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Preface

In recent years, there has been a dramatic increase in the pressure to develop more
efficient, environment-friendly engines for heavy and light vehicles. Diesel engines
have attracted significant attention due to higher efficiency and lower cost compared
with gasoline; and yet, its emission of nitrogen oxides (NO,) and soot particulates is
likely to cause a negative impact on the environment and human health. Urea-SCR
has been selected by European and USA motor industry as an emissions control
technology system for diesel engines. The system, usually, contains a Diesel
Particulate Filter (DPF), diesel oxidation catalyst (DOC), SCR catalysts, and the
reductant. Despite its successful application to the heavy-duty vehicle, integration
of the SCR within the exhaust is still a challenge, considering the extensive
infrastructure for the whole system. Thus, the multifunctional combination of DPF
and SCR in a single device is currently receiving considerable attention, as it
presents several advantages, such as compact and cost-effective (if we can find
suitable catalysts). Simultaneous catalytic removal of soot and NO, can be regarded
as a combined process of PM trapping, soot oxidation, and NO, reduction by soot.
If realized, this should be the most desirable after-treatment of diesel exhausts
because it is capable of simultaneously removing both harmful substances by using
a compact unit.

This book provides a comprehensive overview of what is called “Simultaneous
Catalytic Removal of Diesel Soot and NO,”; It begins with a discussion of the
technology in the framework of the current context, covers the fundamental aspects
of the simultaneous catalytic removal process of soot and NO, (a variety of
material, reaction kinetics), and also analyzes the external condition influencing the
reaction. It provides a new view to interpret soot abatement material, understand the
reaction process, and inspire the scientists to design a new catalyst with moderate
redox ability. Some original pictures and illustration are also inclusive.

I expect the book will be of particular interest to and suitable for both engineers
and scientists in the field of material chemistry, chemical engineering, and auto-
mobile industry.
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Chapter 1 )
Introduction Check or

Diesel engines have been widely popularized as a power source for vehicles owing
to its reliable horsepower and excellent fuel economy. In Europe, especially, they
occupy an enormous market share in public transportation and private uses.
However, the pollution caused by diesel-engine exhausts has become more and
more severe in the last decade, while the exhausts of gasoline-fueled engines
operated near stoichiometric air/fuel ratio have been successfully cleaned up by
three-way catalytic systems. In China, the emission of diesel particulate matter has
become one of the primary sources of PM; s pollution in cities. The emission from
diesel engines is still a teaser, which bothering the scientific researchers and poli-
cymakers for years and it is affected by many factors such as the horsepower of
vehicles, the composition of diesel, and combustion parameters. The properties of
diesel emission are entirely different from that of a gasoline engine, which has
considerably been alleviated by the three-way catalytic (TWC) system. The
trade-off relations between the two pollutants (PM and NO,) and oxygen-rich
atmosphere disable the TWC, posing a higher requirement for the researchers.
Several catalytic techniques have been proposed; they can be classified into two
groups, that is, individual removal of the two contaminants and simultaneously PM/
NO, abatement.

1.1 Characterization of Diesel Emission

Over the last 30 years, various catalytic processes have been involved in the
after-treatment module to alleviate the exhaust emissions from diesel vehicles. The
latter is dominant pollutants in the atmospheric environment, namely particulate
matter (PM) and nitrogen oxides (NO,). Soot is the major component of PM. Its
formation is governed by kinetics and thermodynamics in unsteady combustion,
whereas NO, is produced in an oxygen-rich and high-temperature environment [1].

© Shanghai Jiao Tong University Press, Shanghai and Springer Nature Singapore Pte 1
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2 1 Introduction
Soot and NO, are significant challenges for both human health and atmospheric
environment [2], and soot is a dominant source of PM, 5 emission [3].

NO, is a widely known pollutant that causes several environmental nuisance
events in the 1950s to 1980s; many countries or institutes issue relevant legislation
to put a limit on it. In China, specifically, the overall NO, emission has been
significantly reduced since 2012 (Table 1.1). Tracing to the NO, exhaust source,
the absolute contribution value progressively decays, yet the percentage for the
contribution of automobile emission steadily rises. Thus, an increasing emphasis
placed on NO, emission from vehicles is essential and urgent. The control of PM, 5
emission has also been ahead of schedule due to its enormous threat to human
health. It is estimated that PM, 5 is of strong correlation with mortality in the USA
[4]. On a global scale, the mortality caused by PM, 5 comes up to a peak value in
both east China and north India [5]. The mortality can be somehow inhibited via
cutting PM, 5 emission. In Europe, 11,612 cardiopulmonary deaths and 1901 lung
cancer deaths could be prevented annually if long-term exposure to PM, 5 levels is
reduced to 15 pg/m® in each city [6]. Regarding PM, s contributions, Table 1.2
presents a regular practice. Overall, the PM, 5 contribution of automotive is diverse

Table 1.1 NO, emission amount from various emission sources

Emission 2012 2013 2014 2015

sources (million | (%) (million | (%) (million | (%) (million | (%)
tons) tons) tons) tons)

Industry 16.581 70.926 | 15.457 69.398 |14.048 67.603 | 11.809 64.453

Life 0.393 1.681 | 0.407 1.827 | 0.451 2.170 | 0.651 3.553

Vehicles 6.400 27.376 | 6.405 28.757 | 6.278 30.212 | 5.859 31.978

Others 0.004 0.017 | 0.004 0.018 | 0.003 0.014 | 0.003 0.016

Total 23.378 100.000 |22.273 100.000 | 20.780 100.000 | 18.322 100.000

Data acquired from the China Ministry of Environment Protection

Table 1.2 PM, 5 emission sources of eight typical regions in China from 2013 to 2015

Region External Local emission sources
sources (%) | Coal Automotive Industry Fugitive Others

(%) (%) (%) dust (%) (%)
Beijing 28-36 224 31.1 18.1 14.3 14.1
Shanghai 16-36 13.5 29.2 28.9 13.4 15
Hangzhou 18-38 18.8 28 22.8 20.4 10
Nanjing 19.6-37.9 274 24.6 19.0 14.1 14.9
Guangzhou n/a 20.6 21.7 11.5 10.4 35.8
Shijiazhuang | 23-30 28.5 15 25.2 22.5 8.8
Tianjin 22-34 27 20 17 30 6
Ningbo n/a n/a 22 47 11 n/a

Data acquired from the China Ministry of Environment Protection
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Latitude
Mortality (deaths per area of 100 kmx100 km)

Longitude

Fig. 1.1 Mortality linked to outdoor air pollution in 2010 [5]. Units of mortality: deaths per area
of 100 km x 100 km (color-coded). In the white areas, annual mean PM, 5 and O5 are below the
concentration-response thresholds where no excess mortality is expected

in all regions owing to the level of economic development, terrain feature, industrial
structure, and energy consumption structure. It can be observed that in
population-densified areas, such as Beijing, Shanghai, Hangzhou, and Nanjing,
automobile emission is dominant in PM, s contribution. In most regions, the
automotive contribution to PM, 5 exhaust is above 20%. On the other hand, regions
rely on heavy industry and coal-oriented industry struggles from PM, 5 pollution
from coal sources. It can be summarized from Table 1.2 that automobile is
becoming a non-negligible factor for PM emission. Furthermore, the boom of auto
industry also threats the human health and urbanization process. Thus, legislation
and technology are required to restrict pollutant emission to follow the pace of this
trend (Fig. 1.1).

The relationship between soot and NO for different combustion concepts is
shown in Fig. 1.2. Unfortunately, the trade-off relationship between these two
pollutants inhibits the use of the three-way catalyst (TWC) on diesel engines; hence,
several technical strategies were proposed to deal with the contaminants. These
routes can be classified into deNO, and desoot techniques.
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Fig. 1.2 Relationship
between soot and NO for
different combustion concepts

[7]

Local Equivalence Ratio ¢

1400 1800 2200 2600 3000
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1.2 Catalytic Abatement of NO,

Three typical catalytic processes including NO, decomposition, NH3-SCR, and
HC-SCR are introduced in this section.

1.2.1 Direct Decomposition of NOx

This approach has been explored for years. Judging by the value of Gibbs free
energy, this is a spontaneous reaction. However, the activation energy value for this
decomposition process achieves as high as 364 kJ/mol, which indicates that this
reaction is unlikely to proceed under mild conditions [8].

2NO — N, +0, AG?= — 86 kJ/mol (1.1)
NOjgs — Nags + Ouds (1.2)

2N, — Ny (1.3)

20,45 — O (1.4)

The direct decomposition of NO on material surfaces usually involves a disso-
ciative chemisorption step, followed by the recombination of dissociated species.
Among the above three essential steps for NO,, the O, desorption occurring above
500 °C is the determinant step. In the oxygen-rich atmosphere, O, tends to take up
the adsorption site and hinders further adsorption of NO. A variety of catalysts
including PGM, mixed metal oxides, and zeolites were developed and investigated
[9-13]. The Cu-ZSM-5 material is one of the promising candidates owing to its
high conversion rate. However, this technical strategy hardly fits the practical
operation conditions, for instance, high O, content, sulfur poisoning, water vapor,
and temperature window of exhaust gas.



1.2 Catalytic Abatement of NO, 5

1.2.2 NHj; Selective Catalytic Reduction (NH3-SCR)

NH;3-SCR was formerly implemented as a deNO,, technology for stationary sources;
NO; is reduced by NHj3 in oxygen-rich surroundings over the V,05/TiO, catalyst,
and the target product is nitrogen and water. Moreover, sulfur tolerance of TiO,-
based supports is superior to most of the materials; hence, this catalyst is regarded
as a potential candidate loaded on heavy-duty diesel vehicles. The storage and
transportation are thorny issues for ammonia. In turn, Urea-SCR strategy has been
taken into account as a substitute owing to its safety and convenience in China. The
shortcoming of Urea-SCR is also evident. The formation of high polymer sup-
presses the NO, and NHj; adsorption on the active site.

NH; +NO + 0O, — N, + H,O (15)

1.2.3 Hydrocarbon Selective Catalytic Reduction (HC-SCR)

At the end of last century, the selective reduction of NO by hydrocarbon was
discovered and proposed by Iwamoto [14]. Massive materials-reductant combina-
tions have been tested to improve the performance of the reaction. Among these
candidates, Ag/Al,O3-ethanol system is a potential option. Its catalytic activity, the
water tolerance, and sulfur tolerance meet the requirements of practical use; fur-
thermore, the reductant is easily acquired [15, 16]. Unfortunately, this concept has
not been widely accepted by manufacturers due to the high cost of the post-process
system, the storage, and supplement of reducing agent.

HC +NO, — N, + H,O +CO, (16)

1.3 After Treatment of Diesel Soot

Two strategies for soot removal are presented in this section.

1.3.1 Diesel Oxidation Catalyst (DOC)

The application of DOC, whose active phase is Pt—Pd-based precious gold metal
(PGM), can be traced to 1970s. The DOC catalyzes the following three reactions. It
can remove most of the soluble organic fractions (SOF) and reduce the overall PM
emission by 25-50%.
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[SOF] 4+ 0, — CO, + H,0 (1.7)
CO+0, — CO, (1.8)
[HC] + 0, — CO, + H,0 (1.9)

Unfortunately, DOC is negligent in limiting soot emission and secondary par-
ticles formation. Besides, the oxidation of sulfur into SO3 at higher temperature
leads to the deposition of metal sulfate and in turn poisons the catalyst. Judging by
the statement above, neither PM nor NO, can be purified by DOC module.

1.3.2 Catalytic Diesel Particulate Filter (CDPF)

DPF is a physical way to filter and trap soot via its micropores, mesopore, and
macropores; however, it needs to regenerate timely within the temperature window
to maintain working efficiency. The constituents supported on the CDPF system are
preferentially designed. Thousands of literature have reported competitive catalysts
including mixed metal oxides, PGM, and rare earth metal oxides. Most of these
studies focused on the mechanism and pathways how soot is consumed. The key to
the soot abatement can be summarized into two points, that is, produce sufficient
oxidizing agent/intermediates, and further improvement of contact conditions
between soot and active sites.

PM + 0, — CO, (1.10)

1.4 Simultaneous Removal of Soot and NO,

The aforementioned catalytic processes and technologies can be categorized into
one-way catalyst. Namely, they can only assist soot gasification or NO, removal
individually. The concept of simultaneous abatement of soot and NO, was firstly
proposed by Yoshida [17]. A redox reaction proceeds between soot and NO,; the
targeted product is CO, and N,, which is harmless to the environment and human
health.

PM +NO, — CO, +N, (1.11)

Few systematic studies were performed in this field. Shangguan and his group
were the first to carry out such laboratory research [18, 19]. These studies are of
great significance for not only an academic purpose but also for the practical
situation. Firstly, the insight into the reaction provides another view to interpret the
catalysts in the reaction. This reaction posed higher requirements to the catalyst.
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Specifically, a balance between the oxidability and reducibility is to be weighed and
considered. Secondly, the kinetics of the reaction inspires the engineers to design
electronic control unit (ECU) program to monitor and adjust atmosphere to
accelerate the reaction and suppress the formation of by-products (N,O). Finally,
this reaction is affected by several factors such as contact conditions, flow rate, and
reactant gas. These factors are to be carefully evaluated and regarded as the base
data of the catalyst. The above three aspects will be detailed demonstrated in the
following chapters.
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Chapter 2 )
Catalytic Materials for Simultaneous Skl
NO,-Soot Removal

The catalysts are the major challenge for this scheme. Both soot oxidation and NO,
reduction should be considered and evaluated; it is tough to balance the two aspects
mentioned above. Also, the material is required to be thermally stable in
oxygen-rich conditions up to high temperature (above 700 °C); in this way, it could
survive the thermal load impact. Naturally, oxides are firstly tested due to their
thermal stability and activity. The rational design and development of catalysts for
this scheme initiate from 1989 by Yoshida [1] followed by the proposal for catalysts
of the various type including spinel-type oxides, perovskite-type oxides,
hydrotalcite-derived oxides, rare-earth-based oxides, and ordered mesoporous
oxides. These materials are displayed in this section.

2.1 Spinel-Type Oxides

2.1.1 Structure of Spinel Structure Oxides

The structure of the spinel-type material (AB,O,4) is depicted in Fig. 2.1. An
octahedral framework of composition BO, is derived from NaCl structure by
alternate spacing rows of metal ions. Metal ions (A) fill in positions of tetrahedral
coordination. The crystallographic unit cell of the spinel structure contains 32 O
atoms in approximately cubic close packing (CCP). In another spinel-type material
called inverse spinel, the location of A and B ions completely alter. Precisely, the
eight tetrahedral positions are occupied by 8 B ions out of 16, while the rest 8 B
ions and 8 A ions take up octahedral positions randomly. This type of spinel is
formulated B(AB)Oy4 to distinguish them from those of the first category spinel,
AB,0,. The spinel structure is somewhat “hollow” since 1/8 of the tetrahedral and
1/2 of the octahedral sites are occupied. The solubility of the component oxides in
the spinel phase is also discovered, resulting in the appearance of excess cations; the

© Shanghai Jiao Tong University Press, Shanghai and Springer Nature Singapore Pte 9
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Fig. 2.1 Normal spinel
structure

given cations in the spinel structure are substantially substituted by other ions,
which provide the possibility to modify its structure further to meet a variety of
application, such as catalyst [2—4].

2.1.2 Reaction Profiles and Performance Evaluation

One of the realistic systems for catalytic reduction of PM and PM trap loaded with a
catalyst (catalytic PM trap). There are many technical difficulties in this system such
as the development of an efficient and thermally stable PM trap, loading of catalytic
material on the trap, and the contact between the catalyst and the trapped PM.
Judging by the fact that the experimental difficulty of continuous supply of solid
soot into a reaction system, the present study was carried out by a
temperature-programmed reaction in which a mixture of soot and catalyst was
heated in a flow of reactant gas [5].

The profiles for simultaneous soot-NO, removal over CuFe,0O, are presented in
Fig. 2.2. The formation of CO, due to the oxidation of soot and the reduction of
NO, into N, and N,O were detected. It is noteworthy that the three observed
products show the similar tendency, indicating soot is consumed by NO, rather
than 02.
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Fig. 2.2 Temperature
dependence of NO,
conversion into N,, N>O, and
CO, formed throughout TPO
run in the simultaneous
removal of NO, and diesel
soot particulate over CuFe,Oy4
[5]. Ramp: 1 °C/min; gas
composition: NO 0.5%, O,
5%, balanced with He; flow
rate: 20 mL/min
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The reaction involved in the TPO process

(1 —a—=p)C+ (1 —a—p)O; — aN» +2fN,0+ CO;,

oC + 2aNO — aN, + aCO,

BC +4fNO — 2N,0 + SCO,

Overall reaction

C+2(0+2B)NO + (1 — o — B)O; — aN3 +2N,0 + CO,

Ti,: Ignition temperature

SNg/C = V[Nz}/V[COz] = o

Sx,0 = VIN2OJ/(V[N2O] 4 V[N2]) = 2/ (2 +2)

2.1.3 Comparison Between Spinels and Simple

Metal Oxides

25

Outlet CO,/10° ppm

A comparison study of simple oxides and spinel structure materials was carried out

by Shangguan et al. [5] over Cu-Fe system and Cu-Cr system. T;

ig

parameter to evaluate catalytic performance (Fig. 2.3).

In Cu-Fe system, T, of CuFe;O4 and the mechanical mixture (CuO + Fe,03)
are close; it is between the two simple oxides. Furthermore, the selectivity to N,O
exhibits no obvious distinction over Cu—Fe samples. These results demonstrate that

value is a
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Fig. 2.3 Catalytic performance for the simultaneous NO,—soot removal of simple oxides,
mechanical mixture, and spinel-type oxides over Cu-Fe and Cu-Cr systems

only superimposed effect exists on the activity and the selectivity to N,O. On the
other hand, the prominent high Sy,,c value of CuFe,O,4 implies the synergistic
effect by forming the spinel structure in the selectivity of NO, reduction into Nj.
The higher Sy, ,c value than mechanical mixture samples presages that atomically
mixed state of Cu and Fe ions, such as —Cu—O-Fe— structure, is positive for the
promotion of reaction steps including the activation of NO, and the transfer of
activated NO, to soot surface. The same story applies to the Cu—Cr system, though
the synergy in the selectivity to NO, reduction into N, is more pronounced than that
in the Cu-Fe system. In contrast, the synergetic action is not observed for the
activity but the reduction process over the Cu—Cr system. These above results show
the advantage of forming of spinel structure metal oxides in the promotion of Sy, c-

2.1.4 Catalytic Performance of Spinel-Type Oxides

The catalytic performance depends significantly on constituent metal cations. It is
evident that Co- and Mn-containing spinels with a lower Tj, and V[N,] are more
active but less selective. Among the ternary spinel oxides studied, CuFe,0, showed
prominently high V[N,], Sx,,c and low Sy, ,c so that CuFe,04 with the moderate
Ti, and the maximum selectivity to the N, formation is the proper catalyst for the
simultaneous NO,—soot removal (Fig. 2.4).

The effect of metal cations and their coordination in spinel oxides will be briefly
discussed. Divalent Co ions are in the octahedral coordination in the inverse
CoFe,0, spinel, while being in the tetrahedral coordination in normal CoCr,O,4 and
CoMn,0,. As stated above, these Co-containing spinels exhibit low and compa-
rable selectivity to nitrogen formation. In addition, it is apparent from the com-
parison between CuM,0, and CoM,0O4 (M = Cr, Fe) that the replacement of Co
with Cu brings about an enhancement of the selectivity to N, formation irrespective
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Fig. 2.4 Ignition temperature
of soot (Tg) and the amount
of N, and N,O formed over
the spinel-type material [5]

13
Bl O
270 280 290 300 310
core0.[ o oo
MnCr,0, :::)]
CoMn,0,

CuFe:0, b v

CoCr,0,4 WM

CuCr0,4 P%\
MgCr,0, m
NiFe,0, VA i g

0 2 4 6 8 10
V[N,] and V[N,0]/107° mol

of tetrahedral (M = Cr) or octahedral (M = Fe) coordination. These results indicate
that the sort of metal cations is crucial, whereas the coordination state of metal
cations is of less importance.

Catalytic performance of spinel-type oxides is shown in Table 2.1.

Table 2.1 Catalytic

performance of spinel-type
oxides in the simultaneous
NO,—soot removal reaction

Catalyst 7P VIN,]1® Selectivity (%)
°C) (107> mol) RO 9,
CuCr,04 287 3.51 2.6 29.9
MgCr,04 300 3.73 2.7 39.4
CoCr,0y 285 2.43 1.8 53.4
MnCr,04 276 2.11 1.5 493
CoMn,0, 282 2.57 1.9 38.7
NiFe,0, 306 4.90 3.6 19.1
CoFe,0, 273 2.53 1.8 46.5
CuFe,0, 285 6.46 4.7 20.8

®Ignition temperature of soot
@Total amount of N, in the reaction
©Selectivity to NO into N,
@Selectivity to N,O
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2.1.5 Modification of CuFe,0, Catalysts by Doping
of Alkali Metal Cations and Pt

In Sect. 2.1.1, the possibility to modify the structure of spinel oxides has been well
illustrated. Various modifiers or additives have been utilized to improve the activity
and selectivity of the catalysts further, although the specific understanding chemical
effect of additives is not straightforward [6, 7]. These promoters bring about the
development of the multi-component materials. In this section, several practices are
presented.

2.1.5.1 Effect of the Type for Metal Cations Doping

The doped material was prepared by the citric acid-aided process. The catalytic
performance depends significantly on the sort of dopant cations (Fig. 2.5). As for
alkali metal doping, cesium enhances the activity (decreasing T;,) with the selec-
tivity to the N, formation (V[N,]) being almost intact; potassium promotes both the
activity and selectivity; sodium improves the activity but deteriorates the selectivity,
and lithium causes the deterioration of both the activity and selectivity. The activity
of alkali metal-doped oxides increases with atomic number as Li < Na < K = Cs,
being in accordance with the reported order for the NO-C reaction over the alkali
metal-carbon systems, Na < K < Cs [8].

Given the promotion of both the activity and selectivity, potassium is the most
effective dopant to CuFe,0,, and the substitution of potassium for Cu or Fe resulted
in almost the same promotion effect manifested in Fig. 2.5. It is not surprising since
potassium is a popular promoter of Cu-based soot oxidation catalysts [9, 10].

It was reported that V,O5 was an active catalyst for the soot oxidation [10], and
the Cu—V mixed oxide system was used quite often as the soot oxidation catalysts
[11, 12]. Accordingly, the effect of the doping of vanadium to CuFe,O, was
investigated. As shown in Fig. 2.5, however, the Cuj ¢V, FeO, catalyst is inferior

Fig. 2.5 Effect of cation 8
substitution for A-site or
B-site of CuFe,O,4 on the
ignition temperature of soot
(T;y) and the amount of N,
formed (V[N,]) in the
simultaneous NO,—soot
removal None: unsubstituted
CuF6204

(7]
[ 3]
(=]

— < 300

VIN:
280 = e v
~ 0O

V[N:]/107° mol™

260

NNNNNNNNNNNNNY
NNNNNNANNNNNNNANY

2 4 240
none Cs(A)K(A) K(B)Na(A)Li(A) V(A)
Substitution cation in (A) or (B) site
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to CuFe,0, in both activity and selectivity, suggesting that vanadium doped in the
Cu-Fe spinel-type oxide is adverse to the catalytic performance for the simulta-
neous NO,—soot removal.

2.1.5.2 Effect of Potassium Doping Amount

The effect of the doping amount of potassium was investigated for Cu,_,K,Fe,O4
(Fig. 2.6). The optimized T;, and the maximum V[N,] are attained simultaneously
at x = 0.05, and the further doping of potassium caused sharp and progressive
decreases in both the activity and the selectivity to the N, formation. These results
uncover that the optimum doping amount (x) in Cu;_,K,Fe,Oy4 is 0.05. The results
of impregnated 5 mol% K/CuFe,0, catalyst are also shown in Table 2.2. A similar
promotion effect of potassium was also observed with the impregnated K/CuFe,O,
catalyst, though it is inferior to pre-doped Cug 95K osFe>O,4 in both the activity and
selectivity.

Regarding the formation of N,O, the selectivity to N,O (Sn20) over x = 0.05
(18.6%) is slightly smaller than but comparable to that over x = 0 (20.8%). It can
thus be confirmed that potassium shows almost no effect on the suppression of the
N,O formation. The effect of S, will be discussed below.

2.1.5.3 Impregnation with K and Pt

K-impregnated catalysts are as follows: Pulverized CuFe,0,4, a-Al,O3 and CuO
were immersed in a solution dissolved with CH3;COOK so as for the loading of K to
be 5 mol%. Pt-impregnated catalysts were acquired via the following process:
Pulverized CuFe,O4 and Cug 95K osFe,04 were added in an aqueous solution of
H,PtCl, in a proportion of 0.5 wt% Pt. The calcination temperature was fixed at
700 °C.

