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Natural gas vehicles (NGVs), as alternatives to gasoline and diesel vehicles, have been rapidly and widely
promoted in the past 20 years. The three-way catalyst (TWC) technology is one of the dominant
technologies for gaseous emission control of NGVs. However, it is still a great challenge to purify the
exhaust gas of NGVs to meet increasingly strict emission limits, particularly for CH4 and NO,. This review is
focused on the recent research advances in TWCs for NGVs, including the technical fundamentals, classic
components (active phases, supports, and promoters), novel preparations of catalysts, resistance to thermal
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DOI: 10.1039/d0cy01320j and chemical aging, current challenges and future perspectives. Particular attention is given to Pd-based

catalysts as typical commercial TWCs, and potential alternatives which have competitive three-way

Published on 05 August 2020. Downloaded on 11/17/2020 7:25:32 AM.

rsc.li/catalysis

1. Introduction

With the increasing shortage of global petroleum resources and
rising oil prices, natural gas vehicles (NGVs), as alternatives to
gasoline and diesel vehicles, have been rapidly and widely
promoted both in the passenger and commercial vehicle
markets due to the advantages of abundance, low price, little
environmental impact, and high compatibility.' At the end of
November 2018, the number of global NGVs had exceeded 26
million (only after gasoline vehicles and diesel vehicles).* Due
to their vigorous growth, NGVs are anticipated to contribute
more than 7% (only after electric vehicles) of the global
commercial vehicle market in 2040.> On the other hand,
affected by government policies, natural gas resources and
prices, the worldwide development of NGVs is extremely
unbalanced. By November 2018, the amount of NGVs in Asia-
Pacific accounted for around 70.0% of the global total (Fig. 1).
Among all the countries surveyed, China has become the
world's largest NGV market with more than 6 million vehicles
and 8400 natural gas stations in 2018.*
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catalytic performance are also highlighted.

Although NGVs have obtained a remarkable growth
worldwide, the fundamental understanding of their real-
world emissions is very limited. According to previous
studies, exhaust emissions from NGVs which were equipped
with three-way catalysts (TWCs) might still exceed emission
limits, in particular for hydrocarbon compounds (HCs) and
NO, (Table 1).°° Since the conventional control technologies
for NGVs hardly meet emission limits, their exhaust pollution
should be paid high attention. In addition, the emission
limits of NGVs have become stricter both in developed and
developing countries (Table 2). The Euro 6 standard requires
a 50% decrease for CH, and NO, emissions compared with
Euro 5.'%"" Starting from 2020, the China 6 standard requires
even stricter limits for light-duty vehicles than the Euro
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Fig. 1 Global development of NGVs from 1996 to 2018.*
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Table 1 Emissions from NGVs equipped with TWCs in previous studies
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Avg. speed CO CH,4 NO,
Type Engine Standard Test condition (kmh™) (gkm™) HC (g km™) (gkm™) (gkm™) Ref.
Taxi Four-cylinder engine Euro 2  Urban roads 40.7 1.0+ 1.1 1.37 £ 0.53 (0.5%) — 213+077 6
with bi-fuel system and a highway (2.29 (0.5%)
Euro 3 39.5 0.6 £ 0.5 0.61 = 0.39 (O.Zb) — 1.19 £ 1.27 6
(2.3%) (0.15%)
Truck Otto 7790cc CNG — A closed track 8.16 15.8 2.19 — 4.38 7
engine
Truck Stoichiometric — Urban roads — 7.53 £0.72  0.032 £ 0.026 — 0.579 £ 0.077 8
natural gas engine (gmi™ (NMHC) (g mi™") (gmi™)
Station 1.4 TSI with CNG Euro 6  Urban route 18.3 0.149 0.193 (0.108°) 0.035 0.048 9
wagon and (gasoline) system cold start (2.279 (0.0829)
van Euro 6 Urban route 23.4 0.108 0.165 0.045 0.063 9
hot start
Euro 6 Mixed route 58.2 0.112 0.149 0.018 0.186 9

“ For Euro 2 standard. ® For Euro 3 standard. ¢ For Euro 6 standard.

Table 2 Emission standards for diesel and gas engines of heavy-duty vehicles (g kW™ h™) and gasoline and gas engines of light-duty vehicles (g km™)

Weight NO, +
Type (kg) Standard Date Test CcO THC NMHC CH,* NO, NMHC
Heavy-duty ~ >3500 Japan 2009 2009 WHTC — 2.22 0.17 — — 0.40 —
>2610 Euro 6 2013 WHTC 4.0 — 0.16 0.50 0.46 —
>3500 China 6 2020 WHTC 4.0 — 0.16 0.50 0.46 —
>8500 EPA 2007 2007 FTP — — 0.14 0.20 —
(Ibs) (g per bhp h) (g per bhp h)
Light-duty <3500 Japan 2009 2009 WLTP 1.92 — 0.08 — 0.08 —
<2610 Euro 6 2014° NEDC 1.0 0.10” 0.068” — 0.06” —
(20159 (2.279 (0.16°  (0.108°) (0.082°)
<2500 China 6 2020 WLTP 0.7 0.10 0.068 — 0.06 —
(2023% (0.5%) (0.05%  (0.035% (0.035%)
<8500 Tier 3 2017 FTP 0-4.20 — — — — 0-0.16
(Ibs) (bin 1-160) (gmi™) (gmi™)

“ For gas engines only. ” For passenger cars. ° For light commercial vehicles. ¢ For second stage starting from 2023. WHTC = World
Harmonised Transient Cycle. FTP = Federal Test Procedure. WLTP = Worldwide Harmonized Light Vehicles Test Procedure. NEDC = New

European Driving Cycle. Data from http://www.transportpolicy.net.

