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The application of Pd in three-way catalyst represents a significant technology break-

through for the removal of pollutants from gasoline powered vehicle exhaust gas. Pd

shows superior catalytic activity for hydrocarbon (HCs) oxidation and thermal stabil-

ity to the conventional Pt/Rh catalyst. However, Pd catalysts are more susceptible to

chemical poisoning. This work summarizes the progress of the Pd-based three-way cata-

lyst and its related technologies. The state of Pd in the reaction, the support and oxygen

storage material, the promoters, and preparation methods on the catalytic performance

are reviewed. The process and catalyst configurations, e.g., close-couple (CCC), dual

bricks, layered, and zone-coated catalysts, are described and compared. The advances

in the understanding of the reaction and deactivation mechanisms in the three-way

catalysis systems are also discussed.

Keywords Three-way catalyst, Oxygen storage capacity, Palladium, Catalyst config-

uration, Mechanism and kinetics

1. INTRODUCTION

Serious concerns in urban air quality deterioration caused by automotive emis-

sions and the more harmful species evolved from them via photochemical

reactions, were noticed as early as the 1970s due to the increased use of vehi-

cles (1). In American cities such as Los Angeles, photochemical smog occurred
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80 J. Wang et al.

so frequently that air quality became a major health problem at the time. The

origin of the photochemical smog can be ascribed to the reaction occurring

between two of the primary pollutants (unburned hydrocarbons and nitrogen

oxides) of automotive emissions with the promotion of sunlight:

HC + NOx + hv → O3 + other products. (1)

Typical exhaust gas composition of the gasoline engine powered vehicles at

the normal operating conditions is carbon monoxide (CO, 0.5 vol.%), unburned

hydrocarbons (HC, 350 ppmv), nitrogen oxides (NOx, 900 ppmv), hydrogen (H2,

0.17 vol.%), water (H2O, 10 vol.%), carbon dioxide (CO2, 10 vol.%), oxygen (O2,

0.5 vol.%), and nitrogen left (2). Among these species, HC, CO, and NOx are the

major harmful pollutants. Catalysts for the treatment of automotive exhaust

gas have been developed since 1974 when these catalysts were commercial-

ized in the U.S. and Japan (3). Now, the catalysts are widely applied for the

control and suppression of the environmental impact of the exhaust emission

of the gasoline-powered vehicles by converting the basic air contaminants CO,

HCs, and NOx to their corresponding harmless products CO2, N2, and H2O (4).

This concept was christened as the three-way catalyst (TWC) (5). The main

reactions in this catalysis system can be described with Eqs. (2)–(9) (2,6)

Oxidation reactions:

CmHn + O2 → CO2

(

CO
)

+ H2O (2)

CO + O2 → CO2 (3)

H2 + O2 → H2O (4)

NO Reduction reactions:

CmHn + NO → N2

(

N2O, NH3

)

+ H2O + CO2 (5)

CO + NO → CO2 + N2

(

N2O
)

(6)

H2 + NO → N2

(

N2O, NH3

)

+ H2O (7)

Hydrogen production reactions:

CO + H2O → CO2 + H2 (8)

CmHn + H2O → CO2 + H2 (9)
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A Review on the Pd-Based Three-Way Catalyst 81

The TWCs typically consist of (1) a cordierite or stainless steel-based mono-

lithic substrate having a honeycomb structure, (2) high surface area support

and oxygen storage materials coated on the monolith, (3) the platinum group

metals (Pt, Pd, and Rh) which act as the active components, and (4) metal

oxides that are mainly functioned as the promoters (7,8). Advances in mono-

lith technology and catalyst-mounting methods, flexibility in reactor design,

low pressure drop, high heat and mass transfer rates, are the main reasons for

adopting monolithic substrates (2). The ceramic substrates are often based on

cordierite (2MgO·2Al2O3·5SiO2) material. γ -Al2O3 was used as the major com-

ponent of the first coating layer or the basic catalyst support on the monolithic

cordierite, due to its high surface area and relatively good thermal stability

under the hydrothermal conditions of the exhaust gas (9). At air fuel ratios

close to the stoichiometric point, the TWCs work efficiently and achieve a

simultaneous conversion of CO/HCs/NOx. A typical response of the TWC as a

function of the air/fuel ratio is shown in Fig. 1. As reported by Gandhi et al. (5),

the addition of CeO2 to the basic support of the TWCs enhances CO, HC, and

NOx conversions under the conditions with lean-rich swings of the exhaust

gas composition. When the fuel is rich, oxygen content is insufficient for the

complete oxidation of CO and HC. In the lean mode, oxygen in the exhaust

is too high, which leads to a low NOx reduction conversion. Ceria in the cat-

alyst adsorbs and releases oxygen in response to the oxygen/fuel ratio in the

exhaust gas, due to the Ce4+/Ce3+ redox reactions. The capability of the cat-

alyst in storing and releasing oxygen became an important factor. In general,

this capacity is classified as oxygen storage capacity (OSC) and dynamic OSC

(DOSC). OSC refers to the amount of oxygen thermodynamically available,

while DOSC is related to the amount of oxygen kinetically available during
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Figure 1: The typical performance of three-way catalyst as a function of the air/fuel ratio.
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82 J. Wang et al.

transient conditions. In addition to the OSC, the introduction of CeO2 to Pd-

TWCs also enhances the activity of water-gas shift (WGS) and steam reforming

reactions which favors the removal of the carbon monoxide and hydrocarbons

(10,11). As the content of water vapor reaches about 10 vol% in the exhaust

gas, the high activity of WGS and steam reforming reactions may remarkably

contribute to the three-way reactions. The main limitation for the application

of pure CeO2 is the poor thermal stability because the vehicle exhaust con-

dition is thermally hash. With the reaction temperature higher than 800◦C,

the catalyst with pure CeO2 in the support experienced deactivation seriously.

Thereafter, the incorporation of ZrO2 into the CeO2 lattice has been proved to

be effective in preventing CeO2 from sintering and improving the OSC, leading

to a better performance of the TWCs (12–14).

In the early 1970s, Pt and Pt/Pd in various ratios were employed as the

active components in the automotive emission control catalysts, which were

evolved from the early oxidation catalysts for the complete oxidation of CO and

HCs (15–17). Meguerian et al. (18) discovered the necessity of Rh in reducing

NOx. Afterwards, as stricter NOx standards were introduced in the 1980s, Pt

was combined with Rh to convert CO, HC, and NOx simultaneously (19). NOx

from the engine exhaust can be efficiently reduced to N2 with the in stream

reducing species like HCs and CO over the Pt/Rh catalyst in fuel rich exhaust

gas (20). Furthermore, a Pt/Rh synergistic effect in the Pt-Rh TWCs was found

by Hu et al. (21,22). Pt helps to keep Rh in active and dispersed metallic state

through H2 spillover from Pt particles, which facilitates the regeneration of the

inert Rh-alumina species formed under oxidizing conditions at high tempera-

tures. Pt/Rh containing catalysts dominated the automobile exhaust converter

market for many years. However, the cost of Pt and Rh are both very high

especially for Rh, which has been produced in very small quantity in the world

(23). Extensive efforts have been paid to find the replacement of the very rare

Pt and Rh in automotive catalyst, which has to meet the more and more strin-

gent emission standards. Pd, which is more abundant and adequate in supply,

drew much attention to reduce the cost with precious metals. The Pd cata-

lysts developed thereafter demonstrated significantly improved light-off and

NOx conversion activities compared to the commercial Pt/Rh TWCs (24). Ford

introduced a Pd/Rh catalyst in 1989, in which Pt was replaced with Pd (25,26).

However, Pd forms alloy with Rh and enriches at the surface, which strongly

suppresses the excellent catalytic activity of Rh (27). Furthermore, Pd tends

to form PdO on the surface in oxygen rich atmosphere, which further restrict

the good performance of Rh (28,29). In 1994, Ford Motors firstly successfully

applied the Pd-only TWCs from Engelhard, and met the then most stringent

low emission vehicle standards. Significant precious metal cost saving has been

achieved.

Generally, Pd-based TWCs possess several advantages compared to the

Pt/Rh catalysts. Economical consideration was the initial driving force to use
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A Review on the Pd-Based Three-Way Catalyst 83

Pd. Pd is by far the most abundant noble metal that can be utilized in automo-

bile exhaust gas treatment. Pd-based TWCs also give a faster light-off, which

leads to an overall improvement of the performance particularly for the HC

conversion (30,31). Compared to Pt-based ones, Pd catalysts were shown to

adsorb much more oxygen over a wide temperature range (32), which influ-

ences the oxidation ability significantly. Furthermore, Pd metal is known to

have better resistance to thermal sintering than Pt and Rh (33). Therefore, it

was considered as a promising component in high temperature applications.

The main limitations for the application of Pd are the high sensitivity to the

poisoning by sulfur and lead (34,35). However, as the improvement of the fuel

quality, lead levels are close to zero at present and fuel sulfur levels have

also been markedly reduced. Consequently, the limitation for Pd-only cata-

lyst is much less severe than that in the early time and most of the modern

TWCs are based on Pd containing formulations (36). However, compared to

Pt/Rh catalyst, Pd shows intrinsically lower activity for NOx reduction and

saturated hydrocarbon oxidation (37,38). The self-poisoning by hydrocarbon

molecules is the cause of the poor NOx reduction capability of the Pd catalysts

(39). Therefore, it is necessary to enhance the hydrocarbon oxidation activity in

order to improve NOx conversion efficiency in a fuel-rich region. In this article,

the developments of Pd-based TWCs is reviewed, with focusing on the catalyst

system, reaction mechanism, and kinetics as well as perspectives to the future.

2. STATE OF PALLADIUM IN THE REACTION

The performance of the Pd-based catalyst strongly depends on the chemical

state of Pd during the reaction. Fernández-García et al. (40) investigated the

state of Pd over Pd/Al2O3 and Pd/CeO2-ZrO2 TWCs under the stoichiomet-

ric simulated gas (C3H6+CO+NO+O2+N2 or CO+NO+O2+N2). The in-situ

diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and

X-ray absorption near edge structure (XANES) results indicated that the ini-

tially fully oxidized Pd is reduced to Pd(0) over Pd/Al2O3 with the increase

of reaction temperature. However, the presence of CeO2-ZrO2 stabilizes the

Pd species with average oxidation state as Pd (I) which retains a certain

metallic-like character due to the existence of Pd-Pd bonds. The presence of

C3H6 in the reactant gas also contributes to the stabilization of Pd (I). The

Pd (I) species is proved to be beneficial to the three-way reaction, especially

for the CO and C3H6 removal. Another work of the same group further con-

firmed that the presence of CeO2-ZrO2 retards the reduction of Pd under the

dynamic conditions (41). Recently, Lu et al. (42) examined the state of Pd over a

Pd/CeO2-ZrO2-Al2O3 catalyst. The reaction was performed under a simulated

transient cycles conditions with changed reaction temperatures (100–900◦C)

and fluctuating oxygen conditions (7000 ppm CO, 150 ppm C3H6, 1600 ppm
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84 J. Wang et al.

Figure 2: Operando XANES spectra at the Pd K-edge recorded on Pd/ACZ during the simu-
lated driving cycle. The bottom spectrum in each panel corresponds to room temperature in
λ = 0.97. Values in brackets indicate the λ value. Reprinted from (42) with permission of Elsevier
Science Publishers B.V.

NO, 2650–3025 ppm O2 and He balance), which is more close to the realistic

conditions than that in (40). The in situ XANES results (Fig. 2) demonstrate

that the fresh catalyst with fully oxidized Pd is quickly reduced to the metal-

lic Pd, and this Pd (0) species remains within the whole temperature range

regardless of the air/fuel ratio. Only significantly oxidizing conditions (with

λ≫1) can cause the re-oxidation of Pd, as shown in the top spectrum of Fig. 2.

However, as the X-ray absorption spectroscopy method is sensitive to the bulk

phase of catalyst, the re-oxidation of the surface Pd during the transient cycles

cannot be excluded in this work. A strong dependence of Pd chemical state on

the particle size under the cycling conditions was observed by Iglesias-Juez

et al. (43). They prepared two Pd/Al2O3 catalysts (Pd metal loading 2 wt% and

4 wt%) and estimated an average particle size of about 1.5 and 3.0 nm for 2 wt%

Pd/Al2O3 and 4 wt% Pd/Al2O3, respectively. The reaction was performed under

cycling conditions with 5% CO and 5% (NO+O2; 1:4.5) gas mixtures in He,

with 10 repetition of 13.65 × 2 s. They found that both Pd (0) and Pd (I) can be

present upon the CO reducing step of the CO/(NO+O2) cycle, but it is strongly

dependent on the particle size of the Pd. Pd (I) is the main species for 2 wt%

Pd/Al2O3 with about 1.5 nm particle size while Pd (0) dominates the reaction

for 4 wt% Pd/Al2O3 with around 3.0 nm particle size. The Pd (I) species shows

a higher activity towards CO elimination than the Pd (0).

Although the fully oxidized Pd can be the active phase for a fresh cat-

alyst, the continuous existence of reduced Pd should be considered during

the real working conditions. The state of the reduced Pd as Pd (0) or Pd (I)

is influenced by the particle size of Pd and the support material. Generally,
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A Review on the Pd-Based Three-Way Catalyst 85

small particle size of Pd and the presence of CeO2-ZrO2 OSC material favors

the presence of Pd (I) species which has high activity towards the three-way

reaction, especially for the elimination of hydrocarbon and carbon monoxide.