VIN,] values are revealed against T, in Fig. 2.7 to provide further interpretation
for the effect of the doping of potassium and platinum. The comparison between

Fig. 2.6 Effect of 10 300
substitution of K for Cu in
Cu;-KFe;O4 on the T, V 200
[N,] and specific surface area S a3
(Sa) Fly _cl.. ® V[N
S o &~
= 1280 5 o g,
é 4 I Og
3 4270
2 L e 260
0.00 0.05 0.10 0.15 0.20 0.25

Xin Cu,-, K, Fe;0,
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Table 2.2 Catalytic performance of K-, Pt-doped oxides for the simultaneous NO,—soot removal

Catalysts 79 (°C) VIN,1? (107° mol) S (%)

1 CuFe,0, 285 6.46 4.7
2 Cug.05Ko.05Fe204 266 8.34 6.1
3 K(Ac)/CuFe,0, 270 6.09 4.4
4 K(C1)/CuFe,0, 260 3.80 2.8
5 PY/CuFe,0, 292 3.50 25
6 Pt/Cug 05Ko 05Fe204 258 3.07 22
7 a-ALO; 409 6.50 4.7
8 K(Ac)/o-Al,O3 262 2.79 2.0
9 Pty-ALO; 265 2.08 L5
glgnition temperature of soot

Total amount of N, in the reaction
©Rate of the N, formation to the rate of soot consumption

9
la
\ 1. CuFe;0,
_ TF \\ 2, Cllu,-;-;Kn,u RFEQOJ
g 3 gl 1D | 3.K(Ac)/CuFe:0;
T o e 4.K(Cl)/ CuFe;0;
T 5T .t w2 5. Pt/ CuFe;0,
Z o > 6. Pt/ CuossKaosFe:0x
* sl 6%’,"(; 7. a-ALO;
$n 8. K(Ac)/ a—AlLO;
9 9. Pt/ y~ALOs(Ltd)
Il 1 i " 1 n 1

] L L 1 L
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Fig. 2.7 Relation between the amount of V[N,] and T, for CuFe,O,4 and o-Al,O; with and
without K- and Pt-doping [13]. Broken lines show a pair of K-free (open) and K-doped (closed)
oxides

o-AlL,O5; and K/o-Al,Os3 shows that the doping of potassium is capable of the
promotion of the activity (decreasing Tjg). It is a universal consensus in catalytic
chemistry that platinum is an active catalyst while potassium is not. The comparable
catalytic performance between K/a-Al,O3 and Pt/a-Al,O3 demonstrates the specific
role of potassium in the simultaneous NO,—soot removal reaction as confirmed in
other carbon-involved catalytic reactions such as NO-C reaction, oxidation, and
gasification of carbon.

As stated above, pre-doped CuggsKgsFe,O4 and impregnated K/CuFe,O4
catalysts show high activity and selectivity. The impregnation of platinum on
CuFe,04 and CuggsKg osFe,04 results in a decrease in the selectivity to the N,
formation (V[N;]) with the activity (7j,) remaining unchanged. This finding
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indicates that platinum preferentially accelerates the side reaction of the oxidation
of soot by oxygen, and therefore, it is not an active ingredient for the simultaneous
removal of NO, and soot. Since the K/CuO catalyst also performs poorly in the
selectivity, it can be concluded that the high catalytic performance, especially high
selectivity, is realized as the proper amount of potassium is doped in the Cu—Fe
spinel catalyst.

2.1.5.4 Characterization of K-Promoted Catalysts

All the K-doped catalysts showed XRD patterns similar to the K-absence CuFe,O,.
Since XRD peaks were weak and broad, however, it is impossible to judge whether
or not potassium is dissolved in the crystal lattice. The specific surface area of
Cu,_,K,Fe,O, barely varies at x < 0.1 and decreased above that point. The
deterioration of catalytic performance at higher substitution level is not ascribed to
the decrease in specific surface area, but to the surface concentration of K. The ionic
radius of K* (0.151 nm) is larger than that of Cu** (0.071 nm); hence, there is not
much the chance that the complete substitution of K* for Cu®* occurs; it can be
deduced that the overall substitution level is quite limited. The excess potassium
may concentrate or segregate on the surface of spinels. The catalytic performance
for the simultaneous NO,—soot removal reaction was barely affected by the specific
surface area of catalysts since the reaction takes place at the so-called “triple contact
point” where the solid catalyst, the solid soot, and the gaseous reactants meet
together [14]. The surface concentration of potassium is more dominant for the
x-dependence of catalytic performance than that of the specific surface area.
Surface states of Cu;—K,Fe;0,4 (x = 0-0.2) and K/CuFe,O, were analyzed by
XPS. Binding energy (B. E.) of 2p;; lines of Cu, Fe, or K was almost the same for
all the samples; 933.7-934.0 eV (Cu), 710.6-710.9 eV (Fe), and 292.6-292.8 eV
(K). Judging from the B. E. values, copper, iron, and potassium are in divalent [15],
trivalent [16] and monovalent states, respectively, and their oxidation states (B. E.
values) remain unchanged before and after the catalytic reaction. Overall compo-
sitions of some oxides were measured by atomic absorption spectrometry (AAS),
and they are consistent with the stoichiometric ratio. On the other hand, the surface
composition is quite different from the overall composition. As shown in Fig. 2.8,
the surface composition of potassium is quite higher than the overall (weighted-in)
composition and increased with an increase in the doping amount. It is noted that
surface composition of potassium for pre-doped Cug 95K osFe,O4 and impregnated
5 mol% K/CuFe,0y is relatively close. This phenomenon indicates that potassium
is not incorporated into the crystal lattice of the Cu—Fe spinel oxide and segregates
on the surface of spinel grains. The high activity and selectivity are attained only in
the combination of potassium and the Cu—Fe spinel at the proper doping amount,
which suggests that the cooperative or synergetic action of potassium and the
Cu-Fe spinel is necessary, and this situation may be realized at an intermediate and
appropriate doping amount (x = 0.05) or surface composition of potassium.
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Fig. 2.8 S, and surface ain Cu-, K, Fe:0,
content as a function of 0.0 0.1 0.2 -
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Excessive doping of potassium results in an increase in the surface concentration of
potassium which causes the coverage for the active sites of the Cu—Fe spinel oxide.

2.1.6 Spinel-Type Copper Chromites

2.1.6.1 Catalytic Performance for Simultaneous NO,—Soot Removal
Over CuCr,0,4

The reaction profiles are shown in Fig. 2.9 which are similar to those of
above-mentioned spinel-type CuFe,O,4. The parallelism that is the nearly the same
E,, between N, and CO, formation rates suggests that the rate-determining step of
N, and CO, formation is the same. The selectivity to NO, reduction is only 2.9%
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Fig. 2.9 Simultaneous removal of NO, and diesel soot particulate over CuCr,O4 [17].
a Temperature dependence of NO, conversion into N, and the outlet concentration of COj;
b Arrhenius-type plots of N, and CO, formation rates
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Fig. 2.10 Comparison of ignition temperature of soot (a), the total amount of N, formed (b), and
apparent activation energy for N, formation (¢) of Cu—Cr oxides [17]

for CuCr,0, indicating that the oxidation of the soot by O, predominates over that
by NO, in the present reaction system.

Catalytic activity for the simultaneous removal reaction of simple oxides (CuO,
Cr,03), the mechanical mixture (CuO + Cr,O3;, Cr/Cu = 2 in molar ratio) and
spinel-type oxide (CuCr,O,4) was measured, and three parameters, Tjs, V[N>], and
E, for N, formation are derived from the reaction results (Fig. 2.10). Tj, reaches the
lowest value with CuO, followed by the CuO + Cr,O3; mixture, spinel-type
CuCr,0,4, and Cr,0s;. These results indicate that regarding the catalytic activity, the
spinel-type oxide and the mechanical mixture containing Cu and Cr lie between
active CuO and less active Cr,O5 on the whole. Regarding the selectivity to NO,
reduction, on the other hand, catalysts with Cu and Cr contents are superior to CuO
and Cr,0; indicating that the coexistence of Cu and Cr ions is beneficial to the
selectivity.

2.1.6.2 Effect of Substitution on the Simultaneous NO,—Soot Removal
Over CuCr,0,4

The effect of partial replacement in the present CuCr,O,4 spinel was also investi-
gated. Catalytic parameters Ti;, V[N,] and the selectivity to NO, reduction, of
CuCr,04-based oxides with various substituents, are listed in Table 2.3, and the T},
versus V[N,] relation of catalysts except for less active Sn-substituted oxide is
shown in Fig. 2.11. The catalytic performance of these oxides varies dramatically
depending on both A- and B-site cations as well as the substitution level; a
spinel-type oxide is generally expressed as AB,O,, and therefore A- and B-sites
mean Cu and Cr sites, respectively, in the present case. Roughly speaking, catalysts



20

Table 2.3 Catalytic
activities of substituted Cu—Cr
spinel-type oxides for the
simultaneous removal of NO,
and soot particulate [17]

Fig. 2.11 Relation between
ignition temperature of soot
(T;,) and the total amount of
N, formed [17] (V[N,]) of
substituted Cu—Cr spinel-type
oxides prepared by the CIT
process at 700 °C, refer to
Table 2.3 for the listing of
catalysts

2 Catalytic Materials for Simultaneous NO,—~Soot Removal

Catalyst® %0 VIN,]® o®
(°C) (1073 mol) (%)
1 CuCr,04 295 4.00 2.9
2 CuO‘gLiO‘ 1Cf204 285 2.11 1.5
3 CuCrl_gLi0_104 260 2.36 1.7
4 CUO_8N8042Cr204 280 1.30 0.9
5 CuCry gNag,04 268 1.04 0.8
6 Cug 9K 1Cr,04 282 2.90 2.1
7 CUO_8K0_2CFQO4 280 2.50 1.8
8 Cqu1495K0'05O4 284 3.77 2.7
9 CuCr K204 255 2.56 1.9
10 CuCr, gSng 04 370 2.93 2.1
11 CUCT1_9C00_104 290 4.57 33
12 CugoFey 1Cr04 300 4.21 3.1
13 CuCry yMng ;04 285 4.60 33
®Prepared by the citric acid-aided process at 700 °C
®Igniti0n temperature of soot
©The total amount of N, formed during the reaction
®Selectivity to NO, reduction
i 1
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substituted by transition metal cations are comparable to unsubstituted CuCr,O4
with respective to activity and selectivity. The substitution of alkali metal cations,
on the other hand, causes a deactivation (a decrease in Tjg), and the effect of B-site
substitution is more prominent than that of A-site substitution. However, the
incorporation of alkali metal ions results in a decrease in selectivity, though effects
of the sort and the composition of substituted alkali metal cations are not
straightforward. The effect of the substitution of alkali metal ions in CuCr,O4
observed in this study was entirely different from that found in perovskite-type
oxides [18]. These differences are not due to the crystal structure but to constituent
metal cations, since the promotion effect in spinel-type CuFe,0y, is similar to that in

perovskite-type oxides.
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The ignition temperature is also determined by the reaction gas as NO + O,
(295 °C) < 0O, (325 °C) < NO (520 °C). The minimum Tj,, corresponding to the
highest activity, in NO + O, gas further suggests such a mechanism that the
reaction is accelerated by the cooperation of NO and O,, for example, the impli-
cation of NO,, especially in lower temperature region.

2.2 Perovskite-Type Oxides

2.2.1 Structure of Perovskite-Type Oxides

The typical perovskite structure (ABQO3) illustrated in Fig. 2.12 is cubic, in which A
is surrounded by 12 O atoms and B by 6 O atoms. Comparatively, few compounds
meet these criteria while the lattice structures of many compounds are slightly
distorted variants with lower symmetry. There exists a series of perovskite-related
oxides expressed by (ABO3),,AO. They are characterized by alternate stacking of n
unit cell and one unit cell thick of rock salt-type AO.

The initial application of perovskite oxides for the catalysis of the desired
reaction is electrocatalysis. Since then, the material attracted extensive attention as
redox catalysts for automobile exhaust treatment [19]. The perovskite containing
lanthanide in position A and a transition metal in position B has been discovered to
be a promising catalyst for a variety of reactions such as CO/hydrocarbon/
oxygenated compounds oxidation, NO, reduction [20-23].

Fig. 2.12 Crystal structures
of perovskite-type (ABO3)
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2.2.2 Reaction Profiles and Performance Evaluation

A typical reaction profiles are presented in Fig. 2.13 over LaCoOj3. The formation
of CO, due to the consumption of soot and the reduction of NO, into N, are
observed at the same temperature range; moreover, the tendency of the two prod-
ucts is similar. This indicates the occurrence of simultaneous removal of NO, and
soot. Tis, VIN>], and Sno/c are adopted to evaluate the catalytic performance, which
has been stated in Sect. 2.1.2.

2.2.3 The Catalytic Performance for Various
Perovskite-Type Oxides

Catalytic performance for some typical oxides is summarized in Table 2.4 and
Fig. 2.14. Naturally, a quantified catalyst should be the one with low Tj, and
massive V[N,], namely it is supposed to be located at the lower left corner in
Fig. 2.14. It is observed that the selectivity to NO, reduction of Pt/Al,O3 and other
simple transitional oxides are at low level and that perovskite-type oxides are
superior to simple oxides on NO, reduction. The catalytic performance of
perovskite-type oxides strongly depends on both A-site and B-site cations. It is
essential to understand the effect of both A-site and B-site cations further.

In either series of K- or Sr-substituted oxides, the trade-off relation that V[N,]
tends to decay with the increase of Tj, is observed. The catalytic activity for the
gas-phase oxidation reaction of Co- and Mn-based perovskite-type oxides is known
to be higher than that of Fe-based perovskites [24] and judging from Ti,, and this
tendency for the catalytic performance of NO-O,—soot reaction still preserved.

The predominant promotion effect with the improvement of V[N,] and T;, via
the modification of A-site substitute from strontium to potassium was uncovered. In

Fig. 2.13 TPO profiles for 20
the simultaneous removal of
NO, and soot over LaCoOs.
Ramp: 1 °C/min; gas
composition: NO 0.5%, O,
5% balanced with He; flow
rate: 20 mL/min

/0

70/

Conversion of NO, into N/
Formed CO./ 10° ppm

0
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Temperature/ C
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Table 2.4 Catalytic performance of perovskite-type oxides for the simultaneous NO,—soot
removal [14]

Catalyst sP 72 VIN,|® 5D,

(m* g) 0 (10~ mol) (%)
1 Lag gSrg,Co03 5.6 270 2.05 1.5
2 Lag 95K.0sC003 1.3 261 3.18 2.3
3 Lag oK 1Co03 0.6 240 3.39 2.5
4 Lag gK(2C00; 0.6 278 2.46 1.8
5 Lag oLig;CoO5 1.6 262 2.75 2.0
6 Lag ¢Srg.1Co0O;5 0.8 267 3.87 1.8
7 Lag 4Srg.sMnO3 4.0 285 3.04 2.2
8 Lag Ko 1MnO5 2.9 269 3.83 2.8
9 Lag gSrg,FeO3 6.7 315 3.21 2.3
10 Lagy oKg 1FeO3 35 276 6.95 5.1
11 Lag 4Srg.sMng gFeq 03 11.5 270 2.66 1.9
12 Lag oKg.1Mng gFeq .05 5.6 258 4.95 3.5
13 Lag 4Srg.sMng gCug,03 5.7 285 4.64 34
14 Lag Ko 1Mng gCug 5,05 24 270 6.2 4.5
15 Lag gSrg,Cug 7V 304 (mixture) 1.4 321 6.05 4.4
16 Lag oKg.1Cug7 V304 (mixture) 1.5 288 8.25 6.0

®Sa-BET surface area
®Ignition temperature

N, formation throughout the reaction
®Selectivity to NO, reduction
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Fig. 2.15 Effect of the 300 4.0
substitution of potassium for

lanthanum in La;_,K,CoO3

on T, and V[N>] 280 135
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each group of the materials with the same B-site cations which are linked with a
broken line in Fig. 2.14, K-substituted oxides exhibit a promotional performance
than Sr-substituted oxides do. As presented from the profiles on cobalt-based
perovskite-type catalysts (Table 2.4), similar improvement for the performance is
also acquired over other alkaline metals (Li, Cs)-substituted samples. Among all the
alkaline metals, potassium is the optimized candidate for the doping of
perovskite-type oxides. The effect of substitution level of potassium on T, and V
[N,] over lanthanum-based materials is depicted in Fig. 2.15. The optimum point is
fixed at x = 0.1. These results reveal that the catalytic performance rest with the
incorporation level of potassium. Above all, Lag oKy ;CoO3 with the minimum Tig,
while Lag oKg {Cug7V30, with the maximum V[N,] is the most selective one.

2.2.4 Insight into La;  AByMn,; ,O3; Material

The simultaneous soot-NO, removal is aiming at achieving a low ignition tem-
perature (T,) and high NO, conversion to N, (V[N,]/V[CO,]) over a certain
material. La—K-Mn-O perovskite-type catalyst was first proposed and investigated
by Teraoka et al. in the field of simultaneous soot-NO, abatement [18]. It was
evidenced that this perovskite material is a potential candidate for this reaction.

2.2.4.1 Effect of Cation Substitution

The A-site and B-site substitution over ABOj perovskite-type material were per-
formed over LaMnO3; (L-M-O) materials. The effect of cerium dopant on the
catalytic activity is presented in Fig. 2.16. The ignition temperatures for x = 0.2 and
x = 0.4 samples are approximately the same; this value is slightly lower than that of
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Fig. 2.16 Effect of dopant (Ce) on the catalytic performance of the catalysts [29]

LaMnOs. As the substitution amount further elevates (x = 0.6), the T;, lowers from
330 to 285 °C accompanied by the maximum N, formation among all the candi-
dates. Thus, the optimized x value is 0.6 for cerium. Unlike Sect. 2.2.3, a com-
parison between rare-earth element (Ce) cations and alkali metal ions
(K) incorporation into LaMnO; is made (Fig. 2.17). Apparently, potassium sub-
stitution is superior to that of cerium in both catalytic activity and N, formation.
The divergence electronegativity between K and Ce will result in the valence
changes for Mn at B-site. XPS surveys provide additional information. The
intensity of Mn 2p increases sharply, which indicates that the surface content of Mn
increases. According to the NIST XPS database, the binding energies for the Mn
2ps peak of Mn,O3 and MnO, are 641.6 and 642.2 eV, respectively [25-27]. The
asymmetry of Mn 2ps,, will appear with the coexistence of Mn>* and Mn**, and
this phenomenon will be more predominant as the Mn**/Mn>* ratio increases [28].
XPS survey illustrates the coexistence of Mn** and Mn>* on the surface.
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Fig. 2.17 Effect of dopant (K) and dopant (Ce) on the catalytic performance of the catalysts [29]
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Fig. 2.18 Mn 2p, La 3D and
O 1s spectra for K-substituted
LaMnO; and LaMnO; [29]
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more crystal defects and then decreases the

diffusion resistance derived from the penetrations of gaseous molecules through the
capillary among crystal lattices. Thus, the effect of A-site substitution consequently
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promotes contacts between the gasses and the soot. As a result, it accelerates the
complete catalytic reaction.

As stated in previous reports, the optimized substitution level for potassium over
La;—,K.MnOj is x = 0.2 (Lag gKy,MnO3) [30]. Based on this material, a study on
B-site substitution was performed [31]. Figure 2.19 (XRD patterns) shows that
there is a small diffraction peak at about 13° as the composite is in the absence of
Cu. This peak disappears with the introduction of Cu, which indicates that some Cu
promotes the formation of a perfect crystal. Copper is a metal with a low melting
point, which can promote the dissolution of different elements in the catalysts
during the preparation process. Figure 2.20 also reveals the effects of the partial
substitution of Cu for Mn at the B-site. The introduction of copper into
Lag sKo-,MnOj3 leads to the slight deterioration of ignition temperature of soot
along with the uprush of maximum yield of NO to N,. The maximum yield of NO
to N, achieves 66.0% (Fig. 2.16 and Table 2.5) as the substitution amount of Cu is
0.05. With the increase of substitution level, the NO removal rate decreases, yet it is
still higher than that obtained without Cu substitution.

These results are mainly attributable to the catalytic performances of different
cations, such as Cu?* and Mn>**. The incorporation of Cu causes some of the Mn>*
become Mn** to maintain the neutrality of the molecule. XPS survey provides
specific clues for this deduction. Regarding La 3d spectra, there is little distinction
between LaggKo-MnOs- and Cu-substituted samples, which demonstrates the
exposure of La>* on the surface. According to NIST database, the binding energy of
Mn 2p;), for a-Mn,O5 (641.9 eV) and B-MnO, (642.2 eV) is approaching. The
coexistence of the two compounds intensifies the asymmetry of Mn 2p;3,, peaks.
The asymmetry further aggravates the more Mn** formation. On the basis of this
fact, the Cu introduction leads to the transformation of Mn>* into Mn** confirmed
by Fig. 2.21b.
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Fig. 2.19 XRD patterns for Cu-substituted Lag 3Ky ,Cu,Mn;_,O3 [33]
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Fig. 2.20 Effect of Cu amount in LaggKy,CuyMn;_ O3 on the catalytic performance of
simultaneous soot-NO, removal [34]

Table 2.5 Summarized XPS results of Fig. 2.18 [33]

Catalyst Binding energy Surface content (%)
V)
La Mn La K Cu Mn (6]
3dsp 2p3p
LaMnO; 836.9 641.3 68.56 |n/a n/a 14.09 [17.35
Lag K 2MnO; 833.8 641.8 63.50 |2.46 |n/a 23.05 10.99
Lag sKo2CuposMng 9505 | 834.4 641.9 5556 |2.00 |6.21 23.45 12.78
Lag Ko 2Cup2Mng gO3 834.5 641.8 49.87 1.54 17.15 18.59 | 12.85

(a) 834.5 837.6 (b) 6-10,3 - ]‘%?42.?
(4) N
34,4 837,
(3)
= 4338377 z
E (2) ﬁ 52,6 653.4
= 8397 =
641.3 642.8 .
La 3ds/» La 3ds/» Mn 2p, Mn2p, ,
820 830 840 850 860 635 640 645 650 655
Binding energy(eV) Binding energy(eV)

Fig. 2.21 XPS profiles of different catalysts [33]. a La 3d; b Mn 2p; (1) LaMnOg;
(2) Lag K 2MnOs; (3) Lag §Ko 2Cup.0sMng 95035 (4) Lag Ko 2Cug2Mng g0
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Table 2.6 Catalytic performance of the catalysts [34]

Catalysts Ignition Maximum NO conversion | Selectivity S
temperature (°C) into N» (%) [N>] (%)

LaMnO; 330 18.4 0.76

Lag gKo ,MnO3 275 52.5 1.46

Lag gKo2Cug0sMngosOs | 290 66.0 2.92

Lag gKo2Cug.1Mng O3 310 53.8 1.88

Lag gKo2Cug,Mng gO3 310 65.5 2.27

The catalytic performances for soot combustion of different cations are diverse
(Table 2.6). Cu doping might exert an adverse effect on soot ignition temperature.
On the other hand, this substitution also results in defects formation in the crystal,
which favors the redox reaction. Furthermore, Cu doping modifies the physical
structure of the catalysts. Both the synergistic effect of two different ions at the
B-site are favorable for the improvement of catalytic performance, according to the
catalyst design of perovskites [32], proper incorporation of Cu content play a
decisive role on the catalytic performance of LaygKg,MnOs.

2.3 Hydrotalcites-Derived Oxides

2.3.1 Structure of Hydrotalcites-Derived Mixed Oxides

LDHs can be viewed as derived from hydroxides of divalent cations with the
brucite layer structure [AdBAdB],,, by oxidation or cation replacement in the metal
layers (d), so as to give them an excess positive electric charge, and intercalation of
extra anion layers (Z) between the hydroxide layers (A, B) to neutralize that charge,
resulting in the structure [AcBZAcB],.. LDHs can be formed with a wide variety of
anions in the intercalated layers (Z), such as Cl , Br , NO37, CO327, SO427, and
SeO,4>". This structure is unusual in solid state chemistry since many materials with
similar structure (such as montmorillonite and other clay minerals) have negatively
charged main metal layers (c) and positive ions in the intercalated layers (Z) [35].

Hydrotalcite (HT) and hydrotalcite-like compounds, a typical form of LDH
structure, are widely applied in catalysis and adsorption due to their changeable
compositions and unique structural properties. These materials can be chemically
expressed by the formula [M(II);_ M) (OH), " [A(n-),,,xymH,0]*", where M(II)
represents any divalent metal cation, M(III) any trivalent metal cation, and A an
anion [36]. At higher temperatures, hydrotalcite is transformed into mixed metal
oxides, which are potential catalysts or catalyst supports owing to their large surface
areas, fundamental properties, high metal dispersions, and stability against sinter-
ing. In the past few years, the interests in the application of HT-derived mixed
oxides as environmental catalysts have significantly increased. Calcined
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calcination

Fig. 2.22 Transformation of layer double hydroxide (LDH) into layer double oxides (LDO)

hydrotalcite has been found to be active and selective catalysts of DeNO, with
ammonia [37], as well as catalytic decomposition of NO and N,O [38, 39]. Such
mixed oxides have also been employed as catalysts or catalyst support in redox
reactions by incorporating transition metals, with redox properties, in the HT
structure [40]. Their redox performances are strongly linked with the metal species,
contents, and calcined temperatures. Copper-, cobalt-, or nickel-based oxides
derived from HT are known to be active catalysts for oxidation reactions [41]
(Fig. 2.22).

