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Active sites and influence of reaction conditions on the selective
catalytic reduction of NO, over the silver-alumina catalyst

LINDA STROM
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

ABSTRACT

Hazardous nitrogen oxides (NOy) are challenging to remove from fuel-efficient
excess-oxygen operating engines. A promising solution is selective catalytic
reduction (SCR) of NOy, using hydrocarbons (HC-SCR) or ammonia (NH;-
SCR) as reducing agent. Highly efficient SCR of NO, requires a fully un-
derstood system, which includes both the catalyst and the reducing agent.
In this work, Ag/Al;O3 has been evaluated as an SCR catalyst with HC as
well as NHj as reducing agents, in order to investigate the active sites and
elucidate the influence of the nature of the reducing agent during lean NO,
reduction. In order to investigate the role of the active phase, Ag/Al,O3 was
compared to an In/AlyO3 catalyst, containing the equivalent molar amount
of active phase. In addition, the effect of an uneven distribution of the re-
ducing agent is evaluated. Catalyst samples for which the active phase was
synthesized in the water pools of a reversed microemulsion, using methanol
as reducing agent for the metal complexes, was also prepared and evaluated.
This work shows that the Ag/Al,O3 catalyst in general exhibits superior
activity for NOy reduction compared to In/Al,O3. However, since one of
the hydrocarbon reductants was shown to reduce NO, more efficiently over
In/Al,O3, the exact nature of the reducing agent was shown to be of utter-
most importance for the catalytic activity. In addition, the In/Al,O3 catalyst
provides a higher concentration of acidic sites, compared to the Ag/Al,O3
catalyst, which was shown to inhibit the NH3-SCR reaction over this cata-
lyst. Furthermore, it was confirmed that the active phase can be tailored in
a microemulsion synthesis containing a greener route than used in the past,
resulting in catalytically active nanoparticles. Moreover, the position of the
reductant injection spray in the exhaust pipe in front of the SCR catalyst
was shown to significantly affect the NO, reduction and unwanted slip of
the reductant. The results presented in this thesis contribute to the overall
understanding of the interplay between various active sites and reductants
in SCR of NO,, and may therefore help advance current technologies to im-
prove the sustainability of future transports.

Keywords: Lean NO, reduction, HC-SCR, NH3-SCR, silver, indium, alu-
mina, nanoalloys, microemulsion, UV-vis, DRIFTS, TEM, XRD, NH3;-TPD.
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Chapter 1

Background

1.1 Historical development of exhaust aftertreat-
ment

Global warming and air pollutants have received increased concern over the
last decades, holding fossil fueled road transportation as one of the major
responsible contributors. Among the emissions are carbon monoxide (CO),
particulate matter (PM), sulfur oxides (SOy), and nitrogen oxides (NOy).
The latter (almost exclusively NO) is, regardless of the chemical composition
of the fuel, formed during combustion at high temperatures and is oxidized
to NOs in the atmosphere. This gas is largely responsible for the brownish
color of smog and plays a major role in formation of ground-level ozone.
In the environment, this strongly oxidizing agent reacts in the air to form
nitric acid as well as toxic organic compounds, which cause acidification
and eutrophication. The effect of short-term exposure of NO, to humans is
still unclear, however, long term frequent exposure to concentrations higher
than typically found in the ambient air, may cause increased incidence of
acute respiratory illness [1]. In total, it is estimated that 500.000 people die
each year as a result of the air pollutions from the transportation sector [2].
Furthermore, in Europe, close to 3 million ton NO, was emitted just from
road transportation in 2015 [3]. Figure 1.1 shows the total emissions of NOy
in the EU, divided by source.

Catalytic emission control has been applied to passenger cars in the US since
1975. This first version was able to oxidize unburned HC and CO. In 1981,
a new catalytic system called the three-way catalyst (TWC) was developed,
which operates under stoichiometric conditions and, except for oxidizing CO
and HC, also reduces NO, [2] (see Figure 1.2). Gasoline powered vehicles
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Figure 1.1: NOy emissions divided by source sector in the EU in 2015.
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Figure 1.2: Illustration of the catalytic conversion of CO, unburned hydrocarbons and
NOy as a function of air-to-fuel ratio, over the TWC.
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Figure 1.3: The historical development of Euro emission standards for NOy emission for
heavy-duty vehicles. Data for this chart is collected from Ref. [4].