The loading amount of Pd in the Pd-based TWC is a deeply concerning

factor in industry. Brisley et al. (44) investigated the effect of Pd loading on

the three-way performance of the Pd-only catalyst. The results indicated that

the HC and CO conversions are good at moderate Pd loadings while NOx con-

version increases sharply with the palladium loading. This conclusion is in

line with that of Hu et al. (45), suggesting negligible effect of Pd loading on

HC and CO conversion performance but better performance in NOx conver-

sion at higher Pd loading levels. Summers et al. (30) tested the influence of the

palladium loading on the integral HC conversion and the HC light-off perfor-

mance. The results indicated that with the increase of Pd loading from 0.68 g/L

to 17.0 g/L, the integral HC conversion increases from 91% to 97% while the

HC light-off (50% conversion) temperature drops from 420◦C to 305◦C. The

improvement in the integral HC conversion performance with the increase of

the palladium content is relatively small, compared to the improvement in the

HC light-off performance. Kang et al. (46) investigated the effect of Pd loading

with making six Pd-based TWCs containing 20, 80, 140, 160, 200, and 240 g/ft3

Pd. They measured the Pd metal surface area (MSA) with CO chemisorptions

and thought the MSA can be used as an index of the performance of the cata-

lyst. They found that the Pd MSA increased linearly with the Pd loading in the

range of 20–80 g/ft3. However, the rising trend exhibits a nonlinear increase

with the further increase of Pd loadings. Then no appreciable difference in the

Pd MSA for the Pd loading range in 160 g/ft3 and 240 g/ft3 was observed.

Furthermore, they proposed an empirical model between the catalyst activity

function (A) and Pd loading (L):

A = 1.05 − 1.08 exp
(

−2.0−L
70.0

)

(10)

in which A is defined as the ratio of Pd MSA at a given loading to Pd MSA at

240 g/ft3 Pd loading. This model well predicts the increase trend of Pd MSA

over a wide range of Pd loadings (see Fig. 3). A common tendency is observed

that the emissions are lowered as the Pd loading increased to some extent,

due to the increased number of active sites (47). However, the use of high Pd

loading means much high cost on catalyst. In addition, the reduction of NOx

requires the presence of CO, HC, or H2. If the rates of the oxidation of these

species are very rapid, as happens over the catalyst with a high density of

active Pd sites, the partial pressure of these species will be too low and the

conversion of NOx on the catalyst will be limited (44). Furthermore, high Pd

loading favors sintering at high temperatures, which leads to the deactivation

of the TWC.
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86 J. Wang et al.

Figure 3: Model prediction of catalytic activity by using activity function (A). A is defined as

the ratio of Pd MSA at a given loading to Pd MSA at 240 g/ft3 Pd loading. MSA: metal surface
area. Reprinted from (46) with permission of Elsevier Science Publishers B.V.

3. FUNCTIONS OF CATALYTIC COMPONENTS

3.1. Support and Oxygen Storage Materials

3.1.1. Al2O3

The most frequently used TWCs are composed of noble metals supported

on an alumina coated ceramic monolith (8). Due to the fact that the honey-

comb monolith has a low surface area (about 3m2/l) (36), the application of

an interlayer alumina aims at providing a high surface area for enhancing the

dispersion of the noble metals. Mamede et al. (48) compared the performance of

bulk Pd and 1wt% Pd/Al2O3 for CO+NO reaction and found the reaction rate

over latter one is much higher than on bulk Pd. This was attributed to the great

difference of dispersion between bulk Pd (1.4%) and 1wt% Pd/Al2O3 (40%).

In addition to the high surface area and the relatively good hydrothermal

stability under the vehicle exhaust condition, the interlayer, behaving as the

primary support for the noble metals, should prevent the catalyst components

from sintering (49,50). In most of the cases, γ -Al2O3 is employed due to its high

surface area. However, in some of the other cases other alumina phase such as

θ -Al2O3 can also be found, especially for the high temperature applications

such as in the close coupled catalysts (CCCs) where the temperature reaches

1000◦C. θ -Al2O3 has a better thermal stability than γ -Al2O3 (9). A temperature

of 1000◦C transforms γ -Al2O3 into α-Al2O3 which has a typically low surface

area (50). As a result, stabilization of the transition alumina phase is neces-

sary for the TWCs. Shen et al. (51) prepared a Pd-only catalyst loaded on the

P-doped Al2O3 prepared by sol-gel method. They found that the Pd/P-Al2O3
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A Review on the Pd-Based Three-Way Catalyst 87

catalyst gives much higher BET surface area and three-way performance than

the Pd/Al2O3 catalyst after 1050◦C for 10 h under 10% steam in air. The inter-

action between Pd clusters and P-O-Al units in the P-doped Al2O3 prevents the

sintering of Pd and the phase segregation of AlPO4 in γ -Al2O3.

CeO2 has been proved to be effective to improve the thermal stability of

Al2O3. Ozawa and Kimura (52) compared the thermal stability of a series of

xCeO2/Al2O3 (x = 0.5, 1, 2, 3, 5, and 10 mol%) material through a high tem-

perature aging at 1000–1200◦C in air for 5 h. They found that the thermal

stability of Al2O3 is improved with the addition of only 0.5–2 mol % CeO2. The

X-ray diffraction (XRD) characterization (see Fig. 4) showed that a pure Al2O3

completely transformed to α-Al2O3 during the calcination in air at 1200◦C,

while the Al2O3 with doping 0.5 mol% CeO2 still retained the structure of θ -

Al2O3. The XRD peaks of CeO2 phase appear only in the patterns of the Al2O3

samples when the CeO2 content is more than 2 mol %. This result indicates

that the addition of CeO2 improves the thermal stability of γ -Al2O3, but its

overload leads to the formation of segregated CeO2 particles. Shyu et al. (53)

proposed the formation of a CeAlO3 phase because they measured a Ce (III)-

like X-ray photoelectron spectrum (XPS) and a completely different Raman

spectrum from that of CeO2 in a 7 wt % CeO2/Al2O3 sample, which was heated

Figure 4: XRD patterns of (a) pure Al2O3 and (b) 0.05 mo1% Ce-Al2O3. Both samples were
calcined in air at 1200◦C for 5 h before test. ( �): θ -Al2O3; (O): α-Al2O3. Reprinted from (52) with
permission of Springer.
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88 J. Wang et al.

Figure 5: The schematic diagram of surface complex in Pd/CeO2/Al2O3 system. Reprinted
from (55) with permission of Elsevier Science Publishers B.V.

at 1000◦C for 80 h in flowing 10% H2/Ar. The formation of CeAlO3 phase was

believed to be related to the good thermal stability of the CeO2/Al2O3 material.

Piras et al. (54) also assumed that the promotion effect of CeO2 on the thermal

stability of γ -Al2O3 is due to the formation of CeAlO3 which inhibits the crys-

tal growth of α-Al2O3. However, this effect cannot be observed under reducing

or redox conditions at 1200◦C. Shyu et al. (55) proposed that Pd accelerates

the reversible reaction of CeO2/Al2O3 ←→CeAlO3 and presented a model to

explain the experimental observations (see Fig. 5). In this system, Pd is in a

state between Pd◦ and PdO. PdO may form solid solution with CeAlO3 and the

solution may transform to Pd◦ and CeAlO3 in a reduction atmosphere, while

the reoxidation results in the formation of PdO and CeO2. Pd assists this redox

process and moderates the loss of OSC owing to the CeAlO3 formation which

inhibits the Ce4+←→Ce3+ redox reaction and maintains the high OSC of CeO2

as a result.

In addition to CeO2, some other oxides, such as La2O3 and BaO, have also

been found to enhance the thermal stability of Al2O3. Burtin et al. (56) inves-

tigated the kinetics of the transformation from γ -Al2O3 to α-Al2O3 and found

that the addition of La2O3 significantly lowers the rate of the transformation

of Al2O3 calcinated at high temperatures. Yamamoto et al. (57) confirmed the

positive effect of La2O3 addition on the thermal stability of γ -Al2O3. They

found that the addition of La2O3 to γ -Al2O3 poisons the original strong acid

sites and generates other weaker Lewis acid sites over Al2O3. The change

of strong Lewis acid sites on Al2O3 suppresses the hydrolysis-dehydration

scheme, inhibiting the phase transformation from δ to A-phase. Kwak et al. (58)

examined the influence of incorporation of La2O3 and BaO on the phase trans-

formation of γ -Al2O3 and found that both the two additives retard the phase

transformation of Al2O3 from γ to α-phase after calcination at 1000◦C for 10 h.

They observed that the addition of La2O3 and BaO favors the conversion of

pentacoordinated aluminum into octahedral ones. The presence of pentacoor-

dinated aluminum is closely related to the thermal instability of γ -Al2O3 at

high temperatures.
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3.1.2. CeO2

TWCs work efficiently with achieving simultaneous conversions of

CO/HC/NOx only at the air fuel ratios close to the stoichiometric point.

However, fluctuations between fuel-rich (net reducing) and fuel-poor (net

oxidizing, also called lean burn condition) conditions severely decrease the effi-

ciency of the catalysts (5). In the beginning of 1980s, CeO2 was found have

a significant OSC, while Al2O3 was realized do not store and release oxygen

under the vehicle exhaust gas convertor conditions (59).

There is no doubt that the presence of CeO2 in the support layer enhances

the performance of the Pd-based TWCs under real exhaust conditions because

of the OSC of CeO2 (60,61). Furthermore, the interface between Pd and CeO2

has a positive contribution to the three-way reactions. Sanchez and Gazquez

(62) proposed that the metal atoms may anchor into the oxygen vacancies

formed at the surface of the CeO2, leading to the occurrence of a “nesting”

effect, while the diffusion of the metal atoms into the bulk phase of CeO2 is

difficult due to the high barrier caused by the cationic sublattice. The inter-

face between metal and CeO2 can provide new sites for the reaction. Holles

et al. (63) compared the performance of Pd/Al2O3 and Pd/CeO2/Al2O3 catalyst

prepared by step-wise impregnation technique under the stoichiometric condi-

tions. They found that the addition of CeO2 to the Pd/Al2O3 catalyst increases

the reaction rate of NO reduction by CO for at least one order of magnitude

(see Fig. 6). They believed that CeO2 provides new active sites at the Pd-CeO2

interface to enhance the NO + CO reaction through facilitating the NO disso-

ciation which may be the rate-limiting step of the reaction. This conclusion

Figure 6: Arrhenius-type plots for the NO+CO reaction over 1.0 wt% Pd/Al2O3, 5 wt%
CeOx/Pd/Al2O3, 10 wt% CeOx/Pd/Al2O3, and 30 wt% CeOx/Pd/Al2O3. Reaction conditions:
5.07 kPa NO+5.07 kPa CO + He balance, Total pressure in the reactor was 1 atm. Reprinted
from (63) with permission of Elsevier Science Publishers B.V.
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was also supported by Ciuparu et al. (64) who found that the pre-reduced

Pd-CeO2/Al2O3 catalyst is more active for NO reduction than the pre-reduced

Pd/Al2O3 sample. They compared the NO-TPD results of four pre-reduced cat-

alysts, i.e., a CeO2/Al2O3 sample prepared with an impregnation technique

and three Pd-CeO2/Al2O3 catalysts prepared with coimpregnation, successive

impregnation, and co-grafting methods, and observed that the Pd-CeO2/Al2O3

catalysts prepared with coimpregnation and successive impregnation methods

exhibit higher selectivity for N2 than the other two samples. They suggested

that the active sites for NO dissociation are located at the Pd-CeO2 bound-

ary rather than on the Pd or CeO2 surfaces. The interaction between Pd and

CeO2 was found significantly enhance the OSC and the DOSC of the catalyst

(65,66). The drop of the activation energy for the migration of lattice oxygen

migration by the loading of Pd on the CeO2 was found to be the main reason for

this phenomenon (67). Descorme et al. (68) believed that the Pd-CeO2 couple

provides high mobility of oxygen at the metal-oxide interface (see Fig. 7), thus

facilitating the DOSC.

3.1.3. CeO2-ZrO2

Since 1995, pure CeO2 has been gradually replaced by the CeO2-ZrO2

mixed oxides in the TWCs (9). The main limitation for the application of pure

CeO2 is the poor thermal stability because the vehicle exhaust condition is

thermally hash. With the reaction temperature higher than 800◦C, the catalyst

with pure CeO2 in the support experienced deactivation seriously. The deterio-

rations of the catalyst due to sintering include the loss of the surface area and

OSC (69). In addition, the metal-CeO2 interaction is also weakened (59).

Extensive efforts have been made on improving the thermal stability of

CeO2. Among these efforts, the incorporation of ZrO2 into the CeO2 lattice has

been proved to be effective in preventing CeO2 from sintering (70,71). Cuif

Figure 7: Schematic representation of possible processes involved during OSC measurements
in NM/CeO2 systems. Oxygen transfer from the support to the metal surface depends on oxy-
gen mobility at the surface, in the bulk of the oxide and on the metal/support interface. CO
direct oxidation on the support is assumed to be very low. Reprinted from (68) with permission
of Elsevier Science Publishers B.V.
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A Review on the Pd-Based Three-Way Catalyst 91

et al. (72) found that the CeO2-ZrO2 mixed oxide in an appropriate composi-

tion range retains a high surface area and OSC even after calcination at 900◦C

for 6 h. Di Monte et al. (50) compared the thermal stability of CeO2/Al2O3 and

CeO2-ZrO2/Al2O3 prepared by wet impregnation. They measured the OSC of

the material after an experiment in which the material was reduced in H2 with

a ramping of the temperature up to 1000◦C and then was re-oxidized fully at

427◦C in 5% O2 in Ar. They found that the formation of CeAlO3 in CeO2/Al2O3

leads to a decrease of the OSC, while no formation of CeAlO3 was detected

in the CeO2-ZrO2/Al2O3 samples. Moreover, the stabilization effect depends

on the amount of ZrO2 added to CeO2. After calcination at 1100◦C for 5 h,

a sample Ce0.2Zr0.8O2/Al2O3 gives much smaller CeO2-ZrO2 average crystal-

lite (7 nm) and much higher surface area (115 m2/g) than that of CeO2 in the

CeO2/Al2O3 sample (20 nm and 60 m2/g). Fernández-García et al. (73) made

a similar comparison between CeO2/Al2O3 and CeO2-ZrO2/Al2O3 prepared by

microemulsion method and observed through the transmission electron micro-

graph (TEM) technique that the average particle size of CeO2 in CeO2/Al2O3

(ca. 20 nm) is twice of that of the CeO2-ZrO2 in CeO2-ZrO2/Al2O3 (ca.10 nm)

after the thermal treatment in air at 1000◦C for 12 h. Such promotion effect of

ZrO2 to CeO2 was also confirmed by Ozawa et al. (74). The good thermal sta-

bility of the catalyst with CeO2-ZrO2 as the support is related to the formation

of solid solution between CeO2 and ZrO2 (59,74). Granger et al. (75) compared

the activity of the catalysts with Pd supported on the supports with differ-

ent Zr/Ce ratio, i.e., ZrxCe1−xO2 (x = 0, 0.25, 0.5, 0.75, 1) and their results

showed that the initial activity of the catalyst is dependent on the Ce con-

tent. The catalyst with the highest initial activity was Pd/CeO2, however, this

catalyst experienced a fast deactivation during the running at 400◦C. The cat-

alyst Pd/Zr0.25Ce0.75O2 was proved to be the most resistant one to deactivation,

suggesting that the incorporation of Zr to CeO2 improves the stability of the

Pd-based catalyst.