6. In view of its worldwide largest market of NGVs,
China's policy is expected to promote the development of
control technologies for gaseous emissions from NGVs to
meet increasingly strict emission limits.

The TWC technology, named after its simultaneous
catalytic purification of HC, NO, and CO, was first applied in
gasoline vehicles in the 1970s. To date, it is still the core
technology for gaseous emission control of gasoline
vehicles."""® For the same purpose, stoichiometric natural
gas engines also equip the TWC converter for catalytic
purification of their main gaseous pollutants: CH,, NO, and
CO0."*' with the advancement of control technology, the
TWC technology has been developed through the following
steps: Pt/Rh based TWCs (Ce oxygen storage), high-
temperature TWCs (950 °C, Pt/Rh/Pd, Ce-Zr oxygen storage),
all palladium (Pd) TWCs (also named Pd-only TWCs, layered
coating, Ce-Zr oxygen storage), high-temperature close-
coupled TWCs (for low-emission vehicles, 1050 °C, no Ce),
and high-temperature close-coupled TWCs (for ultra-low-
emission vehicles, larger volume, higher noble metal

6408 | Catal Sci Technol, 2020, 10, 6407-6419

loading).”> The major HC of exhaust emissions from NGVs is
methane (over 90 vol%), which is a powerful greenhouse gas
and harder to oxidize than most HCs.>*** Generally, the
conversion of methane is less than 15% by conventional
TWCs equipped on the NGVs which are retrofitted from
gasoline vehicles.”® To complete the total purification of
methane under the same working conditions of engines,
more than three-fold loadings of noble metals are needed in
comparison to conventional TWCs (up to 0.01 g cm > against
0.003 g cm™).2**’ In addition, the coupling reaction between
CH, and NO, is much more difficult than that between non-
methane HC (NMHC) and NO,, which leads to less
conversion of NO, compared with gasoline vehicles.
Therefore, it is a great challenge for the control technology of
exhaust emissions from NGVs to meet the strict emission
limits under the precondition of cost control.

As far as we know, previous review articles were mainly
focused on the abatement of methane emissions from
NGVs,'?%29  while studies on the three-way catalytic
applications for NGVs are very limited (Table 3). This paper

This journal is © The Royal Society of Chemistry 2020
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Table 3 TWCs for NGVs in previous studies

Preparation Treatment
Catalysts methods conditions Reaction conditions Catalytic activity Ref.
4.3 wt% Pt-0.48 wt% Modified Calcined at 1000 ppm CHy, Too of CH,, CO, and NO 158

Rh/Ce0,-ZrO,-La,05-Nd, 05

1.5 wt%
Pd/Ce0,-ZrO,-Al,0;-La, 05

1.28 wt% Pt-0.14 wt%

Rh/Ce0,-Zr0,-Y,03-La,03-Al,03

A full-size honeycomb
Pd-only commercial TWC
(include Al, Ce, Zr)

6 wt% Pd/La,0;-Al,03 + 10 wt%

Ce0,-Zr0O,

Pd/Al,05/1.8 wt% P/Pd/Al, O3
and 7.5 wt% P/Pd/Al,O3

A commercial TWC from a
French compact car
(Pd, Pt, Rh, Ce, Zr, Ba and Al)

Commercial TWCs from a
compact car and a station
wagon CNG vehicle

(Pd, Pt, Rh, Ce, Zr,

Ba, La and Al)

3 wt% Pd-15 wt% Ba/alumina

1.25 wt% Pd/CeLa/Al

TGFR: total gas flow rate. GHSV:

respectively.

This journal is © The Royal Society of Chemistry 2020

double-solvent

Co-precipitation
and impregnation

Co-precipitation
and impregnation

Incipient wetness

Incipient wetness

Peptizing and

800 °C, 16 h,
10 vol% H,0,
2 vol% O,

Calcined at

550 °C, 2 h,

air (fresh)/900 °C,
5 h, air (aged)

550 °C,
3 h, air

600 °C,
10 h, air

550 °C,
3 h, air

500 °C,
4 h/700 °C,
5 h (P modified)

Calcined at
500 °C, 2 h,
air

Calcined at
500 °C, air

Calcined at
550 °C, 3 h,
air

Calcined at
550 °C, 3 h,
air

4800 ppm CO, 960 ppm NO,
3920 ppm O,, 10 vol% H,O0,
10 vol% CO, and bal. N,,
TGFR: 1680 mL min ",
GHSV: 40000 h™

0.063 vol% CH,, 0.063

vol% NO, 0.40 vol% CO,

10 vol% H,0, 12 vol% CO,,
0.29 vol% O, and

bal. N,, GHSV: 34000 h™"

0.087 vol% CHy, 0.40 vol%
CO, 0.073 vol% NO, 12.0
vol% CO,, 10-12 vol%
H,O and bal. N,,

GHSV: 34000 h™

1500 ppm CHy, 7000 ppm
CO, 1600 ppm NO, 5700
ppm O,, 5 vol% H,0 and
bal. N, GHSV: 75000 h™*
1035 ppm CH,4, 4960 ppm
CO, 930 ppm NO, 10 vol%
CO,, 10 vol% H,0, 0.3
vol% O, and bal. N,,
GHSV: 40000 h™*

1300 ppm CHy, 7000 ppm
CO, 1600 ppm NO, and
7000 ppm O, in He, TGFR:
100 mL min™?,

GHSV: 7000 h™*

1700 ppm CHy, 4700 ppm
CO, 2500 ppm NO, 4800
ppm O, 3400 ppm H,,
9.25 vol% CO,, 18 vol%
H,O and bal. N,