2.3.2 The Catalytic Performance and Characterization
of Co-Al HT (CAO)

The major component of calcined CAO is the mixture of Coz04 and CoAl,Oy,,
which is confirmed by XRD patterns (Fig. 2.23). Figure 2.24 shows the catalytic
performances for simultaneous NO,—soot removal over a variety of CAO catalysts.
Both the activity of soot oxidation and the selectivity to the N, formation of
CAO-800 catalysts are higher than that of CAO-500 catalysts. It may be related to
the enhancement of the reducibility caused by higher calcination temperature as
mentioned below [42, 43]. Among the two series of the catalysts, the SCAO-800
sample exhibits the best activity with Tj, = 261 °C. It may be linked with a smaller
crystallite size of SCA-HT precursors which results in more uniform particle size of
CAO catalysts processed by higher temperature. The uniform particle size of cat-
alysts improves the contacts conditions between soot and catalysts. The oxidation
activity is promoted subsequently. Regarding the selectivity to the N, formation,
the CAO-800 catalysts are also better than CAO-500. Also, there is a decreasing
trend for the selectivity to the N, formation with growing Co/Al ratio for the two
series of catalysts. The 2CAO-800 sample shows the best selectivity to the N,
formation with Sy,,c = 4.09%, which indicates that the soot oxidation by O, is
kinetically favored in comparison with NO,—soot reaction [14, 44]. Furthermore,
the selectivity to N,O over CAO-500 catalysts is 7.3-18.2 and 7.6-23.1% for
CAO-800, respectively. As a result, 4CAO-800 is a promising catalyst with
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Fig. 2.23 XRD patterns of 003 009
M(I)-Al HT samples [46]. 006 F:
a Ni-Al HT; b Co-Al HT; oo gis e nons

¢ Cu-Al HT. The peaks
marked “M” denote malachite
Cu(OH), phases
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Fig. 2.24 Catalytic performances for the simultaneous NO,—soot removal over CAO catalysts
[46]. a CAO-500 samples and b CAO-800 samples. The experimental conditions are same as that
described in Fig. 2.14

medium activity (7= 290 °C) and high selectivity to N, formation (Sxoic = 3.5%)
as well as low selectivity to N,O (S[N,0] = 15.1%) (Figs. 2.24 and 2.25).
Although the specific surface area of CAO-800 samples is quite small, these
materials are more active and selective than CAO-500 samples (Table 2.7 and
Fig. 2.24), which implies that the catalytic performance is almost independent of
the surface area. The simultaneous removal reaction of NO, and soot supposedly
takes place at the so-called triple contact point where the solid catalyst, the solid
soot, and the gaseous reactants (NO, and O,) meet [5, 14, 18]. On the other hand,
features in the temperature range of NO,—soot reaction (250-500 °C) for CAO
catalysts are in accordance with the lower temperature peak of Hy~TPR profiles
corresponding to the reduction of Co;04 species (Fig. 2.26). Furthermore, this
reaction temperature range is close to that of reference Co;0, spinel under the same
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Table 2.7 Composition and textual properties of the samples [46]

Sample | Co/Al Average Calcined 500 °C Calcined 800 °C

molar crystallite size | g Ve Dy | Sger Ve Dp

raio | (om) m’ g [em’ g™ [(m) [m*gH |(em’g™) | (m)
2CA-HT |2 23.0 114 0.573 20.1 [47.0 0.163 13.9
3CA-HT |3 12.6 83 0.413 19.9 |30.9 0.160 20.7
4CA-HT |4 9.3 72.2 0.315 17.5 |30.9 0.231 29.8
5CA-HT |5 4.0 79.9 0.351 17.6 |35.2 0.305 34.7
7CA-HT |7 7.9 64.9 0.385 237 | 185 0.211 45.7

The average crystallite size of Co—Al-HT calculated from d(003) and d(006) planes using Debye—
Scherrer equation. Sger—BET specific surface area; Vp—total pore volume; Dp—average pore diameter

Fig. 2.25 TPO results of the 0.6 50
simultaneous NO,~soot 2
removal over SCAO-800 [46] 0.5 o)
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o 0.3 E
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g 02 5
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Z
S

0.0 T T T T T T 0
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Temperature/ C

conditions with Tj; = 310 °C and Snp/c = 1.66%. All these facts suggest that the
active species in the CAO catalysts are likely to originate from Co3;O4 which are
responsible for the supply of oxygen by a redox reaction. Then there exists a
redox-type mechanism for soot oxidation, as was reported by Miro and co-workers
who studied Co, K supported catalysts [45]. Compared with the stoichiometric
AB,Oy-type spinel oxides, CAO-800 are medium in activity but more selective to
the N, formation.

2.3.3 Modification and Optimization of MAIO
(M = Co, Ni, Cu)

The materials (MAIO) were synthesized via co-precipitation of an aqueous solution
of suitable metal nitrates (the molar ratio of M/Al = 3) with an aqueous solution of
2 M NaOH and 1 M Na,COj;. The hydrotalcite (HT) structure was confirmed by all
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the samples. However, there is a significant distinction for copper-based samples in
separating out impurity phase, namely Cu(OH),. The catalytic performances are
compared by analyzing the TPO profiles (Fig. 2.27a). It is viewed in Fig. 2.25 that
the broadened curves during TPO process in the reaction gas of O,/He. The
non-catalytic soot oxidation initiates at about 530 °C. For potassium-absence
samples, all of the ignition temperatures (T;,) for MAIO (M = Ni, Co, and Cu) are
about 320 °C and the combustion completes at about 600 C. However, for the
potassium-promoted solids, both Tj, and T}, shift to lower temperatures. For
example, the Tj, and T}, of Co-based catalysts decrease to 269 and 350 °C from 316

Fig. 2.26 H,-TPR patterns (a)
of CAO samples [46].
a CAO-500 samples;
b CAO-800 samples
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Table 2.8 Characteristics of Sample Sper (M gfl) Ve (cm® gfl) Dp (nm)
the porous structure of the NiAIO 286 0.265 2
MAIO and K/MAIO [47] ! : :
CoAlO 35.0 0.104 11.9
CuAlO 17.8 0.052 11.5
K/NiAlIO 579 0.124 8.5
K/CoAlO 33.9 0.068 8.1
K/CuAlO 17.0 0.049 11.6

SseT—BET specific surface area; Vp—total pore volume;
Dp—average pore diameter
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Fig. 2.27 TPO results of soot
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to 430 °C, respectively, due to the promoting effect of potassium. The promotion
effect on soot oxidation is contributed to the increase of surface mobility by loading
potassium, improving the contact between the solid catalyst and solid soot [48]
(Table 2.8 and Fig. 2.28).

In the presence of NO + O, (Fig. 2.27b), the TPO profiles become narrower and
sharper compared to the previous one. K—CuAlO sample starts soot combustion at
251 °C and completes this process at about 400 °C in the presence of NO + O,. In
s00t-NO-0O, system, the importance of NO, is well known [49]. Even at low
temperature, NO can be readily oxidized to NO,. It has been approved that the
oxidizing ability of NO, is stronger than NO and O,. The maximum oxidation rate
for soot is considerably increased to about 300 (ug g ' s~') in the presence of NO,
while it is about 150 (ug g ' s7') in the absence NO. FTIR results evidence the
adsorption of NO on the catalyst surface. It seems that the formed nitrate and/or
nitrite species in soot—-NO-O, reactions result in the positive influence on the
activity. It has also been reported that the nitrate and/or nitrite are strong oxidizers
and contribute to the oxidation of soot [50]. In this study, N, and/or N,O are
detected in the TPO process of all catalysts, which indicated that NO, species
participate in the soot oxidation reaction. The simultaneous removal of soot-NO,
removal can be achieved via accelerating soot combustion at the cost of sacrifice
Sn,/c value. However, the V[N,] can still maintain at a high level.

2.4 Rare-Earth-Based Complex Oxides

2.4.1 Properties of Rare-Earth-Based Oxides

17 rare-earth elements, composed of 15 lanthanide elements, scandium (Sc) and
Yttrium (Y) are of unique electron structure. The electron fills in 5d spin—orbit
rare-earth metal including La, Ce, Lu, and Gd. The 5d orbit is especially crucial for
catalysis process such as redox reaction since it is an active platform for electron
transfer. Thus, La and Ce are widely applied in the simultaneous soot-NO, removal
in forms of pure oxide, composite oxides, and solid solution oxides. CeO, has been
widely employed as an automobile catalyst in the three-way catalyst (TWC) system
mainly with resort to its unique properties, specifically, the ability to store oxygen,
thermal stability and ability to disperse noble metal in its surface. Among the
advantages mentioned above, the oxygen storage capacity is an essential attribute to
the application of TWC. CeO, is capable of storing oxygen at lean burn conditions
and can release oxygen when exposed to reducing agents. This above process
involves the mutual transformation between Ce>* and Ce** [51, 52]. On the other
hand, La exists in forms of perovskite-type oxides, and spinel-typed oxides which
are presented in Sects. 2.1 and 2.2. LaCoOs, a typical composite oxide, have been
widely reported in simultaneous soot—NO, removals [53, 54]. The two instances of
rare-earth and transitional metal composite oxides will be introduced below.
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2.4.2 Co-La Composite Oxides for Simultaneous
So0t-NO, Removal

Co-La composite oxides are synthesized via CIT method. The cobalt acetate and
lanthanum nitrate are used as precursors, and the final calcination temperature is
700 °C. The composite oxides are denoted as Co,—,La, where x represents the
molar ratio of La.

The reaction profiles of CoggzLag o7 are presented in Fig. 2.29. CO,, N,, and
N,O are detected. It is noteworthy that even at low temperature (100 °C) a small
fraction of NO, is reduced to N,. The curve trends are analog with Fig. 2.2, which
demonstrates that NO, instead of O, reacts with soot. According to Table 2.9, a
proper amount of La introduction leads to the improved T,y and N, formation
(temperature when 10% soot is consumed) over Co-La composite oxides. The
optimized x value is 0.07 where T, value reaches 286 °C and N, yield at 340 °C
(2 VIN,J/VINO] * 100%) is 25.2%. It can also be inferred that LaCoQOs is the active
phase in Co—La mixed oxides since the T, yield and N, yield are close to the
optimized value. Furthermore, the activity of CoggszLagg; is superior to
Cog.o3Lag g7—pm sample, which suggests the interaction between two major phases
of Co-La mixed oxides.

XRD patterns of all the catalysts are displayed in Fig. 2.30. Two separate phases
spinel-type Co3;0,4 and perovskite-type LaCoO5 are detected in the Coggzlag oy
catalysts. The positive shifts of LaCoO; peaks indicated a lattice shrink over
Cog.93Lag o7 samples. This phenomenon may result from the substitution of La** for
cation with a smaller radius such as bivalent cobalt. Accordingly, no shifts are
found over Cogg3Lago7;—pm sample. All the diffraction peaks of Cogg3Lag oy are

/o

Concentration/
Yield/ %

100 150 200 250 300
Temperature/ C

400

(73]
wn
=

Fig. 2.29 Reaction profiles for CO, concentration, the yield of N, and yield of N,O during
simultaneous soot-NO, removal process over Cog g3Lag o7. Flow rate: 25 mL/min; gas: 2000 ppm
NO + 5%0,
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Table 2.9 Summary of the catalytic performance for Co-La mixed oxides

Catalyst Tyo Tso Ty Yield of N, (%)
(°O) (°O (°0) (340 °C)

Co304 315 378 425 13.0

Cog.ogLag o2 293 329 364 22.5

Cog.96Lla9 04 289 330 370 232

Coy.93Lag o7 286 325 369 25.2

Coy s3Lag 17 290 336 372 24.2

LaCoO; 290 339 374 23.2
Cog.93La9.07-pm 307 362 405 16
LaCo05/SiO; (physical mixture) 354 451 504 20.8

broadened, which revealed that crystal grain size of this sample is smaller than that
of other catalysts.

H,-TPR curves uncovering the redox ability of the catalysts are presented in
Fig. 2.31. LaCoOgy is characterized by two groups of reduction peaks. The first

Fig. 2.30 XRD patterns (a)
(A) for Coy_,La, catalysts
and magnified patterns
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group, occurring at 391 and 405 °C, is due to the one-electron reduction of Co>*.
LaCoOj3 is initially reduced to lanthanum hydroxide and metallic cobalt. The other
group observed at 578 °C arises from reduction process of Co™* to Co® [56]. The
broadened and asymmetric shapes for Coz0,4 imply that there exists more than one
stage for the reduction of trivalent cobalt to metallic cobalt. The hydrogen uptake is
assigned to two consecutive reduction steps, i.e., Co>* to Co?* and Co** to Co’
[57]. The profile of Cogg3Lag 7 and Coggslagg7—pm is similar to that of Co304
below 550 °C because the characteristics of LaCoO3 were overlapped by a larger
proportion of Co3;04. However, the difference between CoggsLagg; and
Cog.93Lag o7—pm is still distinguishable. A predominant peak at 370 °C indicates a
stronger redox ability of CoggsLagg; than Coggslagg;—pm. Soot—TPR tests are
applied to analyze the activity of surface oxygen and lattice oxygen (Fig. 2.32).
Two species of active oxygen can be identified from DTG profiles. First being the
surface adsorbed oxygen including O, and O~ (500-720 °C), while the other
being the lattice oxygen O>~ (>720 °C) [58]. A promotion effect is obtained over
Cog.93Lag o7 compared with its physical mixture. The surface oxygen, as well as the

Fig. 2.31 H,-TPR profiles 387
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lattice oxygen, is activated at a lower temperature. Cog 93Lag o7 seemed to embrace
the advantages of both materials.

XPS survey and its calculation results are demonstrated in Fig. 2.33 and
Table 2.10. In Co 2p3,, spectrum, shifts from 779.6 to 779.2 eV are also discovered
in this study. It is known that the negative shifts of Co 2p;/, peaks are due to the
existence of Co** [59, 60]. This fraction of Co** is unlikely to originate from spinel
Co30, since no low valence ions are introduced to the system to replace Co** or
Co* in Co304. Co™ possibly comes from the partial incorporation of Co** into
A-site of LaCoOs. The replacement of La®* by Co®* leads to the oxidation of B-site
ions (Co®* to Co*"), and the formation of oxygen vacancies so that the electrical
neutrality of LaCoO; can be maintained. Also, the proportion of oxygen adsorption
slightly increases due to more oxygen vacancy in Cogoslagg; than that in
Cog.93Lag g7—pm.

Judging by the results above, it is postulated that a synergistic effect may occur
between Co3;04 and LaCoOs;. The coexistence between the two oxides gives rise to
the smaller size of crystal grain and the formation of Co**. The latter is one of the
crucial factors for the promotion of the catalytic activity. In most cases, bivalent

Fig. 2.33 XPS survey for
O 1s and Co 2p for Co30y,
Cop.93Lag g7, and LaCoO3
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Table 2.10 Summarized calculation for different kinds of oxygen species and binding energies
[55]

Catalyst O; (%) | O (%) | Lattice Omnr (%) | Opv (%) | Adsorbed Co 2p;; (eV)
oxygen® oxygen®
(%) (%)
Co304 0 50.47 50.47 34.49 15.04 49.53 779.6
CoggsLagg7—pm | 9.66 34.44 44.1 50.0 5.9 55.9 779.5
Cog.93Lag g7 5.37 37.27 42.64 51.27 6.09 57.36 779.0
LaCoO3 3892 |0 38.92 46.33 14.75 61.08 779.3

cobalt hardly replaces metal ions or rare-earth ions at A-site of ABOj perovskite
because it can easily occupy site B with higher oxidation state (Co>*). In this case,
Co* that replaces A-site in ABO; perovskite is provided by CosO,. This crystal
defect favors soot abatement and NO, reduction.

2.4.3 Co-Ce Composite Oxides for Simultaneous Soot-NOy
Removal

Co—Ce composite oxides are also synthesized via CIT method. The cobalt acetate
and cerium nitrate are used as precursors, and the final calcination temperature is
700 °C. The composite oxides are denoted as Co;—,Ce, where x represents the
molar ratio of Ce.

The reaction profiles for Co—Ce composite oxides are similar to that of Co—La
ones, and the reaction conditions are also the same. The catalytic performances over
Co—Ce composites are summed up in Table 2.11. In comparison with simple oxide
(Co304 and Ce0,), the Co—Ce composite oxides show a promotional effect not only
in the ignition temperature but also the N, conversion. It is discovered that Ty,
value exhibits an inverse correlation with cerium loading until x = 0.07; further
introduction of cerium fails to lower the ignition temperature. In contrast, the
optimized yield of N, is acquired over Cogg3Ce ;7 (the maximum cerium loading
sample). Above all, the Cog93;Ceq 7 sample exhibited an excellent overall perfor-
mance; Tjo reaches 315 °C, and maximum yield of N, also achieves 29.6%.
Moreover, it is observed that Cog¢3Ceq 7 initiates soot combustion at a lower
temperature than Cogo3Ceyg7;—pm does, which indicates the possibility of an
interaction between the two oxides. The following characterizations are referred to
elucidate the brilliant performance of this material.

XRD patterns of Co—Ce mixed oxides catalysts are shown in Fig. 2.34a. Two
crystal phases, namely Co;04 with cubic spinel-type and CeO, with cubic fluorite
structure, were detected over the compound oxides in the figure. Magnified XRD
patterns for Co3O4 (311) are presented in Fig. 2.34b which illustrate the negative
shifts occurred over Co3;04 (311). The maximum shift appears over Cog93Ceq o7
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Table 2.11 Summary

41

of the catalytic performance for Co—Ce compound oxides in NO,

atmosphere

Catalyst Tyo (°C) Tso (°C) Too (°C) Yield of N, (%) (340 °C)
Co304 315 378 425 13.0

Cop.08Cep.02 292 333 366 22.1

Cog.06Ce0.04 284 326 358 24.3

Co9.03Ce0 .07 276 313 344 29.6

Cop.83Cep.17 280 320 352 31.7

CeO, 331 388 436 14.3

Cog.93Cep07—pm 303 350 430 20.0

catalysts among all the samples. Such shifts are observed for the whole Co3;04
pattern of Co,—_,Ce, samples. This probably results from the incorporation of cerium
ions with larger radius into the Co;0y, lattice or the formation of a Co—Ce-O solid
solution. This solid solution is believed to locate at the boundary of both oxides
[61]. Considering the fact that no additional peak is distinguished apart from CeO,
and Co3;0, peaks, the content of the solid solution is absolutely traced even if it

Fig. 2.34 XRD patterns of
Co;-,Ce, catalysts [62].

(a) whole pattern;

(b) magnified pattern of
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Table 2.12 Peak position and grain sizes of Co—Ce complex oxides acquired from XRD patterns

Catalysts 20° (Cos04 (311)) Dco,0, (nm) Co30y lattice Dceo,
parameter (0.1 nm) (nm)
Co304 36.880 36.8 8.06280 n/a
Cop.08Ce0.02 36.800 36.1 8.06787 16.1
Co0.96C€0.04 36.740 24.5 8.07173 14.4
Cop.93Cep 07 36.700 20.1 8.07780 10.0
Cop.83Ceo.17 36.78 222 8.06727 15.1
Cop.93Ceg.07— 36.88 36.7 8.06280 16.5
pm
CeO, n/a n/a n/a 16.6

exists. Thus, it is likely that peak shifts of Co;04 can largely be attributed to the
incorporation of cerium into Co30,. It is apparent that CeO, is responsible for the
lattice expansion of Co3;04 and the radical expansion of lattice parameter is
acquired over the Cog93Ceq o7 catalyst corresponding to the best overall perfor-
mance (Table 2.12).

The Raman spectroscopic technique was adopted to explore the structure of
catalysts, and the spectra are given in Fig. 2.35. The bands at 692 cm ™' (A, mode),
620 cm ! (F%g mode), 520 cm ™! (F%g mode), and 482 cm ™! (Eg mode) are assigned
to spinel-type Co304 [63]. Pronounced redshifts of all Co;0,4 peaks are observed
along with the variation of cerium contents. Given the fact that the phonon con-
finement effect was negligible in Co;0,4 [64], the redshifts of Raman spectrum are
concluded to be the results of the lattice distortion. The maximum offset value is
viewed over Cog93Ceq 7, Which implies this sample experienced extreme lattice
distortion. Information acquired from Raman spectrum coincides with calculation
results of the lattice parameter (Table 2.12). Nevertheless, characteristic peaks of
the fluorite-type structure CeO, (464 cm_l) are hardly observed in most samples

Fig. 2.35 Raman spectrum

of Co;—,Ce, [62]. (a) x = 0; (e) / \ =

(b) x = 0.02; (c) x = 0.04;
(d) x =0.07; (e) x = 0.17
— ]

Intensity /(a. u.)

800 700 600 500 400

Wavenumber/cm™'



2.4 Rare-Earth-Based Complex Oxides 43

except Cog g3Ceq 17 [58]. This is probably ascribed to the variation of CeO, content
in the catalyst.

H,-TPR (Fig. 2.36) and soot-TPR (Fig. 2.37) reveal that the Co—Ce composite
oxides favor the redox ability and the activity of lattice oxygen for the catalyst,
respectively. Among all the samples, Cog93Ce 7, corresponding to best overall
catalytic activity, is able to consume hydrogen in H,—TPR and to activate lattice in
soot—TPR at a rather low temperature. This suggests that the reaction is associated
with the redox properties of catalysts.

NO,-TPD was performed to study the surface adsorption of NO species on the
catalysts in NO, (Fig. 2.38 and Table 2.13). Previous research pointed out that the
thermal stability of NO, adsorption species follows the sequence: nitrite
ions > nitrate ions > surface nitrosyls (50 °C). The profiles consist of four peaks,
corresponding to different temperatures: low (150 °C), middle (230 °C), and high
(330 and 410 °C). The low-temperature peak and the middle-temperature one

Fig. 2.36  H,—TPR profiles 387
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corresponded to decomposition or desorption of nitrosyl and nitrite, respectively.
The double peaks located at higher temperatures are ascribed to nitrate bonded to
cobalt and cerium in sequence [65]. In general, the NO, adsorption capability
within the preset temperature range for Co3;O,4 is poor. In contrast, a massive
amount of NO, can adhere to CeO,; a majority of adsorbate releases at the middle
temperature (200-300 °C). Co—Ce composite oxides, represented by Cog 93Ceq o7,
further improve the NO, adsorption and desorption ability. It is also highlighted that
there is 16 umol/g gap between Cogo3Ceno; and its physical mixture
(Cog.95Cep o7—pm), which indicates that the interaction between Coz0,4 and CeO,
plays a crucial role in the NO,-assisted reaction. The NO, adsorption for Co—Ce
composites is contributed by three portions: Coz;04, CeO, and the interaction
between the previous two oxides. Among all the Co—Ce oxides, the maximum NO,
desorption value is acquired over Cog g3Ceq 17 Which is dominant in the yield of N,.
This phenomenon demonstrates that the NO, reduction process is likely to be
associated with NO, adsorption and desorption sites.

The XPS survey and its calculation results are illustrated in Fig. 2.39 and
Table 2.14. All samples are characterized by three peaks in O 1s spectra. The peak
(Op) with lower binding energy (~529.6 eV) was assigned to the lattice oxygen
[66]. The shoulder peak (Op) exhibiting higher binding energy (~531.7 eV)

Fig. 2.38 NO-TPD profiles 30
of NO, (NO + NO,) for —®—Co:0s
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Table 2.13 Summarized results of Co—Ce complex oxides for desorption amount of NO, NO;,
and NO,

Catalyst NO (pumol g) NO, (pumol g) NOZ (umol g)
Co304 8.74 1.68 10.42
Co0.06Ce0.04 24.10 4.70 28.80
Co9.93Ce 07 24.31 4.13 28.44
Cop.83Cep.17 20.98 8.75 29.73
CeO, 19.86 1.86 21.72
Cog.93Cep o7—pm 9.4 3.04 12.44
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corresponds to the adsorbed oxygen species (O or —OH) [67-69]. In other words,
Op was the sign of the chemisorbed oxygen. Oy (~532.7 eV) is ascribed to
weakly bound surface oxygen [70]. The proportion of each oxygen species is listed
in Table 2.14. It is found that the ratio of the adsorbed oxygen to the surface lattice
oxygen is just about the same level for two samples. However, the total amount of
oxygen in the surface exhibited distinct differences. The molar ratio of oxygen to
total metal atom achieved 1.70 for Co3;04, 2.53 for Cog93Ce o7 and 3.57 for
Cog.g5Ceq.17, respectively. This ratio of all materials exceeds the stoichiometric
value of Co;0,. Further, the value of Co—Ce mixed oxides samples even surpasses
the stoichiometric value of CeO,, which indicates the exposure of tremendous
amount of oxygen in the surface. Although the percentage of adsorbed oxygen in
the surface of Co304 and Cogo3Ceq 7 is similar, a larger absolute amount of
oxygen is acquired over Cog 93Ceq o7. On the basis of this fact, Cog 93Ceg o7 shows
the best ability to adsorb oxygen. It is inferred that the oxygen adsorption capability
may contribute to its excellent activity. Apart from the information in O 1s spec-
trum, it is noticed that the cerium-containing samples experienced negative shifts
with the Co 2p;/, peak from 779.3 to 778.9 eV. This phenomenon can be attributed
to the existence of higher valence state of cobalt ions such as Co** and/or Co’".
Furthermore, a weak peak (~904 eV) in Ce 3d spectrum implies the appearance of
ce’ [71, 72].