Jen et al. (76) measured the OSC of a Pd/CeO2-ZrO2 and a Pd/CeO2 cata-

lyst with a cyclic redox aging technique for 12 h. The aging process was carried

out at 1050◦C by alternatively switching the reducing and oxidizing feed gas

every 10 min. They found a remarkably improvement of the value for the

Pd/(70 wt% CeO2-ZrO2) over the Pd/CeO2 catalyst. Measured at different tem-

peratures, the CeO2-ZrO2 supported catalyst gave an OSC from 7–140 times

higher than that of the pure CeO2 supported one under the same testing con-

dition. The increased OSC of CeO2-ZrO2 was attributed to the defective sites

formed because of the incorporation of Zr into the CeO2 lattice. These defects

greatly enhance the transport of oxygen from the bulk to the surface of CeO2

(24,77). Balducci et al. (78,79) investigated the bulk reduction and oxygen

migration in the CeO2-ZrO2 with a computer simulation technique and found

that the introduction of ZrO2 into the CeO2 lattice lowers the energy barrier

for Ce4+ reduction and increases the mobility of the lattice oxygen (see Fig. 8),
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92 J. Wang et al.

Figure 8: Activation energy for oxygen migration as a function of CeO2 content in Ce-Zr mixed
oxides obtained by the computer simulation. Reprinted from (78) with permission of American
Chemical Society.

as well as the diffusion rate of oxygen from the bulk to the surface, thus pro-

moting the redox circle of the Ce4+/Ce3+ couple. This result is consistent with

the observations of Graham et al. (80) and Fornasiero et al. (81), they both

found that the addition of ZrO2 has a promotion effect on the reducibility of

CeO2. Furthermore, H2-temperature programmed reduction (H2-TPR) results

indicated that the oxygen reduction occurs at the surface and in the bulk phase

of CeO2-ZrO2 simultaneously at low temperatures. While the H2-TPR peaks,

related to surface and bulk oxygen reduction, appear separately for the pure

CeO2 sample (81).

The robust of the surface area of CeO2 in high temperature is an essential

factor for smoothing the Ce4+/Ce3+ redox cycle and maintaining a high value

of OSC. The loss of the CeO2 surface area dramatically reduces the amount of

oxygen available from CeO2 (69). However, Kašpar and his coworkers (82,83)

got different experience with CeO2-ZrO2 and found that the maintenance of a

high OSC of CeO2-ZrO2 after redox aging is irrespective to a significant loss of

the surface area. They suggested that the OSC of the CeO2-ZrO2 material is

independent on the textural properties. Fernandes et al. (84) also found that

the CeO2-ZrO2 material exhibits a high OSC in spite of the severe sintering

due to the aging at 1200◦C for 72 h, which means that the bulk property dom-

inates the OSC rather than the surface parameters. Jen et al. (76) observed a

different feature between a Pd/CeO2-ZrO2 and a Pd/CeO2 catalyst that a new

H2-TPR peak (Fig. 9) appears between 100◦C and 200◦C for the CeO2-ZrO2

supported catalyst after 1050◦C (even 1150◦C) redox aging, which is totally

absent in Pd/CeO2. They believed that this new peak accounts for a large part

of available oxygen in the aged sample, which may be a reasonable explanation

for the superior OSC of CeO2-ZrO2 after high temperature treatment. The gen-

eration of such easily reducible sample was considered to play the key role in
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A Review on the Pd-Based Three-Way Catalyst 93

Figure 9: H2-TPR traces of 1050◦C redox-aged 2% Pd on C2 (100% CeO2) and CZ3 (70%
CeO2/30% ZrO2) catalysts and 1150◦C redox-aged 2 wt% Pd on CZ3 (70% CeO2/30% ZrO2)
catalyst. The redox aging process was carried out for 12 h by alternating the gas mixture con-
taining 1 mol% CO/H2 (molar ration 3:1) with 0.5 mol% O2 every 10 min. The rest of the gas
mixture consisted of 0.002 mol% SO2, 10 mol% H2O and N2 balance. Reprinted from (76) with
permission of Elsevier Science Publishers B.V.

the retaining of the OSC in aged sample. Fernández-García et al. (73) reported

a similar phenomenon that a new H2-TPR peak at around 380◦C appeared

for the aged CeO2-ZrO2/Al2O3 sample which is absent for the non aged one.

These results suggest that the CeO2-ZrO2 shows excellent OSC performance

even under severe sintering due to the appearance of new oxygen species in

the aged sample. This is essential for the preservation of the performance of

Pd catalysts during long-term application.

Fernández-García et al. (85,86) compared the activity of Pd catalyst

supported on CexZr1−xO2 and CexZr1−xO2/Al2O3 prepared by microemulsion

method for NO reduction and CO oxidation under stoichiometric condi-

tions. For NO reduction, a clearly superior activity of Pd supported on

CexZr1−xO2/Al2O3 to those supported on CexZr1−xO2 and Al2O3 is achieved,

while Pd/CexZr1−xO2 catalyst shows better performance than others for CO

oxidation. The most active sites for CO oxidation involve Pd interacting with

CexZr1−xO2 entities (86). Another work of the same group (87) investigated the

influence of Pd-(CeO2-ZrO2) interface on the performance of the catalyst under

dynamic CO/NO cycles. Two Pd/Al2O3 catalyst with or without CeO2-ZrO2

and having a similar Pd particle size were prepared. A much higher activity

for converting CO and NO was observed on CeO2-ZrO2 sample. They believed

that the Pd-(CeO2-ZrO2) interface appears as the new center for CO and NO

dissociation and promotes N2 and CO2 formation. This interface has also been

found to change the pathway for NCO formation and facilitate the evolution of

NCO into CN, which may influence the N2 production.
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94 J. Wang et al.

The results mentioned indicate that the interaction between Pd- and CeO2-

based OSC plays a dominant role in three-way catalysis. This interaction leads

to a significantly beneficial synergism which further promotes the OSC and

DOSC of the CeO2-based material and stabilizes the Pd with high dispersion.

The interface of Pd-(CeO2-based material) also provide new sites for removal

of the pollutants in the exhaust gas. More importantly, the interaction between

Pd and CeO2 stabilizes the active Pd (I) species under the dynamic conditions

due to the oxygen transfer effect occurring at the interface, which helps to

maintain the high performance of the Pd-based catalyst under the working

conditions.

3.2. Promoter

3.2.1. Promoter for Catalyst without CeO2-ZrO2

In order to improve the three-way performance, especially for the NO

reduction activity and the stability of the Pd-based catalyst, much attention

has been paid to modify the catalyst with suitable promoters. As the effective-

ness of ZrO2 in promoting the performance of CeO2 in TWCs was not openly

presented by the industrial researchers until the year of 1997 (59), a lot of

early works were focus on the TWCs without CeO2-ZrO2 mixed oxides.

The reaction conditions of different promoters for Pd-catalysts without

CeO2-ZrO2 were summarized in Table. 1. Skoglundh et al. (88) investigated

the introduction of La2O3 to the Pd/Al2O3 catalyst prepared by stepwise

impregnation method and got almost 100% conversion of NO under a reduc-

ing condition in the range of λ (λ = (2(O2)+(NO)/((CO)+9(C3H6))) from 0.7–1.0.

They explained this superior NO conversion over the Pd/La2O3/Al2O3 catalyst

to the Pd/Al2O3 with the formation of a Pd-La oxide which favors the reaction

of NO reduction by CO. Logan and Graham (89) studied the NO chemisorption

on Pd (100) with over-layers of La2O3 and Al2O3. The results indicated that

NO was partially dissociated on La2O3 but was not dissociative on Al2O3 at

27◦C, which suggests that La2O3 enhances the dissociative adsorption of NO

on Pd surface. Muraki et al. (39,90) also confirmed the positive effect of La2O3

in the Pd-based catalyst. They believed that the addition of La2O3 weakens

the chemisorption strength of hydrocarbons on Pd, which effectively enhances

the reduction of NO. A Schematic Scheme was proposed by Shinjoh (91) to

show the effect of La2O3 addition to Pd catalyst (Fig. 10). In another work

of Muraki et al. (92), the high activity of NO reduction over the Pd-La2O3/α-

Al2O3 catalyst under stoichiometric and reducing condition is attributed to the

high activity of La2O3 for steam-reforming and WGS reactions that supply H2.

NO reduction by H2 is fast and highly selective.

Adams and Gandhi (93) examined the introduction of WOx into a Pd/Al2O3

through a stepwise impregnation method and found that the addition of WOx
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Figure 10: Schematic scheme demonstrating the effect of La2O3 addition to Pd/Al2O3 cata-
lyst. La2O3 addition weakens the adsorption strength of Pd with HC by a moderate electron
supply and favors HC oxidation. Reprinted from (91) with permission of Elsevier Science
Publishers B.V.

decreases the NO conversion but increases the selectively to N2, e.g., the NO

conversion and selectivity to N2 at 550◦C for the Pd-WOx/Al2O3 are 37% and

95%, respectively, while those are 71% and 69%, respectively, for the Pd/Al2O3

catalyst. Halasz and Brenner (94) tested the performance of a Pd-MoOx/Al2O3

catalyst containing 2 wt% Pd and 20 wt % MoOx and found that MoOx pro-

motes the activity and selectivity for the reduction of NO by CO, H2 and also

the mixture of CO+H2 in the temperature range of 300–550◦C, under either

slightly reducing or slightly oxidizing conditions. Moreover, the NO removal

activity of this catalyst exceeds slightly that of a commercial Pt-Rh catalyst

under oxidizing conditions in the atmosphere of NO+CO+H2+O2. However,

the sublimation of MoOx at high temperatures is a problem for the catalyst

with such a high MoOx content (95). Schmal and his coworkers (96,97) inves-

tigated a Pd-MoOx/Al2O3 catalyst containing 1 wt% Pd and 8 wt% MoOx

for the reaction of NO reduction by CO. The results showed that this cata-

lyst is much more active and selective to N2 than the catalysts of Pd/Al2O3

and MoOx/Al2O3. Mo was found reduce to Mo4+ at low temperatures in the

presence of Pd particles, and the NO-TPD technique provides evidence for

NO dissociation over these partially reduced Mo oxides. They assumed the

enhancement of NO reduction is due to the modification of the electronic prop-

erties of the Pd particle by the partially reduced Mo oxide. The formation of the

new adsorption sites between Pd and partially reduced Mo oxide decreases the

stability of the atomic N on the surface of Pd and promotes the NO dissociation.

Neyertz and Volpe (98) examined the effect of VOx addition into a

Pd/Al2O3 catalyst and got a higher N2 selectivity in CO+NO reaction espe-

cially at low temperatures. They proposed that VOx weakens the N-O bond and

favors its dissociation, thereby facilitating N2 formation at low reaction tem-

peratures. Kim and his-coworkers (38,99) tested the effects of VOx and ZrO2

contents on the performance of a Pd-VOx-ZrO2-Al2O3 catalyst prepared with a

sol-gel method with a simulated gas feed containing 30 ppm SO2. The results

showed that VOx is a promoter for enhancing the resistance against SO2 and
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A Review on the Pd-Based Three-Way Catalyst 97

Zr is the one for improving the activity and thermal stability. However, the

catalyst which has a mole ratio of V/Zr = 0.36 shows both a good durability

against SO2 and a high thermal stability. They think that there is a syner-

gistic interaction between VOx and ZrOx in this Pd-only catalyst due to the

formation of a tetrahedrally coordinated V species which was confirmed by 51V

solid-state Nuclear Magnetic Resonance spectrum, like (V-O)3V = O, inhibiting

the crystal growth of PdO and the phase transformation of ZrOx, and γ -Al2O3

during the thermal aging process.

Alkali metal and alkali earth metal oxides such as Na2O, K2O, and BaO

have been proved beneficial to the performance of the Pd-only catalyst (100–

102). Yentekakis et al. (100) measured the effect of Na2O content in a Pd/YSZ

catalyst on NO reduction by C3H6. Their results suggested that the addition

of 0.068 wt% Na2O increases the reaction rate significantly and the maximum

selectivity of N2 rises from around 75% on the unpromoted catalyst to about

95% on the promoted one, while further increase of the Na2O content leads to

the poisoning of the catalyst. They proposed that the role of Na2O is to enhance

the NO chemisorption while weakening that of C3H6 which is much stronger

than that of NO on the Pd surface. However, too much Na2O blocks the sur-

face of Pd and inhibits the adsorption of the reactants. Shinjoh et al. (103)

confirmed the promoting effect of alkaline metal oxides (Li, Na, K, Cs,) due to

the weakening of the adsorption strength of C3H6 on Pd. XPS analysis results

indicated that this phenomenon is caused by the increase of the electron den-

sity of the Pd particles. The addition of BaO and La2O3 to a Pd/CeO2/Al2O3

catalyst was proved to enhance the NO conversion under reducing conditions,

especially after 850◦C aging for 30 h (102). Kobayashi et al. (104) compared the

effects of the incorporation of BaO, SrO, and La2O3 into the Pd/Al2O3 on the

three-way performance of catalyst and found that all these promoters improve

the performance of the Pd-only catalyst. This improvement effect decreases as

the increase of the electronegativity of the added cations, as shown in Fig. 11.