GHSV: 40000 h™

0.25% NO, 0.17% CHy,
0.48% of 0,, 9.25% CO,,
0.47% CO, 0.34% H, and
18% H,0, GHSV: 40000 h™*

400 ppm CHy, 7000 ppm CO,
500 ppm NO, varied O,,

800 ppm H,, 10 vol% CO,,

6 vol% H,O and bal. N,/He,
TGFR: 400 mL min*,

GHSV: 50000 h™

0.074 vol% CHy, 0.076 vol%
NO, 0.380 vol% CO, 10 vol%
H,0, 10 vol% CO, and bal.
N,, GHSV: 38000 h™*

were 435 °C, 237 °C, and
433 °C, respectively,
for aged catalyst

Tso of CH,, CO, and NO,

were 345 °C, 144 °C, and

181 °C, T, of CH,, CO, and
NO, were 417 °C, 178 °C and
228 °C (fresh), respectively;
Tso of CH,, CO, and NO,
were 382 °C, 165 °C and

200 °C, Ty, of CH,, CO, and
NO, were 445 °C, 200 °C and
255 °C (aged), respectively

Tso of CHy, CO, and NO were
342-440 °C, 114-153 °C, and
149-414 °C, respectively;

Ty of CHy, CO, and NO were
398->500 °C, 179-361 °C,
and 174-451 °C, respectively
Tso of CH, was 350 °C, Toq of
CH, was above 600 °C, Ty, of
NO was 400 °C, CO conversion
was 200-600 °C

Ty00 of CH4, CO and NO were
around 500 °C simultaneously

Ty00 of CO and CH, increased

50 °C and 120 °C with 1.8 wt% P,
respectively; T3¢0 of CO and CH,

increased 114 °C and above
220 °C with 7.5 wt% P,
respectively

Ty00 of CO and NO, were

300 °C and 315 °C, respectively,

Tso of CH, was 277 °C

Tso of CH4, NO and CO were
about 310-375 °C, 280-360 °C,
125-175 °C, respectively

Tso of CH4, NO and CO were
about 352-411 °C, 201 °C,
172-203 °C, respectively

Tso of CH, and CO were
411 °C and 167 °C,
respectively; Ty, of CH, and
CO were 435 °C and 193 °C,
respectively

137

138

33

36

163

35

37

139

38

gas hourly space velocity. Tso, Too and Tjgo: the temperature of 50%, 90% and 100% reactant conversion,

Catal. Sci. Technol, 2020, 10, 6407-6419 | 6409
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aims to briefly review the TWC technology of NGVs in
particular for Pd-based catalysts, starting from technical
fundamentals, to the roles of catalyst components (active
phases, supports, and promoters), and then novel
preparations of catalysts as well as resistance to thermal and
chemical aging will be briefly introduced. Finally, the main
challenges and future perspectives of TWCs in the field will
be discussed.

2. Fundamentals
2.1 Working windows

The air-fuel ratio (1) of the engine is closely related to the
efficiency of the TWC converter. Under the rich-burn
condition (2 < 1), CO and H, remove O* and dissociate NO,
but CO and CH, are hard to completely oxidize due to the
lack of oxygen. Under the lean-burn condition (1 > 1),
sufficient oxygen promotes complete oxidation of CO and
CH, but inhibits the dissociation of NO.>° The TWC converts
CO, CH, and NO, into CO,, H,O and N, simultaneously only
under stoichiometric conditions (4 = 1) (Fig. 2). Any small
changes in the air-fuel ratio will have a significant impact on
the TWC performance. Therefore, keeping the engine
working under stoichiometric conditions, i.e. TWC working
window, is crucial to the purification efficiency of the exhaust
emissions.

In addition, the understanding of the catalyst chemistry
under the periodic rich-burn and lean-burn conditions is also
a crucial issue for the performance of TWCs. Compared with
the steady-state operation, the working window of a
commercial Pd-Rh/Al,O; catalyst widens under dithering
conditions. The number of PdO/Pd° active phases is
increased by periodically shifting from the rich-burn to the

100 |-
80 |
2NO
L, (X "
260
g H, o’ N H, | 20*
©n r
5 co O co
540 - CH, 2 CH,
O
—s—CH, CO, H,0
20 | ——no' €02 MO 2
—eo— CO

Dominant Reactions (A<1)
1 " 1 " 1 " 1 1

0 L
0.980 0.985 0.990 0.995)»1.000 1.005 1.010 1.015

Dominant Reactions (A>1)
. 1 " 1 " 1

Fig. 2 CH,, CO and NO conversions of Pd/CZ/La-Al at 500 °C under
stoichiometric conditions (1 = 1),*® CH,4 1035 ppm, NO 930 ppm, CO
4960 ppm, H,O 10%, CO, 10%, varied O, content and N, (balance),
and scheme of TWC reactions (*) present on site.>> Copyright 2009
and 2017, Elsevier B.V.
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lean-burn conditions with varying oscillation amplitudes,
which explains more stable and higher conversions of NO
and CH,.*'™® The simulation indicates that there is an
optimal dithering amplitude to obtain the best result of
emission control.**

2.2 Reaction equations

The key reaction equations of the TWC technology are as
follows:*>°

Oxidation reactions:

H, + 0, — H,0 1)
CO + 0, — CO, (2)
CH, + O, — CO, + H,O (3)
Reduction reactions:
NO + H, — N, + H,0 (4)
NO + CO — N, + CO, (5)
NO + CH, — N, + CO, + H,0 (6)

Except for the above redox reactions, water-gas shift and
steam reforming also play important roles during the
reaction process of TWCs.>”

Water-gas shift:

CO + H,0 — CO, + H, (7)
Methane steam reforming:

CH, + H,O — CO + H, (8)

CH, + H,0 — CO, + H, 9)

Salaiin et al>*?” concluded that CO/O, and NO/H, were
dominant reactions from 100 to 250 °C, and CH, started to
be oxidized (CH,/O,, CH,/NO) from 250 to 400 °C. Li et al.*®
further indicated that CO oxidation (CO/O,) preferentially
preceded the CO/NO reaction which explained that NO
conversion decreased when the temperature increased from
180 to 340 °C. At higher temperatures, NO conversion
coincided with CH, conversion (CH,/NO) until NO was
completely converted. The CH,/NO reaction was faster than
the CH,/O, reaction, and CH, oxidation proceeded rapidly
after 100% conversion of NO.