operate under stoichiometric conditions and emissions provided by this type
of engine can be effectively converted by the TWC. However, the climate
change has gained increased concerns, motivating the development of more
fuel-efficient engines, operating under lean conditions (excess oxygen) and
in this way emitting less CO, per driven km, compared to the ordinary
gasoline engine. However, lean conditions contradict the fundamentals of
the TWC, hence another abatement technique is required for reducing NO,.
The legislation regarding NO, emissions was first applied in Europe 1992
by the Euro I standard. Since then, the standard has been updated several
times and Euro VI requires nowadays a NO, emission of no more than 0.4
g/kWh [4]. The development of Euro-standards of NO, emissions is shown
in Figure 1.3.

Techniques for lean NO, reduction at present involve selective catalytic re-
duction with ammonia (NH3-SCR) and NO, storage and reduction, which
are already implemented techniques. Also selective catalytic reduction us-
ing hydrocarbons (HC-SCR) is an interesting solution. However, even though
HC-SCR would represent an elegant technological solution to the NO, reduc-
tion challenge, the technique is not yet mature for commercialization. Owing
to the complexity of the technique, a more in-depth knowledge can also be
expected to produce added value in terms of a more comprehensive under-
standing of the fundamental heterogeneous catalysis involved. A promising
catalyst for HC-SCR is silver-alumina (Ag/Al;O3) [5-9], which shows high
stability in hydrothermal conditions [10]. All of the mentioned techniques
are further introduced in the next chapter.



1.2 Objectives

The aim of this work is to develop the understanding of the selective cat-
alytic reduction of NOy over the silver-alumina catalyst. In particular, the
impact of the nature of the reducing agent on the catalytic activity as well
as the effect of the surrounding gas phase environment on the active sites are
studied. Furthermore, the effect of a non-uniform reductant distribution on
the NO, reduction activity and reductant slip is discussed.

In order to evaluate the impact of the active phase on the catalytic activity,
a silver-alumina catalyst is compared to alumina-supported indium, holding
the equivalent molar amount of metal. In addition, catalytically active Ag-
Pd alloys synthesized in a microemulsion-template elucidate the impact of
the surface structure.



Chapter 2

Catalysis for lean NO
reduction

2.1 NOy reduction during lean conditions

Development of lean NOy reduction catalysts for usage in vehicles involves
several challenges. For example, the engine operates under transient loading,
which results in variations in temperature and flow rate of the exhaust stream
over time. Hence, a successful catalyst should be able to operate properly
over a wide temperature range and exhaust flow rate. During lean operation
in energy efficient engines, such as the diesel engine, the exhaust tempera-
ture of a heavy-duty vehicle is around 100-200 °C during idling and about
500 °C during maximum load [11]. The lean NOy reduction catalyst must
therefore be able to operate effectively at these low temperatures. Further-
more, the catalyst is subjected to small amounts of electronegative elements
such as sulfur and phosphorus, which tend to adsorb strongly to the surface
and poisoning the catalyst by physical or electronic blockage of active sites
[12]. Another degradation mechanism is sintering of the active phase, which
leads to loss in surface area and an increase in the average surface coordi-
nation. Formation of volatile compounds, containing the active phase, also
contributes to catalyst depletion, as well as fouling of pores. In addition
to these demands on a successful lean NO, reduction catalyst to provide
high activity at low temperature and avoiding degradation, space limitations
onboard a vehicle needs to be considered.
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Figure 2.1: A schematic illustration of a monolithic reactor with the entrance of four
individual channels and the catalytically active washcoat enlarged.

2.2 Methods for conversion of NOy

Monolithic reactors, consisting of thousands of channels, are standard for
vehicle emission control today. These monolithic substrates are typically
made of a ceramic material such as cordierite, but can also be metallic.
The catalyst, which consists of an active phase and a highly porous support
material, providing a large surface area, is coated onto the substrate. Figure
2.1 shows a typical monolithic catalyst. In this section, some of the techniques
for lean NO, reduction is presented.