CeO, confirmed in XRD patterns is likely to play several roles in the reaction.
Firstly, CeO, itself is a highly active material and can provide an extra source of
oxygen including adsorbed oxygen and lattice oxygen in the surface and the bulk.
Adsorbed oxygen is likely to be dissociated into superoxide followed by further
oxidizing nitrite or nitrate species and attacking soot. Meanwhile, active lattice
oxygen will take part in the reaction at the three-phase boundary [51]. Secondly,
CeO, also contributes to oxygen molar ratio to the metal ions of the catalyst due to
its higher stoichiometric value than that of Co30;,.

In fact, this is one factor but not the crucial one. The inferior performance of
Cop.93Ceq g7—pm to that of Cog 93Ceq 7 uncovers there may be other determinants.
The interaction between the two oxides can be a beneficial factor for the distinctions
of catalytic behaviors to a great extent. The interaction can be divided into two
parts, or rather, the lattice distortion of Co30O4 and the formation of Co—Ce solid
solution. The XPS survey provides some clues for the existence of Co—Ce solid
solution. The introduction of cerium cations into Co3;04 leads to the formation of
more cobalt cations with higher valence state (Co3+ and C04+) and a small fraction
of trivalent cerium. It is unlikely to be the effect of cations replacement. The
replacement of cobalt cations by cerium cations with lower valence state may give
rise to the formation of cobalt ions with higher valence, and more oxygen vacancies
so that the electrical neutrality of Co;0,4 can be maintained. Unfortunately, cerium
jons in this study existed in the form of Ce** and Ce**, which shows a higher
valence state. The existence of higher valence cobalt, therefore, may be the results
of solid solution formation. Although the Co—Ce solid solution may modify the
properties of catalysts, its trace amount is unlikely to be the major part of the
interaction. Further, there is little possibility for the soot to contact Co—Ce solid
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Fig. 2.39 XPS spectra for
a O 1s, b Co 2p and
¢ Ce 3d [62]
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solution at the boundary of Co304 and CeO,; hence, the solid solution almost has
no effects on soot combustion.

CeO, plays a role modifying the Co;0, structure. The analysis of XRD and
Raman spectrum reveals the incorporation of cerium ions into the Co;0, lattice
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Table 2.14 Statistics of XPS survey [62] (Fig. 2.39)

Catalysts O On Om Adsorbed o/ Co 2p3p
(%) (%) (%) oxygen (%)* (Co" + Ce"" | (eV)
Co;04 5047 3449 |15.04 [49.53 1.70 779.6
Coo03Ceoo7 | 49.00 [34.62 |1638 [51.00 2.53 779.1
Coog3Ceo.17 | 76.00 9.68 |1432 |24.00 3.57 778.8

“Adsorption oxygen percentage equals to Oy + Oyy
"0"/(Co” + Ce) represents the overall ratio of oxygen atoms to total metal atoms

which probably caused by the profound effects of cerium cations and cobalt cations.
A similar phenomenon was also reported that the cerium ions were incorporated
into the lattice of La,O3; and other spinel-type materials [73, 74]. The level of
incorporation can be expressed by the lattice parameter of Co30,4 which exhibits a
positive relationship with catalytic activities (Table 2.11 and 2.12). Actually, the
catalytic performances, brought about by the lattice distortion, are consequently
controlled by the modification of the surface and the lattice. The NO, desorption
performance is promoted over mixed oxides. The NO, adsorption ability is also
slightly intensified by additional oxygen vacancies created by incorporation. The
interaction contributes to improving both the NO, adsorption and desorption pro-
cess. It is postulated that NO, adsorption and desorption are the critical processes
for the acceleration of soot oxidation. In addition to the surface change, CeO, also
affects the lattice oxygen of the mixed oxides. This lattice distortion brings about
the lower activation temperature of lattice oxygen. The interaction between two
oxides, resulting from structure change, leads to the improvement of the redox
ability, and this is well illustrated in H,~TPR tests. It is surprising that the Ce™*
remains stable after high-temperature calcination in rich oxygen, which also implies
the strong interaction between Coz0,4 and CeO,.

2.5 Ordered Mesoporous Oxide Material
for Simultaneous Soot—-NO, Removal

Ordered mesoporous catalyst allows the properties of materials to be manipulated in
a controlled manner, such as tunable composition, controllable structure, and
morphology [75, 76]. Therefore, it opens the door to new catalytic processes and
routes to increase the catalytic activity and selectivity for specific reaction [77-80].
However, by far the most mentioned porous architectures applied in soot com-
bustion were macroporous materials [81, 82], primarily due to considering the
limited mesopore size compared with soot particles, yet few examples were
reported to use ordered mesoporous materials for soot—NO, simultaneously removal
reaction. The mesopores can ensure optimal accessibility and transport of gas-phase
reactants and products, such as NO, and C,H,O [78, 83-85]. Such unique structure
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properties may also strengthen the contact of soot and catalyst and transport of
gas-phase reactant and possibly improve the performance in NO,-soot removal
reaction. It is therefore highly desirable to investigate the dependence of the
properties of mesoporous materials on influencing the NO,—soot removal catalytic
activity.

2.5.1 Catalytic Performance of Mesoporous Co3;04

Co504 was selected as a model catalyst since spinel-type catalysts were already
proved to be good candidates for the NO,—soot catalysis removal reaction [5, 86].
Mesoporous Co30,4 was synthesized through nanocasting method using SBA-15 as
hard template, methanol as a dispersing agent and NaOH or HF to remove the
template. The mesoporous Co3;0, using NaOH to remove template was denoted as
m—-Co3;04—Na, and the mesoporous Co3;0, using HF to remove template was
denoted as m—Co304—F. The mesoporous Co3;04 using KOH to remove template
was denoted as m—Co30,4—K. Addition mesoporous Co;04 using NaOH to remove
template replicated from KIT-6 was denoted as k—Co3;0,—Na. As a comparison,
b—Co304—S was bulk Co3;0, synthesized through sol-gel method.

A typical profile for simultaneous soot-NO, removal over b—Co0304—~S was
presented in Fig. 2.40. Three products, i.e., nitrogen (N,), nitrous oxide (N,O), and
carbon dioxide (CO,), were detected during the reaction. In the reaction tempera-
ture ranged from 100 to 400 °C, all products exhibited “volcano-shape” behavior in
soot—NO, removal reaction, namely the conversion efficiency increased until the
maximum (317 °C) was reached and then decreased due to the run out of the
charged soot. CO, was formed through the oxidation of soot. Although soot may be
oxidized by NO, or O,, the simultaneous detection of CO,, N5, and N,O at the
same temperature range together with the similar tendency of the evolution profile
indicated that soot was consumed by NO, rather than O, [5, 13].

The catalytic performance was evaluated through the following parameters. The
ignite temperature of soot (T() was defined as the temperature of 10% formation of
carbon dioxide for no carbon monoxide was detected. The 50% soot combustion
temperature (750) was defined as the temperature of 50% formation of carbon
dioxide. The peak temperature (7},) was defined as the peak temperature in the CO,-
temperature profile. Total amounts of N,, N,O, and CO, formed throughout the
reaction were obtained by integrating the respective conversion versus temperature
(time) curves. Sy,/c was defined to evaluate the proportion of soot used for the
reduction of NO, into nitrogen, which is equal to the molar ratio of the formed
nitrogen to the charged soot or carbon dioxide formed. Also, Sn,0 and Sy, defined
as the selectivity to nitrous oxide were calculated by the following equations:
Sxzo = VIN2O]/(VIN,O] + VIN2]), Sy, = VIN]/(VIN,O] + V[N ).

A comparison study was carried out to examine the activity of the following
three Co30, samples for the soot and NO, simultaneous removal reaction
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Fig. 2.40 Temperature 30 40k
dependence of NO,
conversion into N,, N,O and
CO, formed throughout TPO
run in the simultaneous
removal of NO, and soot over
b—CO304—S [87]
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(Fig. 2.41). The evaluate parameters are illustrated in Table 2.15. It can be seen that
b—Co304—S showed the lowest activity, giving highest T, Tso (276, 321 °C) and
lowest Sy, /c (0.6%). The conversion ratio of NO to N, at T}, (317 °C) is only about
16% (Fig. 2.41) while m—Co304—Na exhibited the best performance among the
three samples. It could achieve the lowest T and Tsq (250, 286 °C), which means
the ignite temperature of m—Co3;04—Na decreased about 26 °C compared with b—
Co0304-S. The conversion ratio of NO to N, at T}, (292 °C, Fig. 2.41) reached 33%
for m—Co30,4-Na in accordance with the highest value of Sy, ,c (1.2%) which was
about twice that of b-C0304-S (16 and 0.6%, respectively). High value of Sy, c
indicated more nitrogen yielded over m—Co;04—Na, which suggested NO, was
reduced readily into N, over m—Co304—Na. As the selectivity to N,O exhibited no
obvious distinction over all three samples (Table 2.15), the above results indicated
that m—Co504—Na improved the formation of nitrogen and nitrous oxide rather than
more N, with less N;O. Another mesoporous Co3;0,4 sample, m—Co3;04—F, only
showed slight higher selectivity to N, compared with b—-Co3;04—S. The conversion
ratio of NO to N; at T}, and Sy, ¢ was 21 and 0.7%, respectively, which was about
30 and 17% higher than that of b—Co30,4-S. But it was still 51 and 71% lower than
that of m—Co304—Na. The ignite temperatures of m—Co304—F and b—Co304-S are
very close, higher than that of m—Co;0,4—Na. The striking difference in the catalysis
performance among the three Co3;0, catalysts may originate from the following
structure properties: (i) texture properties; (ii) morphology properties; (iii) surface
properties. The impacts of synthesis condition on mesoporous and bulk Co3;04
catalysts were undertaken to elucidate which factor was responsible for the
enhanced performance.
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Fig. 2.41 Catalytic
performance of the Co3;04-
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Table 2.15 Catalytic performance of the samples [87]

Catalysts Ty (°C) Tso (°C) VIN,] (1075 mol) Selectivity (%)

Sn,/c SN, Sn,0
b—-Co0304-S 276 321 1.22 0.6 56.6 434
m-Co3;04—Na 250 286 2.31 1.2 56.6 435
m—Co304—F 278 320 1.43 0.7 55.0 45.0

2.5.2 Insight into Mechanism for Co3;04 Mesoporous
Material

The structure and texture properties of the catalysts were characterized by XRD and
N,-physisorption. Low-angle XRD pattern of the template SBA-15 and the
as-prepared cobalt oxide samples were shown in Fig. 2.42a. Low-angle XRD
patterns indicated Co3;0,4 prepared by nanocasting method possess the expected
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mesoporous structure. For the hard template SBA-15, three well-resolved diffrac-
tion peaks were detected at 0.9°, 1.6°, and 1.8°, corresponding to (1 0 0), (1 1 0),
and (2 2 0) peak, suggesting 2D hexagonal mesoporous structure with a p6 mm
space group for hard template SBA-15 [88]. For m—Co3;04—F and m—Co30,—Na,
peaks at 0.9° and 1.6° presented the (100) and (110) reflection were both found in
the low-angle XRD pattern in Fig. 2.42a, suggesting the existence of the ordered
mesoporous structure [89]. Figure 2.42b shows the wide-angle XRD pattern of the
samples. By comparing with the standard data of Co;0, (JCPDS PDF# 42-1467), it
showed that the three samples were all crystalline Co30,4 with spinel-type structure
as the samples displayed same diffraction peaks at 19°, 31.3°, 36.9°, 38.2°, 44.5°,
55.6°,59.4°, and 65.3°, corresponding to the (1 1 1), (220), (31 1),(222),(400),
422),(511),and 4 4 0) planes [90]. Compared with b—Co304-S, the two
mesoporous Co;0, samples both showed weaker and broader diffraction peaks. It
indicated that the two mesoporous Co3;0,4 both had smaller grain size, mainly
caused by the restriction of the tunnels during the grain growth [91].

Fig. 2.42 Low-angle (a) of

SBA-15 and mesoporous (a) — 100  SBA-15
Co030, and wide-angle (b) of 2 n
Co30,4 samples [87] : I||
Z o
= a 2 3 4
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The textural properties of these catalysts were studied by N, physical adsorption—
desorption. As shown in Fig. 2.43, the N, physisorption isotherms of these two
mesoporous Co;0, samples showed typical type-IV curves with hysteresis loops,
suggesting the existence of mesopores [89]. In regard to the shape of the hysteresis
ring, the mesoporous Co3;0, samples were not like that of the hard template SBA-15,
which may be associated with interparticle voids [92]. The capillary condensation
was observed in the relative pressure ranging from 0.4 to 0.8 for both mesoporous
samples. The BJH pore size distributions of mesoporous materials showed that the
m-Co304—Na and m—Co3;04-F had the mesoporous diameters of maximum distri-
bution, 3.6, and 3.4 nm, respectively. This further indicated that m—Co3;0, inde-
pendent of the template removal procedure was both perfect replica structures of
their templates. The textural properties for m—Co3;04—Na and m—Co3;04—F were
summarized in Table 2.16. They showed negligible difference in specific surface
area, pore size, and pore volume. The surface area and pore volume of m—Co;04—Na
and m—Co304—F were about 90 m?%/g and 0.12-0.13 cm>/g, which were higher than
that of b-C0304-S (22 m%/g, 0.08 cm’/g).
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Table 2.16 Textural properties of b—C03;04—S, m—Co304—F, and m—Co;0,—Na [87]

Sample BET surface area Pore volume Average pore diameter
(m” g) (cm® g) (nm)

b—Co304-S 22 0.08 -

m-Co30,—Na 91 0.12 4.36

m—Co3;04-F 97 0.13 4.83

Figure 2.44 shows the TEM images of the CozO,4 catalysts. As shown in
Fig. 2.44a—, b—Co0304-S showed non-porous structures with the particles size
around 30 nm which was corresponding with the low-angle XRD results
(Fig. 2.42a). The lattice fringes could be clearly observed in the HRTEM image

0.46 nm

(1'11)

5nm

Fig. 2.44 TEM images of b—Co3;04-S (a, b, ¢), m—Co304,—Na (d, e, f), m—Coz04-F (g, h, i)
Reproduced from Ref. [87] with permission from The Royal Society of Chemistry
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(Fig. 2.44c) suggesting highly crystalline nature of the nanoparticles. The HRTEM
image showed the b—Co030,4—S had the (1 1 1) crystal plane with a lattice spacing of
0.46 nm. Although the morphology of b—-Co3;0,4—S was entirely different from that
of m—Co3;04, TEM and HRTEM results did not support morphology difference for
m-Co304—F and m-Co304—Na. The two mesoporous samples both possessed
highly ordered 2D porous structure with polycrystalline walls according to
Fig. 2.44d-i, suggesting m—Co30, retained the ordered structure of the SBA-15
template, which was consistent with the results of low-angle XRD and N,
physisorption. The walls of mesoporous Co3;04 were both about 9 nm that was
much smaller the Co;04-bulk.

According to the HRTEM images, the mesoporous samples both had the (1 1 1)
crystal plane with a lattice spacing of 0.46 nm and the (2 2 0) crystal plane with a
lattice spacing of 0.28 nm [93]. The (1 1 1) crystal plane of b—Co3;04,—S was
suggested not be an active surface because the (0 0 1) and (1 1 1) faces mainly
contained Co®* [94-96], whereas the (2 2 0) crystal plane in parallel with the (1 1 0)
crystal plane was an active surface as more active Co>* species on the (1 1 0) faces,
thus provided favorable sites for oxygen adsorption in catalytic reactions. This
seems to be able to explain the inferior catalysis activity of b—Co3;04—S showed
compared with m—Co304—Na in the NO,—soot simultaneously removal reaction.
But this still could not explain why only m—Co;04—Na exhibited superior catalysis
activity while m—Co30,4—F only showed slightly higher NO to N, conversion ratio
than that of b—Co0304—S as well as no improvement in soot combustion compared
with b—C0304—S.

Temperature-programmed experiments using different chemical species as
probes were carried out to investigate the active sites in the NO,—soot catalysis
reaction further. Thermal redox behavior of different Co;0,4 was investigated using
H,—-TPR. As shown in Fig. 2.45a, all three samples showed two reduction range,
the low-temperature section peaks at 294 °C could be ascribed to the reduction of
Co’* to Co” as an intermediate while the high-temperature section was related to
the reduction of Co** to Co® [97, 98]. The peak areas of Py,-1 and Py,-11 were
summarized and showed in Fig. 2.45b. The peak area ratio of Py,-II/Py,-I for two
mesoporous Co3;0,4 was around 3.5, which was approximately quantitatively con-
sistent with the theoretical calculation value (Py,-II/Py,-I = 3) [97]. But the peak
area ratio of Py,-II/Py,-I for b—Co304—S was about 3.8, which suggested the higher
amount of Co>* in the b-Co30,-S compared with m—Coz0,4. Thus, the H,~TPR
results indicated that mesoporous structure of Co3;04 could improve the reduction
ability of Co®* to Co®* which was consistent with HRTEM results.

Temperature-programmed oxidation (TPO) of soot was further carried out using
thermogravimetric analysis to investigate the oxidation behavior of soot under an
oxygen atmosphere. As shown in Fig. 2.46, m—Co30,~Na showed expected
improved activity (decreasing T;, about 25 °C) for soot combustion compared with
b—Co30,4-S. However, m—Co30,—Na only showed slightly higher activity in the
low-temperature range (100-350 °C), but the derivative thermogravimetric
(DTG) peak of m—Co304—F overlapped with m—CO5;04—Na at 375 °C. This was
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Fig. 2.45 TPR profiles of the samples (a) and peak area of Coz0y4 catalysts (b) [87]

consistency with H,-TPR and HRTEM results as which already suggested similar
oxidation ability of the two mesoporous Co3z0,4. However, it is worthwhile men-
tioning that soot TPO under oxygen showed discrepant results compared with the
reported promotion effect of m—Co3;04—Na on ignition of soot, while m—Co3;04—F
displayed similar ignition properties as b—Co3;04-S under NO,—O, atmosphere,
suggesting the possible existence of balance between reaction conditions, state of
doping element, contact conditions together with surface oxidation reducibility.
Thus, soot oxidation pathway should not be the rate-determining step of the
selective reduction of NO by soot over Co30,.

Since the active oxygen species play a less prominent role in soot and NO,
simultaneously removal reaction under NO,-O,, NO,—TPD was performed to
investigate the NO, absorption—desorption behavior of the different Co30,4 samples.
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TPD profiles (concentration versus temperature) of Co;O, after saturation with
2000 ppm NO and 5% O, at 40 °C were shown in Fig. 2.47. In the case of the
b—Co304-S sample, two NO desorption peaks were observed. The first one was in
the range 100-200 °C (of lower intensity) with a maximum around 135 °C and the
second appeared between 200 and 400 °C with a maximum near 270 °C accompa-
nied with a shoulder near 340 °C. NO, desorption profile showed similar spectrum,
with two NO, desorption peaks, the low-temperature peak centered at 131 °C, while
the second stage (200-400 °C) centered at 244 °C. Although NO, desorption
amount was significantly higher than b—Co304-S, the m—Co30,~F sample appar-
ently displayed a similar trend as b—-Co3;0,4—S, with NO peaks observed near 131 and
306 °C together with NO, peaks centered at 150 and 256 °C, respectively. In the case
of NO, the lower desorption peak could be ascribed to the removal of nitrites and/or
NO-NO5* surface species, and the high-temperature desorption peak was likely
associated with the decomposition of nitrites species [98, 100]. With respect to NO,,
the peaks in the 100-200 °C region could be assigned to the removal of weakly
absorbed NO,-N,O, and/or NOS+ species, while the high-temperature peak may
arise from the decomposition of nitrates intermediates [101, 102].

The m—-Co304—Na samples exhibited different features compared with
m—-Co304-F and b—Co030,4-S, in aspects on the one hand to the presence of NO
desorption peaks at high temperature (up to 500 °C) and on the other hand to the
significantly higher overall amounts of NO, released especially at the second
temperature range(200—400 °C). The NO peak of m—Co304—Na at high temperature
could be related to the decomposition of NO; or ionic Na nitrites, the latter showing
higher thermal stability [103].

NO-TPO was further performed to evaluate the oxidation behavior of NO using
different Co30,4. Figure 2.48 shows the NO, concentration during TPO run. For
b—-Co30,4—S and m—Co3;04-F, two stages of NO, formation occurred with the
increase of temperature. The first peak in the range 100-200 °C centered around
120 °C, which was consistent with the first NO, desorption peak (100-200 °C)
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Fig. 2.47 NO and NO,
concentration through the
NO,-TPD [87]

Fig. 2.48 NO, concentration
of through NO,~TPO run [87]

NO concentration/ ppm

NO: concentration/ ppm

Concentration of NO./ppm

=
=
1

e
=
1

[
=
1

| —a—b-C0:0:-S
k | —e— m~Co:0;~Na
i —A—m-Co:0s-F

.

200 300

400 500 600
Temperature/ C

i —m— b=Co:0s—-58

—a&— m-Co:0.~F

—o— m-Co:0:~Na
. ™

200

Temperature,/ T

140
1204

100+

—a— b-C0o:0:-S
—8— m~-Co:;0,~Na
—a— m~-Co0;0;~F

100

200 300 400 500

Temperature/ C




58 2 Catalytic Materials for Simultaneous NO,—Soot Removal

shown in NO,~TPD. It can be attributed to N,O,4 and/or NO§+ species formed from
initial NO adsorption at room temperature and removal as the temperature
increased. These initially formed species may be the result of direct interaction
between NO and the oxygen species associated with Coz0,4. Apparently, these
species were weakly bonded. The second stage range from 200 to 500 °C with the
peak at 310 °C was related to the oxidation of NO and further decomposition of
NO, with the increase of the temperature [104].

Compared with m—Co3;04-F and b—Co030,4-S, the m—Co304—Na sample exhib-
ited different feature during TPO run. It displayed three peaks centered at 120, 230,
and 310 °C, respectively. The two peaks centered at 120 and 310 °C for m—Co304—
Na were in the same ranges as m—Coz;O4—F and b—Co304—S. The additional
shoulder peak centered at 230 °C(range 200-265 °C) with a high amount of NO,
was consistent with the high-temperature NO, desorption peak in NO,-TPD
(Fig. 2.49), which was suggested to arise from the decomposition of nitrates species
on the surface of m—Co3;04—Na. For m—Co3;04—Na, such high amount of NO,
released between 200 and 265 °C shown in NO-TPO was consistent with the low
ignite temperature (250 °C, Ty, Table 2.15), which suggested that the formation of
nitrates species on the surface of m—Co3;0,4—Na, and its subsequent interaction with
soot in the middle-temperature range may be the rate-determining step for simul-
taneous soot—-NO, reaction over Co304 catalysts.
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Fig. 2.49 Co 2p (a), O 1s (b), Na Is (c) and F 1s (d) XPS spectra of Co;0,4 [87]
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The above characterization results suggested that nitrates formed on m—Co304—
Na may be the dominant factor in promoting NO,—soot removal reaction. To clarify
whether there was a relationship between the activity and the specific chemical
species on the catalyst, XPS and HAADF-STEM were carried out to analyze the
surface properties.

The XPS spectra of Co 2p and O 1s on different Coz04 catalysts were displayed
in Fig. 2.49a, b. The molar ratio of Co**/Co** and 0,¢/(O1ae + O.q) Was illustrated
in Table 2.17. The O 1s after peak fitting procedure showed two main contribu-
tions, the Ols peak centered at 529.8 eV assigned to the lattice oxygen in the
Co50,4 phase (Co-O bond) and the peaks range between 531.4-532.2 and 533.4—
533.9 eV on the mesoporous Co;0, indicating the surface-absorbed oxygen species
(nonequivalent hydroxyl groups or chemisorbed water) [105-107]. It was found
that the ratio of absorbed oxygen to total surface oxygen of m—Co3;0, (63 and 66%)
was higher than that of b—Co304-S (54.3%), suggesting the improved redox ability
due to the mesoporous structure. However, the ratio of the adsorbed oxygen to the
total surface oxygen is just about the same level for two mesoporous samples. The
presence of a Co 2ps,, peak at 780 eV and a Co 2p;,, peak at 795 eV indicated the
existence of the Coz0,4 phase [106—108]. The Co>*/Co** molar ratio of mesoporous
Co304 was higher than b—Co3;04-S, but it showed no significant difference between
mesoporous Co;04, which was corresponding to the H,—TPR and O 1s XPS results.