They also observed with XPS technique that the electron density around Pd (II)

increased due to the addition of BaO. They believed that the Pd (II) (with an

electron structure of Kr (4d8)) in Pd/BaO/Al2O3 have an electron configuration

similar to that of Rh Kr (4d85s1).

3.2.2. Promoter for CeO2-ZrO2

The OSC materials play an important role in the Pd-based catalyst for

the three-way reactions. For the purpose of increasing the thermal stability

and OSC of the widely used CeO2-ZrO2 mixed oxide, promoters were intro-

duced into the support. Zr-Ce-Pr-O and Zr-Ce-Nd-O mixed oxides were found

have high oxygen mobility at low temperatures, therefore these materials were

thought promising to be used as the OSC material in TWCs (105,106). Wu et al.

(107) investigated the addition of Pr and Nd oxides on the structure and the
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98 J. Wang et al.

Figure 11: Effect of the promoters (Sr, Ba, and La oxide) on three-way catalytic performance of
Pd-based catalyst. The evaluations were conducted around the stoichiometric air/fuel ratio
(A/F = 14.5–14.7) at a catalyst inlet temperature of 400◦C, space velocity 68,000 h−1. The
catalyst was aged for 50 h on the engine dynamometer at the catalyst inlet temperature of
850◦C before test. Reprinted from (104) with permission of Elsevier Science Publishers B.V.

OSC of CeO2-ZrO2. They found that both the doped samples present higher

ratios of Ce3+/Ce4+ than the pure CeO2-ZrO2, which leads to more crystal

defects, and a much higher OSC and DOSC after a hydrothermal aging process

at 1050◦C. The enhanced thermal stability of CeO2-ZrO2 by the introduction

of PrOx was confirmed by the facts that no phase segregation was measured

with XRD and only a small loss of the surface area after 1050◦C aging. Wang

et al. (108) found that the addition of a small amount of PrOx (about 5%) to

CeO2-ZrO2 in a Pt-Pd-Rh/CeO2-ZrO2 catalyst improves the light-off perfor-

mance (50% conversion) of NO reduction with C3H6. The addition of PrOx also

leads to wider operation window for NO conversion (>80%) at oxygen lean

condition than that of the catalyst without PrOx. Wang et al. examined the

incorporation of Pr oxide (109) and Nd oxide (110) into the CeO2-ZrO2 and

applied the support in a Pd-only TWC. They found that the addition of appro-

priate amounts of Pr oxide (8 wt %) and Nd oxide (5 wt %), respectively, leads

to a superior three-way performance and enlarged the operation temperature

window especially for the samples aged at 1100◦C for 4 h. The major reason for

the promotion effect of the Pr and Nd oxides is the formation of a homogeneous

ternary solid solution with higher OSC and better reducibility. Another work

of Wang et al. (111) confirmed the positive effects of La, Pr, and Nd oxides

addition to CeO2-ZrO2 on the three-way performance of the fresh and aged

Pd/CeO2-ZrO2 catalyst.

Vidmar et al. (112) found that the addition of Y2O3 with an appropri-

ate amount (5 mol %) to Ce0.6Zr0.4O2 increases the low temperature OSC.

They observed the formation of a homogeneous cubic phase in the sample.

Markaryan et al. (113) also found that a small amount of Y2O3 addition stabi-

lizes the cubic structure and favors the reduction of CeO2-ZrO2. Hu (114) used

a Ce0.6Zr0.3Y0.1O2 material as the support of a Pd-only TWC and got a high

light-off performance (50% conversion) for HC, CO, and NO eliminations. He
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A Review on the Pd-Based Three-Way Catalyst 99

proposed that this effect is related to the excellent redox property of the Y2O3

modified Ce-Zr mixed oxide. Yamamoto and Tanaka (115) tested the perfor-

mance of several Pd-only catalysts supported on Al2O3, (Ce-Zr)Ox/Al2O3, and

(Ce-Zr-Y)Ox/Al2O3. They found that the best three-way performance and the

50% conversion window under air/fuel fluctuation conditions were obtained

on the sample with support containing Y2O3, which retained a superior activ-

ity after the 1050◦C vehicle emission test. They believed that the improved

OSC and its stability of the Ce-Zr-Y oxide is the major reason for this high

performance (116). Wang et al. (117) investigated a series of Pd-only catalyst

with the composition of Pd/(Ce-Z-M)Ox/Al2O3 (M = Y, Ca, or Ba) calcinated

at 1100◦C in air for 2 h. As shown in Fig. 12, the Y2O3 promoted catalyst has

better propane oxidation activity than the others, which suggests the Pd/(Ce-

Zr-Y)Ox/Al2O3 catalyst is a promising CCC for high-temperature application.

Moreover, this Pd/(Ce-Zr-Y)Ox/Al2O3 also shows the best resistance towards

sulfur poisoning. Another work (118) of the same group confirmed the positive

effect of Y2O3 on the propane combustion activity of Pd/CeO2-ZrO2 catalyst.

XPS results indicated that an appropriate amount of Y2O3 addition leads to

a stronger interaction between Pd species and Zr-containing species, which

improves the dispersion of Pd.

The effects of Fe (119) and Ni (120) oxides incorporation into the CeO2-

ZrO2 material and the supported Pd-only TWC were examined by Li et al.

They found that the addition of both the two oxides leads to the formation

of Ce-Zr-M-O ternary solid solution and more oxygen vacancy, enhancing the

performance of the corresponding Pd-only TWC as a result. Another work of

this group (121) found that the introduction of Fe and Ni oxides enhances the

oxygen mobility of the sample. Furthermore, XPS results demonstrated that

Fe and Ni oxides promote the surface atom ratios of Ce/Zr and make part of

Ce4+ transferred into Ce3+, increasing the OSC of the catalyst.

3.2.3. Promoter for Catalyst with CeO2-ZrO2

Modification of Pd by introduction of a promoter appears to influence the

performance of Pd-based catalyst significantly. Guo et al. (122) examined the

effect of La2O3 on the performance of a Pd/CeO2-ZrO2 catalyst. The results

indicate that the addition of La2O3 to the Pd catalysts significantly enhances

the light-off performance (50% conversion) after aging at 900◦C for 4 h. Yao

et al. (123) confirmed the positive effect of La2O3 on the thermal stability of

a Pd/CeO2-ZrO2-Y2O3-Al2O3 CCC. Their results indicate that the addition of

10% La2O3 to the Pd catalysts significantly enhances the C3H8 conversion after

aging at 1000◦C for 5 h. They found a higher dispersion and reducibility of

Pd over La2O3 modified catalyst than the La2O3 absent one. A promotional

effect of NiO on the performance of Pd-NiO/CeO2-ZrO2/Al2O3 catalyst for the

stoichiometric NO+CO+O2 reaction was observed in Hungría et al. (124,125).

Although no obvious change of Pd electronic properties were found by the in
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100 J. Wang et al.

Figure 12: Propane conversion over Pd/Ce-Zr/Al2O3 and Pd/Ce-Zr-M/ Al2O3 (M = Y, Ca or Ba)
catalysts: (a) calcined at 900◦C, (b) calcined at 1100◦C, and (c) after sulfur-treated. Sulfur
treated catalyst: After calcination at 1100◦C for 2 h, the catalyst was treated under the stream
containing 360 ppm SO2, 10% O2 and balance N2 at 400◦C for 1 h. Reprinted from (117) with
permission of Elsevier Science Publishers B.V.
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A Review on the Pd-Based Three-Way Catalyst 101

situ XANES characterization, the introduction of NiO leads to a preferential

interaction between Pd and (Ce-Zr)Ox. The generation of more active Pd-(Ce-

Zr)Ox interface enhances the CO oxidation and NO reduction activity.

Hungría et al. (126) investigated the performance of a Pd-Cu/CeO2-

ZrO2/Al2O3 catalyst for the CO + NO + O2 reaction under stoichiometric

condition and found that Cu addition enhances CO oxidation and NO reduc-

tion compared to the catalyst without Cu. They believed that Cu assists to

stabilize the metallic Pd due to the formation of a Pd-Cu alloy, which was con-

firmed by in situ XANES. The formation of Pd-Cu alloy enhances the N-O bond

dissociation which is thought to be the rate-limiting step for the NO reduc-

tion reaction on the Pd-Cu/CeO2-ZrO2/Al2O3 catalyst. However, they found

that the destruction of the Pd-Cu alloy happened at a high temperature (over

227◦C), which removes the promoting effect of Cu for NO reduction. A DFT

study (127) predicted the nature of NO interactions change from nearly cova-

lent for the pure Pd to a mixture of covalent plus ionic for the Pd-Cu alloy. The

ionic nature increases with the Cu content in the alloy and weakens the N–O

bond progressively, which suggests a strong activation of NO with respect to Pd

was achieved on this alloy. Iglesias-Juez et al. (128) compared the CO and NO

elimination activity of Pd/CeO2-ZrO2 catalysts incorporated with Cr and Cu

prepared with coimpregnation technique under the stoichiometric conditions

of CO + NO + O2. Their results showed that the additives have no significant

influence on the CO elimination activity except in the case of Pd-Cu/CeO2-

ZrO2 catalyst where a promoting effect was observed and mostly resulted from

the presence of active species Cu (I). For NO removal, the addition of Cu and Cr

both enhance the performance between 100◦C and 180◦C. However, poor activ-

ity with respect to Pd/CeO2-ZrO2 was observed on the Cu-doped one above

180◦C. They believed the difference of performance on different systems may

arise from the interactions between Pd and the second metals. Cr and Cu

appear to form corresponding PdM alloy during the reaction. However, it is

important to note that both of the two alloy species are unstable, decomposing

to give a final Pd (0)-species above 177◦C (PdCu) and 277◦C (PdCr).

In general, the formation of Pd-M alloy strongly modifies the electronic

properties of Pd, which may significantly enhance the performance of CO and

NO elimination. However, the poor stability of the alloy under reaction con-

ditions severely limits the practical value in three-way catalysis. More efforts

should be made on this aspect in the future.

3.3. Catalyst Preparation

Catalysts prepared by different methods have different noble metal dis-

persions, metal support interactions (MSI) and therefore exhibit different

catalytic performance. The technique for loading the Pd metal onto/into the

support is a key factor in the preparation of the Pd-based TWCs. Normally,
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102 J. Wang et al.

almost all the Pd-based TWCs adopt impregnation method to make more

Pd atoms disperse on the outer surface of the support. However, some other

techniques such as deposition-precipitation (129), coprecipitation (130), sol-

gel (36,99,131–133), and combustion (134,135) techniques have also been

examined for the loading of Pd metal.

In general, catalysts prepared with the impregnation method have weak

MSI, while the coprecipitation technique facilitates a strong MSI (SMSI).

Zhou et al. (130) prepared a LaFe0.77Co0.17Pd0.06O3 catalyst with a conven-

tional coprecipitation method and a Pd/LaFe0.8Co0.2O3 catalyst with impreg-

nating the LaFe0.8Co0.2O3 support. They found that the three-way perfor-

mance of the Pd/LaFe0.8Co0.2O3 catalyst is much better than that of the

LaFe0.77Co0.17Pd0.06O3 catalyst. A homogeneous distribution of Pd particles

over the Pd/LaFe0.8Co0.2O3 catalyst was observed, while no Pd particles

could be found on the LaFe0.77Co0.17Pd0.06O3 catalyst by the TEM technique

(Fig. 13). The H2-TPR results showed that the reduction temperatures of Pd

(II) are 85 and 240◦C for Pd/LaFe0.8Co0.2O3 and LaFe0.77Co0.17Pd0.06O3, respec-

tively. They believed that the higher activity of the catalyst prepared by the

impregnation technique is attributed to the fact that Pd is localized on the

perovskite surface and easily to be reduced. However, the Pd is in the lattice

of the perovskite-type oxide for the catalyst obtained with the coprecipita-

tion technology, the SMSI occurs which decreases the reducibility of Pd in the

sample.

Sol-gel technique is often used in the preparation of catalyst which has

been reported to be able to prepare catalyst with a homogeneous distribu-

tion of the components (99). Kim and his co-workers (38,99) employed a sol-gel

method to prepare a Pd-VOx-ZrO2-Al2O3 catalyst. They synthesized this cata-

lyst by first dissolve aluminum isopropoxide (AIP) in deionized water and then

NH4OH was added for hydrolysis and condensation. After that the Zr, V, Pd

precursors in an acetone solutions were added sequentially. They postulated

that the bridging V-O-Zr in tetrahedral (M-O)3V = O is responsible for the

high activity and resistance against SO2. In another work of Kim et al. (136),

they examined the effect of pH (pH = 4, 10) on the behavior of a Pd/Al2O3

catalyst prepared by sol-gel method and found that the sample prepared at

pH = 10 exhibits higher metal dispersion, larger BET surface area and better

three-way performance than the other one. They believed that Pd is prefer-

entially interacted with oxygen in alumina and forms the Pd-O-Al bond in

the Pd/Al2O3 (pH = 10) catalyst. While no such significant interaction occurs

in the catalyst of Pd/Al2O3 (pH = 4), and most of the Pd atoms are largely

agglomerated on the external surface of Al2O3 in this sample. The schematic

model of the Pd/Al2O3 catalyst prepared at different pH is shown in Fig. 14.

A perovskite-type LaFePdOx catalyst which shows self-regenerative function

and high stability, was prepared through an alkoxide method by Nishihata

and his co-workers (132,133). The results showed that the Pd can reversibly
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A Review on the Pd-Based Three-Way Catalyst 103

Figure 13: TEM photographs of catalysts: (a) LaFe0.77Co0.17Pd0.06O3 and (b) Pd/LaFe0.8Co0.2O3

after activity evaluation. The activity measurements were carried out from 100 to 500◦C at a
rate of 5◦C min−1 with a space velocity 45,000 h−1. Reprinted from (130) with permission of
Elsevier Science Publishers B.V.

move into and out of the perovskite lattice as the catalyst is cycled between

the oxidative and reductive atmospheres, and this movement suppresses the

growth of metallic Pd particles and maintains the high performance during the

long-term aging.

