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a  b  s  t  r  a  c  t

We  investigated  the  impact  of  ZrO2 on  the  performance  of  palladium-based  oxidation  catalysts  with
respect  to  low-temperature  activity,  hydrothermal  stability,  and  sulfur  tolerance.  Pd  supported  on ZrO2

and SiO2 were  synthesized  for a comparative  study.  Additionally,  in  an  attempt  to maximize  the  ZrO2

surface  area  and  improve  sulfur  tolerance,  a Pd  support  with  ZrO2-dispersed  onto  SiO2 was  studied.  The
physicochemical  properties  of the  catalysts  were  examined  using  ICP,  N2 sorption,  XRD,  SEM, TEM,  and
NH3-, CO2-, and  NOx-TPD.  The activity  of  the  Pd catalysts  were  measured  from  60  to  600 ◦C in a  flow  of
4000  ppm  CO,  500  ppm  NO,  1000  ppm  C3H6, 4% O2, 5% H2O,  and  Ar  balance.  The  Pd  catalysts  were  eval-
uated  in  fresh,  sulfated,  and  hydrothermally  aged  states.  Overall,  the  ZrO2-containing  catalysts  showed
considerably  higher  CO  and C3H6 oxidation  activity  than  Pd/SiO2 under  the  reaction  conditions  studied.
The  good  performance  of  ZrO2-containing  catalysts  appeared  to  be due  in  part  to  high Pd dispersion
resulting  from  strong  Pd and  support  interaction.  Another  beneficial  effect  of  strong  interaction  between
Pd  and  ZrO2 was  manifested  as  a greater  hydrothermal  stability  with  good  oxidation  activity  even after
aging  at  800  and  900 ◦C  for 16  h.  In  contrast,  Pd/SiO2 suffered  significant  performance  loss  due to  Pd  parti-
cle  coarsening.  Although  the  Pd/ZrO2-SiO2 catalyst  was  not  more  active  than  Pd/ZrO2,  improved  tolerance
to  sulfur  was  realized.  Unlike  the  bulk  ZrO2 support,  the  ZrO2-incorporated  SiO2 presented  only  weak
basicity  leading  to  a  superior  sulfur  tolerance  of  Pd/ZrO2-SiO2.  These  results  confirmed  the  potential  of
developing  Pd-based  oxidation  catalysts  with  enhanced  low-temperature  activity  and  durability  using
ZrO2-SiO2 supports.  Controlling  morphology  and  accessible  area  of the  dispersed  ZrO2 layer  appeared
critical  to  further  maximize  the catalytic  performance.
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1. Introduction

With ever tightening automotive emission standards, the role
of oxidation catalysts becomes increasingly more important to
remove CO and unburned hydrocarbons (HCs) from the engine
exhaust gas as well as to enhance the performance of downstream
NOx control catalysts [1–3]. Moreover, as the efficiency of internal
combustion engines is required to improve in response to US EPA’s
Corporate Average Fuel Economy (CAFE) mandates, the average
exhaust gas temperature decreases making it more and more chal-
lenging to maintain high performance of aftertreatment catalysts.
To comply with the future emission and fuel economy regulations,
automotive catalysts should therefore achieve catalyst light-off
(50% or higher conversion) at temperatures significantly lower than
the current state of the art.
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Despite recent progress made in the low-temperature catalyst
development with novel formulations such as Au and Ag nanopar-
ticles supported on metal oxides [4–7], critical challenges remain in
implementing these novel materials into practice. For instance, new
catalysts should be able to maintain high activity under harsh real
automotive environments with good thermal stability and resis-
tance to poisons [8,9]. Due to relatively good stability and activity,
Pt and/or Pd supported on CeO2-ZrO2 added Al2O3 supports have
been widely used as commercial oxidation catalysts [1,10]. The high
affinity of Al2O3 toward sulfur, however, can lead to the formation
of Al2(SO4)3 with resultant performance degradation [11]. In addi-
tion, repeated high-temperature desulfation can lead to gradual
sintering of metal components with resultant permanent activity
loss. To further enhance the low-temperature activity and stability
of Pt and Pd catalysts, recent research efforts have been devoted to
developing novel approaches including the use of FeOx as a support
[12–14] and the encapsulation in core-shell nanostructures [15,16].

We have recently reported that Pt particles supported on ZrO2-
modifed SiO2 were excellent CO oxidation catalysts with promising
low-temperature activity, hydrothermal stability, and sulfur tol-
erance [17]. Covering SiO2 surfaces with ZrO2 via sol-gel method
before Pt impregnation led to good dispersion and hydrothermal
stability of Pt particles due to strong interaction between Pt and
ZrO2 phases. Furthermore, ZrO2 incorporation generated surface
acidity but negligible basicity, which explained the relatively low
and weak sulfur uptake observed on Pt/ZrO2-SiO2. We also revealed
that ZrO2 increased the oxygen affinity of Pt leading to good cat-
alytic activity of Pt/ZrO2-SiO2 in CO oxidation. In the present study,
we extended this ZrO2-incorporated SiO2 support concept to Pd,
a commonly-employed automotive catalyst that is traditionally
less expensive than Pt by a factor of 2–3. For comparison, the cat-
alytic properties of Pd/ZrO2 and Pd/SiO2 were studied. This paper
will show that, as in the case of Pt, ZrO2 incorporation on SiO2
has positive effects on Pd as well with good metal dispersion,
hydrothermal stability, sulfur tolerance, and CO and C3H6 oxidation
activity. Directions for future research will be discussed to facilitate
the development of strategies to maximize the potential of ZrO2
supports.