XPS and ICP results on sodium and fluorine finally illustrated that the significant
difference between two mesoporous Co3;04 was the surface element residue due to
different methods for removing the hard template. Sodium (Na) content and fluorine
(F) content were illustrated in Table 2.15. As shown in Fig. 2.49¢, XPS spectra for
Na 1s peaks were only found on the m—Co3;04—Na surface, while it did not exist on
other Co30,4 samples surface. And F spectra were only found on the m—Co;04-F.
The amount of Na was about 0.5 atomic % based on XPS or 1.6 wt% according to
ICP (Table 2.17). Since the catalyst was not calcined after removing template with
NaOH, the Na species can be assigned to free surface Na species. And the presence
of Na Is peak at 1071 eV indicated the possible existence of the Na,CO3; (Na 1s
1071.5 eV) or NaHCO; (Na 1s 1071.3 eV) on the surface as NaOH (Na 1s
1072.6 eV) might absorb CO, in the air and transferred to Na carbonate species
during drying process [105]. The presence and homogeneously dispersion of such
Na species on the mesoporous framework were further confirmed by the element
mapping as shown in Fig. 2.50. As Co30, could be exposed in the condition that

Table 2.17 Na content, F content, Co>*/Co** and O,¢/(Opyy + Oaq) molar ratio [87]

Sample Co**/Co** 0,d/(Ojaee + Oaq) Na 1s content |F s content |Na"
molar ratio molar ratio (%) (at.%) (at.%) (Wt%)
b—Co0304-S 0.2514 54.3 - - -
m-Co3;04—Na | 0.2608 63.5 0.5 - 1.6
m—Co304—F 0.2616 66.3 - 0.35 -

“The result of ICP
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Fig. 2.50 Dark field image (a) and element mapping images O (b), Na (c¢) and O + Na (d) of m—
Co3;04—Na [87]

the silica was washed aways; thus, it is of the high possibility that Na species would
disperse not only on the surface but also in the channel structure and interparticle
voids.

Note that above results already revealed the different surface functionalized
properties due to the remaining of sodium or fluorine species on m—Co;0,4 using
different hard template removal methods, in situ DRIFTS experiments were further
carried out to identify the NO, adsorption species over different Co30,4 and reveal
the possible relationship between surface functionalization and reaction mechanism.
As shown in Fig. 2.51a, b, NO, adsorbed species were similar for m—Co304—F and
b—Co304-S. The dominant adsorption species could be ascribed to chelating
bidentate nitrate (1548-1560 and 1216-1220 cm™') and nitrite (1488-1496 and
1271-1288 cm ™ 1) together with adsorbed NO, (1619 cm ') [109-111]. The nitrite
species quickly disappeared when the temperature increased above 150 °C, and the
bidentate nitrates sharply increased, revealing the formation of stable nitrates with
the elevation of temperature. Thus, the mesoporous structure or fluorine residue on
the surface of m—Co304—F does not appear to affect the adsorbed NO, species
significantly. But the relative adsorption amount of NO, on m—Co30,—F was still
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Fig. 2.51 In situ DRIFTS 0.20
spectra of NO, sorption 0.18 (a)
behavior at a different
temperature over b—Co304—S
(a), m—Co304—F (b) and
m—Co3;04—Na (c) [87]

0.16 1 496

1271 1216
288 2007

"\_\““--,~///€ﬁ 5 100C
L= ]

Absorbance/(a.u.)

Pos0T

0.00 P\ '

1700 1600 1500 1400 1300 1200 1100

1

Wave number/cm
0.60 - ]
055 (b)
0.50
0.45
0.40
0.35

1 548

1274 1:220 200

Absorbance / (a.u.)

100C

1700 1600 1500 1400 1300 1200 1100
Wave number/cm ™’

0.9

0.8 1 544 1354
.’_ 1415 1 283 _,

1208
0.7 | Hee ;
0.6 i

0.5
0.4

_/'—‘/ ' ]

Absorbance/ (a.u.)

0.2+
0.1 -
0.0 — .

T T ' v
1700 1600 1500 1400 1300 1200 1100

1

Wave number/cm

larger than that of b—Co30,4,—S. Thus, identical conclusions concerning NO,
adsorption amount could be obtained from in situ DRIFTS and NO,~TPD results,
which may help to explain the moderately promotional effect on the activity in NO,
conversion for m—Co304—F compared with b—Co5;0,4-S.
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However, as shown in Fig. 2.51c, it is important to highlight that there is a
significant difference on NO, adsorbed profile between m—Co3;04,—Na and m—
Co304-F or b—Co304-S. The appearance of the broad adsorption peak between
1300 and 1500 cm ™! (Fig. 2.51c), which could be attributed to ionic nitrates and/or
monodentate nitrates [109], was entirely different from the lack of adsorption band
in that range as shown in Fig. 2.51a, b, despite the appearance of the band of
chelating bidentate nitrate, nitrite, and NO, (Fig. 2.51c) at 1544 and 1208, 1283,
and 1608 cm™ ', respectively. Several different types of nitrates/nitrites appeared on
m-Co3;04—Na, indicating different active sites were present as m—Co304—Na was
functionalized by sodium. The above results thus provide direct evidence to verify
that the introduction of Na facilitates the formation of more kinds of stored
N-containing species, corresponding to more substantial NO, trapping efficiency
and higher simultaneously NO, and soot removal efficiency. It is worth noting that
after increasing the temperature from 50 to 200 °C, the band ranging from 1300 to
1500 cm ™ becomes weaker strikingly for m—Co;0,~Na, compared with other
species, arising from the decomposition of ionic nitrate and/or monodentate nitrates.
Such behavior could relate to the production of NO, in the low temperature as
shown in NO,-TPD, thus possibly promote the soot and NO, simultaneously
removal reaction at relatively lower temperature.

For the NO,—soot catalysis reaction, various modifiers or additives have already
been utilized to improve the activity and selectivity of the catalysts. Shangguan
et al. investigated the effect of alkali metal cations doping (Li, Na, K, Cs) for the
simultaneous NO,—soot removal. The doped catalyst was prepared by the citric
acid-aided process, and the impregnated catalyst was calcined at 700 °C for 1 h
[113]. Potassium (K) displayed activities for the simultaneous removal of nitric
oxide and soot which was consistent with others studies [114—116]. Potassium
surface modifications were believed to have a number of effects such as modifi-
cation the electron donor properties of the oxide which may lead to the formation of
active forms of oxygen. The potassium cations will also lead to the formation of
low melting point compounds or superficial carbonate intermediates which may
improve soot—catalyst contact [114, 117, 118].

However, sodium (Na) was reported to improve the activity (decreasing Tj,) but
deteriorate the conversion of NO, in a previous study [113]. Thus, potassium is the
most popular alkali metal cations modification in the soot combustion or soot—-NO,,
simultaneously removal reaction. On the contrary, our results illustrated that m—
Co304—Na had shown prominent enhanced simultaneous NO, and soot removal
activity with sodium surface functionalization compared with other Co;0,4 samples.
But m—Co304—Na also showed negligible enhanced soot oxidation ability under
oxygen compared with m—Co;04—F. As HRTEM, XRD, H,-TPR, and XPS results
already showed that surface functionalization has no influence on the crystallization
of Co phases, or enhance the release of active Co phases, the different performance
of two m—Co030, in soot—-NO-0O, and soot—O, reaction suggested other determi-
nants underlying the evolution profile of NO, for different Co;0, samples. The
NO,—TPO/TPD provided clues for the existence of nitrate intermediates on the m—
Co304—Na surface which was further verified by the in situ DRIFTS. The
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decomposition of the unstable nitrate species will release NO, in the temperature
range 200-265 °C according to the NO,—TPO/TPD results, corresponding to the
ignition temperature range (200-250 °C) for m—Co3;04—Na in NO,—soot removal
reaction. The formation of low melting point compounds may also help to enhance
the interaction of soot and catalyst with NO,, thus further promote the soot ignition
and NO, conversion.

Compared with m—Co304—Na, m—Co304-F, and b-Co304—S only showed
gas-phase NO oxidation peak in the temperature range 200-265 °C in NO-TPO
accompanied with an inferior performance for ignition and selectivity. Thus, the
formation of unstable nitrates as supported by the in situ DRIFTS and its further
interaction with soot in the middle-temperature range (200-265 °C), i.e., NO
reaction pathway, could be the most significant step in the simultaneous soot—NO,,
reaction using CozO,4 as a catalyst. The formation of nitrates may occur in the
following stoichiometry reactions [103, 119, 120]:

2NO + 1.50, + O}, — 2NOj (2.7)
NO + 0, — NO, (2.8)
NO, +0.50, + 0}, — 2NOy (2.9)

These reactions illustrated the evolution of nitrates, involving the oxidation of
NO by gaseous or activated oxygen on the catalyst surface. In the case of
m—-Co304—Na, the basic component Na may facilitate the adsorption and activation
of the oxidative O, and NO molecules. NO, was absorbed and transferred into
unstable nitrate intermediates. This nitrate species may play an essential role in soot
oxidation for the lower melting temperature, which can strengthen the contact with
soot and the less stability to form higher oxidizing species. While for m—Co;04-F,
the lack of sodium on the surface leads to the similar NO,—soot reaction route as
b—Co0304-S. Thus, the mesoporous structure of m—Co3;04—F only slightly favors the
NO reduction by ensuring optimal accessibility gas-phase reactants which lead to
higher selectivity to N, compared with b—Co30,—S while keeping the ignition
performance invariant.

Thus, this study demonstrates that surface chemical species introduced by silica
removal procedure together with the mesoporous structure emerge as critical factors
regulating specific catalysis reaction. Hard template removal is one specific proce-
dure during nanocasting. Although the overall reaction mechanism and the
rate-determining step of specific reaction over a given mesoporous catalyst depend
significantly on the nature of the reaction together with the experiment condition,
considering that the surface sodium species are so important in this case, one must
consider decouple the contributions of factors, such surface chemical species and
morphology to specific catalysis reaction during evaluating the impact of mesoporous
structure. On the other hand, as alkali metal was already proved to be excellent
promoter candidate for various catalysis reactions especially for the soot and NO,
simultaneously removal reaction mentioned in this book [13, 116, 121, 122], removal
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silica using hot NaOH solution thus provide a facile route to achieve homogeneous
dispersion of sodium species not only in the surface but also the whole framework of
mesoporous materials.
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Chapter 3 )
Kinetics Study for Simultaneous Skl
Removal of Soot and NO,

Chemical kinetics is the study of the rate and mechanism by which a chemical
species is converted to another. The gas reaction over solid catalysts have been
widely explored and investigated; some mechanisms were reliably clear for a
specific system. Such catalysts depend on their activity in part, at least, on the
extent of surface area because it adsorbs gas reactants and serves as the site where
the catalytic reactions proceed [1]. It is especially difficult to resolve the reaction
mechanism involving solid since the process itself is unsteady. It is confirmed that
the reaction takes place at the solid—solid—gas interface, the specific surface area is
of less importance than in the usual solid—gas reaction. This indicates the untra-
ditional and complicated mechanism for this heterogeneous reaction.

3.1 Kinetic Characteristics of Simultaneous
NO,-Soot Removal

3.1.1 Arrhenius Plots and Compensation Effects

The Arrhenius plot of reaction profiles over CuFe,O, (Fig. 2.2) is depicted in
Fig. 3.1. The linear tendencies are observed below 340 °C, and the reaction rates
seem to level off at this point that the amount of soot consumption achieves 24% of
initially charged soot. These facts all provide the possibility for kinetic analysis for
soot combustion at a lower temperature (340 °C). It is also assumed that the
effective area of the soot/catalyst contact stabilizes as a constant. On the basis of the
aforementioned analysis, the reaction rate can be written by the conventional
power-law expression as follows:

Inr=—FE,/RT+ InA+n;InCc +n, InNO + n3In O, (3.1)
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Fig. 3.1 Rates of CO,, N»,
and N,O formation over 4
CuFe,0y as a function of

reciprocal of temperature [2]
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where A is the pre-exponential factor, E, the apparent energy, C; the concentration,
and n; the reaction order. The linear relation between In r and 7 — 1 suggest that
Eq. (3.1) is simplified into Eq. (3.2) and that £, and In I'A can be obtained from the
slope and the intercept, respectively.

Inr = —E,/RT + InTAT = C¢ 3, Co, (3.2)

The apparent activation energies (E,) for the formation of CO,, N, and N,O
calculated from the linear portion of Arrhenius plots are aggregated in Table 3.1. E,
values for CO, and N, formation are broadly close each other, while that for N,O
formation tends to show a more significant distinction. The minor gap between E,
values for N, and CO, formation indicates that the selectivity to NO, reduction into
N, is temperature independent which is corroborated by the comparisons between
rNo/rCO, and V[N,]/V[CO,].

A linear correlation or the compensation effect is obtained between E, and In 'A
the spinel-type oxides for the formation of CO,, N,, and N,O. This implies that the
reaction mechanisms and reaction orders with respect to reactants are the same
overall the spinel catalysts studied. It is noteworthy that if the rate NO, reduction

T*:F’let 3.1 Apparent . Catalyst | E, (kJ mol ) Snarc

selectivity parameters of o, N2 [NO [nwl  [VINIYV

spinel-type oxides for f'co (N:0]

simultaneous NO.—soot CuCr,0, |860 |83.7 |1044 |28 26

removal MgCr,04 89.2 82.5 94.6 2.8 2.7
CoCr,04 87.0 82.0 119.2 1.7 1.8
MnCr,04 82.9 76.3 94.6 1.6 1.5
CoMn,0y4 81.5 77.7 101.1 1.8 1.9
NiFe,04 77.5 85.9 80.8 3.1 3.6
CoFe,04 95.4 80.1 129.9 1.7 1.8
CuFe,04 90.6 91 89.1 4.6 4.7
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Fig. 3.2 Compensation
effects with respect to CO,,

N, and N,O formation in 1. CuFe;0,
simultaneous NO,—soot 2. NiFe,04
removal over spinel-type 3. CuCr;0,
oxides [2] 4. MgCr;0,
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into N, and N,O (#[N;] + r[N,O]) are applied, E, for CO, formation and NO,
reduction is identical to each other; this also demonstrated that the redox process
occurs between CO, and NO, rather than O, (Fig. 3.2).

Furthermore, the linear relation between E, for N, formation (E, n2) and In Sxo/c
of spinel catalysts is uncovered in Fig. 3.3. This can be explained as follows. If E,
N2 = E,coz (=E,) as in present results (Table 3.1), then Snoic = (T'A)no/(T'A)c.
Taking into account the compensation effect, In I'A = yE, + const., Sny/c 1S pro-
portional to E,. Thus, it can be concluded that spinels with larger E, values for N,
show higher selectivity to NO, reduction into N,.

Fig. 3.3 Relation between
the selectivity to Sno/c
and E, N> 1. CuFe;0.
2. NiFe;0,

. CuCr04
. MgCr;0,
. CoCr;0,
. CoFe;0,
. CoMn;0,
. MnCr;0,

h £ L

In(I"A)

==l B =
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3.1.2 Kinetic of Simultaneous NO,—Soot Removal
Over CuFe;04

In this section, the reaction orders with respect to reactant are quantified over
CuFe, 0Oy, for soot—0,, soot—NO, and soot—O,—NO reaction. Based on logarithms of
the rate expressed by r = kC}'C43>C%, the equation is transformed into In r = In
k+ n;ln C; + nyIn Cy + n3In C5. A plot of In r against In C; with C, and C; being
held constant is supposed to be a straight line with slope n;. Similarly, the order of
n, or nz can be determined by plotting In  against In C; or In C3 with the fixed
concentration of other reactants.

3.1.2.1 Soot-0, Reaction

The oxidation of soot particle without the assistance of catalysts requires high
temperature (700 °C), yet it can be accomplished at relatively low temperatures
(300—400 °C) over metal oxides catalysts [3]. In the present study, the soot—O,
reaction is investigated over CuFe,0, with the purge of gaseous O, (0.68, 2.41,
5.0%) diluted with He in the air. CO, is the solely detected product. Within the
temperature range (300-400 °C), where the sufficient amount of charged soot
remains, and kinetic analysis is possible, the In—In plot of CO, formation rate versus
O, concentration is of linear relation with a slope of 0.46 (Fig. 3.5). This suggests
the reaction is roundly a half order with respect to O, concentration. This is con-
sistent with that of soot combustion catalyzed by Cu—V-K [4]. The half order can
be interpreted if the following mechanism is assumed.

0, <kk_> 20, (3.3)
C+0, 2[C+0 (3.4)
[C 0] + 0, = €O, (3.5)
[C * O] +0.50, - €O, (3.6)

where O, is the atomic oxygen adsorbed on the surface of the catalyst, [C * O] an
intermediate possibly related to the attack by the O, species on the activated carbon
surface. The [C * O] intermediate then reacts with O, (3.5) or gaseous O, (3.6) to
produce CO,. If the reaction (3.4) is the rate-determining step and reaction (3.3) is
equilibrium with the equilibrium constant of
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Fig. 3.4 Relation between In
rcoz and In poz in SOOt*Oz
reaction over CuFe,0,4
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K = [04)*/Po,

then the rate of CO, formation is given by (Fig. 3.4)

3.1.2.2 Soot—-NO Reaction

4
2
0r
_2 b
_4 1 1 n 1 1 1
-6 —5 —4 -3 =2 -1 0
In(Po,/atm)
(3.7)
(3.8)

= k2[04] = kK*PY

The reaction profiles are shown in Fig. 3.5 with various NO concentration feed. In
two-component reaction, the reaction should be written as

C+2NO — CO, +N,

(3.9)

and CO, and N, formed should be equal in molar amount. Actually, from TPO
results, the two products are not always equal in molar ratio. The temperature

Fig. 3.5 Temperature
dependence of the ratio of
[N, ]/[CO,] for soot—-NO
reaction
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dependence of the ratio [N,]/[CO,] in various NO concentrations are presented in
Fig. 3.5. The ratio indicates that an intermediate giving N, is accumulated on the
catalyst or soot at lower temperatures, followed by the decomposition of accu-
mulated intermediates and yield of N, at higher temperatures.

The reaction order concerning NO concentration has been examined below
462 °C utilizing the rate of CO, formation; as stated above, the rate of N, formation
involves the effect of N-containing intermediate in this temperature range.
Calculated from Fig. 3.7, the reaction rate is first order at low temperature, and this
value tends to increase at higher temperatures. With the aim of explaining these
findings, the following mechanism of the soot—NO reaction is proposed.

NO L. NO, (3.10)

NO, +C -[C,N, 0] (3.11)
[C,N,O]" +NO, +2C % €O, + 2[C,N]* (3.12)
2[C,NJ" 25 2C + N, (3.13)

NO, is adsorbed NO on the catalyst surface, and [|* intermediates containing
elements shown in the brackets. The alternative to reaction (3.12) and (3.13) is

[C,N,0]" +NO, — CO, + N, (3.14)

It is evident that reaction (3.14) is not the present case since the molar ratio of
CO; and N, is not identical. In the event that the adsorption of NO (3.10) or surface
reaction between the intermediate and the adsorbed NO (3.13) is rate determining,
the first-order (3.15) or the second-order kinetics with respect to NO concentration
is acquired.

d[CO,]
=2 P 3.15
5 1Pxo (3.15)
d[co
[ o 2] _ kK2 Ko P, (3.16)

K, and K are equilibrium constant of reactions (3.15) and (3.16), respectively. It
can be deduced that soot—NO reaction is controlled by the NO adsorption step at
lower temperatures. With the increase of heating temperature, the second-order
kinetics (3.16) is gradually involved in addition to first-order kinetics, which gives
the apparent reaction order between 1 and 2.

It should be highlighted that the above mechanism of the soot—NO reaction is
tentative. That is, the participation of gaseous NO in steps of CO, formation and N,
formation is not excluded. Thus, the overall reaction can be rewritten as
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Fig. 3.6 Relation between In 2
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[C,N, O]* +NO + 2C — CO, + 2[C,N|* (3.17)

If this mechanism dominants the reaction, second-order kinetics with respect to
NO concentration are also obtained. Similarly, also probable instance is the par-
ticipation of gaseous NO in the N, formation step. Besides, the [C, N] intermediates
have been reported in many kinds of literature for this process [5], which suggests
that the assumption above is rational (Fig. 3.6).

3.1.2.3 Soot—0,-NO Reaction

Effect of O, Concentration

In this reaction, the NO concentration is fixed; the variable O, concentration (1.5,
3.0, 5.0%) is adopted, and the N, and CO, formed throughout the TPO process are
detected. As can be seen from the In—In plots of O, concentration versus the rate of
N, formation (Fig. 3.7a), the rate of N, formation is about the 0.4th order with
respect to O, concentration in the temperature range from 290 to 360 °C. As listed
in Table 3.2, the effect of O, on the N,O formation is similar to that of N, for-
mation rate (0.4th order), and the CO, formation rate is about the 0.6th order with
respect to O, concentration.

Effect of NO Concentration

The reaction order with respect to NO concentration is measured in NO (0.5, 0.3,
0.225, and 15%)-0, (5%)-He balance. The In—In plots of N, formation rate versus
NO concentration are presented in Fig. 3.7b and are linear with a slope of ca. 1.0.
The CO, and N,O formation rates are 0.6th and the first-order dependence on NO
concentration, respectively.

The Arrhenius plots for formation rates of CO, and N, in different O, and NO
concentrations are displayed in Figs. 3.8 and 3.9, respectively. It reveals the sec-
ondary effect of NO concentration on apparent activation energy to that of O,
concentration.
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Fig. 3.7 Influence of concentrations of reactants on the rate of N, formation in the simultaneous
NO-soot removal over CuFe,O,, a influence of O, concentration; b influence of NO
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Table 3.2 Reaction orders Reaction rate Temp. (°C) Reaction order
with respect to the o NO Soot
concentration of O,, NO, and 2
amount of charged soot in the = 7co2 290 0.54 0.58 —0.03
simultaneous NO,—soot 308 0.58 0.60 0.07
removal over the CuFe,0y4 325 0.61 0.60 —0.02
catalyst 342 059 055 |-0.10
N2 290 0.36 0.98 0.13
308 0.43 1.05 —-0.10
325 0.50 1.11 0.15
342 0.40 1.08 0.07
'N20 359 1.11
394 0.48 0.92
411 0.40 0.94
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Fig. 3.8 Arrhenius plots for
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Effect of Charged Amount of Soot

The rate of N, formation is not affected by the soot/catalyst ratio as shown in
Fig. 3.7c; the order of reaction with respect to soot concentration is 0. This is quite
natural since the kinetic analysis is performed in the range where the soot/catalyst
contact area is regarded as approximately constant. As the conversion is at a low
level, this presumed variable (contact area) remains unchanged.

Expressions of Reaction Rates and Selectivity to N, Formation

According to the results obtained above, the rates of CO,, N,, and N,O formation in
the simultaneous NO,—soot removal reaction can be expressed as follows; all the
rates are zero order with respect to the amount of soot.

rco, = ki1[02)" 0[N0 (3.18)
v, = k2[02]"*[NO]"° (3.19)
o = ka[0,]"4[NOJ" (3.20)

The relation between the concentration of reactants and the reaction rate implies
that the mechanism of the simultaneous NO,—soot removal is sophisticated. From
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Fig. 3.10 In-In plots of
selectivity to the nitrogen
formation (SNZIC = er/rcoz)
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the rate expression (3.18) and (3.19), the selectivity to N, formation can be
expressed by (Fig. 3.10)

o = 1y, /rco, = K[0,] "?[NOJ™ (3.21)

Effect of Gaseous Composition

The reaction rates in various gas compositions are summarized in Fig. 3.11 as an
Arrhenius plot. This indicates that the activity for soot combustion (CO,) formation
is strongly dependent on reactant gas and increases as the sequence:
NO < 0, < NO + O < NO; + O; < NO,. The activity for N, formation also
enhanced as NO < NO + O, < NO; + O, < NO,. Thus, in the presence of NO,,
the reaction 2NO, + C = 2NO + CO, proceeds at a lower temperature prior to the
initiation of N, yielding; the Arrhenius correlation line of N, generation in NO,
atmosphere shifts to higher temperatures and come close to that of N, formation in
NO + O,.