2.2.1 NOy storage and reduction

An implemented technique for lean NO, reduction is NO, storage and reduc-
tion (NSR), where Pt and BaO supported on Al,Oj3 is the most commonly
used catalytic material. In this approach, NO is first oxidized to NOy over Pt
and subsequently adsorbed as stable nitrite or nitrate species on the storage
material BaO during a lean phase, which lasts for 1-2 minutes. During a
subsequent rich (oxygen deficiency) period of 3-5 seconds, the trapped NOy
is released and reduced to Np by unburned fuel and CO over Pt [13-15].
Drawbacks of this technique include the complexity of the engine system
and fuel penalty during the rich periods [16]. Also, the formation of sta-
ble sulfates with the NO,-storage material and the oxide support makes the
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NSR-catalyst degrade over time, and in requirement of regeneration, which
is usually performed under high temperatures (>600 °C) and during the rich
part of the cycle [17].

2.2.2 Hydrocarbon-SCR

Another feasible solution for lean NO, reduction is selective catalytic re-
duction using hydrocarbons (HC-SCR) [7, 18-23]. In this approach, the
hydrocarbon-based fuel is injected into the exhaust system upstream the
SCR catalyst and used as reducing agent for NO, over the catalyst. An
advantage of using the fuel as the reductant is that there is no need for an
additional tank for reductant storage onboard the vehicle. However, some
of the challenges regarding this technique, are to receive high conversion
of NO, with high selectivity to Ny despite high oxygen concentration, low
temperature, transient loadings and exposure to sulfur and water.

The exact reaction scheme of lean NO, reduction with hydrocarbons is still
under debate. However, some general differences have been detected over
different types of catalysts, based on noble metals, oxides or zeolites. The
TWC is based on various combinations of noble metals such as Pt, Pd and Rh
as the active phase and converts HC, CO and NO, effectively under stoichio-
metric conditions at 400-800 °C. Since this catalyst proved to be completely
ineffective for NO, reduction during large excess of oxygen, the platinum
group metals (PGMs) were first assumed to be incapable of reducing NOy in
lean conditions. However, although PGM-based catalysts are ineffective at
moderate or high temperatures, they have shown to be active for NO, reduc-
tion at low temperatures (typically below 300 °C) [18]. Reaction mechanisms
proposed for lean NO, reduction by short-chained alkene-type hydrocarbons
over Pt are i) the intermediacy of cyanide or isocyanate surface species, i)
the intermediacy of organo-nitro species and ii7) decomposition of NO fol-
lowed by oxygen removal by the HC [18].

NO adsorbs as strongly bound nitrites and nitrates in excess oxygen (but ad-
sorbs only weakly in absence of oxygen) on most catalyst surfaces [24]. Over
oxide based catalysts, the first step in the reaction mechanism is proposed to
be the surface adsorption of NO,. Adsorbed oxidized hydrocarbon species,
such as acetate [22, 25|, are formed during SCR with various hydrocarbons or
oxygenates over alumina-based catalysts, and are believed to react with the
adsorbed NOy species, yielding organo-nitrogen species, which appears to be
the rate-determining step [18]. Via these species, reduced nitrogen species,
such as -NCO (isocyanate) and NHj3 can be formed. It has been proposed
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that the nitrogen coupling to form N, could occur by a reaction between
these reduced species and NO (g) or adsorbed NOy [18, 26].

2.2.3 Ammonia-SCR

NH3-SCR is an implemented automotive technology for NO, removal from
diesel exhaust [27, 28]. Traditional active metal oxides used in NH3-SCR are
V505, WO3 and MoOj [15], where the vanadium-based catalyst is the most
active for lean NO, removal. However, usage of this highly toxic catalyst pose
some serious problems involving high vapor pressure of the oxide leading to
toxic emissions [29], which calls for new types of catalytic materials.

To avoid storage and handling issues of ammonia, the reductant is injected to
the exhaust system as a urea-water solution which decomposes to ammonia
over the catalyst. Alumina has been shown to be especially suitable for this
decomposition [29]. The reducing agent could also be produced on-board
by so-called ‘passive SCR’ [30, 31]. However, there are some disadvantages
regarding NH3-SCR, such as distribution of the urea solution and the possi-
bility that unreacted ammonia is emitted (so called ammonia slip) [32].

2.3 Alumina-supported catalysts

Alumina-supported catalysts have received much attention thanks to their
high stability under hydrothermal conditions. The alumina phase most
widely used for this purpose is the porous and amorphous 7-Al,O3, which
provides a large surface area (100-300 m?/g). This support material is pre-
pared by calcination of Boehmite (AIO(OH)) or Bayerite/Gibbsite (Al(OH)3)
at 500-850 °C.