3. Catalyst components

3.1 Active components

3.1.1 Noble metals. To date, the Pd-based catalyst has
been the most efficient TWC to remove gaseous emissions
from NGVs. The noble metals of most commercial TWCs are

This journal is © The Royal Society of Chemistry 2020
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composed of Pd and a small amount of Rh and Pt (Fig. 3).**
Rh is recognized as the most suitable noble metal for NO
reduction. It is more active in steam reforming and has
better sintering resistance than Pd.** Hence, the addition of
Rh to Pd-based catalysts helps to improve the thermal
stability and reduction performance.’®** Both Pd and Pt
have excellent oxidizing activities for CH; and CO. Pd has
excellent three-way catalytic activity with higher hydrothermal
stability than Pt, but its sulphur resistance is rather worse.**
Due to the impressive ability of methane oxidation, Pd-based
catalysts are widely used for abatement of exhaust emissions
from NGVs,* e.g., the Pd-only catalyst without other noble
metals exhibits good three-way -catalytic activity.’® The
metallic Pd, PdO, and Pd/PdO pairs on the catalyst surfaces
have been shown to have different active phases and specific
activities for methane oxidation because of their individual
structures and surface energy.’” Although there were still
divergences in the oxidation state of the most active species
for Pd-based catalysts, PdO is considered more active for
methane oxidation than metallic Pd due to the Pd species in
PdO form having more active phases.***®*° Pd oxide plays an
important role during methane oxidation, particularly below
677 °C,>° and it is also found to be active for catalysing the
reaction up to 900 °C.”' However, noble metals will be
sintered and deactivated at high temperatures, and hence
thermal stability is important for noble metal catalysts, which
will be discussed in section 5.1.

Due to the high stability of the C-H bond, methane is not
easily completely oxidized, and its light-off temperature is

Fig. 3 SEM cartography of fresh NGV converter. (a) General view of
the catalyst. (b) EDS cartography.®® Copyright 2009, Elsevier B.V.

This journal is © The Royal Society of Chemistry 2020
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CO, and H,0
CH, from the feed
Lattice
oxygen
\ O, from the feed

[0

Pd,Ce;,0,5

Fig. 4 The proposed MvK mechanism of methane combustion over
Pdp 03Ce0.0705_5 catalysts.>® Copyright 2020, Elsevier B.V.

higher than that of most HCs. Hence, the purification
efficiency and light-off temperature of methane are
considered as the key indicators of TWC performance. Most
of the previous reports on Pd-based catalysts are focused on
the active phases and reaction mechanism studies of
methane oxidation.'"*$%9°>7>% The Mars-van Krevelen (MvK)
redox mechanism has been proved for the methane oxidation
process over PdO:>>*° PdO provides its lattice oxygen to
oxidize methane and is reduced into metallic Pd; PdO is
reformed again by the addition of gas-phase oxygen which
completes a redox cycle (Fig. 4). The rate-determining step of
the MvK mechanism is proposed to be the activation of the
first C-H bond.>”*® On the aspect of the methane oxidation
process over metallic Pd, according to the Langmuir-
Hinshelwood mechanism, methane and oxygen are both
adsorbed on metallic Pd surfaces, and their competitive
adsorption determines the rate-determining step.’® Since
metastable intermediate states of metallic Pd and PdO
transformation can exist for a long time, which causes
surface restructuring and changes in particle size of Pd
species, this process needs to be further studied to
understand more the reaction mechanisms of methane
conversion over Pd-based catalysts,*”96%¢1

3.1.2 Potential active components. Since the increasing
depletion and rising prices of noble metals, noble metal-free
oxide catalysts have been developed as an alternative to
decrease costs and the environmental hazards of using noble
metals.®”®® The Co;0,-based catalyst is one of the
representative catalysts, which has a stable spinel-type
structure and outstanding catalytic activity for CH, and CO
oxidation.®*®® In addition, binary metal oxides formed by
Co;0, with additives, e.g. Sm, Ce, Zr, Mg, and Al, have better
catalytic oxidation of CH, and CO.***?"7> Spinel-type oxides
with a general formula of AB,O, have a stable crystal
structure and high thermal stability, which are also
considered as a competitive alternative for oxidation catalysts
applied for NGVs, e.g. CoCr,04, NiC0,0,4, CoAl,0,4, CoFe,0,,
ZnCr,0,, and CuCo,0,.”>”"® Since both Co and Ni have good
activity for methane oxidation and good synergistic effects,
NiCo,0, exhibits excellent catalytic activity for methane
oxidation (Typ0 < 425 °C).”°"® Although these metal oxide
catalysts have more stable structures and higher thermal
stability than noble metal catalysts, it is still a great challenge
to reduce the light-off temperature of methane oxidation

Catal. Sci. Technol.,, 2020, 10, 6407-6419 | 6411
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without doping noble metals. In addition, more tests are
needed under stoichiometric conditions for comprehensive
evaluation of their catalytic performance not only for the
oxidation of CH, and CO but also for the reduction of NO,.