Bera et al. (134) prepared a Pd/CeO2 catalyst by using a single step solu-

tion combustion method. They mixed the precursors of (NH4)2Ce(NO3)6, PdCl2

and C2H6N4O2 (oxalyldihydrazide) in the molar ration of 0.99: 0.01: 2.33 and

then made it combustion in a muffle furnace. They proposed the presence of

the-O2–Ce4+-O2–Pd2+-O2- type of linkages on the CeO2 surface and the lower
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104 J. Wang et al.

Figure 14: Schematic representations of Pd/Al2O3 (pH = 4) and Pd/Al2O3 (pH = 10) prepared
by sol-gel method. For Pd/Al2O3 (pH = 4), Pd preferentially interacted with Al and form forma-
tion of Altetra–O–Pd bond; For Pd/Al2O3 (pH = 10), Pd is largely agglomerated on the external
surface. Reprinted from (136) with permission of Elsevier Science Publishers B.V.

valence ionic Pd2+ substitution for Ce4+ ions can create more oxygen ion

vacancies, which are beneficial for the three-way performance. Moreover, such

ionically dispersed Pd/CeO2 catalyst was confirmed to have better activity and

higher selectivity for N2 than the ionically dispersed Pt or Rh in CeO2 ones for

the reaction of NO reduction by CO.

Generally, although some other methods such as sol-gel, coprecipita-

tion, and combustions have been investigated, the impregnation method still

remains the most effective way for the production of Pd-based TWCs. The high

dispersion and redox ability of Pd can be achieved by the impregnation method.

The nature of the Pd precursor salt utilized in the preparation also influ-

ences the performance of the catalyst. Monteiro et al. (137) prepared three

Pd/Al2O3 catalysts by impregnating PdCl2, Pd(NO3)2, and Pd(acac)2 on γ -

Al2O3. Higher dispersions (51%) of Pd for the catalysts prepared from PdCl2

and Pd (acac)2 salts than that (16%) of using Pd(NO3)2 were obtained. This

phenomenon is attributed to the interactions between the hydroxyl groups on

the γ -Al2O3 surface and the chloride, acetylacetonate anions, while the lack of

such interactions lead to the lower dispersion on the catalyst prepared from

Pd(NO3)2. In another work of the same group (97), higher conversion of NO

and selectivity to N2 were achieved on Pd/Al2O3 prepared from PdCl2 than the

sample from Pd(NO3)2 for the NO+CO reaction at 220◦C. Zhu et al. (138) com-

pared the influence of Pd precursors (PdCl2, Pd(NO3)2, and Pd(NH3)2(NO2)2)

on the activity of Pd/Al2O3 CCC. The results showed that the catalyst prepared

with Pd(NH3)2(NO2)2 as the precursor exhibits the best thermal stability and
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A Review on the Pd-Based Three-Way Catalyst 105

activity towards removing HC, CO, and NOx. This sample also has high BET

surface area and Pd dispersion. It is known that the zero charge point of the

support and the pH of the aqueous solution significantly affect the interaction

between the support and the metal precursor. The Pd(NH3)2(NO2)2 aqueous

solution is strongly basic (pH∼12), in which the positively charged Pd ammine

complex ((Pd(NH3)2)2+) may exist. At this pH value, the Al2O3 surface is neg-

atively charged due to its zero charge point at pH 8-9 (139). This leads to the

strong electrostatic interaction during the impregnation. In addition, the Pd

ammine complex may also react with the protons of the hydroxyl groups of

Al2O3 via an ion-exchange. The strong interaction between Pd complex and

support limits the remotion and sintering of Pd particles at high temperature

aging.

The order of introducing Pd and the promoters during the prepara-

tion process is another key factor for getting a satisfactory catalyst. Kim

et al. (140) examined the role of La2O3 in the Pd-only catalyst pre-

pared by co-impregnation (Pd-La2O3/Al2O3) and sequential impregnation

(Pd/La2O3/Al2O3) procedures. The Pd-La2O3/Al2O3 catalyst showed higher

light-off performance than Pd/La2O3/Al2O3, and kept its superior activity in

spite of the significant loss of surface area after thermal aging at 1000◦C in

air for 10 h. They supposed the role of La2O3 in the Pd-La2O3/Al2O3 catalyst

was a promoter to improve the thermal stability of Pd through an intimate

interaction between Pd and La oxide. The XPS results suggested that La oxide

suppresses the interaction between PdO and Al2O3 during the thermal aging.

However, for Pd/La2O3/Al2O3 catalyst, La2O3 preferentially interacts with the

Al2O3 and stabilizes the support during the thermal aging. Garcia et al. (141)

found that the catalyst with Pd and V co-impregnated on Al2O3 shows higher

activity for C3H8 total oxidation than step-wise impregnated catalysts. Co-

addition of Pd and V species leads to the increased reducibility of the V species

and a relatively high amount of V4+ within the bulk and on the surface of the

catalyst.

The preparations of both the OSC material have great impact on the phys-

iochemical properties and performance of the Pd-only catalyst. Wang et al.

(142) compared the CeO2-ZrO2-Al2O3 OSC material prepared with five differ-

ent techniques and the performance of the corresponding supported Pd-only

TWCs. The results showed that the OSC materials derived from coprecip-

itation with supercritical drying and microemulsion methods exhibit better

textural and structural properties than those prepared from conventional

co-precipitation, sol-gel, and impregnation techniques, resulting in higher

three-way activity of the corresponding supported Pd-only catalyst. The dif-

ference between the CeO2-ZrO2/Al2O3 samples prepared by coprecipitation

with supercritical drying and conventional drying method suggests that the

drying process determines the properties of the Pd-only TWCs. The structural
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106 J. Wang et al.

homogeneity and thermostability of the coprecipated (CPA) and the deposition-

precipitated (DPA) CeO2-ZrO2 aerogels were investigated in (143). After calci-

nated at 1000◦C for 2 h in air, the CPA sample exhibited much higher surface

area (39 m2/g) than that (12 m2/g) of the DPA one. The SEM and TEM char-

acterization showed that the particles aggregated severely in the DPA sample

while the CPA one remained relatively dispersed and separated particles with

homogeneous surfaces. Furthermore, the XRD result indicates a homogeneous

single-phase structure in the CPA aerogel, while in the other sample small

amount of monoclinic m-ZrO2 phase was detected. The phase separation and

the low thermostability of the DPA sample may come from the weak interac-

tion between Ce and Zr oxides due to the preparation method. Compared to

the conventional coprecipitation method, the surfactant-controlled synthesis

with adding a cationic surfactant during the preparation have been proved to

enhance the surface area of CeO2-ZrO2 (144) and induce the creation of cationic

defects in the CeO2-ZrO2 crystallite structure (145), which favors the formation

of highly mobile oxygen species and promotes the surface reaction. Finally, in

addition to the techniques mentioned above, it is worth mentioning some other

synthetic methods have also been applied to prepare the TWCs OSC mate-

rials, e.g,. citrate complexation (50,146), hydrothermal synthesis (114,147),

high-energy ball-milling (148), fusion (12), etc.

3.4. Catalyst Component Configuration

It was reported that about 80% of the total HCs produced during the

Federal Test Procedure 75 (FTP 75) are emitted in the first 5 min (149). This

phenomenon arises from the low catalyst bed temperature and the fuel-rich

engine operation during this period. In order to eliminate the large amount

of HCs emission during the cold start, many schemes have been developed to

solve this problem such as CCC (45), electrically heated catalyst (150), and

hydrocarbon adsorbers (151).

Among these schemes, the application of CCC represents an option for the

combination of sufficiently high activity for HCs conversion, reasonable cost

and minimal system complexity (152). However, the CCC is exposed to the

exhaust gas with very high temperature, ca. 1000–1200 ◦C, as it locates near to

the engine. As a consequence, CCC must have super stability to resist the high

temperature deactivation. As shown in Fig. 15 (153), a CCC is generally fol-

lowed by at least another one brick as the underfloor catalyst. The multi-brick

system is an intelligent design of the process which maximizes the function

and minimizes the demand of the catalysts. It has been widely accepted that

the main advantage of the Pd-based catalyst over the conventional Pt-Rh cat-

alyst is its superior activity for HC oxidation at high temperatures as well as

its thermal stability (154,155).

D
o
w

n
lo

ad
ed

 b
y
 [

B
ib

li
o
te

k
a 

P
o
 E

st
es

tv
en

n
y
m

] 
at

 0
2
:2

2
 2

3
 M

ar
ch

 2
0
1
5
 



A Review on the Pd-Based Three-Way Catalyst 107

Figure 15: Typical dual TWC reactor system composed of a small-volume warm-up close-
coupled catalyst and a large-volume under-floor catalyst. Reprinted from (153) with permission
of Springer.

Hu et al. (45) developed a Pd-only CCC and aged it on the test vehicle for

24 h at 950 and 1050◦C under the standard of FTP75. Although both the CO

and NOx conversions decrease with the increase of the aging temperature, the

HC conversion maintains almost constant even after 1050◦C aging compared

to the fresh catalyst. This result suggests that this Pd-only catalyst can be

employed as the CCC due to its excellent thermal stability for HC removal

which is the main function of the CCC. In another work of the same group

(156), the influence of the small volume warm-up catalyst was examined.

They designed a cascade system employing the dual-brick Pd-only catalyst

with a small brick as CCC while a larger brick as the underfloor catalyst, the

non-cascade system was obtained by reversing the position of the two bricks.

All catalysts are pre-aged at 1050◦C for 24 h. The results of FTP-75 tests

showed an advantage in HC light-off performance for the cascade system,

since the first small volume catalyst heats up rapidly and provides hot gases

to the second catalyst once the exothermic reactions start. This suggests

that a smaller brick which decrease the light-off time is preferred for the

CCC application. Summers et al. (30) performed a number of experiments to

investigate the impacts of the placement of the dual converters on the vehicle

emission control. They compared the performance of two dual-brick Pd-only

catalysts with the same overall composition but different Pd distribution, one

has 2.6 g/L Pd in CCC and 10.6 g/L Pd in underfloor catalyst while the other

one possesses the reverse composition in CCC and underfloor catalyst. The

FTP-75 test results showed that the higher loading of Pd with 10.6 g/L in the

CCC leads to the lower HC emissions, suggesting that the performance of the

Pd-TWCs are not only decided by the total Pd loading amount but also related

to the distribution of Pd.

As discussed in this article, there is no doubt that the presence of CeO2

improves the performance of the TWCs under dynamic conditions. However,
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the Pd-only CCCs that contain substantially no OSC material exhibit excellent

HC conversion performance (157–160). For instance, Hu et al. (157,158) com-

pared the performance of Pd-only CCC with and without OSC material in the

vehicle use. They found that the catalyst containing no OSC material shows

better light-off performance than that with OSC material. Williamson et al.

(160) compared two dual catalysts with the formulation of Ce-free and Ce-

containing Pd-only front catalyst in tandem with the same Pt/Rh rear catalyst.

The vehicle FTP test results indicated the front Ce-free sample shows lower

non-methane hydrocarbons emissions, while the Ce-containing sample gives

improved NOx conversion. This phenomenon arises from the fact that the OSC

material enables the oxidation of CO and HCs to proceed more efficiently under

the operating conditions, which leads to the excess oxidation and overheating

of the CCC (157). Moreover, the deep encapsulation of Pd by CeO2 at high

temperature may also limit the function of the metal in CCC (161).

Although multi-brick system gives high conversion of the three main pol-

lutants simultaneously, such design requires large space for the placement

of different catalyst. The layered catalyst was developed in order to opti-

mize the function of each individual component and save place as well. The

firstly successfully applied Pd-only TWCs invented by Hu et al. (157,162) from

Engelhard Corporation was based on the layered configuration. They (163)

found that the strong interaction between Pd and CeO2 reduces the effec-

tiveness of Pd in catalyzing the three-way reactions at low temperature. The

high OSC only plays the important role at a high temperature enough for the

mobility of the oxide ion in the bulk phase. Based on this understanding, they

designed a Pd-only dual layered converter. Pd in the top layer is supported

on Al2O3, while Pd is supported on CeO2 and Al2O3 in the second layer (see

Fig. 16). The layered catalyst exhibits a three-way performance between the

Pd/Al2O3 and Pd/CeO2/Al2O3 catalyst at a low temperature (400◦C). However,

this catalyst gives much better performance than the other two monolayer

samples at a high temperature (600◦C). This result demonstrates a synergistic

effect between the two layers which have high Pd effectiveness and high OSC

simultaneously. Lindner et al. (31) compared the performance of three types

of Pd/Rh catalyst with the same overall composition but different placement

Figure 16: Schematic diagram of the layered Pd-only catalyst. Substrate is a cordierite ceramic
honeycomb substrate; BMO are some base metal oxide stabilizers, details are not available in
literature. Reprinted from (163) with permission of Elsevier Science Publishers B.V.
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of noble metals, i.e., one single layer, two dual layers with Pd top, Rh bottom

and Rh top, Pd bottom, respectively. The vehicle test results indicated the best

performance was obtained on the catalyst coating Rh on the top layer and Pd

on the bottom layer, while the single layer catalyst was found to exhibit the

worst performance due to the formation of PdRh alloy, which suppresses the

excellent catalytic activity of Rh (27). The best performance of the layered con-

figuration (Rh top, Pd bottom) may arise from the fact that Pd is more sensitive

to poisoning by contaminants from the gasoline than Pt and Rh (34). The loca-

tion of Pd in the bottom layer prevents the most of the poisons and enhances

the stability of the Pd component.

The layered configuration arranges the active components in a desirable

environment and may induce synergy between different layers. However, some

shortcomings exist which may be detrimental for the performance of the lay-

ered catalyst. The performance of a (Pd + Pt/Rh) (Pd: front, Pt/Rh: underfloor)

dual-brick catalyst and a layered Pt/Rh/Pd (Pt, Rh: top layer, Pd: bottom layer)

with a same overall composition was compared by Williamson et al. (157).

A much better performance was found on the dual-brick catalyst configuration.