2.3.1 The Ag/Al,03 catalyst

Miyadera was the first reporting on alumina-supported silver (Ag/AlyOj3)
catalysts in 1993 [33]. Ever since, a major interest has been directed towards
this catalyst, which exhibits SCR activity both with ammonia [34-38] and
hydrocarbons [21, 33, 39-41]. The optimal silver loading has been frequently
studied and it has been found to be around 2 wt.% for impregnated catalysts
8, 22, 26, 42, 43]. The reason for this has been suggested to involve the
optimal silver density, which should be close to 0.7 Ag/nm? [44].

The species active for SCR of NOy has been assigned to Ag™-ions [22, 45, 46]
and small clusters of ionic silver (Ag,’*, n < 8) [35, 46], or a combination
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of these. Metallic silver particles have been assigned to be active for total
oxidation of the reductant by molecular oxygen [26]. Moreover, it has also
been suggested that active sites of Ag/Al,O3 varies as a function of the
reductant type and reaction temperature [23]. Over Ag/Al;O3, the following
reactions are proposed to be involved: i) oxidation of NO to NO, followed
by the formation of surface nitrites and nitrates, ii) adsorption and partial
oxidation of hydrocarbons, and i) surface reactions between the adsorbed
nitrogen species and the partially oxidized hydrocarbons [14].

The ’hydrogen effect’

The addition of small amounts of hydrogen to the gas feed increases signif-
icantly the NOy reduction activity over the Ag/Al,O3 catalyst. This phe-
nomenon was first discovered by Satokawa [47], and has later been widely
studied [7, 36, 44, 48]. The effect is rapidly reversible, so addition/removal
of hydrogen from the feed increases/decreases the SCR activity instantly.
Such cycles can be repeated without loss in catalytic performance [7, 46].
Moreover, the mechanism(s) behind this promotion has been widely debated.
Suggestions involve reduction of adsorbed nitrogen species [48-51], enhanced
activation of the hydrocarbon in HC-SCR [32, 43, 48-50], modification of the
Ag-species [35, 46, 51, 52], as well as direct effects on the reaction mechanism
[51, 54]. During NH3-SCR, Ag/Al,O3 lacks in activity without the presence
of hydrogen in the feed while NO, is completely converted at relatively low
temperatures when hydrogen is present [34]. Also In/Al, O3 exhibits the
hydrogen effect during NH3-SCR, however, to a lower extent compared to
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Chapter 3

Scientific methods and research
approach

3.1 Catalyst preparation

In paper I, IT and III, the catalytic samples were prepared by incipient wetness
impregnation and coated onto monolithic substrates for evaluation. In paper
IV, the active phases of the catalysts were synthesized in the water pools
of reversed (w/o) microemulsions. Here follows a description of the specific
methods.

3.1.1 Incipient wetness impregnation

The support material v-Al,O3 (PURALOX®) SBa 200, Sasol) was impreg-
nated by the incipient wetness technique, where the added volume of solution
containing the active metal complex is equal to or less than the pore volume
of the support. This impregnation technique is also known as pore-volume or
dry impregnation and depends more on retaining the active phase within the
pores during drying rather than interactions. An advantage of this method
is that the mass of the added components can easily be controlled [56].

The pore volume of the alumina was determined by slow addition of water
that migrate into the pores. When the support is saturated the powder
receives a creamy consistence and the water volume consumed corresponds
to the pore volume. The active phase precursors used were silver nitrate (>
99.0% Sigma-Aldrich) for the Ag/Al,O3 sample and indium nitrate hydrate
(99.99% Sigma Aldrich) for the In/AlyO3 sample. The Ag loading was 2 wt.%
and the In loading corresponded to the equivalent molar amount, giving an
In loading of 2.1 wt.%. After adding the precursors, the samples were frozen
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Figure 3.1: A monolith coated with Ag/Al;Os5.

by liquid nitrogen, then freeze-dried and finally calcined in air at 600 °C for
four hours.