3.2 Active supports

3.2.1 Aluminas. The main purpose of an active supports,
so-called washcoat, is to increase the specific surface area
(SSA) of the honeycomb ceramic (or metallic) monolith (i.e.
the structure supports), which is typically 2 to 4 m* L™, and
disperse active phases on the surface of catalysts in order to
enhance the catalytic activity (Fig. 5).5*®® Generally, y-Al,05
is currently the most widely used support for the TWC
converter due to its high SSA, moderate chemical activity,
and low cost. Compared to y-Al,O3, other aluminas (a-, 6-,
and 68-Al,0;3) are used for high-temperature close-coupled
catalysts due to their high thermal stability above 1000 °C.%¢
Among all the common aluminas (-, &, k-, n-, and y-Al,03),
PdO supported on 0-Al,O; exhibited the highest methane
conversion and thermal stability during methane oxidation.®”
In addition, it is generally accepted that the acid/base
property of support oxides would affect the catalytic activity
of palladium for methane oxidation, e.g. palladium oxide
stability®®®® and oxygen adsorption capacity,”® particularly at
low temperatures.”® For instance, a combination of
Pd(acetate), and acetic or propionic acid would enhance the
catalytic activity of Pd/Al,0; over methane oxidation.”’ On
the other hand, in order to prevent y-Al,O; changing to low
surface area alumina such as o-Al,0; (typically below 10 m>
L™") under stoichiometric conditions (up to 1000 °C), various
stabilization agents have been employed to enhance its
thermal stability, which will be discussed in section 3.3.

3.2.2 Perovskite-type oxides. Perovskite-type oxides with
the general formula ABO;.; have a more stable crystal
structure, higher thermal stability and lower cost than noble
metal oxides.”””®* Their distinct self-regenerative property
helps to inhibit the agglomeration and growth of active
phases on the catalyst surface and keeps good thermal
stability.”>?® By changing the structure of the catalyst (e.g. a
double-layer configuration containing the active phase in the
inner layer), it is able to avoid reaction with sulphur
compounds and shows good activity over a wide range of
space velocities.””*® Hence, perovskites doped with noble
metals have been studied as promising alternatives of the
current TWCs for stoichiometrically operating NGVs.”

(O]

Stainless steel container

washcoat ceramic monolith ,/

insulating - antivibration pad

Fig. 5 (1) Diagram of a typical catalytic converter. (2) A metallic
honeycomb.8¢ Copyright 2003, Elsevier B.V.
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Rodriguez et al'®® synthesized two Pd-doped perovskite-
based catalysts, Pd-LaFe, ¢5C0,.3503; and LaFeg 65C0¢ 3Pdg o5-
O;, using a modified citrate route, and tested their NO
reduction ability under stoichiometric conditions. The
integration of Pd into the perovskite led to higher Pd
dispersion in the active state. Compared with the commercial
TWC, perovskite-based catalysts produced around 60% less
N,O under stoichiometric conditions. Tzimpilis et al.*%"'%*
prepared Pd-doped perovskite-based catalysts using a
combined sol-gel and combustion synthesis method and
found that La; 034Mng066Pdy 050, phases exhibited higher
thermal stability and sulphur resistance than the commercial
TWC, which could be ascribed to the formation either of
mixed La-Pd oxides and/or of a La-Mn double perovskite. In
addition, the loading of noble metals used in the perovskite
oxides was almost three-fold less than that of the
conventional Pd/Al,O; catalysts, which indicated that it could
be a competitive candidate for the commercial TWC. Lu
et al.'® "% compared a series of A(B, Pd)O;.; (A = La or Y; B
= Mn or Fe) perovskite-based catalysts containing 2 wt% Pd
prepared by flame spray synthesis (FSS) under a simulated
stoichiometric natural gas mixture at a gas hourly space
velocity (GHSV) of 60000 h™'. Among these catalysts, Pd/
YFeO;.s exhibited the lowest light-off temperature for
methane oxidation (75, = 450 °C), which was around 100 °C
lower than that of the same catalyst composition gained by
the conventional wet-chemical method (Fig. 6). After cycling
under reaction conditions up to 850 °C, Pd/YFeO;.s exhibited
identical activity which might be due to the formation of
metallic Pd particles and its hexagonal — orthorhombic
phase transition. Compared with the commercial TWC, Pd/
YFeOj3.s exhibited higher activity after stoichiometric aging (1
=1, 900 °C) due to the metallic Pd nanoparticles being well-
defined in the range of 10-20 nm versus most of the
thermally aged catalysts with large PdO particles.

3.2.3 Other metal oxides. According to previous reports,
single or multiple metal oxides are applied as supports to
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Fig. 6 CH,, CO and NO conversion profiles of calcined Pd-containing
catalysts and Pd/ACZ (left) and Pd-free catalysts (right)."®®> Copyright
2014, Elsevier B.V.
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improve the catalytic oxidation performance which are
mainly focused on either methane oxidation under lean
conditions, eg  Si0,,'°'7  8Sn0,,'%*'%?  Ce0,,''"?
Zr0,,"*'* and Co;04,”>""® or abatement gas emissions from
gasoline engines under stoichiometric conditions, e.g. CeO,-
ZrO, (ref. 116) and Ce0,-Zr0,-Al,05.""""® In contrast, few
studies have been reported on metal oxides used as TWC
supports for NGVs. Kalam et al.'*® presented a low-cost TWC
converter using a wire mesh substrate coated with TiO, for
its thermal stability above 500 °C and high durability. The
SSA for the new support was 25 times higher than that of the
original honeycomb ceramic substrate which resulted in the
reduction of 24%, 41% and 40% for NO,, CO and HC
emissions, respectively, in comparison to the original TWC
converter.