The reason may be attributed to the fact that the noble metal on the bottom

layer was not directly exposed to the exhaust gases, and the process that the

reactant gases transfer to the surface of noble metal affects the performance of

the catalyst.

The zone-coated technology which distributes the components in different

layers axially along the monolith is also applied for the placement of catalyst

(24). This scheme arranges the active components on different parts of the

monolith brick without any interactions between them, like the serial layout

of the discrete bricks. Aoki et al. (164) found that the oxygen storage charac-

teristics depend on the ratio of CeO2/ZrO2. The oxygen release rate increases

with the decrease of CeO2/ZrO2 ratio, while the optimum CeO2/ZrO2 ratio

leads to the highest OSC. In order to effectively utilize the advantages of the

OSC material, they zone-coated a material with high OSC at the front portion

and a fast oxygen releasing material on the rear portion of a Pd/Rh catalyst.

This catalyst was compared with a catalyst with a conventional coating which

is a mixture of the same materials as those of the zone-coated one. Vehicle

test results indicated that the zone coated catalyst provides a much better

three-way performance than the conventional Pd/Rh catalyst.

In general, the design of catalyst component configuration helps to opti-

mize the distribution of palladium and OSC materials, thus enhances the

activity and stability of TWCs as well as lowers the loading amount of

palladium. The application of Pd-CCC reduces the emission of HC to a large

extent, due to the excellent thermostability and oxidation activity of Pd.

However, the further control of HC should be combined with the improvements

in NOx reduction performance of the CCC which enhances the conversion

of HC, CO and NOx simultaneously. Layered catalyst configurations arrange
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different components radially which may induce synergy between different

layers, while the zone-coated technology arranges the active components

on different parts of the monolith brick without any interactions between

them. Currently, the layered and the zone-coated technology are usually com-

bined in the same monolith catalyst for the optimization of the three-way

performance.

4. REACTION MECHANISM AND KINETICS

In the three-way catalysis system a number of reactions happen simulta-

neously between different reactants (O2, CO, NOx, CxHy, H2, H2O), the

mechanism covering all the elementary reaction is not available. However,

the mechanism and kinetics of the main reactions involved in the three-way

catalysis have been investigated extensively over the past years. The overall

performance of the convertor is often simulated with assuming these reactions

happen at the same time.

4.1. NO Reduction Reactions

As CO is the most abundant reducing agent in gasoline powered vehicle

exhaust gas, NO reduction by CO has been considered as a dominant reaction

for NO removal from the automotive exhaust gas (165). A number of litera-

tures about kinetics and mechanism of this reaction has been published. Major

works have been summarized in Table 2. The overall reaction scheme of this

reaction was summarized as (37):

NO + CO → 1/2N2 + CO2 (11)

2NO + CO → N2O + CO2 (12)

N2O + CO → N2 + CO2. (13)

At a high temperature, reaction (11) is prevailing, while at moderate temper-

atures N2O formation is favored. In the studies of the detailed mechanism

of this reaction occurred on Pd catalyst, most of the researchers (166–168)

adopted the Langmuir-Hinshelwood mechanism. NO and CO first compete for

the adsorption on Pd surface and then the adsorbed NO species dissociate on

a nearest vacant site (S). The dissociative N atom reacts with the adsorbed

NO species to produce N2O or combine to N2, the adsorbed O will react with

adsorbed CO to generate CO2.The reaction scheme can be described as follows

(166–169):

D
o
w

n
lo

ad
ed

 b
y
 [

B
ib

li
o
te

k
a 

P
o
 E

st
es

tv
en

n
y
m

] 
at

 0
2
:2

2
 2

3
 M

ar
ch

 2
0
1
5
 



Ta
b

le
2

:
S
o

m
e

re
p

o
rt

e
d

m
e

c
h

a
n

is
m

a
n

d
k
in

e
ti
c

s
re

se
a

rc
h

re
su

lt
s

o
f

C
O

+
N

O
re

a
c

ti
o

n
o

n
P

d
c

a
ta

ly
st

.

R
e

fe
re

n
c

e
s

C
o

n
d

it
io

n
s

M
e

c
h

a
n

is
m

a
n

d
ra

te
e

q
u

a
ti
o

n
s

C
o

n
c

lu
si

v
e

re
m

a
rk

s

M
u

ra
k
ie

t
a

l.
(1

6
6

)
C

a
ta

ly
st

s
P

d
lo

a
d

in
g

Te
m

p
e

ra
tu

re
Fe

e
d

st
o

c
k

P
d

/
A

l 2
O

3

0
.0

0
6

w
t

%
3

5
0

◦ C
C

O
-N

O
m

ix
tu

re
in

H
e

N
O

+
S
←

→
N

O
a

C
O

+
S
←

→
C

O
a

N
O

a
+

S
→

N
a
+

O
N

O
a
+

N
a
→

N
2
O

+
2

S
N

a
+

N
a
→

N
2
+

2
S

C
O

a
+

O
a
→

C
O

2
+

2
S
r N

O
=

K
1

P
N

O
K

2
P

C
O

1
.

Th
e

a
d

so
rp

ti
o

n
o

f
N

O
o

n
P

d
is

th
e

ra
te

-l
im

it
in

g
st

e
p

.
2
.
N

O
re

d
u

c
ti
o

n
ra

te
is

+
1

fo
r

N
O

a
n

d
−

1
fo

r
C

O
.

3
.
N

O
re

d
u

c
ti
o

n
ra

te
is

d
e

c
id

e
d

b
y

th
e

N
O

a
d

so
rp

ti
o

n
ra

te
,

C
O

is
th

e
in

h
ib

it
o

r
in

th
is

sy
st

e
m

.

G
ra

n
g

e
r

e
t

a
l.

(1
7

0
)

C
a

ta
ly

st
s

P
d

lo
a

d
in

g
Te

m
p

e
ra

tu
re

Fe
e

d
st

o
c

k

P
d

/
A

l 2
O

3

1
w

t%
3

0
0

◦ C
C

O
-N

O
m

ix
tu

re
in

H
e

N
O

+
S
←

→
N

O
a

C
O

+
S
←

→
C

O
a

N
O

a
+

S
→

N
a
+

O
N

O
a
+

N
a
→

N
2
O

+
2

S
N

O
a
+

N
a
→

N
2
+

O
a
+

S
C

O
a
+

O
a
→

C
O

2
+

2
S

r N
O

=
2

k
3
λ
N

O
P

N
O

(1
+

λ
N

O
P

N
O

+
λ
C

O
P

C
O
)2

1
.

Th
e

fo
rm

a
ti
o

n
o

f
N

2
v
ia

a
d

so
rb

e
d

N
O

a
n

d
N

a
to

m
s

is
d

o
m

in
a

n
t.

2
.
Th

e
ra

te
o

f
N

O
c

o
n

v
e

rs
io

n
is

o
b

ta
in

e
d

b
y

st
e

a
d

y
-s

ta
te

a
p

p
ro

xi
m

a
ti
o

n
to

a
d

so
rb

e
d

N
a

to
m

s.

H
o

lle
s

e
t

a
l.

(1
6

7
)

C
a

ta
ly

st
s

P
d

lo
a

d
in

g
Te

m
p

e
ra

tu
re

Fe
e

d
st

o
c

k

P
d

/
C

e
O

2
/
A

l 2
O

3

4
w

t%
3

0
0

◦ C
C

O
-N

O
m

ix
tu

re
in

H
e

Th
e

sa
m

e
m

e
c

h
a

n
is

m
a

s
M

u
ra

k
ie

t
a

l.
( 1

6
6
)

r N
O

=
2

[

k
4

K
1

P
N

O
N

+
k
5

N
2

(1
+

K
1

P
N

O
+

K
2

P
C

O
+

N
)2

]

N
=

⎛ ⎝

−
k
4

K
1

P
N

O
+

[

(k
4

K
1

P
N

O
)2

+
4
k
5

k
3

K
1

P
N

O

]

1
/
2

2
k
5

⎞ ⎠

1
.

Th
e

re
a

c
ti
o

n
ra

te
is

o
b

ta
in

e
d

b
y

st
e

a
d

y
-s

ta
te

a
p

p
ro

xi
m

a
ti
o

n
to

a
d

so
rb

e
d

N
a

to
m

s.
2

.
Th

e
re

a
c

ti
o

n
o

rd
e

r
fo

r
C

O
is

a
lw

a
y
s

n
e

g
a

ti
v
e

.
3

.
Th

e
re

a
c

ti
o

n
o

rd
e

r
fo

r
N

O
c

a
n

b
e

e
it
h

e
r

p
o

si
ti
v
e

,
n

e
g

a
ti
v
e

,
o

r
ze

ro
w

h
ic

h
d

e
p

e
n

d
s

o
n

th
e

C
O

p
a

rt
ia

lp
re

ss
u

re
.

(C
o

n
ti
n

u
e

d
)

111

D
o
w

n
lo

ad
ed

 b
y
 [

B
ib

li
o
te

k
a 

P
o
 E

st
es

tv
en

n
y
m

] 
at

 0
2
:2

2
 2

3
 M

ar
ch

 2
0
1
5
 



Ta
b

le
2

:
(C

o
n

ti
n

u
e

d
).

R
e

fe
re

n
c

e
s

C
o

n
d

it
io

n
s

M
e

c
h

a
n

is
m

a
n

d
ra

te
e

q
u

a
ti
o

n
s

C
o

n
c

lu
si

v
e

re
m

a
rk

s

A
lm

u
sa

it
e

e
r

a
n

d
C

h
u

a
n

g
(1

7
4
)

C
a

ta
ly

st
s

P
d

lo
a

d
in

g
Te

m
p

e
ra

tu
re

Fe
e

d
st

o
c

k

P
d

/
A

l 2
O

3

1
.8

w
t%

− C
O

-N
O

m
ix

tu
re

in
H

e

A
d

so
rp

ti
o

n
a

n
d

d
e

so
rp

ti
o

n
P

d
0
+

N
O

←
→

P
d

0
-N

O
(l

in
e

a
r)

P
d

0
+

C
O

←
→

P
d

0
-C

O
(l

in
e

a
r)

P
d

0
+

N
O

←
→

P
d

0
-N

O
−

(b
e

n
t)

2
P

d
0
+

C
O

←
→

(P
d

0
) 2

-C
O

(b
ri
d

g
e

d
)

(

P
d

0
)

2
-

C
O

P
d

0
-

N
O

−−
−−

−−
−→

P
d

0
-

C
O

+
P

d
0

S
u

rf
a

c
e

re
a

c
ti
o

n
P

d
0
-N

O
+

P
d

0
←

→
P

d
0
-N

+
P

d
0
-O

P
d

0
+

P
d

0
-O

←
→

(P
d

+
) 2

O
2

-

P
d

+
+

N
O

←
→

P
d

-N
O

+

P
d

0
-N

+
P

d
0
-N

←
→

2
P

d
0
+

N
2

P
d

0
-N

O
+

P
d

0
-N

←
→

2
P

d
0
+

N
2
O

P
d

0
-C

O
+

P
d

-O
←

→
2

P
d

0
+

C
O

2
N

o
ra

te
e

xp
re

ss
io

n
s

1
.

Th
e

re
m

o
v
a

lo
f

a
d

so
rb

e
d

O
is

th
e

ra
te

-c
o

n
tr

o
lli

n
g

st
e

p
.

2
.
Th

e
p

ro
c

e
ss

o
f

P
d

0

o
xi

d
a

ti
o

n
to

P
d

+
b

y
N

O
is

fa
st

e
r

th
a

n
th

a
t

o
f

th
e

re
d

u
c

ti
o

n
o

f
P

d
+

to
P

d
0

b
y

C
O

.

112

D
o
w

n
lo

ad
ed

 b
y
 [

B
ib

li
o
te

k
a 

P
o
 E

st
es

tv
en

n
y
m

] 
at

 0
2
:2

2
 2

3
 M

ar
ch

 2
0
1
5
 



A Review on the Pd-Based Three-Way Catalyst 113

Mechanism 1:

NO + S ↔ NOa K1 (14)

CO + S ↔ COa K2 (15)

NOa + S → Na + Oa k3 (16)

NOa + Na → N2O + 2S k4 (17)

Na + Na → N2 + 2S k5 (18)

COa + Oa → CO2 + 2S k6 (19)

Muraki et al. (166) investigated the kinetics of NO reduction by CO over

a Pd/Al2O3 catalyst at 350◦C and found that the rates of CO adsorption and

desorption are much more rapid than the rate of NO reduction. Hence, with

assuming NO adsorption (Eq. (14)) as the rate-determining step, the reaction

rate equation was obtained as:

rNO =
K1PNO

K2PCO

, (20)

where rNO is the reaction rate of NO reduction, K1 and K2 are the equilib-

rium constant of NO and CO adsorption respectively, PNO and PCO the partial

pressures of NO and CO, respectively. This equation reflects the rate of NO

reduction is first order with NO and inverse first order with CO, which indi-

cates that the rate of NO reduction is limited by NO adsorption rate and CO is

a major inhibitor in this system. However, Mamede et al. (168) did not agree

with the assumption in (166). They believed that the competitive adsorptions

between both reactants are more in favor of NO and the rate-limiting step of

this reaction should be NO dissociation, i.e., Eq. (16), while this limiting step

would shift from the NO dissociation to oxygen removal process, i.e., Eq. (19),

with the increase of the temperature.

Granger et al. (170) examined the kinetics of NO reduction by CO on a

Pd/Al2O3 catalyst. The results indicates the rate constant of N2 formation from

two adsorbed N atoms (Eq. (18)) is much lower than that of N2 generation by

adsorbed NO and N atoms. They believed that Pd surface is predominantly

covered by chemisorbed CO and NO molecules and the probability of com-

bining two adjacent dissociatively adsorbed N atoms for the N2 formation is

negligible. The mechanism they adopted is similar to the mechanism 1, with

exception of the replacement of the Eq. (18) by the following one:

D
o
w

n
lo

ad
ed

 b
y
 [

B
ib

li
o
te

k
a 

P
o
 E

st
es

tv
en

n
y
m

] 
at

 0
2
:2

2
 2

3
 M

ar
ch

 2
0
1
5
 



114 J. Wang et al.

NOa + Na → N2 + Oa + S k7 (21)

They applied the steady-state approximation to the adsorbed N atoms and the

rate is expressed as:

rNO =
2k3λNOPNO

(

1+ λNOPNO + λCOPCO

)2
. (22)

By applying the steady-state approximation to chemisorbed O atoms, the rate

of CO conversion is obtained as:

rCO =
kλNOPNO

(

1+ λNOPNO + λCOPCO

)2
(23)

with k = k3

(

k4 + 2k7

k4 + k7

)

. (24)

In these equations, ki are the rate constants, λi and Pi are the fugacity coef-

ficient and the partial pressure of component i respectively. Holles et al.

