusions

The ultrasonic-assisted membrane reduction (UAMR) method
was successfully applied for assembly of colloidal Pd nanocrystals.
The Pd particle size could be controlled in the range of several
to several hundreds nanometers by regulating synthesis param-
eters in UAMR process. The supported Pd catalysts were prepared
from the nano-Pd colloid fabricated by UAMR. The support property
had significant influence on the actual Pd loading and CO oxida-
tion activity of as-prepared catalysts when the Pd nanoparticles
were loaded by adsorbing on support surface. The preparation of
support (Al;03 and Ceg5Zrp505) in the Pd colloid could produce
catalyst with large surface area and pore volume. Both the num-
ber of exposed Pd species and reducibility of PdOx on the catalyst
dominated the catalytic activity.
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