Monolith coating

The catalytic samples prepared by incipient wetness impregnation were coated
onto substrates before the evaluation of catalytic activity. Monoliths with
188 channels (400 CPSI, @ = 20 mm, L = 20 mm) were cut from a com-
mercial cordierite honeycomb structure (Corning) and calcined in air at 600
°C for one hour. Washcoat slurries were prepared, containing binder agent
(DISPERAL®) P2, Sasol) and one of the powder catalysts (ratio 1:4) in
1:1-ratio ethanol-water solutions. Monoliths were dipped into the slurries,
gently shaken for removal of excess slurry, dried in a 90 °C hot air stream
and subsequently calcined at 500 °C for 3 minutes. The coating procedure
was repeated until the washcoat mass corresponded to 20% of the coated
monolith mass. Finally, the monoliths were calcined in air at 600 °C for one
hour. A coated monolith sample is shown in Figure 3.1.

3.1.2 Microemulsions as nanosized reactors

Macroscopically, microemulsions are homogenous mixtures of oil, water and
surfactant. Despite the name, microemulsions and ordinary emulsions are
fundamentally different and the latter should not be regarded as microscopic
emulsions. Ordinary emulsions are unstable, static systems with droplet sizes
of 1-10 um, while microemulsions are highly dynamic, stable systems with
aggregates of 1-10 nm [58].

In paper 1V, catalytically active bimetallic nanoparticles were synthesized
in the water pools of reversed (w/o) microemulsions, holding 75 wt.% oil,
20 wt.% surfactant and 5 wt.% water. The surfactant dioctyl sulfosuccinate

12
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Figure 3.2: Illustration of the nanoparticle synthesis procedure. The metal salt-
containing microemulsion is mixed with the microemulsion containing methanol. Sub-
sequently, the mixture is allowed to react at 70 °C for 24 h.

sodium salt (98% Aldrich Chemistry), hereafter denoted AOT, was dissolved
in heptane (Reag. Ph. Eur. Riedel-de Haén) in a wt. ratio of 1:4. Sub-
sequently, aqueous solutions of silver nitrate (>99% Sigma-Aldrich) and/or
palladium(II) nitrate (15% Alfa Aesar), both holding 2 wt.% metal, were
added. Samples containing palladium only, silver only, 20/80, 40/60 and
50/50 wt.% of each metal precursor were prepared. During preparation of
samples containing both elements, the palladium precursor was added prior
to the silver precursor.

In order to reduce the metallic precursors into metallic nanoparticles, another
microemulsion was added to the first, consisting of a water phase with 50
wt.% methanol. Subsequently, the microemulsion mixture is allowed to react
at 70 °C for 24 h. The synthesis procedure is illustrated in Figure 3.2.

3.2 Characterization techniques

3.2.1 Ny sorption

The specific surface area of a solid material can be determined according
to the method published in 1938 by Brunauer, Emmett and Teller [59] (the
BET-method). The technique is based on physical adsorption of an inert
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gas (most often molecular nitrogen) on the surface of the solid material.
Generally, the method provides reliable values of the surface area, unless the
sample involves micropores, where the size of the pores in the adsorbent and
the size of the adsorbate molecule are similar [59]. The method assumes that
i) the heat of adsorption of the first monolayer is constant, i) the lateral
interaction of the adsorbate is negligible, i) the adsorbed molecules can
act as new adsorption surface and the process can repeat itself and iv) the
heat of adsorption of all monolayers but the first is equal to the heat of
condensation [60]. In practice, the sample is first heated up under vacuum to
remove moisture and subsequently cooled down to 77 K by liquid nitrogen.
At this temperature Ny is dosed in small volumes and the pressure is allowed
to stabilize. The physisorbed volume of Ny can now be calculated using the
ideal gas law. Knowing the area of one adsorbed Ns-molecule, the specific
surface area of a sample can be derived from the following formula:

P 1 +C’—1P
V(Phb—P) VuC  VuC P

(3.1)

where P is the equilibrated partial pressure, V is the volume of absorbed
gas, Py is the saturation pressure and V,, is the inert gas monolayer volume.
At low pressure, the relationship between P/V(Py — P) and P/P, is linear,
hence it follows that 1/V;,C is where the straight line intercepts the y-axis
and (C' — 1)/(ViC) is the slope of the line.

In Paper I, I and III, Ny sorption according to the BET-method was used
to determine the specific surface area of the powder catalyst samples using
a Micrometrics TriStar@®) 3000 instrument.