(167) investigated the kinetics of CO+NO on a Pd/CeO2/Al2O3 catalyst and

found the activation energy is 76.6 kJ/mol. They believed that the different ele-

mentary reactions may be rate limiting under different conditions. Therefore,

they did not assume a single rate-limiting step but employed the steady-state

approximation to dissociative N atom, and the rate (based on mechanism 1) is

expressed as:

rNO = 2

[

k4K1PNON + k5N2

(

1 + K1PNO + K2PCO + N
)2

]

(25)

in which

N =

⎛

⎜

⎝

−k4K1PNO +
[

(

k4K1PNO

)2 + k5k3K1PNO

]1/2

2k5

⎞

⎟

⎠
. (26)

From this equation, the reaction order of CO is always negative. However, the

NO reaction order can be either positive, negative, or zero. This means a high

surface coverage of NO leads to a negative NO reaction order while high CO

coverage results in a positive NO reaction order. This is in consistent with the

trends in the reaction order plot (Fig. 17). Rainer et al. (171,172) employed

the ultra-high vacuum (UHV) surface analysis technique to investigate the

CO+NO reaction On Pd surface. They concluded that the removal of thermally

stable N species on low-coordinated defect sites plays a role in determining
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A Review on the Pd-Based Three-Way Catalyst 115

Figure 17: Turnover frequency for the NO+CO reaction on Pd/CeO2/Al2O3 at 190◦C. The
closed circles are for a fixed PNO = 4.05 kPa with a varying PCO. The open circles are for
a fixed PCO = 4.05 kPa with a varying PNO. Reprinted from (167) with permission of Elsevier
Science Publishers B.V.

the reaction rate. The kinetic study on a 5 wt% Pd/Al2O3 indicated that the

activation energy is 131 kJ/mol, and the reaction orders are -1 and +1.5 for

CO and NO, respectively.

Almusaiteer and Chuang (173) observed that NO can chemisorb on a Pd

surface as linear (Pd◦-NO), bent (Pd◦-NO−), and cationic (Pd-NO+) forms,

while CO chemisorbs as linear (Pd◦-CO) and bridged ((Pd◦)2-CO) forms. Among

these forms, linear (Pd◦-NO) is the active adsorbate involved in NO dissocia-

tion while linear (Pd◦-CO) is active one for CO2 formation. In another work

of the same group (174), a more detailed mechanism based on in situ IR

results for NO reduction by CO on a Pd/Al2O3 catalyst was proposed (Table 2).

They observed the presence of cationic Pd-NO+ during the reaction at 350◦C,

indicating the step of Pd◦ oxidation to Pd+ by NO is faster than that of the

reduction of Pd+ to Pd◦ by CO. Furthermore, the removal of adsorbed O from

Pd surface to produce CO2 was proved to be the rate-limiting step. The for-

mation of isocyanate as Al-NCO was also detected. This species formed on

Pd surface but are quickly transferred to the support surface as the following

steps:

Pd0 − N + Pd0 − CO → Pd0 − NCO + Pd0 (27)

Pd0 − NCO + Al → Pd0 + Al − NCO. (28)

The species of isocyanate is closely related to the formation of some by-products

in three-way catalysis system. Sica and Gigola (175) observed the formation of

Al-NCO and found that the temperature range of the decreasing-increasing

N2O concentration is just coincident with that of the increasing-decreasing
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116 J. Wang et al.

concentration of Al-NCO species characterized by FTIR. Further, the intensity

of Al-NCO bond decreases rapidly in the presence of NO above 250◦C. They

believed that this behavior is due to the reaction of isocyanate species with NO

to produce N2O and CO. The reaction is expressed as:

Al − NCOa + NO ↔ N2O + CO. (29)

Newton and his co-workers (176,177) detected the formation of the inter-

mediate PdCx on Pd/Al2O3 by high-energy X-ray diffraction (HXRD) technique

during the CO/NO cycling. They found that the adsorbed CO dissociate to

atomic Ca and Oa (Eq. (30)) and the active atomic Ca can diffuse to the

subsurface of Pd to form PdCx (Eq. (31)):

COa ↔ Ca + Oa (30)

Pd + Ca ↔ PdCx. (31)

This PdCx phase significantly changes the adsorption form of CO, dramatically

promoting the formation of linear CO species. Linear (Pd◦-CO) has been proved

to be more active for CO2 formation than the bridged ((Pd◦)2-CO) forms (178).

Moreover, PdCx involves in the reduction of NO, it is rapidly removed during

the cycle of the NO feed (176), as:

PdCx + 2NOa ↔ Pd + CO2 + N2. (32)

However, the C fragments present at the Pd phase can also react with the

un-dissociated NO to produce the isocyanate species bound to Pd (179,180) as:

PdCx + NO ↔ Pd − NCO. (33)

Furthermore, the presence of hydrocarbons may significantly enhance the for-

mation of NCO through this pathway, due to the supply of carbon to Pd. The

formation of NCO is closely related to the formation of by-products. In addi-

tion to N2O (175), the formation of NH3 due to the hydrolysis of NCO was also

found (181).

Despite the relatively small amount of H2 in vehicle exhaust gas, H2 has

the potential to be applied for NO removal during the cold start engine, because

the NO+H2 reaction generally happens at substantially lower temperatures

than the NO+CO reaction (182). The major works about the mechanism and

kinetics of this reaction are summarized in Table 3.
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Dhainaut et al. (183) supposed that the dissociation of NO is assisted by

chemisorbed H atoms, and used a classical Langmuir-Hinshelwood mechanism

to describe the NO + H2 reaction on the Pd/Al2O3 catalyst:

NO + S ↔ NOa K1 (34)

H2 + 2S ↔ 2Ha K2 (35)

NOa + Ha → Na + OHa k3 (36)

NOa + Na → N2 + Oa + S k4 (37)

NOa + Na → N2O + 2S k5 (38)

Na + Ha → NHa + S k6 (39)

NHa + Ha → NH2,a + S (40)

NH2,a + Ha → NH3 + 2 S (41)

Oa + Ha → OHa + S (42)

OHa + Ha → H2O + 2 S (43)

Kinetics results indicated (k4+ k5) λNOPNO≫ k6λH2PH2, and the rate equation

was obtained as:

rNO =
2k3λNOPNO

√
λH2PH2

(

1 + λNOPNO +
√

λH2PH2

)2
(44)

where k3 is the rate constant of Eq. (36), in which NO dissociation is assisted

by chemisorbed H atoms, PNO the partial pressure of NO and PH2 the par-

tial pressure of H2, λNO fugacity coefficient of NO and λH2 fugacity coefficient

of H2. This rate expression suggests that the dissociation of NO is the rate-

limiting step in this system. In another work, Dhainaut et al. (184) examined

the kinetics of the NO + H2 reaction on a Pd/LaCoO3 catalyst and found that

the reaction orders with respect to the partial pressure of H2 and NO were

1 and -0.7 respectively. They believed NO may strongly adsorb on catalyst

surface where the probability of finding two adjacent sites for the dissocia-

tive adsorption of hydrogen would be very low. Therefore, H2 should remain

adsorbed as a precursor of molecular species on the Pd/LaCoO3 catalyst.

A bi-functional mechanism involving anionic vacancies at the support of was

proposed.
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The main drawback of the NO+H2 reaction over Pd is the low selectivity of

N2, especially at low temperatures (185,186). A more than 70% N2O selectivity

was observed over Pd catalyst at 120◦C for NO+H2 reaction, but it quickly

decreases with the increase of the temperature (185). The partial reduction of

NO by H2 is the dominant reaction at low-temperatures as:

2NO + H2 → N2O + H2O (45)

Chambers et al. (186) compared the CO+NO and NO+H2 reaction over

Pd/SiO2 catalyst. As shown in Fig. 18, N2O is the main products for NO+H2

Figure 18: Reactants and products concentrations as a function of temperature for the binary
reactions over 75 mg Pd/SiO2. (A) 2000 ppm NO+1000 ppm H2+N2 balance. (B) 2900 ppm
NO+3450 ppm CO+N2 balance. Reprinted from (186) with permission of Elsevier Science
Publishers B.V.
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A Review on the Pd-Based Three-Way Catalyst 121

reaction below 200◦C, while N2O was found above 250◦C for NO+CO reaction.

Moreover, the formation of NH3 was also observed between 150–225◦C during

NO+H2 reaction. Rahkamaa-Tolonen et al. (187) explored the mechanism of

NH3 formation in NO+H2 reaction over a Pd/Al2O3 by a hydrogen-deuterium

exchange experiment. The isotopic transient experiments confirmed that

ammonia and water are produced by stepwise hydrogenation of adsorbed N

atoms and O atoms respectively (see Table 3), which had been adopted also by

Dhainaut et al. (183,184). Recently, Oh and Triplett (188) investigated the for-

mation of NH3 over Pd/Al2O3 catalyst under a simulated gas containing 0.45%

H2, 1500 ppm NO, 1.8% CO, 1000 ppm C3H6, 0.9% O2, 10% CO2 and 10% H2O.

They found that NO will preferentially reacts with H2 in the simulated gas to

produce almost 100% selectivity to NH3 between 400 and 500◦C. A reaction

pathway involving the CO with the overall stoichiometry was proposed:

NO + CO + 1.5H2 → NH3 + CO2 (46)

The role of CO is to produce hydrogen through WGS reaction at high tempera-

tures (above 400◦C). The addition of CeO2 and Rh to the Pd/Al2O3 significantly

inhibits the formation of NH3.

4.2. Oxidation Reactions

4.2.1. CO Oxidation

CO oxidation by O2 is among the major reactions in the three-way

catalysis. The major works about the mechanism and kinetics of CO + O2

reaction have been involved in Table 4. Generally, Langmuir-Hinshelwood

mechanism was adopted for this reaction over the Pd-based catalyst.

Schwab and Gossner (189) supposed that the reaction of CO + O2 on

Pd catalyst follows Langmuir-Hinshelwood type mechanism, and used the

following mechanism to describe this reaction:

O2 + S ↔ O2,a Ko (47)

CO + S ↔ COa KCO (48)

O2,a + COa → CO2 + Oa k3 (49)

with assuming the surface reaction between chemisorbed carbon monoxide and

chemisorbed molecular oxygen as the rate-limiting step, the rate equation was

obtained as:

r =
k3KO

KCO

PO2

PCO

.
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124 J. Wang et al.

This expression indicates the reaction orders are -1 and +1 for CO and

O2, respectively. Furthermore, the activation energy obtained on this catalyst

is 93 kJ/mol. Engel and Ertl (190) confirmed that the CO oxidation pro-

ceeds between two adsorbed species (Langmuir-Hinshelwood mechanism) on

Pd (111) with the aid of a molecular beam technique, and no evidence for

Eley-Rideal mechanism was found. However, they cannot give a simple reac-

tion rate expression due to the changes of adsorption rates for O2 and CO

with the change of the temperature and pressure. Different from the work of

Schwab and Gossner (189), Szanyi et al. (191) evaluated the kinetics of CO

oxidation reaction on Pd (111) and suggested that the step of CO desorption

is rate-controlling due to the predominantly coverage of Pd surface by CO.

Moreover, the reaction between adsorbed CO and adsorbed O is very fast and

CO2 desorbs rapidly upon formation. Xu and Goodman (192) investigated the

kinetics of CO + O2 on Pd/SiO2 over the wide range of pressure from 10−9

to 15 Torr and temperature from 77 to 727◦C. They found that the CO oxi-

dation rate increases with the surface temperature to a maximum and then

gradually declines. Likewise, the reaction orders for CO and O2 vary with

the reaction temperature as well. This change in kinetic behavior arises from

the change in the rate-limiting step with reaction conditions. With applying a

similar mechanism, Schwab and Gossner (189) proposed a generic rate equa-

tion (see Table 4) which contains the difference in the adsorption rates of CO

and O2. This equation fits well with the kinetic data of CO oxidation over the

conditions examined.

Recently, Balmes et al. (193) observed that a PdCx phase forms and disap-

pears reversibly in the CO/O2 mixture. This result strongly indicates that the

dissociation of CO is involved in the CO oxidation over Pd catalysts as:

COa ↔ Ca + Oa (50)

Pd + Ca ↔ PdCx (51)

PdCx + 2Oa → Pd + CO2 (52)

The CO oxidation activity over Pd catalysts are enhanced by the presence of

hydroxyls groups on the surface of Pd catalyst. The interaction between CO

and hydroxyls groups lead to the formation of carbonate or formate species as

precursors which favors the breaking of C-O bond (194,195).

Rajasree et al. (196) looked at the effects of CO2 and H2O on the tran-

sient kinetics of CO oxidation over a Pd/CeO2-ZrO2 catalyst. Their results

showed the presence of H2O significantly increases the reaction rate due to

the enhancement of the bulk diffusion of oxygen in CeO2, while CO2 inhibits

the reaction owing to the reducing of oxygen storage sites. Kotareva et al. (197)
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A Review on the Pd-Based Three-Way Catalyst 125

confirmed the positive effect of H2O on the rate of CO2 formation on a PdCl2-

CuCl2/Al2O3. The reaction order with respect to H2O was obtained as +0.6.