Due to the advantages of the mesoporous framework,
mesoporous molecular sieves (MMSs) can provide a
mechanism for controlling the metal nanoparticle size and
maintain the size during the methane oxidation reaction to
avoid metal sintering at elevated temperatures. With high
SSA, large specific pore volume, and narrow pore size
distribution in comparison to conventional aluminas and
zeolites, MMSs are regarded as ideal supports in
heterogeneous catalysis for metal oxide catalysts."*® The
performances of SBA-15,"*""*> MCM-41,"**'** KIT-6 (ref. 125
and 126) and HMS'®”'*® have been investigated as support
materials of Pd-based catalysts for methane abatement.
Hussain et al.'*® deposed Pd onto synthesized SBA-15 and
KIT-6 mesoporous silica and tested the activity for methane
oxidation from exhaust emissions by compressed natural gas
(CNG) engines. As confirmed by TEM and STEM, PdO
nanoparticles (1-5 nm) were highly dispersed on SBA-15 and
KIT-6. As a result, all the catalysts with different Pd loadings
(0.25-0.7 wt%) completed 100% methane conversion under
750 °C, particularly for the KIT-6 0.7 wt% Pd catalyst with
Ty00 of CH, at less than 450 °C. On the other hand, since
methane is the main HC of exhaust emissions from NGVs,
methane selective catalytic reduction (CH,-SCR) is an
effective method for simultaneous catalytic purification of
CH, and NO, by using CH, as a reducing agent.'?>'%°
Mendes et al."*'** prepared bimetallic PdCe-HMOR catalysts
by ion exchange and incipient wetness impregnation to
depose Pd and Ce onto HMOR, respectively. As Ce loading
above 3 wt%, methane oxidation is strongly enhanced (ca.
Too = 550 °C), in particular at high temperatures. The optimal
Pd/Ce species distribution is gained with 0.3 wt% Pd and 2
wt% Ce, resulting in the best SCR performance.

Overall, more technological improvements and
experimental tests are still required towards the commercial
application for these catalysts, e.g. water resistance at low
temperatures and thermal stability at high temperatures. In
real conditions, particularly at high space velocities, all these
mixed oxide catalysts have not exhibited sufficiently good
performances. Their real catalytic activity for the abatement
of CH,;, CO and NO, emitted by CNG engines under
stoichiometric conditions is still unclear.

This journal is © The Royal Society of Chemistry 2020
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3.3 Promoters

3.3.1 Classic promoters. The promoters for TWCs,
particularly for Pd-based -catalysts, usually include alkali
metals (Mg, Ca, Ba, etc.),'* rare earths (La, Ce, Y, etc.)*® and
transition metals (Mn, Fe, Co, Ni, etc.)."*® They are aimed to
improve the catalytic activity, hydrothermal stability, sulphur
resistance ability, etc. At present, the main purpose of the
TWC improvement is to enhance the catalytic activity of
methane oxidation at low temperatures and increase its
hydrothermal stability at elevated temperatures. In previous
literature, Ce, Zr, Ba, La, Y, and their mixed metal oxides
have been reported as the most common promoters to
improve the performance of Pd-based -catalysts under
stoichiometric conditions.*®'%77139

The most common promoter used in commercial TWCs is
Ce0,-ZrO, (CZ) composite as a mixed solid-state solution,
leading to a better oxygen storage capability (OSC) and higher
hydrothermal stability and durability."*°"** The additive
cation (Zr*") into the CZ lattice contributed to increase the
structural defect concentration, improve the oxygen mobility,
and enhance the Ce®'/Ce ratio on the surface of Pt-Rh
bimetallic catalysts, which produced more oxygen vacancies
and cerium in the Ce®*" state, thus increasing the NO
conversation."*® The doping of Y** ions into CZ could
enhance lattice oxygen mobility, Ce*" concentration, and
oxygen uptake capacity.'** Using electron spectroscopy to
characterize the first layer of the active phases, the
percentages of Ce and Zr at the surface of a commercial TWC
is roughly 0.84% and 2.44%.%> Generally, CZ doping can help
to maintain the PdO, state under reaction conditions and
enhance the dispersion of Pd/PdO active phase pairs for
methane oxidation."®® Investigating the active sites for
methane oxidation close to stoichiometric conditions, this
result was further confirmed by ex situ XPS. Due to the
positive interaction between Pd and CZ, active oxygen
mobility from CZ to Pd could promote the stability of PdO
species whether under rich or lean conditions with around
64% superficial Pd species in the PdO state (Fig. 7).*® The
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Fig. 7 The ratio of PdO/(Pd + PdO) and CH,4 conversion at different 1
values.®® Copyright 2017, Elsevier B.V.
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addition of 4 wt% CeO, and/or La,O; enhanced the electron
density around Pd and promoted Pd dispersion on the
surface of Pd/YZ-Al,O; (Y and Zr modified Al,O3) catalysts in
the increasing order Pd/CeLa/Al > Pd/La/Al > Pd/Ce/Al > Pd/
Al. The presence of CeO, could facilitate the coupling
reaction of NO/CO below 340 °C, which benefited from the
redox couple of Ce’**/Ce*’, and the addition of La,O,
enhanced the low-temperature activities with the highest NO
conversion appearing at around 180 °C.*®

Ba is also an important promoter which is usually doped
in commercial TWCs dedicated to NGV applications.*
Previous studies reported that Ba had a positive effect on the
hydrothermal stability of Pd-based catalysts, which could be
more obvious at temperatures over 1000 °C in terms of
surface area stabilization."*®'*” Due to the similar electron
configuration to Rh, the addition of Ba could help to increase
the electron density around Pd(u). This Rh-like catalytic
property could enhance TWC performance, particularly for
NO, conversion."*® Klingstedt et al.'*° observed that both
fresh and aged Pd-Ba/Al have significantly higher dispersions
and smaller mean particle sizes of Pd in comparison to the
Pd-only catalyst. The Ts, of methane oxidation under
substoichiometric conditions (4 = 0.99) decreased, and its
lambda window was widened after doping of Ba, which
resulted in an increased activity both for the fresh and aged
(850 °C,16 h) catalysts.