3.2.2 X-ray diffraction

The non-destructive technique X-ray diffraction (XRD) can be used to ex-
amine the crystal phase of a sample. When irradiated by X-rays with the
wavelength A, electron clouds of the crystal-structured atoms scatter the X-
rays, which are measured by a detector. The distance between the lattice
planes, d, can then be calculated by Bragg’s law:

nA = 2dsin © (3.2)

Where n is any integer and © the incident angle.
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Figure 3.3: Illustration of an X-ray diffraction experiment.

A Siemens D5000 X-ray diffractometer was used for evaluation of crystalline
phases in Paper I and a Bruker D8 Advance X-ray diffractometer was used
in Paper IV. The incident beam angle was varied between 5-90° with a step
size and time of 0.02° and 1 s, respectively. An illustration of the technique
is showed in Figure 3.3.

3.2.3 Temperature programmed desorption of NHj

The density and strength of the acidic sites of a catalytic sample can be char-
acterized by temperature programmed desorption (TPD) of NHj. In paper
[-111, the flow reactor described in section 3.3 was used for this experiment.
Prior to NHj3 adsorption, the sample is pretreated to remove possible car-
bonaceous matter. By saturating the catalytic sites by this strong base at
low temperature (around 100 °C) and then slowly increase the temperature,
the amount of NH3 able to chemisorb to the sites at low temperature is des-
orbed and can be measured. Weakly adsorbed NHj is released first and more
strongly bound at somewhat higher temperatures, which gives the possibility
to distinguish between different kinds of acidic sites.

3.2.4 UV-visible diffuse reflectance spectroscopy

Electronic d-d transitions are observable in the ultraviolet and visible light
region (200-2000 nm) when degenerated d orbitals are split by placing a tran-
sition metal ion in a crystal field. Furthermore, the number of d-electrons,
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Figure 3.4: A schematic diagram of a UV-vis spectrometer operating in the diffuse
reflectance mode. Adapted from Ref. [62].

the effective charge on the ion and the distribution and charge of the sur-
rounding anions are circumstances that affect the spread of the energy levels
[62]. Consequently, the technique can be used for characterization of the
types of species present in a solid sample. A typical beam path is visualized
in Figure 3.4.

In this study, UV-vis was used to characterize the oxidation states of the
samples studied in Paper I and II, where spectra have been deconvoluted
into Gaussian peaks. Spectra in the range 200-1500 nm were recorded using a
Varian Cary 5000 UV-vis-NIR spectrophotometer equipped with an external
DRA-2500 unit. The reflectance spectra were recorded and the spectrum of
the Al,O3 support was subtracted as part of the background. To investigate
the influence of reaction conditions on the type of surface species, both fresh
catalysts and samples exposed to various gas-phase pretreatments, using the
flow reactor described below (Section 3.3), were analyzed.

3.2.5 Transmission electron microscopy

Transmission Electron Microscopy (TEM) provides a two-dimensional pro-
jection showing details in resolution down to 1 nm [63]. A primary electron
beam of energy between 100 and 300 keV hits the sample, which is coated
onto a grid, resulting in a fraction (depending on sample thickness) of elec-
trons that transmit the sample without any significant energy loss, projecting
a two-dimensional image of the sample [64]. In addition, Energy Dispersive
X-Ray Spectroscopy (EDX) can be combined with a microscope, providing
spatial mapping of the atomic composition within a sample [63]. Figure
3.5 shows an illustration of a microscope in intersection together with the
electron scattering.

In paper IV, TEM images were received using a FEI Tecnai T20 electron
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Figure 3.5: a) A transmission electron microscope in intersection and b) the scattering
of electrons. Both figures are adapted from reference [64].

microscope operating at 200 kV. The distribution of the elements within
a nanoparticle was investigated using scanning TEM coupled with energy-
dispersive X-ray spectroscopy, using a FEI Titan 80-300 microscope oper-
ating at 300 kV. This microscope was also used for analysis of the samples
supported on ~y-alumina in Scanning TEM mode using a high-angle annular
dark-field (HAADF) detector, where the STEM images display a combined
mass-thickness contrast.

3.2.6 In situ Fourier transform infra-red spectroscopy

One of the most widely used tools for surface science is Diffuse Reflectance
Infrared Fourier Transform Spectroscopy (DRIFTS) [64]. During reaction
conditions, in in situ mode, it can characterize adsorbed surface species,
such as reactants and intermediate species, as well as gas phase products.