4.2.2. Propane and Propene Oxidation

The elementary step reactions for propylene/propane oxidation (contain-

ing hundreds of elementary steps) (198) are very complex and not available in

this article. Based on the collision theory, a simplified mechanism was proposed

as (199):

P + S ↔ Pa (53)

Pa + S ↔ P1,a + Ra (54)

P1,a + S ↔ 2Ra (55)

Ra + 3Oa ↔ CO2 + H2Oa + 2S (56)

where P1,a and Ra denote the cracking products containing two and one carbon

atoms, respectively. The Ra finally reacts with the adsorbed oxygen to produce

H2O and CO2. CO2 appears to have no influence on propane and propene oxi-

dation, due to the rapidly and completely desorption from the catalyst surface

(200,201). However, the presence of an excess of water vapor causes the deacti-

vation of the catalyst, attributed to the formation of palladium hydroxide (201).

The slow step of this reaction has been proposed as the dissociative adsorption

of propene and propane (202).

The kinetics result of propene and propane combustion over Pd-based

catalyst was summarized in Table 5 (33,200–203). Yao (33) investigated the

kinetics of Pd-based catalyst under the oxygen-rich conditions and found that

the reaction orders of C3H6 are -0.6 and -0.7 for Pd wire and Pd/Al2O3,

Table 5: Kinetics of propene and propane combustion over Pd-based catalyst.

Reaction order

Reference Reactant Catalyst C3Hx O2 H2O

Activation
energy

(kJ/mol)

Yao (33) C3H6 Pd wire −0.6 1.5 − 126
Yao (33) C3H6 Pd/Al2O3 −0.7 1.0 − 92
Yao (33) C3H6 Pd/CeO2/Al2O3 0.4 0.2 − 54
Yao (202) C3H8 Pd wire 0.4 0 − 109
Yao (202) C3H8 Pd/Al2O3 0.6 0.1 − 63
Aryafar and Zaera (203) C3H8 Pd foil 1.0±0.1 0.0±0.2 − 56
van de Beld (200) C3H8 Pd/Al2O3 0.61 −0.46 0 119
Cullis and Nevell (201) C3H8 Pd/Al2O3 1.0±0.1 − − 65
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126 J. Wang et al.

respectively. However, the reaction order of C3H6 changes to +0.4 for a

Pd/CeO2/Al2O3 catalyst, suggesting the inhibiting effect of propene was

retarded by CeO2 addition. In another work of Yao (202), the kinetics of C3H8

oxidation was investigated. They found that the reaction order of C3H8 is posi-

tive for all the Pd-based catalysts. This result is supported by the other works

in Table 5, as the reaction rates show positive dependence on the propane

partial pressure. The difference of combustion kinetics between propene and

propane over Pd catalysts was due to the stronger adsorption of propene over

palladium (102).

5. CATALYST DEACTIVATION

According to the previous research works, the phenomenon of deactivation

for Pd-based TWCs may have different origins, e.g., thermal and chemical

deactivations (3,35,71,204–207).

Sintering of the noble metals and the OSC materials in the catalyst, lead-

ing to the loss of active surface area and OSC, represent the most important

factors for the deactivation of the TWCs (9). In the work of Iglesias-Juez et al.

(204), the apparent drop of the Pd-only catalyst activity after 1000◦C aging for

12 h was interpreted as a consequence of the significant Pd sintering. It was

also reported that the light-off performance of the Pd-only CCC improves with

the increased Pd dispersion (160), suggesting the severe sintering of Pd may

deactivate this catalyst.

The sintering of the nanoparticle can be divided into two mechanism,

as particle migration and coalescence or Ostwald ripening mechanism. The

growth kinetics has been considered as an effective way to explore the mech-

anism of sintering (208). Wynblatt and Gjostein (209) proposed a growth

equation for the sintering of supported catalyst as:

dn − d0
n = kt, (57)

where d is the average diameter at time t, d0 is the initial diameter for fresh

catalyst, n is the growth order, and k is a constant at a given temperature.

The low value (below 4) of growth order n has been considered for the particle

growth by Ostwald ripening mechanism, while the high value is for particle

migration and coalescence. In order to correlate the drop kinetics of dispersion

with time, another form of Eq. (57) based on the change of particle dispersion

has been proposed as (210)

D = (
1

Dn
0

+ bt)−1/n . (58)
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A Review on the Pd-Based Three-Way Catalyst 127

In which D is the catalyst dispersion. Xu et al. (205) examined the sintering

mechanism of Pd in Pd/Al2O3 catalysts under accelerated aging conditions

(10% H2O, 900◦C for 200 h). They found that the growth order n are both

approximately 2 calculated from Eqs. (57) and (58), confirming the homogene-

ity of the growth order between the two equations. The Ostwald ripening

mechanism which is limited by vapor phase transport is the main reason for

the sintering of this Pd/Al2O3 catalyst. Furthermore, no equilibrium particle

size or dispersion was observed within the 200 h aging. Recently, Kang et al.

(211) investigated the sintering kinetics of Pd-only catalyst by the field aging

with different mileage. They proposed a sintering equation as:

a = 1/(1 + kdM) , (59)

where a = D/D0, D is the Pd dispersion at the aging mileage M, kd is sintering

constant. As shown in Fig. 19, this model well describes the decrease of the

catalyst dispersion regardless of the Pd loading content. With assuming the

aging mileage and aging time to be linearly related, we obtain the growth

order n of Eq. (59) as 1, suggesting a more severe Pd sintering kinetics than

that in (205). Moreover, this result strongly indicates that the Ostwald ripen-

ing mechanism controlled by vapor phase transport dominates the sintering

process of the Pd-only TWC under the real working conditions, even for the

catalyst aging for 98,000 miles. In addition, as mentioned above, the state of

Pd is strongly influenced by the particle size, and the change of Pd state from

Figure 19: The drop of dispersion with respect to the catalyst mileage over Pd-only catalyst with
different Pd loading. Pd5, Pd7, and Pd10 are the Pd loading ranges from 5–10 g/L. Reprinted
from (211) with permission of American Chemical Society.
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128 J. Wang et al.

Pd (I) to Pd (0) during the sintering process of the catalyst also contributes to

the deactivation of Pd-only TWCs.

Since the vapor pressure of PdO is lower than that of Pd metal, the aging

atmosphere which may influence PdO decomposition temperature affects the

sintering of Pd (212). Kang et al. (213) investigated the thermotability of Pd

catalyst under oxidizing (3, 8, and 21% O2) or reducing (3% CO) conditions with

background gases containing 10% H2O, 10% CO2 and N2 balance at 600 and

900◦C for 16 h. They found that the catalysts aging under oxidizing conditions

show better performance than that under reducing conditions. Moreover, the

performance of the catalysts aged under oxidizing conditions increase with the

increase of the oxygen content. The TGA results demonstrate that the higher

oxygen partial pressure leads to more stable PdO. The low volatility of PdO

inhibits the sintering of Pd through Ostwald ripening mechanism. McCarty

et al. (210) examined the Pd sintering kinetics under the conditions of 14 vol

% O2, 10 vol % H2O, 4 vol % CO2, 0.5 ppmv SO2, and the balance N2 at 900◦C.

They obtained a growth order n as 3, which suggests a lower Pd sintering rate

than that in (205). We believe that this lower sintering rate may arise from

the oxidizing conditions which leads to the formation of PdO during the aging

process.

As mentioned above, the interaction between Pd and OSC material leads

to a synergetic effect which enhances the performance of catalyst. Therefore,

the loss of metal-support interface during the thermal aging also contributes

to the deactivation of the Pd-based TWCs (71). After aging at 1000◦C for 16 h,

the lower CO oxidation and NO reduction activities on a Pd/CeO2-ZrO2/Al2O3

catalyst were observed by Martínez-Arias et al. (214). In situ DRIFTS results

indicated that the intensity of Pd2+-carbonyl species are considerably weaker

for the aged systems. This species is related to the Pd in contact with CeO2-

ZrO2 mixed oxides, which are very active for CO oxidation and NO reduction.

They proposed that the worse performance of the aged catalyst was not only

due to the sintering of Pd and CeO2-ZrO2 but also to a consequent loss of the

Pd-(CeO2-ZrO2) interface. Heo et al. (215) tested the performance of a filed-

aged Pd-only catalyst with different mileages and found that the sintering

of Pd is responsible for the initial deactivation of the catalyst, while the

sintering of the CeO2-ZrO2 mixed oxide and the weakening of the Pd-(CeO2-

ZrO2) interaction both contributed to the gradual decrease of the OSC and the

deactivation of the TWC.

The exposure of the TWCs to the chemical additives in gasoline and the

lubricating oils, such as P and S irreversibly changes the catalyst structure

and causes deactivation (206). The Quantitative analyses of the poisons in an

82000 km aged Pd-only catalyst indicated that P was the main poison at the

front zone of the catalyst (154). The poisoning effect arises from the incorpora-

tion of P within the subsurface of CeO2 or CeO2-ZrO2 mixed oxide and produces

CePO4 which is very difficult to get re-oxidized, locking the Ce3+/Ce4+ redox
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A Review on the Pd-Based Three-Way Catalyst 129

couple and decreasing the OSC as a result (215,216). Moreover, Raman charac-

terization demonstrated that the Pd-only catalyst has stronger CePO4 peaks

after high temperature aging, which indicates P poisoning is a high temper-

ature mode of catalyst deactivation (217). Christou et al. (218) found that

the incorporation of P causes a significant decrease of OSC for the CeO2-

ZrO2 material. In addition to locking the Ce3+/Ce4+ redox couple, CePO4 also

physically covers catalyst particles resulting in loss of BET surface area, pore

volumes and active Pd sites. However, the presence of Pd on the surface of

CeO2-ZrO2 was found to reduce the deactivating effect of P to a great extent,

due to the back-spillover of oxygen from CeO2-ZrO2 to the oxygen vacant sites

of Pd.

Beck and Sommers (155) observed the deterioration of a commercial

dual brick (Pd: front, Pt/Rh: rear) catalyst due to SO2 in the feed stream.

However, this S poisoning is totally reversible after operation at 700◦C which

suggests that the S poisoning is more effective at low temperature. Hilaire

et al. (219) compared the effect of SO2 on the CO oxidation activity of

Pd/Al2O3 and Pd/CeO2/Al2O3 catalysts. The results showed that the unpoi-

soned Pd/CeO2/Al2O3 catalyst has much higher activity than the unpoisoned

Pd/Al2O3 catalyst. No light-off performance difference was observed between

the SO2 poisoned Pd/Al2O3 catalyst and the unpoisoned one, while a lower

activity was observed with the poisoned Pd/CeO2/Al2O3 sample compared to

the unpoisoned one. This phenomenon suggests that the SO2 poisoning in Pd-

TWC primarily arises from the interaction with OSC materials. Boaro et al.

(220) examined the OSC behavior of CeO2 and CeO2-ZrO2 in the presence of

SO2 and found that the OSC is detrimentally affected due to the formation of

Ce2(SO4)3. The addition of ZrO2 improves the reduction of sulfates to H2S and

increases the resistance of CeO2 to SO2 poisoning.

Furthermore, it is necessary to point out that the poison tends to accumu-

late at different part of the reactor for monolith formulation. Härkönen et al.

(154) examined the distribution of poisons over an 82,000 km aged Pd-based

monolith catalysts and found that the P was main poison at the front part

of reactor while the S was the most abundant poison at the middle and rear

position. Heo et al. (215) observed a similar poisons distribution with P deposi-

tion mainly near the inlet and S poison accumulation over the entire Pd-based

monolith. In most of the cases, the catalyst deactivation does not occur for one

single reason in vehicle use, but for a combination of the thermal and chemical

effects.

6. CONCLUSIONS AND PERSPECTIVES

Application of Pd in TWCs represents a major breakthrough of automotive

exhaust gas treatment technology. This application is crucial for lowering the
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cost and enhancing the HC removal efficiency especially from the cold-start of

engines. Much research on Pd-based catalyst has been made during the past

several decades and the results showed that Pd has several advantages as the

substitute for Pt and Rh. The Pd-only TWCs which can meet the stringent

Californian low emission vehicle standards were also introduced in the 1990s.

However, the intrinsically unbalanced capacity for conversion of different pol-

lutants, relative high loading amount and fuel quality (S and P levels) still

limit the application of the Pd-only TWCs in vehicle use. Currently, TWC for-

mulations, i.e., Pd-only, Pd/Rh, Pt/Rh, and Pt/Pd/Rh are all in commercial

application. It is hard to find only one formulation for all the vehicle exhaust

conditions. The different formulations could be coated on different bricks, be

deployed in different layers on the same brick or different parts of the same

brick. The regulation standards, fuel quality, different types of exhaust com-

position and economic factors all affect the choice of the catalyst formulation.

In general, Pd-only and Pd/Rh formulations are employed as CCC for reduc-

ing cold-start emissions, while the Rh-containing catalysts are usually used for

the under-floor catalyst. For the further use of Pd in TWCs, several challenges

remain to be solved.

1. Many mechanisms and kinetics of the individual reactions such as NO

reduction by CO or H2, CO and HCs oxidation over Pd catalyst have been

proposed. However, the coupling effects of the third reactant, such as the

influence of NO on CO oxidation reaction, or the influence of O2 on NO

reduction reaction, on the detailed mechanism and kinetics is still unclear

in three-way catalysis system.

2. In order to meet the regulations for HC emissions on super low emission

vehicles, efforts should be made on the development of Pd-based CCCs with

ultra-high thermal stability. As the Ostwald mechanism plays a dominant

role in the sintering of Pd-only catalyst under real conditions, the ultra-

stable washcoat which could block the edge and corner sites of catalyst is

needed. Phosphorus-modified Al2O3 may be a promising choice.

3. As NO+H2 reaction generally happens prior to the other main reactions in

three-way catalysis, this reaction is crucial for further removal of NOx in

cold-start period. However, the low selectivity to N2 over Pd-only catalyst

at low temperature remains a key problem. The further investigation focus

on the enhancement of low-temperature N2 selectivity for NO+H2 reaction

under dynamic three-way conditions is still called for.

4. In order to further reduce the emissions of the gasoline powered engines,

the concept of a four-way catalyst (FWC), which removes particulate

matter (PM) in addition to the three way reactions, has been proposed.
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