3.3.2 Other potential promoters. The recent improvement
in promoters for methane oxidation under the lean-burn
condition might be favourable for TWCs. The addition of
TiO, is able to promote the interaction with PdO and
increase the average pore diameter, amount of surface active
oxygen, and the electron density around PdO, which
improved the oxidation activity of Pd catalysts."*>'*° As an
additive, Ni is observed to improve the hydrothermal stability
of the support as well as the reducibility of PdO over Pd/
Zr0,-Al,0; catalysts.”®" The modified Pd catalysts with ZnO
show good activities at low temperature and high water-
resistant performance in methane oxidation.’*>'** The rare
earths, e.g. Y, Ce, and Pr, are found to be highly effective in
improving the structure and enhancing the reduction ability
of Pd catalysts. They are able to increase the amounts of
surface active oxygen species and the dispersion of Pd
particles, consequently enhancing the catalytic performance
of methane oxidation.">"

4. Preparation methods

Basically, TWCs are prepared by co-precipitation and
impregnation methods."> These approaches are essential to
control the physicochemical properties of the catalysts and
thus determine the catalytic performance of the emission
abatement. However, it is challenging for the two methods to
further enhance the catalytic performance, e.g., high
dispersion of noble metals, hydrothermal stability, sulphur
resistance and water resistance abilities. Hence, recent
studies are concentrating on the development of methods for
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more competitive catalysts applied in the TWC converter of
NGVs, which are briefly introduced below. Derived from co-
deposition of cerium and cobalt oxides, Soloviev et al'®®
observed that the Pd/Coz;O,/cordierite catalyst had higher
oxidation activity of CO and C¢H;; in comparison to
successive deposition in the three-way catalytic reactions,
which was probably caused by better mobility of surface
oxygen and higher dispersity of components during the
catalytic composition. Shang et al.*® proposed that the co-
impregnation method produced large Pt-enriched bimetallic
Pt-Rh particles on the surface of Pt-Rh catalysts, thus
blocking active Rh sites and decreasing the catalytic activity.
Compared to the co-impregnation approach, the Pt-Rh
catalyst derived from physical mixing exhibited a
homogeneous mixture of Pt and Rh sites on the surface and
had synergistic contributions to CH,, CO, and NO
conversions, thus enhancing the three-way activity
significantly. Chen et al.*®” proposed that the Pt/CeO,~ZrO,~
La,03;-Al,0; TWC prepared by a double-solvent (water and
n-hexane) approach completed 100% conversion of methane
oxidation at 396 °C (GHSV = 34000 h™"), which was about 46
°C lower in comparison to the incipient wetness
impregnation method. In addition, Chen et al™® modified
the double-solvent method with colloidal synthesis and used
ethanol as a reducing agent instead of n-hexane at the final
step for a TWC of Pt-Rh/CeO,-ZrO,-La,0;-Nd,O;. The higher
species of Pt° and larger concentration of Ce** were obtained
by the modified method, which led to enhancement of the
catalytic activity performance of CH,, CO, and NO by both
fresh and aged catalysts, particularly for a 65 °C lower
temperature of methane conversion (To) after hydrothermal
aging (800 °C, 16 h). Hu et al."> developed Pd catalysts via a
two-step procedure (Fig. 8), i.e. in situ reduction process with
formaldehyde as a reducing agent before an oxidation step at
550 °C, which slowed down the kinetic growth of both Pd
and PdO nanoparticles and generated high dispersion of PAO
nanoparticles. Compared to the traditional one-pot method,
the two-step preparation method enhanced the -catalytic
performance of both CH, and NO removal from the exhaust
emission of NGVs. Using the atomic layer deposition (ALD)
method, Onn et al."® modified porous MgAl,O4 support by a

Traditional method
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Fig. 8 In situ reduction method of Pd?* by formaldehyde >
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LaFeO; film as a high-surface-area support for Pd, which
exhibited more uniform initial Pd distribution and thermal
stability than that prepared by a simple impregnation
method.

5. Thermal and chemical aging

Similar to gasoline vehicles, thermal and chemical aging also
cause catalyst deactivation of NGVs.'®*"'®* Thermal aging is
attributed to long-term exposure at high temperatures under
the operating conditions, which would cause sintering of
noble metals and supports. Chemical aging of TWCs is due
to Mg, P, Zn, Ca, Si, Pb, or S originating from either
lubrication oil additives or fuel contaminants, which results
in catalyst deactivation by poisoning active phases and
suppression of OSC.'*™¢”