Fig. 3.11 Comparison of 4

rates of CO, (broken line) and -

N, (solid line) formation over = D“:‘“k 2 s

CuF6204 in 02, NOz, NO—Oz, _r_.\u \\"‘\\ . .‘ : g s NOJ1LO%]

and NO,—O, reaction gasses g . ot |, O:[4.75%|-NO0.5%]
= o 0£5.0%]-NO[0.5%]
i o 0:[5.0%]
_; 2t o NO[5.0%]

|.|’
TV/107° K™
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Table 3.3 Comparison of the ignition temperature of soot and apparent activation energy in

various reactant gasses

Reaction gases 7%) (°C) E?Nz (kJ mol ™1 E?,)coz (kJ mol ™1
NO, [1.0%] 195 123 57.4

NO, [0.5%] + O, [4.75%] 250 83.3 52.6

NO [0.5%] + O, [5%] 288 91 90.6

0, [5%] 373 n/a 88.9

NO [5%] 418 147.4 170.6

®Ignition temperature of the soot
Apparent activation energy of N,
©Apparent activation energy of CO,

Table 3.3 lists the values of Tz, E, N2, and E, co, in various reactant gas which
significantly influence not only the Tj, and E,. Tj, depends on the reaction gas as
NO < NO + O, < NO; + O, < NO,, which is in accord with the statement above.
In terms of E,, on the other hand, E, for CO, formation in NO, and NO,-O, is
lower than that for N, formation; the reverse is true with NO gas, and both E, are
close to each other in NO-O, gas. The activation energy of CO, formation in NO,
gas (57.4 kJ/mol) is close to that in NO,—O, (52.6 kJ/mol), and they are far much
lower than that in O, (88.9 kJ/mol). This indicates that soot is oxidized by nitrogen

dioxide instead of oxygen in the NO, + O, atmosphere.

Reaction Mechanism

The reaction mechanism can be inferred according to the clues for kinetics study,
and it is presented in Fig. 3.12. In this section, the pathways for the reaction are
debated especially taking account of the participation of NO, and the effect of
coexisting O,.

Fig. 3.12 Proposed reaction NO + O
scheme of simultaneous NO,— * (a)
soot removal with the NO,
introduction of O, [7] i[h)
N
NO., ™™ NO
; CO:
‘)‘y
] O.g
(n (g)
N2, CO: N0, CO:
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Judging by the Tj, value in reactant gasses (NO, < NO, + O, < NO +
0, < O, < NO), the reaction in the NO + O, gas stream is boosted by NO, which
is formed by gas-phase oxidation of NO via O, (a). NO, molecules are then
dissociatively adsorbed on the catalyst surface (b). As can be recognized from the
fact that NO and CO, are the products in the NO,—soot reaction at lower temper-
atures, NO, species is less reactive and readily desorbs as molecular NO, while O,
species is reactive with soot and evolve CO,. It is assumed that the adherence of O,
to soot to form carbon—oxygen intermediate (C * O) is of higher priority (c). The
activated C * O species then reacts with O, and produce CO,. It is noteworthy that
the removal of one surface carbon atom generates some active carbon species which
have bound to the removed carbon atom; hence, the reaction (d) is likely to be
plausible for this step. In addition to the oxidation of NO to NO,, coexisting O,
plays another role in increasing the surface of active carbon sites. One possibility is
that O, molecules are dissociatively adsorbed to give O, species which participates
in reaction (c) and (d). In the temperature range (below 340 °C) for kinetic study,
the soot—O, reaction is unlikely to dominate the NO,—soot reaction judging by the
synchronism of CO, profiles and N,/N,O curves. Instead, gaseous O, directly
attacks activated carbon to form C * O and CO, (e). N, formation in NO-O,—soot
is quite low, reaction (e) is deemed to be a fast process followed by the contribution
to the evolution of active surface carbon sites. As the concentration of active carbon
sites dense, there’s more opportunity to reacts with NO, to generate N, and N,O
eventually (f) and (g). It is underlined that the reaction (f) and (g) are simplified;
N-containing intermediate is to be involved in the overall reaction pathway [7].

3.1.3 Kinetic of Simultaneous NOx—Soot Removal Over
K-Substituted CuFe,0,

3.1.3.1 Kinetic of Simultaneous NO,—Soot Removal Over
Cuy.95Kg 0sFe;04

It has been presented in the last chapter that Cug 95K osFe,O,4 exhibits a promotion
effect on both catalytic activity and selectivity. It is expected that the reaction order
over K-substituted catalysts should be different from that over unsubstituted. The
effect of O, and NO concentration on reaction rates of simultaneous NO-soot
removal over Cugos5Kq osFe,O4 was investigated. The summarized results are dis-
played in Table 3.4, and the expression of reaction rates can be simplified as:

rco, = ki[02)"*[NOJ>® (3.22)

v, = ka[0o]7[NOJ (3.23)
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Table 3.4 Reaction order

‘ Reaction rate Temp. (°C) Reaction order
with respect to the o NO
concentration of O, and NO 2
in the simultaneous NO,~soot ~ Fco2 273 0.73 0.87
removal over 290 0.80 0.94
Cuyg.95Kg 0sFe>04 catalyst 307 0.83 0.88

324 0.81 0.71
N2 273 0.63 1.52
290 0.74 1.46
307 0.81 1.33
324 0.73 1.13
'N20 290 1.02
307 0.98 1.23
324 0.95 1.05
1.0 1.1
m,0 = k3[02] 7 [NOJ (3.24)

then the selectivity to N, formation can be expressed as:
Sna/c = I, /7o, = K'[02] 1 [NOJ (3.25)

The comparison between Egs. (3.21) and (3.25) uncovers that the selectivity to
N, formation over Cugo5Kq osFe>O4 is much more positively dependent on NO
concentration and much less negatively depend on O, concentration than that over
pure CuFe,Oy,.

3.1.3.2 Effect of the Substitution Amount of Potassium and Reaction
Gas Composition

In Table 3.5, the comparison between K-substituted and K-free catalysts is made on
Ti, and selectivity parameters in various [O,]/NO ratios. In all the atmospheres, the
K incorporation leads to not only the significant enhancement of the activity and the
selectivity to N, formation (Sno/c) but also the slight decrease in the selectivity to
nitrous oxide (Snz0). The effects of O, and NO concentrations on the apparent
activation energy are shown in Figs. 3.13 and 3.14, respectively. The K-substitution
increased the apparent activation energies of CO,, N, and N,O significantly.
Figure 3.15 shows the effect of K-substitution level on Tj, in Cu;—,K,Fe;O,. In
each substitution level (x), Tj, depends on the gas composition as
0, + NO < O, < NO, which can be accounted for the sequence of gas oxidability.
The T, in NO + O, gas achieves minimum at x = 0.05, as stated in Chap. 2. In O,
or NO gas, on the other hand, T;, shows a decreasing tendency with the increase of
x, through its dependence of x somehow differs between the two; monotonic up to
0.15 and 0.05 in O, and NO atmospheres, respectively, followed by the leveling off.
The minimum 7j; in NO + O, as well as the x-dependence of Ti, in NO + O, gas
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Table 3.5 Effect of K-substitution for Cu in Cu;_K,Fe,O4 on catalytic performance in various
gaseous compositions

Gas ¥ (0 S@uc (%) 590 (%)

(0,/NO) x=0 x = 0.05 x=0 x =0.05 x=0 x = 0.05
5.0/0.5 285 266 4.7 5.9 20.8 18.6
5.0/0.3 305 270 3.2 4.4 228 21.1
5.0/0.225 320 275 2.5 3.2 224 21.4
3.0/0.5 304 270 4.9 6.2 23.1 16.4
1.5/0.5 323 275 6.9 7.1 153 11.0

®Ignition temperature of soot
®Selectivity to N, formation
©Selectivity to the N,O formation

Fig. 3.13 Apparent 180
activation energy (E,) of CO,, I
N>, and N,O formation as a 160 D\D_\u
function of NO concentration _
in soot—0, [5%]-NO reaptlon 'IE 140 + o £(CO)
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and Cug 05K 0sFe,04 (solid o 120f  TT—e—w {(N2)
line) = O £(N:0)
=100 F
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Fig. 3.14 Apparent 160
activation energy (E,) of CO,,
N, and N,O formation as a 140 b
function of NO concentration
in s0ot—0,—NO[0.5%] T I * £(CO»)
reaction over g 120r - B
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CuposKoosFe,04 (solid line) =% ool DA
&
80+
60 " L " Il " 1 M 1 M
1 2 3 4 5 6

0./ %

which is different from that in O, or NO gas, may suggest that, in NO + O,, NO,
participates in the reaction.

In terms of compensation effect, the linear relations between E, and In I'A over
K-substituted samples are acquired (Fig. 3.16b), which implies reactant gas plays a
crucial role in the mechanisms and kinetics.
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Fig. 3.15 Effect of potassium substitution for Cu in Cu;-.K,Fe;O4 on the Tj, in various
atmospheres

(a) 40 (b) 40 o CO: formation; 21% Os
0.15 CO: . ON: formation,; 5% NO 0.2
i N, u CO: formation; 5% NO 0,15 0
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Fig. 3.16 Compensation effect in CO,, N, formation over Cu,_,K,Fe,O, in the gas mixture of
a O, [5%]-NO-[0.5%], b O, [21%]-NO-[5%]. Numerical values of x in Cu;_,K, Fe,0O, are denoted
in the figure

Based on the above results, the reaction pathways for K-substituted CuFe,O,
samples are further interpreted. Since potassium substitution favors both T;, and N,
formation, it is believed that K will promote reaction (b) and (f).

3.2 Numerical Model of NO,—Soot Removal

The overall NO,—soot can be expressed as follows:

C+NO+0O; — CO,; +N; +N,O (3.26)
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3.2.1 Mathematical Model

The chemical kinetic equation can be written as

E; m oo
rl}COz = Al : eXp <_ ﬁ) . Sl . POZPNO (327)

rico, is the reaction rate; I is the pre-exponential factor; E; represents the acti-
vation energy; and n is the reaction order for O, and NO, respectively; S; is the
surface area of soot. Its relation to the initial surface area of soot (S;y) can be

expressed as follows:
S; = Sin(1 —X;)* (3.28)

X; represents the soot conversion while k is the reaction order for soot. k value
depends on the morphology of soot particles and the consumption amount during
the oxidation process. If all the particles can be adjacent to the catalyst, then k = 1;
If the soot particle is in a sphere shape, then k = 2/3.

In terms of spheres, the ratio of surface area to volume is fixed at the value of 3/
R.

3 3Gy

S = — .V,
““Ro " Ro-d.

(3.29)

Vio and Ry, are the volume and radius of soot particle, respectively, before the
reaction; C,, is the initial soot concentration (soot/catalyst). The following
expression is acquired if we combine Eqs. (3.28) and (3.29) into Eq. (3.27).

Ei n n
rico, = Ajs - €Xp <— ﬁ> “Cio - (1= X;)* - Pl Pl (3.30)
A3
Ay =—— 3.31
Ry - d. (331)

Then, the concentration of CO, can be written as a function as r; co, as follows:

rico, - W
| = . 2
Gy =T 3.3
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Fy is the flow rate and w is the mass of catalyst. All the other parameters are
acquired in this chapter; hence, C; is a function of 7. It is possible to model the
reaction profiles.

3.2.2 Simulation

According to two groups of comparison depicted in Figs. 3.17, 3.18, 3.19, and
3.20, the simulated results perfectly fit the experimental patterns in both NO + O,
and O, conditions, which show this numerical model is based on logical
assumption.

The numeric model provides access to reproduce the reaction and might be
another methodology to screen the catalyst.

Fig. 3.17 Reaction profiles 30
for soot—-O, reaction over

i : ® 0.68% 0.
CuFe,04 with various O, ~ e “« <
concentrations g 241% O,
S 20 1 m5.0%O0:
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Fig. 3.18 Simulated results
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CuFe,0y in various O, T %(50%0)
concentrations % (21% O)
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3.3 Theoretical Study of PM-NO, Catalytic Reaction

Investigating the nature of the interaction of NO, with the surface of soot particles
together with the catalysts by theoretical means could be beneficial for a better
understanding of some aspects of the simultaneous removal processes and can be
seen as complementary to the valuable data collected experimentally. However,
judging by the fact that the simultaneous removal reaction takes place at the solid
(soot)—solid (catalyst)—gas triple-phase conjunction, it will be confusing to model
the soot/catalysts surface. Thus in this part, we will briefly introduce current
research focused on the non-catalytic NO,—soot reaction and theoretical research
involved NO adsorption on the catalyst surface. As a preliminary step toward a
better understanding of the catalytic NO, and soot reaction, we hope this brief
review could shed light on the heterogeneous simultaneously removal catalysis
reaction of NO, on the soot surface.

3.3.1 Insight into the Interaction Between NO and Soot

In a series of recent papers, theoretical approaches are based on either classical
simulation method or first-principle calculation to characterize the interaction
between carbonaceous surfaces and NO, without catalysts.
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The most common choice is to model the oxidized surface by introducing
oxygen-containing functionalities (such as carboxylic acids, ketones, ethers, and
alcohols) in molecular polycyclic aromatic hydrocarbon (PAH-) type systems, but
periodic graphene layers (with or without defects) are also employed.

Markus Kraft carried out a theoretical study on the interaction between soot and
NO molecules in the absence of oxygen in order to further develop the mechanistic
understanding behind the formation of chemical species such as CO, N,, and N,O
on soot [8]. An example PAH, showing the principal surface site types is showed in
Fig. 3.21. These reactions take place on different types of reactive sites (e.g.,
armchair sites, bay sites, and embedded and surface N radicals). Seven different
reaction pathways on PAH molecule have been presented. Two typical reaction
pathways were shown in Figs. 3.22 and 3.23.

Armchair

Zig-zag(Z7)

Free—edge __ Q
E) T i 5-member

Bay(BY) Ring(R5)

(
TGS 1°
~200
£ —400 4
2
~ 6001 .
Z ¥
C: (]
E’ —800 A CS3 -779
= 861 CS?
~1 000 o
1200 -

Fig. 3.22 Pathway 1: Potential energy diagram showing the formation of an N, molecule on a
PAH, when two NO molecules are chemisorbed on two ZZ sites, and the two N atoms interact on
an armchair site. For PAH reactions to take place through this pathway, an armchair site in
between two ZZ sites are required (fulfilled by CS1) [8]
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Fig. 3.23 Pathway 7: potential energy diagram showing the reactivity of embedded N atoms
involved in the formation of 6-member rings on PAHs toward NO molecules [8]

The energetics and kinetics of the PAH reactions were evaluated using density
functional theory and transition state theory, respectively. The chemisorption of NO
on PAHs was found to be exothermic irrespective of the relative orientations
considered in this work. The formation of N, on PAHs involved low energy barriers
indicating that it can form at low temperatures as observed experimentally and a
new rate for the removal of CO from PAHs was proposed.

A PAH growth model called the kinetic Monte Carlo—aromatic site (KMC—
ARS) model has been used to simulate the formation of gas-phase species on PAHs
by using the reactions proposed in this work appended with the reactions listed in.
The model predicts the formation of CO in a substantial amount at temperatures
>873 K using the rate proposed in this work, which is observed experimentally in
soot—NO environments. The observed experimental trends in isothermal conditions
that the amount of N atoms present on the soot surface increases and the number of
O atoms decreases with increasing temperature have been seen in the simulations.
Furthermore, it was observed in that 40-63% of N atoms remained on the soot
surface after the soot—NO reactions, which agree reasonably well with the model
prediction of 50-60%. However, the amount of CO and N, formed in the reactions
was slightly underpredicted. There are many possible reasons behind this such as
the presence of N and O atoms as impurities in soot, the presence of highly reactive
sites such as ZZs leading to the faster conversion of NO to CO and N, or an
incomplete reaction mechanism. Therefore, further development of the mechanism
is required. The NO-soot reaction was found to depend strongly on the soot site
type and temperature. For a set of temperatures, computed PAH structures were
analyzed to determine the functional groups responsible for the decrease in the
reactivity of soot with NO with increasing reaction time. In isothermal conditions, it
was found that as the temperature is increased, the number of oxygen atoms
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remaining on the soot surface decreases, while the number of nitrogen atoms
increases for given reaction time.

Picaudre investigates the adsorption of NO on perfect carbonaceous clusters,
mainly by using DFT approaches [9]. They have shown that the interaction of NO
with a perfect carbonaceous surface corresponds to a physisorption process that
requires using a functional taking into account the dispersion effects. In this way,
®B97X-D represent an accurate functional for studying physisorption on weakly
interacting systems such as those considered here. In the corresponding equilibrium
geometry (Fig. 3.24), the NO radical is adsorbed nearly parallel to the carbonaceous
surface, the N atom being slightly closer to the surface than the O atom (the tilt
angle is equal to about 15° with respect to the carbon plane). In this position, the N
and O atoms are located nearly above a C atom (“top” site) and above the center of
a carbon hexagon (“hollow” site), respectively. The molecule—surface distance (N—
C) is around 3.1 A. The binding energy values obtained here with the ®B97X-D
functional are consistent with the experimental data obtained at a relatively low
temperature and submonolayer coverage, irrespective of the cluster size considered
in the calculations. As a conclusion of this study on NO adsorption on the face of a
carbonaceous cluster, this supports the hypothesis of a physisorption process for
NO on C,H,, clusters, mainly governed by the dispersion interactions. The

Fig. 3.24 Optimized structures calculated for the adsorption of NO on the face of a Cs4H;g cluster
using the 6-31G basis set and the a ®B97X-D or b LSDA functional. Both top and side views of
the system are shown. N, O, C, and H atoms are represented by blue, red, gray, and white balls,
respectively [9]
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Table 3.6 Binding energies (in kcal/mol) calculated for NO adsorbed at the defective edge of a
Cs4H ;7 cluxxster [9]

Cs4H;7-NO singlet Cs4H;7—-ON triplet

DFT ab initio DFT ab initio

©B97X-D |B3LYP |HF ©B97X-D |B3LYP |HF
Restricted and —-61.9 -59.3 -31.8 -30.0 —-28.4 -34.9
RO methods
Unrestricted -60.3 -58.8 242 -333 -27.8 -27.1
({S?) value for (0.78) (0.76) (1.33) (0.78) 0.762) | (1.33)
CdMHg’dNO, (0.752) 0.752) | (0.93) (0.752) 0.752) | (0.93)
adasorbpe
System) (2.00) (2.009) | (2.07)

Fig. 3.25 Optimized structures calculated with the DFT method for the chemisorption of NO on
the edge of the defective Cs4H;7 clusters using the 6-31G basis set and the ®B97X-D functional
[9]. Binding through either a C-N (a) or a C-O (b) bond is shown. N, O, C, and H atoms are
represented by blue, red, gray, and white balls, respectively. The two different adsorption sites
considered in the calculations (see text) are indicated by numbers 1 and 2 in the left panel

approach used here thus represents a significant improvement compared to previous
studies on similar systems.

In a second step, they have used various theoretical approaches to characterize
the interaction between NO and the defective edges of carbonaceous clusters
because such a situation could also model the surfaces that can be found in soot
nanoparticles. The results obtained in the Cs4H;; cluster with the 6-31G basis set
are given in Table 3.6. The corresponding adsorption geometries are illustrated in
Fig. 3.25.

In contrast with the adsorption on the face, the interaction of NO with the edge
of a defective cluster leads to chemical bonding, with a net preference for a C—-N
rather than a C-O binding that can be explained on the basis of simple theoretical
chemistry considerations.
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The conclusion of this work is thus that soot may be an efficient sink for NO in
the troposphere only if it contains a sufficiently high number of defective sites,
mainly unsaturated carbon atoms. This work also clearly evidenced that quantum
calculations (both at the DFT and HF levels of theory) have to be carefully con-
ducted when considering the interaction between atmospheric species and car-
bonaceous surfaces, although these systems might appear quite simple at first
glance. Thus, any credible conclusion based on quantum calculations for the
mechanism of the simultaneous removal reaction for the NO, and soot together with
the catalyst should be drawn once systematically and carefully addressed the
problems encountered with system size, functional type, size of the basis set, spin
contamination, and spin multiplicity.

3.3.2 DFT Calculation for the Adsorption of NO Over
CuFe 204

The adsorption property is closely related with the nature of the catalysis, and
knowledge of adsorbate adsorption may serve as a basis for the development of a
comprehensive mechanism for the simultaneously catalytic removal process of
nitrogen oxides and diesel particulates. Thus, the electronic properties of the
spinel-type CuFe,O, material and the adsorption behavior of NO molecule on

Fig. 3.26 Optimized a spinel and b inverse spinel structures of CuFe,0O, [10]. The red, green, and
brown represent O, Fe, and Cu atoms, respectively
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CuFe,O,4 (100) surface were studied by using density functional theory method
with on-site correction for Coulomb interaction (DFT + U) to provide an initial
understanding to the catalysis of NO molecule over CuFe,O, surface [10].

The optimized normal and inverse spinel structures of bulk CuFe,0,4 are shown
in Fig. 3.26. The standard CuFe,O, spinel structure has a face-center-cubic
(fce) lattice with space group Fd 3m, where the tetrahedral hollow sites (A site) in
an fcc close-packed oxygen sublattice are occupied by Cu atoms, and the octahedral
hollow sites (B site) are occupied by Fe atoms in the unit cell, as shown in
Fig. 3.26a. In an ideal inverse CuFe,O, spinel structure, the tetrahedral hollow sites
are occupied by Fe atoms while the octahedral hollow sites are occupied by equal
Cu and Fe atoms, as shown in Fig. 3.26b. To be mentioned, a large supercell should
be used with the random occupation of Fe and Cu atoms at octahedral hollow sites
to simulate the real structure of inverse spinel CuFe,O,4 [11]. Both in the normal and
inverse spinel structures, O atoms are positioned in the center of a tetrahedral
structure with four neighbors of Fe or Cu atoms.

In Table 3.7, the optimized lattice parameters and average binding energy per
atom of normal and inverse CuFe,O, spinel structures based on DFT and DFT + U
methods are summarized. The average binding energy is defined as Ey = (Eqoar-
newEcunpeEre-noEo)/(ncy + nge + np), Where Eiy, is the total energy of CuFe,0y4
per unit cell, E,,, is the total energy of the atom, and n is the number of atoms
within the unit cell. It can be found DFT + U predicted little larger lattice constants
than DFT method. The calculated binding energy suggested the inverse spinel
structure is more stable than the normal one with DFT + U method, while DFT
method gives the contrary result. Thus, only DFT + U method was adopted to
perform the following studies.

In Fig. 3.27, the electronic band structures of the inverse spinel structure of
CuFe,O4 bulk was plotted with spin-polarized DFT + U method. The inverse
spinel CuFe,O, is a spin-polarized semiconductor with an indirect band of
1.429 eV. The profile of spin-charge density, the total density of states (DOS) and
partial DOS (PDOS) projected on Cu, Fe, and O atoms are plotted in Fig. 3.28.
From the plotted spin-charge density distribution, the Fe atoms located at A and B
sites are coupled with the antiferromagnetic method. The local magnetic moments
of Fe atoms at A and B sites are —4.08 and 4.17 ug, respectively. Cu atoms and Fe

Table 3.7 Lattice constants, average binding energies of spinel, and inverse spinel structures of
CuFe,0, based on DFT and DFT + U methods, respectively

Method Spinel Inverse spinel
a, b, c DFT 5.771, 5.777, 5.771 5.976, 5.976, 5.676
DFT + U 5917, 5917, 5917 6.059, 6.059, 5.912
o, B,y DFT 60.00, 60.00, 60.00 61.64, 61.64, 57.03
DFT + U 60.00, 60.00, 60.00 60.80, 60.80, 57.57
Ebinding (CV) DFT 4.704 4.630
DFT + U 3.719 3.992
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Fig. 3.27 Electronic band
structures of the inverse spinel
CuFe,0,4 with spin-polarized
DFT + U method [10]

Energy/eV

15
(b) —— Total DOS
—— PDOS on Cu
104 ——PDOS on O

- PDOS on Fe

Density of States/(a.u.)
=

=15 T T - T
=2 0 2 4

Energy/eV

Fig. 3.28 a Iso-value surface of the spin electronic density distribution of inverse spinel CuFe,O,
in the unit cell [10]. The blue and yellow represent £0.03 a.u. b The total DOS and partial DOS
for the major and minor spin of CuFe,O,4. The Fermi level was plotted with the red dotted line

atoms at B sites are coupled in the ferromagnetic method, and the local magnetic
moment of Cu atom is 0.62 ug. The magnetic order consistent with previous work
[12], where the magnetic moments of ions within the same sites (A or B site) are
ferromagnetically ordered, and those between different sites (A and B sites) are
antiferromagnetically ordered O atoms have a weak magnetic moment of 0.068 up.
The total magnetic moment of CuFe,0, is 1.98 up per unit cell. From the calculated
DOS and PDOS, the occupied states just below the Fermi level are mainly con-
tributed by the coupling of d electrons from Cu and Fe atoms and p electrons from
O atoms, while the unoccupied states just above the Fermi level are mainly con-
tributed by p orbitals of O atoms.
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The major and minor spin bands are plotted with black and red lines, respec-
tively. The Fermi energy level was plotted with a dotted line. 7, W, R, G, and
X represent (0.5, —0.5, 0.0), (0.75, —0.25, —0.25), (0.5, 0.0, 0.0), and (0.5, 0.5,
—0.5) k-point in the first Brillouin zone, respectively.