2. Experimental

2.1. Preparation of Pd catalysts

Amorphous silica gel (Davisil Grade 635, pore size 60 Å,
60–100 mesh, Sigma-Aldrich) was used as a support for the prepa-
ration of Pd catalysts. ZrO2 was incorporated on the silica surface
following the procedure described in previous papers [17,18]. SiO2
was first dehydrated with anhydrous ethanol (200 proof, ACS
reagent, ≥99.5%, Sigma-Aldrich) and reacted at 80 ◦C for 3 h with
zirconium(IV) n-propoxide (70% w/w in n-propanol, Alfa Aesar) dis-
solved in ethanol. The ratio between SiO2, Zr precursor solution, and
ethanol was 1: 2: 16 on a weight basis. The amount of Zr precursor
molecules in the mixture corresponded to an average silanol con-
centration on the SiO2 surface assumed to be 7.5 �mol/m2 based
on [19]. Since more than 1 silanol group would have reacted with
a Zr precursor molecule during the sol-gel process, unreacted Zr
precursor molecules were removed through ethanol washing. Sub-
sequently, the filtrates were dried at 100 ◦C overnight and calcined
at 500 ◦C for 2 h. The resulting ZrO2-SiO2 support was impregnated
with a palladium (II) nitrate solution (12∼16 w/w, Alfa Aesar) by
incipient wetness method to obtain a 1 wt% Pd loading. After the
impregnation, the catalyst was dried at 100 ◦C in air and reduced
in a flow of 10% H2 in Ar at 500 ◦C for 2 h. The as-prepared cat-
alyst was named as Pd/ZrO2-SiO2. For comparison, Pd catalysts
supported on bare SiO2 (Pd/SiO2) and ZrO2 (Pd/ZrO2; ZrO2 from

Saint-Gobain) were also prepared by incipient wetness method
(1 wt%  loading).

2.2. Characterization

The Zr and Pd contents of the prepared catalysts were
determined using Inductively Coupled Plasma-Atomic Emission
Spectrometry (ICP-AES; Optima 4300 DV, Perkin-Elmer, USA). The
surface area and porosity of catalysts were determined using an
automatic volumetric adsorption apparatus (Autosorb-1, Quan-
tachrome, USA). The samples were evacuated at 200 ◦C for 2 h prior
to exposure to nitrogen gas. Surface areas were calculated using
the Brunauer-Emmett-Teller (BET) equation and the pore volumes
and average pore sizes were determined using the Barrett-Joyner-
Halenda (BJH) method.

In powder XRD, the catalysts were ground into fine powder
and placed on a zero background carbon plate of approximately
3.8 cm in diameter. The X-ray diffraction patterns of catalysts were
recorded on a powder X-ray Diffractometer (XRD; X’Pert PRO, PAN-
alytical, The Netherlands) operated at 45 kV and 40 mA  using CuK�
radiation (K  ̨ = 0.154178 nm)  over a 2� angle of 5–50 in a scan mode
of 0.02◦ in 2s.

A Transmission Electron Microscope (TEM; LIBRA-120, Carl
Zeiss, Germany) equipped with a LaB6 filament was employed to
examine the Pd dispersion. The acceleration voltage was 120 kV.
The TEM samples were prepared by dropping ethanol suspension
of Pd catalysts on a copper grid. The particle size of Pd was  estimated
from the digitized TEM image using analysis software (ImageJ, NIH,
USA). The Scanning Electron Microscope (SEM; Merlin, Carl Zeiss,
Germany) analyses were performed to examine the morphology of
Pd catalysts, operating at an accelerating voltage of 30 kV. Elemen-
tal mapping analyses were also performed using Energy Dispersive
X-ray Spectroscopy (EDS; Bruker Nano Gmbh with a XFlash 5030
detector, Germany) attached to the SEM.

NH3- and CO2-Temperature-Programmed Desorption (TPD)
experiments were carried out with a flow reactor system. For each
TPD experiment, 0.1 g of catalyst was placed between two quartz
wool plugs in a U-shaped quartz tube (8 mm I.D.) and pretreated at
600 ◦C for 0.5 h in an Ar flow. After cooling to 100 ◦C, the catalyst was
exposed to a flow of 2500 ppm NH3 in Ar for 1 h, then to an Ar flow
for 1 h. Desorption was  carried out in an Ar flow from 100 to 600 ◦C
with a temperature ramping rate of 10 ◦C/min. The total flow rate
was 50 mL/min (STP) for all the steps. The procedure for the CO2-
TPD experiments was  identical except that the adsorption was  done
in a flow of 1% CO2 in Ar at 50 ◦C followed by a 1 h purge with the
total flow rate of 100 mL/min (STP). Gas composition was  continu-
ously analyzed by a quadrupole mass spectrometer (RGA100, SRS,
USA). The m/z values monitored were 15 for NH3 and 44 for CO2.

NOx-TPD experiments were performed in a U-shaped quartz
reactor (15 mm I.D.). The details were introduced in [20,21]. The
catalysts were pretreated in a 20% O2/He flow at 500 ◦C for 2 h
with a flow rate of 100 mL/min. After cooling to room tempera-
ture, the catalysts were exposed to the adsorption mixture which
consisted of 400 ppm NO and 8% O2 in He. NOx-TPD experiments
were performed from room temperature to 560 ◦C at a heating
rate of 3 ◦C/min under a mixture of 8% O2 in He with a total flow
rate of 230 mL/min (STP). The gas composition was  continuously
monitored at reactor outlet by a chemiluminescence NOx analyzer
(42C-HT, Thermo Environmental Instruments). The NOx-TPD pro-
files were corrected for the weight loss due to dehydration of the
samples.

2.3. Evaluation of catalytic performance in oxidation reactions

The catalytic performance of the prepared catalysts was eval-
uated for CO and C3H6 oxidation activity under simulated diesel
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