5.1 Thermal aging

Since the real temperature of exhaust emissions under
stoichiometric conditions could be over 1000 °C, the noble
metals are easily sintered and aggregated on the supports
and become deactivated.'®® After thermal aging by exposing
the catalysts in air with 10 vol% H,O at 980 °C for 4 h,
extensive Pd sintering was observed both on Pd-Rh/Al,O;
and commercial NGV TWC, which indicated that the
interaction between Pd and Rh was suppressed by thermal
aging.*® Thermal aging also changes the surface composition
of bimetallic Pd-Rh particles, which causes changing of
product distribution from NO dissociation.*> A number of
approaches have been investigated to enhance the thermal
stability which can be mainly divided into two types:
chemical approaches and physical approaches."® The
chemical approaches alter the electronic nature and
interactions of the active phase or support to enhance
inherent resistance, e.g. solvothermal method'® and ALD
post-modification."®”'”® The physical approaches change the
spatial structures of the active phase and support in order to
establish physical barriers, e.g. metal-oxide-shell units (e.g.
Pd@Ce0,)"""""" and perovskite supports.'®"'°> The studies
on thermal resistance of TWCs are limited, but extensive
reviews on the thermal resistance of methane oxidation can

be found in the literature.*®:*36:169:172

5.2 Water poisoning

Water plays an important role throughout the three-way
catalytic reaction process. At low temperatures, water usually
occupies the active sites and plays an inhibition role in the
reactions, which significantly affected the conversions of
CH,, CO and NO. Water can absorb on palladium (Pd**) and
form Pd(OH), below 250 °C, which reduces the catalyst
activity and inhibits CH, oxidation. Water inhibition is also
supposed to cause OH group blocking of oxygen exchanges
between active sites and supports, thus decreasing catalytic
activity.*>*” In addition, Pd re-oxidation during the cooling
ramp in dry feed is also suppressed in the presence of
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water.’”® However, water adsorption becomes more reversible
and its effect decreases with increasing reaction
temperature.”’* It participates in the reactions (H,O/CO,
H,0/CH,), starting to promote CO and CH, conversions by
water-gas shift and steam reforming of methane.>®?” The
water inhibition turns to be negligible above 500 °C, while
sintering of noble metals and thermal stability becomes more
important.'”*

5.3 Sulphur poisoning

Sulphur compounds originating from fuel contaminants are
powerful poisoning agents, particularly for Pd-based catalysts
even at ppm levels.”” Recent studies have provided very
detailed deactivation mechanisms of Pd-based catalysts by
surface-sensitive photo-electron spectroscopy:***”>*7® at low
temperatures (below 450 °C), sulphates are formed close to
the active phase by SO, oxidation by PdO; at higher
temperatures (above 500 °C), PAO becomes more resistant to
sulphur poisoning due to sulphur spilling over onto the
promoter. Since the active sites are saturated by chemisorbed
SO; and/or sulphates, the presence of sulphur could strongly
deactivate CH,;, CO, and NO conversions. Therefore,
promoters are needed to enhance the sulphur resistance of
TWCs. The addition of CeO, assisted in promoting sulphur
resistance due to the formation of stable compounds with
S0,."**"77 pd@ZrO, catalysts also showed good resistance to
SO, poisoning due to less sulphate formation, and the
presence of sulphates could be removed during
regeneration."”®

5.4 Phosphorus poisoning

Chemical aging with P is another severe poisoning which
causes physical and chemical modifications in TWCs, e.g.,
changing the support by forming CePO, and AIPO,
phases'’®* % and generating CePO, to decrease the OSC of
Cezr0,."8"'%> The strong cooperation of water and P at 600
°C resulted in aggregation of ceria nanoparticles,
incorporation of the Pd active phase and exposure of CePO,
on the catalyst surface.'® Compared with the three-way
catalytic performance of fresh, thermally aged, and
chemically aged Pd/Al,O; catalysts under stoichiometric
conditions, Matam et al.'®® found that P poisoning caused
more detrimental physical and chemical modifications to the
catalyst. This result confirmed that P poisoning would
profoundly deteriorate the three-way catalytic performance of
Pd-based catalysts by clogging the support pores, fouling of
Pd nanoparticles, and decreasing the reducibility of PdO,
species.

6. Conclusions and perspectives

With the increasingly strict emission limits of NGVs, in
particular for CH, and NO,, it is a great challenge for
conventional TWCs to meet the requirements of practical
applications. As methane is not easily completely oxidized
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due to the high stability of the C-H bond, its light-off
temperature and purification efficiency become the key
indicators of the TWC performance of NGVs. Future studies
on the reaction mechanisms of methane conversion over Pd-
based catalysts are expected to be helpful for enhancing the
catalytic activity of methane oxidation, which is still a
thriving field of scientific research. On the other hand, the
thermal stability and resistance to chemical aging and in
particular to water and sulphur poisoning also directly
determine the TWC performance of NGVs. More studies are
needed to understand the deactivation mechanisms of TWCs
under different aging conditions and improve the TWC
performance by physical and chemical modifications. In
recent studies, perovskite-based catalysts and Co;0,-based
catalysts have exhibited great potential in the field of TWC
development. However, more experiments are still needed to
improve their thermal stability and resistance to the
poisoning of water, sulphur, and phosphorus over high space
velocities for commercial application of NGVs.

To date, the Pd-based catalyst is the most efficient
commercial TWC of NGVs, with excellent catalytic purification
of gaseous emissions. In order to meet increasingly strict
emission limits, noble metals of TWCs cannot be completely
replaced yet. In the precondition of guaranteeing the catalyst
performance, the reduction of noble metal loadings seems to be
the most practical solution at this stage. Transition metals, e.g.
Co and Ni, which have already shown potential abilities to
partly replace noble metals, are reliable to achieve this target.
On the other hand, advanced approaches for catalyst synthesis
with well-defined nanostructure, e.g. solvothermal method, ALD
post-modification, and metal-oxide-shell units, are expected to
promote the development of new high-performance TWCs with
further improved catalytic activity, selectivity, and durability.
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