As shown in Fig. 3.29, we built 2 x 2 (100) surface from the inverse spinel
structure of CuFe,O4 to study the adsorption behavior of NO molecule on the
surface. Thirteen atomic layers plus vacuum layer of 20 A thickness were chosen to
simulate the half-infinite structure of the surface. When performing optimization of
surface structure, the atoms in the bottom seven atomic layers are fixed at their bulk
positions (the atoms within the black box, as shown in Fig. 3.29a), while other
atoms are relaxed without any constraint. The magnetic orders of the atoms are
same as those inside the perfect bulk. After the geometric relaxation, the surface
atoms have reconstruction compared with their original bulk positions, as shown in
Fig. 3.29b. Compared with the bulk structure, the surface O atoms shift up 0.82 A,
while surface Cu and Fe atoms shift down 0.54 A. The sixth atomic layer

Fig. 3.29 a, b Are the front and top views of 2 x 2 (100) surface of the CuFe,O, inverse
structure before the atomic relaxation, respectively; ¢, d are the front and top views of 2 x 2
(100) surface of the CuFe,O, inverse structure after the atomic relaxation, respectively [10]
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accounting from the top layer has a very tiny vertical shift of about 0.06 A, indi-
cating the atomic positions in this atomic layer are very close to their bulk positions.
The total magnetic moment is about 32.41 ug

The adsorption of NO molecule was studied on the reconstructed CuFe,O4
surface. Four initial structures were considered, including (1) NO molecule was
adsorbed on the top of surface Cu atom with the N atom of the molecule toward the
Cu atom (ON—Cu), (2) NO molecule was adsorbed on the top of surface of Cu atom
with the O atom of the molecule toward the Cu atom (NO-Cu), (3) NO molecule
was adsorbed on the surface Fe atom with the N atom toward the Fe atom (ON-Fe),
and (4) NO molecule was adsorbed on the surface Fe atom with the O atom toward
the Fe atom (NO-Fe). All atoms in the surface have the same initial magnetic order
as those in bulk when performing geometric optimization.

The optimized structures of four situations are presented in Fig. 3.30, and the
adsorption energies of NO molecule on the surface, the charge distribution over the
NO molecule, as well as the geometric parameters of the four optimized structures
are summarized in Table 3.8. The adsorption energy is defined as E.43 = F
(CuFe,O4 + NO) — E(CuFe,04) — E(NO), where E(system) is the total energy of
the corresponding system. From the calculated adsorption energy, all configurations
have negative values of adsorption energy, suggesting that the adsorption of NO
molecule on CuFe,0O,4 (100) surface is exothermic. NO molecule prefers to adsorb
on the surface Cu or Fe atom with N atom connected to the surface atom. The most
favorable configuration is that NO molecule adsorbs over the surface Fe atom (NO—
Fe), forming an N-Fe bond. The calculated adsorption energy is —1.98 eV. The
adsorption of NO molecule over the surface Fe atom with the formed O—Cu bond

Fig. 3.30 Optimized configurations of NO adsorption on theCuFe,O, surface, a ON-Cu, b NO-
Cu, ¢ ON-Fe, d NO-Fe [10]
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Table 3.8 Calculated ON-— NO- ON-— NO-
adsorption energy of NO Cu Cu Fe Fe
molecule on the surface, — — — —
equilibrium N-M or O-M E,qs (€V) 1.05 0.53 1.98 0.33
(M=Cu or Fe) bond length, N-M or O-M 1.76 1.93 1.79 1.86
N-O bond length within the (&)
NO molecule, the charge N-O (A) 1.19 1.21 1.19 1.21
dlstlnbultlon odvf;f1 thg I‘ILOM Chargeno (€) 1.70 1.66 1.60 243
molecule, and the O-N-M or S
N—O-M bond angles [10] O-N-M (°) 149.31 / 166.74 |/
N-O-M (°) / 135.21 / 170.04

(NO-Fe) has the smallest adsorption energy of about —0.33 eV. In the ON-Fe
configuration, the N—Fe bond length is 1.78 A. Due to the interaction between the
NO molecule and CuFe,O, surface, about 1.60e charge is transferred from NO
molecule to the surface, resulting in the weak of the N-O bond within the molecule.
The charge analysis result is obtained with worse method [13]. The N-O bond
length is elongated to 1.19 A, which is longer than that of the N-O bond in the free
NO molecule (1.17 A at the same calculation level). The total magnetic moment of
NO-Fe configuration is about 31.96 ug, which is a little smaller than that of the
pure CuFe,O, surface. In all other configurations, NO molecules are charged with
positive charges with N-O bond elongated compared with that in the free NO
molecule.

To understand the interaction between NO molecule and CuFe,O, surface, the
density of states projected on NO molecule and the 3d orbital of Fe atom bound to
NO molecule of the ON-Fe configuration are plotted for spin-up and -down
components in Fig. 3.31a, b, respectively. The ¢ and n-orbitals of NO molecule are
defined as m = N, + Ny, + O, + O,,, and ¢ = Ny + N,,, + O, + O,,, where A,
means the “b” type atomic orbital of element A [14]. Upon the spin-up component,
there is a strong hybridization between NO 27" orbital and Fe 3d states. Upon the
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Fig. 3.31 Partial density of states (PDOS) of adsorbed NO molecule and the 3d states of directly
contacted Fe atom, a, b represent spin-up and spin-down component, respectively [10]
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spin-down component, there is a strong hybridization between NO 17 orbital and
Fe 3d states due to the empty NO 2n" orbital. Thus, the electron is donated from
NO = orbitals to Fe 3d states. It is also noticed that the hybridization between NO ¢
orbital and Fe 3d states is negligible, which indicates a weak back-donation process
between NO and Fe for the high oxidation state of Fe atom. Thus, the strong
adsorption mostly comes from the hybridization of © orbitals, and 3d states and
electrons are transferred from NO to Fe”.

In conclusion, we studied the ideal adsorption situation of NO molecule on the
surface of CuFe,04 with DFT + U method. Our studies reveal that the on-site
Coulomb interaction within Cu and Fe 3d states should be considered when dealing
with CuFe,0,, and the inverse spinel structure of CuFe,O, is energetic favorable.
In the inverse spinel CuFe,O,4, Fe atoms occupied the tetrahedral hollow site and
octahedral hollow sites equally, while Cu atoms occupied the remaining octahedral
hollow sites. The Fe atoms at tetrahedral and octahedral sites are coupled in anti-
ferromagnetic method with a local magnetic moment of about 4 ug. The Cu atoms
and Fe atoms at the octahedral sites are coupled in the ferromagnetic method, and
the local magnetic moment of Cu atoms is 0.62 ug. NO molecule prefer to adsorb
on the top site of surface Fe atom with the formed N—Fe bond over the (100) surface
of the inverse spinel CuFe,0,4. The adsorption is exothermic with the adsorption
energy of about —1.98 eV. Due to the interaction between NO molecule and the
surface, about 1.60 e charges are transferred from the molecule to the surface, and
the N—O bond within the molecule is elongated. And the strong adsorption mostly
comes from the hybridization of & orbitals (NO) and 3d states (Fe3+), and electrons
are transferred from NO to Fe’ * which will lead to the further NO activation/
reduction reaction.

References

1. J.M. Smith, Chemical engineering kinetics (1981)

2. W. Shangguan, Y. Teraoka, S. Kagawa, Simultaneous catalytic removal of NO, and diesel
soot particulates over ternary AB,O, spinel-type oxides. Appl. Catal. B 8, 217-227 (1996)

3. P. Ciambelli, P. Corbo, P. Parrella, M. Scialo, S. Vaccaro, Catalytic oxidation of soot from
diesel exhaust gases: 1. Screening of metal oxide catalysts by TG-DTG-DTA analysis.
Thermochim. Acta 162, 83-89 (1990)

4. P. Ciambelli, M. D’AMORE, V. Palma, S. Vaccaro, Catalytic combustion of methane soot.
Combust. Sci. Technol. 121, 67-84 (1996)

5. X. Chu, L.D. Schmidt, Intrinsic rates of nitrogen oxide (NO,)-carbon reactions. Ind. Eng.
Chem. Res. 32, 1359-1366 (1993)

6. W. Shangguan, Y. Teraoka, S. Kagawa, Kinetics of soot—O0O,, soot—NO and soot—0,—NO
reactions over spinel-type CuFe,O, catalyst. Appl. Catal. B 12, 237-247 (1997)

7. Y. Teraoka, W. Shangguan, S. Kagawa, Reaction mechanism of simultaneous catalytic
removal of NO, and diesel soot particulates. Res. Chem. Intermed. 26, 201-206 (2000)

8. A. Raj, Z. Zainuddin, M. Sander, M. Kraft, A mechanistic study on the simultaneous
elimination of soot and nitric oxide from engine exhaust. Carbon 49, 1516-1531 (2011)



100

9.

10.

11.

12.

13.

14.

3 Kinetics Study for Simultaneous Removal of Soot and NO,

C. Garcia-Fernandez, S. Picaud, M.T. Rayez, J.C. Rayez, J. Rubayo-Soneira, First-principles
study of the interaction between NO and large carbonaceous clusters modeling the soot
surface. J. Phys. Chem. A 118, 1443-1450 (2014)

Z. Jiang, W. Zhang, W. Shangguan, X. Wu, Y. Teraoka, Adsorption of NO molecule on
spinel-type CuFe,O, surface: a first-principles study. J. Phys. Chem. C 115, 13035-13040
(2011)

S.H. Wei, S.B. Zhang, First-principles study of cation distribution in eighteen closed-shell
ABnO4 and ApyBp,O4 spinel oxides. Phys. Rev. B 63, 33—41 (2001)

G.F. Goya, H.R. Rechenberg, J.Z. Jiang, Structural and magnetic properties of ball milled
copper ferrite. J. Appl. Phys. 84, 1101-1108 (1998)

G. Henkelman, A. Arnaldsson, H. Jonsson, A fast and robust algorithm for Bader
decomposition of charge density. Comput. Mater. Sci. 36, 354-360 (2006)

ZH. Zeng, SJ. Da, W.X. Li, Theory of nitride oxide adsorption on transition metal
(111) surfaces: a first-principles investigation. Phys. Chem. Chem. Phys. 12, 2459-2470
(2010)



Chapter 4 M)
Influencing Factors for Simultaneous ki
NO,-Soot Removal

Apart from the material and kinetics, other several factors are affecting the multi-
plex reaction, simultaneous NO,—soot removal via catalysts. It is believed that most
catalytic reactions occur on the surfaces. Hence, the discussions on surface modi-
fication in addition to composition design are indispensable to this process. The
surface modifications by a variety of preparation techniques will consequently
cause the alteration of many macrolevel parameters including surface areas and
morphology and in turn influence the reactant/intermediate adsorption and des-
orption behaviors on the surface. The interaction between the components of cat-
alysts, for instance, metal oxides and noble metals, plays a crucial role in this
reaction. However, its inherent mechanism is still unclear and under debating. In
several specific atmospheres, some catalyst behaves contrary to common knowl-
edge, which is worthy of further discussion and investigation. Also, the interaction
between catalyst and soot is also to be evaluated since the reaction rate is partially
determined by contact conditions between the two solids.

4.1 Contact Conditions

In a solid—solid—gas reaction system, the interaction between gas and solid is
realized by the conventional theory below. Gas experiences the following steps for
a complete catalytic reaction.

(1) Diffusion of reactants into the boundary layer and internal pores (internal
diffusion).

(2) Adsorption on the catalysts.

(3) Dissociation of adsorbed gasses and the formation of products.

(4) Desorption from catalysts surface.

(5) Diffusion of reactants into the boundary layer and internal pores (external
diffusion).
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The gas—solid reaction itself is a complicated process judging by these steps,
namely the interaction between the gas and solid, whereas solid—solid—gas reaction
is more pronounced to be discussed since the interaction between soot and catalyst
is also a preferentially considered factor. Many physical parameters including as
heat transfer, mass transfer, the contact intensity, and the contact area are so hard to
trace during the reaction. Thus, a “black box™ approach is adopted to investigate the
contact condition; that is, to focus on the correlations between experimental results
and initial conditions with the neglect of intermediate process. In terms of the
homogeneity of the mixture, a proper soot/catalyst ratio is to be picked. On the
basis of this methodology, the debate of interaction between the two solids can be
further categorized into two states: static state and dynamic state.

4.1.1 Static State

The phenomenon that contact conditions significantly alter the reaction behavior
was pioneered in 1992 by van Doorn [1] and further evidenced by Mul in 1995 [2].
However, these results are tough to reproduce. In 1998, Teraoka utilized modeled
soot to prepare a soot/catalyst mixture, which is denoted tight contact condition, to
replicate the contact status [3]. On the other hand, Neeft discovered that the “loose
contact” state resembles the working contact condition [4]. Regarding soot—-NO-O,
reaction, the enhancement of soot—catalyst contact accelerates soot consumption,
and in turn, the NO, reduction. It is presumed that the reaction dominantly takes
place at the three-phase boundary. It is essential to study soot-O, reaction, a
simplified model of soot-NO-O,, to dig into the complex contact condition
between soot and catalyst.

In the last decades, various contact modes have been created via exerting
mechanical into soot/catalyst mixture, which is summarized in Table 4.1. Super
tight contact mode is recently visualized by Aneggi group [5]. In this study, cer-
ium-zirconium solid solution materials were synthesized and high-energy ball
milling of soot/catalyst mixture for various times was acquired. The morphology of
selected samples before and after milling was investigated by high-resolution

Table 4.1 Summary of preparation method and variable for various contact mode

Contact mode Preparation method Variable

Super tight High-energy ball milling Time

contact

Pressure contact | Pressurization via a preformation Pressure and time
machine

Tight contact Grind in a mortar Time

Wet contact Solution agitation along with Solution type and evaporation
evaporation temperature

Loose contact Mixed by spatula Time
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transmission electron microscopy (HRTEM). Figure 4.1a shows an HRTEM image
of a CeggZry,0, sample and soot mixed under tight contact mode. The sizes of
oxide nanoparticles range between 4 and 6 nm. The Fourier Transform (FT) image
shows rings corresponding to the fluorite planes characteristic of Ce gZry >0, (CZ).
Figure 4.1b displays the spots of CZ as well as wide patches at 3.4 A, which are
characteristic of soot. After milling for 1 h, the distribution of the particle size is
much broader and shifted toward larger sizes. In Fig. 4.1c, large particles of CZ
(10-15 nm) are visible along with soot globules. The 4 h milling causes the dis-
appearance of the majority of soot aggregates, and soot can be visualized preva-
lently as a thin shell over the CZ crystallites (Fig. 4.2a). After 8 h milling, there is
no soot clumps and soot has formed a thin layer of the ceria particles in intimate
contact (core-shell structure). In the HRTEM image depicted in Fig. 4.2b, a thin
layer of soot is recognized over the ceria crystallites. This soot layer is even more

(a) (b) . (c)

10 nm

Fig. 4.1 HRTEM images of Ceq 3Zry,0, and soot mixed, a, b in tight contact mode (weight ratio
catalyst: soot of 20:1), and c¢ after milling for 1 h. In all cases, soot globules (lattice fringes at
3.4 A) are identified in contact with crystalline CZ nanoparticles [5]

(a)

Shm

Fig. 4.2 HRTEM images of Ce(gZry,0, and soot (weight ratio catalyst to soot of 20:1) [5],
a after milling for 4 h, b and ¢ 8 h. Soot aggregates have disappeared upon milling and soot is
present as a thin shell wrapping the CZ crystallites
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disordered than in the previous samples. Figure 4.2¢ displays two ceria—zirconia
nanoparticles showing lattice fringes at 3.11 A corresponding to (111) crystallo-
graphic planes of the CZ lattice. These crystallites are inclined to be covered by a
quasi-monoatomic soot layer, which should be highly reactive [5].

Figure 4.3 illustrates that the extended milling time shows a positive effect on
soot combustion by increasing contact points. The “core-shell” structure of soot/
catalyst mixture maximizes the contact points and the catalytic activity. In addition
to this regard, Aneggi believes that the high-energy milling progressively reduces
the presence of sizeable 3D soot clumps and distributing more or less uniformly the
carbon over the catalyst by wetting the catalyst surface with an almost 2D thin layer
of carbon. This could also be a crucial factor for soot combustion.

Lars Hensgen prepared soot/catalyst mixture with various contact conditions
over a reference material (CeO,) and three sorts of soot (PU, P90, and FS)
(Fig. 4.4) [6]. Four contact modes are applied in this study. The tight contact and
loose contact condition are well known in a variety of literature. Apart from this, the
other two contact modes are also produced. The pressure contact condition can be

Fig. 4.3 TGA profiles in the
air of CZ/C mixtures
(catalyst/soot ratio of 20:1)
treated at different milling
time [5], a weight loss curve
(% wt) with an indication of
the temperature at which 50%
of soot weight is lost under
working conditions, b the
corresponding derivative N
weight loss function with %
peak profiles because of

oxidation. The limit values of T5o=Tu=265C T50=Tu=380C
Tso and T,,, measured after 0
(tight), and 8 h milling are
highlighted
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Fig. 4.4 Thermogravimetric measurement with one soot and different contacts [6], a fullerene
soot contact, b Printex U soot, ¢ Printex 90 soot (8% O, in N,; 25-700 °C with 2 °C/min)

acquired by the following method. The mixtures are pressed to pellets employing a
hydraulic press with high pressure (typically 40 MPa). The pellets are then gran-
ulated and sieved in mesh size of 250-500 pm [7]. In parallel, the wet contact mode
is obtained via stirring 1 g CeO, and 250 mg of soot in 15 mL of an organic
solvent such as acetone with 350 rpm of a magnetic stirring bar for 6 h.
Subsequently, they are dried at 40 °C. In Fig. 4.4, the soot combustion tempera-
tures in their absolute form are strongly dependent on the contact mode. For the
three classic contact modes exist in a fixed order concerning the Tso value:
tight < loose < pressure. The newly created wet contact is not located at a fixed
position within this sequence. While with PU soot on VP AdNanoCeria 50, the wet
contact is between the tight and the loose contact, with P90 and FS the Ts, value is
even lower than in the case of the tight contact. The wet contact mode is unique in
the generation of a homogeneous mixture of soot and catalyst. In addition to this,
the wet contact mode somehow resembles the working condition due to the residual
SOF wrapped on soot surface, and low-temperature drying process preserves the
SOF content to a maximum level. However, this property challenges the evaluation
parameters; it is not proper to apply the sole Tsq to overview the whole combustion
process, since it is tough to distinguish soot and SOF consumption, respectively.
The effect of different solvent, which can be eventually ascribed to the effect of
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residual SOF, is displayed in Table 4.2. The patterns and their intensities for heat
flux are also recorded for reference. The intensity of heat-flux peaks from solution
to solution which indicates the contact intensity also alters. As shown in Table 4.2,
the stronger intensity of double peak structure leads to the better catalytic perfor-
mance. The innovation of wet contact is enormous progress in quantifying the
contact intensity to some extent (Table 4.3).

A prolonged loose contact mode was acquired over CeO, of distinct morphology
including fibers, flakes, sticks, and SCS powders. This contact mode is obtained via

Table 4.2 Influence of different solvents on the double peak effect of the wet contact mode [6]

Solvent Double peak structure Tso (°C)
Acetone Strong 433
Pentane Strong 496
Isopropanol Middle 513
Hexane Middle 519
Methanol Middle 521
Ethanol Middle 522
Isooctane Middle 539
Toluene Weak 540
Tetrahydrofuran Weak 544
Benzene Weak 550
Acetonitrile Weak 552
Chloroform No 569
Ethyl acetate No 579
Water No 588

2 ¢

Table 4.3 Soot combustion activity results, under “loose,” “prolonged loose,” and “tight” contact
conditions, of CeO, fibers, flakes, sticks, and (solution combustion synthesis) SCS-derived
powders [8]

Contact T109% (°C) T509 (°C) Tpeak (°C)
Printex U 474 575 600
Fibers Tight 317 372 372
Prolonged loose 344 426 428
:Loose 395 533 553
Flakes Tight 356 420 425
Prolonged loose 392 428 475
:Loose 450 552 567
Sticks Tight 375 445 425
Prolonged loose 410 498 523
:Loose 418 537 557
SCS powders Tight 310 365 365
Prolonged loose 365 461 459
:Loose 393 525 535
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the following technique: The catalyst—carbon mixture was prepared by extending
the mixing time, still with the same technique described for the loose contact. In this
case, a better contact was established between the soot particles and the catalyst [8].
It is apparent that the prolonged loose contact mode favors soot ignition at a lower
temperature than loose contact mode does, which indicates the contact points and/or
contact intensity can be improved via prolonging the preparation time of soot/
catalyst mixture.

In addition to the above-mentioned techniques to prepare soot/catalyst mixture, the
morphology of catalyst is likely to exert a significant effect on the catalytic perfor-
mance. A variety of papers focus on macroporous material, such as 3D material, and it
is believed that the macropores can “accommodate” soot and enhance the contact
efficiency between soot and catalyst [9—12]. This is absolutely true. However, in this
case, it is hard to exclude of the contribution of exposure of active crystal face in such
studies and heat/mass transfer process is still a thorny issue.

To conclude, the static contact mode can be classified into the following three
circumstances which are listed in Table 4.4. The face-to-face contact model usually
tallies with pressure contact and super tight contact condition while the latter two
(point-to-point contact and no contact condition) resembles the practical condition,
namely loose contact. Another issue to consider is contact intensity which involves
the mechanical energy exerted by the contact modes.

4.1.2 Dynamic State

The visualization of the soot oxidation via environmental transmission electron
microscope (ETEM) is a hot spot over recent years. The technique provides the

Table 4.4 Three modes in static contact condition

Contact mode Diagrammatic sketch Performance
Face-to-face contact / High
Point-to-point contact m Medium

No contact @ Low
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possibility to trace the motion of soot and catalyst particle, respectively. In fact, it is
a useful tool to observe the details of contact between soot and catalyst.

The application of ETEM in the field of soot combustion starts since 2008 [13].
With the aim of addressing the role of the CeO,, ETEM experiments were per-
formed to monitor agglomerates of carbon black (CB) particles attached to CeO,
particles in situ during exposure to oxygen at elevated temperatures. The
time-lapsed series of ETEM images show the main findings: The images reveal that
agglomerates of CB particles “disperse” the CeO, and vanishes (Fig. 4.5a—c),
whereas no eminence is discovered over the agglomerates of CB particles locates at
the CeO, particles. These findings suggest that the motion is ascribed to not only to
the migration of CB along the CeO, surface but also to the oxidizing reaction
conditions. This finding is consistent with the results of similar experiments using
N; instead of O,, in which ETEM image series shows that CB particle agglomerates
remained stable. Moreover, monitoring the CB—Al,O3 samples by ETEM during
exposure to the oxidizing conditions (Fig. 4.5d—f) shows that the agglomerates of
particles are stable at the same temperature and over the same time period. Thus, the
findings imply that the CeO, catalyzed the oxidation of the CB agglomerates and
concurrently generated motion of the agglomerates toward the catalyst surface [13].
In this case, the motion of soot is observed, and the contact condition is not
promoted via the attack of catalysts. Similar findings are acquired over the
silicon-oxy-carbide layer (with Pt) [14]; soot collapse at the boundary of catalyst
surface with the elapse of time. As mentioned above, the motion of carbon is
irrespective of the catalysts; hence, the motion of catalytic material is more decisive
for the overall contact condition between soot and catalyst (Fig. 4.6).

Silver is a newly developed catalyst for soot combustion, yet its catalytic
mechanism on soot elimination is still controversial. The mobility is one of the
contributors to soot oxidation, which is addressed by Gardini et al. [15]. The soot
combustion over silver particles under loose contact condition is recorded in
Fig. 4.7. In the temperature range, 25-280 °C soot or Ag morphology remains
unchanged (Fig. 4.7a). As the temperature elevates from 280 to 472 °C, silver
particles begin to coalesce, forming more agglomerates (Fig. 4.7b). At 500 °C
coalesced silver agglomerates are ready to be mobile, moving on the soot cake, and
actively oxidizing the soot particles. Soot oxidation at the Ag/C interface is visually
confirmed by the disappearance of soot particles in contact with silver. A similar
case occurs for Ag/soot in tight contact conditions that the mixture experiences
three primary stages for the whole reaction process: silver particle coalescence, the
mobility of coalesced silver agglomerates, and massive soot consumption due to the
attack from the motional silver agglomerates. More microscopic scale information
for loose contact mixture was acquired BF-TEM micrographs (Fig. 4.9). In loose
contact condition, silver particles in larger clusters are kept together by the Ag—-Ag
cohesive energy from large agglomerates in touch with the soot cake (Fig. 4.9a).
Upon heating process, silver particles tend to coalesce forming round agglomerates
(Fig. 4.9b). Silver was observed to maintain its crystalline state after coalescence
phase and throughout the rest of the in situ oxidation experiment for both contact
modes. As the temperature rises, silver layers situated at the edge of the coalesced
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Fig. 4.5 Time-lapsed ETEM images of a—c soot-CeO,, and d—f soot-Al,O3 recorded during
exposure to 2 mbar O, at 550 °C [13]. The time interval between each image is ~2 min. Scale
bars = 90 nm. Reprinted from literature

agglomerates possess sufficient energy to overcome the internal Ag—Ag cohesive
energy and start wetting the soot surface causing a local deformation of the
agglomerate (Fig. 4.9c). As the temperature rises to the desired value, catalytic
carbon oxidation occurs; the attractive forces between silver and soot will maintain
the contact between silver and the progressing oxidation front, causing a net
movement of the Ag agglomerate (Fig. 4.9d) [15]. Figure 4.10 also gives another
instance for the visualization of the movement of silver particles over YSZ support
[16]. The silver particle is exceptionally active in mobility so that it can catalyze
soot oxidation via its movement. All these reports reveal that the high mobility of
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2-01-26 14:17-45

120 sec =01=26 1141915

Fig. 4.6 ETEM images of soot oxidation reaction on SiC nanoparticle: DPMF (with Pt) [14]
Temperature: 450 °C, Atmospheric pressure: 2.0 x 107> Pa, injected gas: air

(a) (b) (©) (d)

Fig. 4.7 BF-TEM micrographs of in situ soot oxidation in the ETEM in loose contact condition
showing, a initial distribution and morphology of silver and soot, b coalescence of silver particles,
¢ mobility of coalesced silver agglomerates over the soot cake and d final silver agglomeration [15]
(scale bar is 500 nm)
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Fig. 4.8 BF-TEM micrographs of in situ soot oxidation in the ETEM in tight contact condition
showing, a initial distribution and morphology of silver and soot, b coalescence of silver particles,
¢ mobility of coalesced silver agglomerates over the soot cake and d final silver agglomeration [15]
(scale bar is 300 nm)

silver shown here is of importance to the understanding of silver catalysts used for
soot oxidation and should also be of relevance for other soot oxidation catalysts that
could derive mobility from, e.g., a low melting point metal (Fig. 4.8).

ETEM technique can provide relatively direct evidence to study the mobility of
the particles. However, it is not widely accessible. Other conventional techniques
such as electron paramagnetic resonance (EPR) also provide possibilities to obtain
indirect proofs for the variation of contact conditions. Here is a practice conducted
by our group (Fig. 4.11). The curve is made up of two overlapped signals S1 and
S2: S1 can be ascribed to soot information, and its intensity depends on the number
of radicals on the soot surface; S2 reflects the contact points between soot and
catalysts. In most cases, the intensity of S2 is hardly observed; hence, the contact
conditions are judged by the intensity of superposition signals. The tuning of
pretreatment temperature modifies the amount of volatiles on soot surface. The
higher temperature leads to the release of lower radicals. The signal of Co;04/soot
mixture gradually decayed with elevated temperature in the inert gas. On the other
hand, the signal of silver-based samples experiences a sudden uptake at 200 °C,
which reveals the contribution of the S2 signal. Above 200 °C, the damping signal
indicates that the increase in S2 is unable to compensate the loss of S1 [17]. At
higher temperature, agglomerated silver particles tended to move around and
reconstructed the contact points. The metal particles are proved to show different
mobility over various substrates [18].

4.2 Precious Metal Loading

In most cases, Platinum (Pt) and Silver (Ag) are the commonly used PGM in soot
combustion and simultaneous NO,—soot removal process. It is reported that Pt can
lower the ignition temperature of soot over many substrates including a metal oxide,
rare earth oxides, and porous structure material [20-23]. It is recognized that Pt
catalyzes the NO conversion into NO,, thus assisting soot combustion [24-26].



112 4 Influencing Factors for Simultaneous NO,—Soot Removal

7=530C 7=573C

Fig. 4.9 Wetting and movement of a silver agglomerate during in situ oxidation of soot: a silver
mixture in loose contact condition [15]. The previous position of the silver agglomerate as
observed in (c) is highlighted in subfigure (d) with a white dashed line. Arrows in red indicate the
direction of deformation of the silver agglomerate (scale bar is 200 nm)

Fig. 4.10 300 kV ETEM observations of 1% Ag-YSZ + soot mixture under 495 °C, 0.5 mbar of
O, pressure: frames extracted every 3” from a video of about 30" [16] (the sketch on the bottom
right illustrates how the Ag NP followed in the movie deforms to adapt its shape to the topography
of the soot particles)
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Fig. 4.11 EPR study at room 400°C
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Figure 2.7 reveals that the Pt loading can slightly assist soot ignition, whereas the
N, conversion is inhibited. Pt is usually adopted as a strong oxidant. The partici-
pation of Pt in the reaction is possibly adverse to NO, reduction; its temperature
window is partially overlapped by that of soot oxidation, which indicates the
oxidation reaction is more selective than the reduction reaction over the most
Pt-loaded catalyst.

In terms of silver-based catalysts, they are recently reported to be extremely
active for soot combustion. They have been loaded on a variety of supports such as
sepiolite [27], CeO, [28-30], SnO, [31], Al,O5 [29, 32], TiO, [29]. In our recent
study, we discover the anomalous performance over Ag—Co composite oxides in
NO, and O, atmosphere, respectively, and it is detailed presented in Fig. 4.12.

The catalytic performance of xAg/Cog 93Ce 7 synthesized via CIT method in
the 5% O, and NO, atmosphere (5% O, + 2000 ppm NO) are displayed in
Fig. 4.12. It is evident that silver-free samples ignited soot at a higher temperature
in O, condition than the temperature in NO,; nonetheless, the catalytic performance
of silver containing samples exhibits a total opposite tendency in the two atmo-
spheres. The light-off temperature even achieves at 197 °C over the sample with the
maximum silver loading (x = 0.3). The light-off temperature shows a descending
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Fig. 4.12 Catalytic
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tendency with the increase of silver content in both O, and NO,. Notably, both
0.2Ag/Coy.93Ceq g7 and 0.3Ag/Coy 95Ce( 7 start soot combustion at 226 °C in NO,.
These results indicate that silver plays an untraditional role in soot combustion.

For catalyst characterization, XRD patterns detect metallic silver, cubic structure
Co304, and fluorite-type CeO,; together with Raman spectra, they reveal that silver
does not modify the lattice structure of Co—Ce mixed oxides. H,~TPR illustrates
that silver is incapable of boosting redox ability of Co—Ce mixed oxides. Particle
size is calculated from XRD patterns ranging from 51.5 to 55.0 nm. The tiny gap of
silver particle size eliminates the close relationship between this factor and catalytic
performances. Besides, the BET surface area is quite small, indicating the material
sintered during calcination process, and it unlikely affects the catalytic performance
since this reaction took place at the three-phase boundary (soot, catalyst, and gas)
[33, 34].

The summarized XPS data are displayed in Table 4.5 and Fig. 4.13. O 1s
spectra are composed of three overlapped peaks for all the materials. The peak (Oy)
at 529.6 eV is ascribed to the lattice oxygen in the surface, and the shoulder signal
(Opp) at 531.7 eV is responsible for the O™ and/or —OH) [35, 36]. It can be inter-
preted that Oy is categorized into the chemisorbed oxygen. Oy (~532.7 eV) peak
referred to surface oxygen with weak bonds [37]. More detailed information was
acquired in Table 4.4. The oxygen adsorption ability is enhanced by silver con-
taining samples. The adsorption oxygen percentage (A,) increased by 6.60 and
8.98% over 0.2Ag/Co30,4 and 0.2Ag/Coq.93Cep.o7, respectively. Moreover, CeO,
was beneficial to the A, value, which results from its higher oxygen ratio [38]. Soot,
acting as a reducing agent, significantly alters the distribution of oxygen species on
the surface. The fall of lattice oxygen ratio indicated the transformation of surface
lattice oxygen into adsorption oxygen. Ag 3d profiles are composed of the Ag 3ds,,
spectrum and the Ag 3ds, spectrum. The latter was adopted to analyze silver
surface state due to its stronger intensity. The asymmetric peak revealed the exis-
tence of silver ions in lean burn conditions. The overlapped peak consists of two
peaks which refer to the metallic silver at 368 eV and the oxidized silver (Ag5+) at



4.2 Precious Metal Loading 115

367 eV, respectively [39, 40]. The Ag6+ concentration is higher over 0.2Ag/Co30,4
than that over 0.2Ag/Cog 93Ceq o7 probably because the silver oxides are partially
covered by metallic silver [29]. The amount of Ag5+ was not the only factor for soot
combustion; the activity of the support also plays an important role in this process.
The synergistic effect between CeO, and Co3;0, accelerates soot combustion, and
this effect still works over silver-based samples, which resulted in better perfor-
mance over 0.2Ag/Cog 93Ceq o7 than over 0.2Ag/Co304. Soot seemed to stimulate
surface reduction at room temperature. The shift of Co 2ps/, to a higher value also
illustrates the reduction of cobalt with a higher oxidation state. Ce 3d spectrum
provides similar clues. A characteristic peak for Ce®* at 904 eV is observed over
0.2Ag/Coy.93Ceq o7 and soot mixture [35, 41].

The durability tests were performed in NO, (Fig. 4.14). Almost no loss of cat-
alytic activity is detected after seven cycles, which illustrates its excellent repro-
ducibility. The variation of pretreatment conditions provides a better understanding
of the catalysts. The catalytic performance considerably decreases after purging
with Helium at 700 °C for 1 h, and the ignition temperature rose to 260 °C.
Interestingly, as the pretreated sample is cooled down to room temperature and
exposed to the reactant gas for 3 h, the catalyst experiences a “regeneration” pro-
cess. Namely, the catalytic performance recovers to the level of fresh materials. The
analyses of FTIR and XPS provide more interpretation for the regeneration
(Figs. 4.15 and 4.16). The peak at 1384 cm™' which corresponds to nitrate species
was observed in all the samples except the one pretreated at 700 °C in helium
[42—45] and nitrite species disappear in the whole run [46, 47]. It is postulated that
nitrate species served as a crucial factor in soot abatement in NO,. XPS survey
elucidates the oxidation state of silver. High-temperature treatment in Helium
causes the symmetric Ag 3d peaks, which demonstrates the disappearance of Ag6+.
A high binding energy peak located at 369 eV (about 10%) appears over NO,
treated sample. This peak can be attributed to the formation of AgNOj3 [48, 49]. It is
noteworthy that no Ag5+ has been identified, probably because purging NO, leads

Table 4.5 Statistics of XPS survey [19]

Catalysts Oy On  |Om |A, Co2psp | A% /Ag* | Ag 3dsp
@) @ (%) |(@®P |EV) (%)@ (V)
Co304 50.47 |34.49 | 15.04 |49.53 |779.6 n/a n/a
C00.93Ce0.07 49.00 |34.62 |16.38 [51.00 |779.1 n/a n/a
0.2Ag/Co304 43.87 |144.40 | 11.72 |56.13 |779.6 13.12 368.1
0.2Ag/Cogo3Ce007 |40.02 [56.33 | 3.65 |59.98 |779.1 7.09 368.0
0.2Ag/ 33.98 |57.79 8.23 |66.02 |[779.7 8.26 368.1
Co504 + soot
0.2Ag/ 32.96 |59.20 7.84 |67.04 |779.4 4.85 368.0
C00493Ce(,.07 + soot

<DA0 shows the percentage of adsorbed oxygen, and it equals to Oy + Oy
®Ag5+/Ag* reveals the ratio surface oxidized silver to the total amount of silver
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Fig. 4.13 XPS spectra of O 1 s, Ce 3d, and Ag 3d from Ag/Co—Ce complex oxides [19], a 0.2Ag/
Co304; b 0.2Ag/Co 95Ce o7; € tight mixture of 0.2Ag/Cog 93Ce o7 and Printex U soot
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to the conversion of silver oxides into AgNO;. On the basis of catalytic perfor-
mance and analysis of FTIR and XPS, AgNOj; species are the key to soot gasifi-
cation in NO,.

The effect of silver can be categorized into the following three aspects, on the
basis of literature reports and experimental results.
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Fig. 4.15 FTIR spectra for
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Fig. 4.16 XPS survey of
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(1) Formation of oxidized silver in the surface.

Among a variety of the metal oxides, bulk Ag,0 is proved to be the most active
one, yet the poor stability limits its application. The theoretical calculation also
manifests that silver related oxygen species existed below 200 °C over the Ag(111)
crystal plane [50]. Li and Yang [51] detect various oxidized silver species such as
Ag,0, Ag,0; and Ag;0 over the crystal face of Ag(100) and Ag(111). The mixed
silver oxides were highly active, and they were recognized as an essential factor in
other catalytic oxidation reactions [52—54]. For soot removal, the effect of Ag®* has
been elaborated by Haneda and Towata [55]. In the present study, the silver ions
were even detected under the low partial pressure of O, in XPS survey (Fig. 4.16
and Table 4.5), which indicated the formation of surface silver oxides in the
presence of O,. This phenomenon also revealed the survival of silver oxides at
room temperature and lower temperature. It can be summarized that the adsorbed
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oxygen on the surface can directly participate in the reaction over silver containing
samples.

(2) Generation of active oxygen species.

Zero-valence silver is skilled at dissociating oxygen into active
oxygen-containing peroxide and superoxide species [56, 57]. The combination of
silver and various supports further promotes the amount of active oxygen.
Superoxide species was discovered over Ag/activate carbon catalysts even in rich
burn conditions [58]. The intensified superoxide signal for CeO, was observed with
the assistance of silver [59]. In the present study, this process requires a relatively
“clean” metallic silver surface. This “clean” surface is likely to be acquired at a
higher temperature followed by the destruction of silver oxides species.

(3) Promotion of soot—catalyst contact conditions.

Silver nitrate is a low melting point compound; its melting point can reach as
low as 210 °C, and its decomposition temperature is 440 °C [60]. The melting
temperature of AgNOj; is just close to the Ty value of the 0.2Ag/Cog.93Ceg 07,
which implies the probable correlation between the two values. Before the con-
sumption of reducing agent, AgNOj3 in the mixture is in melting state, and Ag6+
migration facilitates the soot—catalyst contact. This phenomenon is entirely different
from various types of silver oxides. Ag,0 is decomposed after one run, while AgO
is decomposed above 100 °C. Thus, silver oxides are unlikely to improve the
contact conditions. However, the mobility of silver is to be taken into account. The
mobility of silver particle is visualized by a variety of ETEM study, which is
elaborated in Sect. 4.1.2.

Unlike most metal oxides materials, the xAg/Cog 93Ce o7 catalyst performs even
better in O, than in NO,. The transitional oxidizing agents (silver oxides and silver
nitrates) are keys to elucidating this result. The AgO, stabilized in the presence of
the O, atmosphere is quickly converted to AgNO; and/or other nitrate salts with the
assistance of NO,. The disappearance of AgO, consequently goes against the cat-
alytic performance. It can be inferred that some fast reactions for the catalytic
process are missing in the absence of AgO,; or rather, AgNOj is not as active as
AgO,. This deduction can be further confirmed according to the results shown in
Fig. 4.17. The DTG signals uncover that Ag,0O, the primary phase of AgO,, attacks
soot at a lower temperature than AgNO; does in the O,-rich and O,-absent
atmosphere. Ag,O seems to be a stronger oxidant than AgNOs. Hence, the
untraditional catalytic behavior strongly depends on the activity of silver-based
intermediates.

Highly active xAg/Cog.93Ceg o7 composite catalysts whose ignition temperature
can be below 200 °C have been explored for catalytic soot combustion. Silver
significantly enhanced catalytic behavior in various atmospheres. In O,, the
low-temperature redox cycle occurs between soot and the silver oxides situated on
the surface of metallic silver. In the NO,-rich atmosphere, these active silver oxides
transform into AgNO;5; which is less active than silver oxides. The difference in
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activity between the two transition state oxidization agent, Ag,O, and AgNO;
accounts for the untraditional catalytic performance in O, and NO, over these
catalysts.

4.3 Surface Area

The effect of surface area on the catalytic performance has been discovered since
this approach was proposed. However, the address of the point is not on a
deep-seated level, and the topic itself is still controversial. As mentioned above,
some literature holds the view that the reaction takes place at three-phase boundary
whereas other researchers believe the surface area is also a factor altering the
catalytic behaviors.

Shimokawa and his co-workers investigated the effect of surface area on the
catalytic performance of diesel soot gasification over La—K-Mn-O perovskite
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Table 4.6 Preparation conditions, the surface area of Lag gK,MnO5 [61]

Preparation | Starting materials
method La K Mn Organic | Molar ratio | Calcination | Specific
acids of organic temperature | surface
acids to °0) area (S,)
metal (m? g_l)
cations
(€9 Nitrate | Nitrate | Nitrate | Malic 1.5/1.0 550 18.5
acid 600 16.7
750 14.7
2) Nitrate | Acetate | Acetate |n/a 850 8.2
950 3.1
1050 1.1
Fig. 418 TG curves of a (a) 0.0 —

mixture of carbon black

(5 wt%) and Laj gK,MnOj3
with different surface areas
under, a tight- and b loose
contact conditions [61]
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Table 4.7 Reaction results of Lag gKg,MnQOj5 in various contact modes [61]

Preparation Calcination Specific surface area (S,) Trnax (°C)
method temperature (m* g™ Tight Loose
contact contact

(@) 550 18.5 384 439
600 16.7 396 503
750 14.7 415 546

2 850 8.2 457 618
950 3.1 485 628
1050 1.1 535 638

catalysts [61]. The BET surface area is tuned via modifying the calcination tem-
perature and precursors (Table 4.6). In this case, it is prominent that the surface area
plays a decisive role in soot combustion (Fig. 4.18 and Table 4.7). The higher
calcination temperature (above 850 °C) leads to the sintering of the material, thus
worsening the catalytic performance.

Massive variables, including, preparation method, calcination temperature, and
Ce/Zr ratios are tuned aiming at acquiring Ce—Zr with different BET surface areas;
the catalytic behavior of these materials are also studied. The catalytic performance
for soot removal in NO,/O, is judged by both the BET surface area and the Ce/Zr
atomic surface ratio of the catalysts, as shown in Fig. 4.19. As a general tendency, a
relationship between Tsoq, and BET area, namely the higher the area, the lower the
T50%, can be viewed. On the other hand, a wide dispersion of data points is
observed, indicating that the BET area is not the sole factor affecting the catalytic
performance. The Ce/Zr atomic ratio is also responsible for the overall perfor-
mance. Three groups of Ce/Zr surface ratios have been identified, and two areas
divided by the BET valve value (90 m?/g) are obtained. For samples with BET
surface area lower than 90 m?/g, approximately, a reasonable linear relationship is
drawn for each series of samples. This means that only when samples with similar
Ce/Zr surface ratio are compared, the catalytic activity and the BET surface area
follow a linear trend. On the other hand, if samples with close BET surface area are
compared, those with a Ce/Zr surface ratio in the range of 2.0-3.1, which is just
close to stoichiometric value (3.2), form an active group. The catalytic activity of
materials with either a cerium-enriched surface (Ce/Zr surface ratio 3.9-7.6) or with
a zirconium-enriched surface (Ce/Zr surface ratio 0.8-1.8) with regard to the
nominal value exhibits lower activity than those with a more homogeneous dis-
tribution of the cations throughout the particles. These results demonstrate that the
catalytic activity of soot combustion in NO,/O, over Ceq 76Zry240, mixed oxides
depends both on the surface area and Ce/Zr surface properties. The surface distri-
bution of cations is related to the homogeneity of the solid solution formed, which
strongly depends on the preparation procedure. This is true for catalysts with BET
surface area lower than 90 m?/g approximately. However, constant values of the
Tsoq parameter are obtained for catalysts with BET surface areas above this
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threshold, that is, there is an achieved minimum temperature irrespective of BET
value.

In another study, cerium-rich catalyst (CRX) and zirconium-rich catalyst
(ZRX) were synthesized by co-precipitation method; their catalytic activity for soot
combustion was also tested [63]. The relationship between Tm and surface area
under different contact conditions are shown in Fig. 4.20. It is noticed that the
influence of the surface area is less remarkable under loose contact condition than
tight contact condition. Although there are more redox sites to create active oxygen
on the high-surface-area samples, it is inaccessible for active oxygen to transfer
from the catalyst to soot particles under loose contact conditions. On the other hand,
a strong correlation between the catalytic activity of surface area is uncovered for
the low-surface-area (<40 m?/g) samples. As the surface area further expands, the
catalytic activity is not allergic to the variation of surface area. It is also apparent
that the catalytic activity of CRX is similar to that of ZRX under loose contact
condition this situation is especially better under tight contact condition.

According to the above-presented studies, it is so challenging to elucidate the
effect of surface area on the catalytic activity, since the surface area is not the sole
variable. Many other parameters of the material are also coupled with the surface
area. In most cases, additional one or two variables are introduced as the surface
area is changed. These parameters as follows should be taken into account:

(1) The grain size of particles which is controlled by tuning the calcination
temperature.

(2) The surface properties, for instance, oxygen vacancies and metal cations ratio,
which are modified by preparation techniques.

(3) The exposure of active crystal face/efficient active site.

The study involving the effect of surface areas are profound and still in progress.
According to the point of view, the research on the dependence of surface area
against other parameters should be placed in the front rank.
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Chapter 5 )
Conclusion and Prospects e

This book focuses on research on the simultaneous NO,—soot removal via catalysis
to purify the exhaust from diesel engines. Diesel engines have been widely pop-
ularized as a power source for vehicles owing to its reliable horsepower and
excellent fuel economy. However, the emission from diesel engines is still a teaser.
Simultaneous NO,—soot removal via catalysis is one of the fundamental reactions,
which serves as a bridge between soot and NO,, one pair of pollutions with
trade-off relations. Extensive concerns have risen to this strategy since current
diesel engine after-treatment processes suffering severe problems, such as com-
plicated system and byproduct disposal. To date, various catalysts have been
investigated to achieve the above goal. The advancement of studies in this field
promises possibilities of utilizing the one basket strategy, but at the same time also
reveals challenges and difficulties that need to be overcome.

In Chap. 2, we summarized the performance of spinel structure material,
perovskite-type material, hydrotalcite, rare-earth oxides, and mesoporous metal
oxide as they were considered as potential candidates. Their surface properties
ensure the provision of active sites in an oxidizing atmosphere. In parallel, their
crystal structures are vulnerably modified by the incorporation of other metals such
as alkali elements, which in turn affect the surface properties. Additionally, the
ignition temperature and N, formation also can be tuned by this practice. It is a
relatively ideal approach through which simultaneous catalytic removal of soot and
NO, can be achieved. A variety of promising materials were uncovered via the
establishment of structure—activity relationship. However, it is still tricky for
application in the actual diesel engine. Catalytic performances especially for their
low-temperature activity are the primary challenge.

So how can we achieve our goal? The kinetic study in this reaction in Chap. 3 is
significative to interpret the apparent activation energy of various materials, to
elucidate the reaction order, and to further evidence the assumed mechanism. The
book suggested that simultaneous NO,—soot removal via catalysis to purify the
exhaust from diesel engines could be classified into a typical heterogeneous reac-
tion involving both gas—solid and solid—solid interaction. The reaction rates still
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could be depicted in the form of Arrhenius plot. On the basis of this tool, the
detailed study indicates that the activity for soot combustion (CO,) formation is
strongly dependent on reactant gas; thus, the insight into the reaction is tough and
complicated. The understanding of simultaneous NO,—soot removal mechanism
investigated by the state-of-the-art experimental methods, such as kinetics analysis
and theoretical method, such as DFT calculation is further summarized in Chap. 3.

The catalytic reactions of simultaneous NO,—soot removal take place at the
three-phase boundary of a solid catalyst, a solid soot, and gaseous reactant(s). The
contact between the diesel soot and catalyst is a critical factor for the simultaneous
NO,—soot removal performance. Chapter 4 highlighted that many factors, for
instance, the contact mode between soot and catalyst will drastically affect the
catalytic performance. Besides, the movement of the silver particle was traced
during soot gasification. Furthermore, an untraditional phenomenon was uncovered
over a PGM/mixed oxides-type catalyst in O, and NO + O, and a possible
explanation is given. A thorough understanding of the mechanism behind the
factors mentioned above would lay firm foundations to develop three-way or
four-way catalysts which can be applied to diesel-powered vehicles. Further, this
technique can be implemented in the purification of PM, 5 and NO, derived from
stationary sources.

This book provides a perspective to interpret a solid—solid—gas heterogeneous
process comprehensively. The methodology and the theoretical analysis are
expected to inspire and assist readers to develop a proper catalyst aiming at a
specific application.
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