Molecules possess discreet vibrational and rotational energy levels. The tech-

nique relies on the transition between vibrational energy levels by the absorp-
tion of photons. A photon can only be absorbed by a molecule if its dipole
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moment changes during the vibration. The technique is therefore limited to
detection of molecules that follow this rule, [64].

In the gas phase, the molecules have rotational freedom and the vibrational
transition can not be observed, but two side bands appear instead. Upon
adsorption of the molecule, its ability to rotate is lost and only the vibrational
transition is observed, however, often at another frequency [64].

In paper Il and IV, in situ DRIFT spectra were recorded using a Bruker Ver-
tex 70 spectrometer equipped with a high-temperature reaction cell (Harrick
Scientific) with KBr windows. Figure 3.6 shows an illustration of the instru-
ment setup.

3.3 Evaluation of catalytic performance

The catalytic activity for lean NO, reduction was examined during extinction
ramps (500 to 100 °C by 10 °C/min), using a flow reactor illustrated in Figure
3.7. The reactor chamber consists of an insulated horizontal quartz tube (L
= 80 cm, &; = 22 mm) heated by a metal coil. The catalyst temperature is
measured inside the sample and the reactor temperature is controlled 15 mm
before the catalyst sample by K-type thermocouples. Uncoated monoliths
placed before and after the coated monolith shield the thermocouple from
heat radiation emitted by the heating coil as well as reduce axial radiation
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heat losses from the coated monolith sample [65]. The inlet feed gases are
introduced and regulated by mass-flow controllers (Bronkhorst Hi-Tech) and
the outlet gas flow is analyzed by a gas-phase FTIR spectrometer (MKS
2030). Fluent hydrocarbons/oxygenates and water are introduced to the
reactor via a controlled evaporator mixer system (CEM, Bronkhorst Low
AP Hi-Tech), carried by Ar.

The total gas flow was set to 3500 ml/min in all experiments, which corre-
sponds to a space velocity (GHSV) of 33,400 h'!. Prior to each measurement,
the sample was pretreated in Oy (10%, Ar balance) at 500 °C for 30 min. In
the HC-SCR study, the gas feed composition was 500 ppm NO, 1500 ppm
Cay-hydrocarbon (C/N ratio of 6, in line with previous experience [35, 37]),
10% O4 and 5% H,O, in the presence or absence of 1000 ppm Hy. The C,-
hydrocarbons and oxygenates used are ethane, ethene, ethanol, acetic acid
and DME, respectively, with the structures shown in Figure 3.8 (Paper I).
In the NH3-SCR study (paper II and III), the gas composition was 500 ppm
NO, 500 ppm NHjz, 1000 ppm Hs, 10% Oy and 5% H0O.The reduction of
NOy and conversion of reducing agents were obtained from the ratios of the
differences between the inlet and outlet concentrations to the corresponding
inlet concentration.

In addition to lean NO, reduction and NH3-TPD experiments, this reactor
setup was also used for the UV-vis pretreatments of Paper I and II, using a
flow rate of 100 ml/min.
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Chapter 4

Results and discussion

In this chapter, the results of this work are presented. First, the influence
of the specific reducing agent on the lean NOy reduction activity is evalu-
ated. The reductants compared are various Cay-hydrocarbons (paper I) as
well as NH3 (paper II), with and without Hs-assistance. In addition, the
effect of a non-uniform dosage of the reducing agent is discussed (paper III).
Thereafter, focus is paid on the active sites and how they are affected by
the surrounding gas composition (paper I-II). Furthermore, the possibility
to alter the catalytic activity by tuning the active sites is investigated (pa-
per IV). Here, Ag/Pd alloy nanoparticles, which can possess other properties
than the respective element alone, are synthesized in a reversed microemul-
sion template.

4.1 Influence of the reducing agent on lean
NO, reduction

The influence of the nature of the reducing agent for lean NO, reduction over
Ag/Al,O3 was investigated using a variety of Co-based hydrocarbons as well
as ammonia. In addition, the influence of adding a small amount of hydrogen
to the reaction was investigated. The reaction scheme for SCR of NO, over
silver-alumina catalysts comprises a number of interconnected reactions such
as oxidation of NO to NOy with the subsequent formation of surface nitrites
and nitrates, and activation of the reducing agent before reduction of NO,
[14]. The activation of the reducing agent has been proposed to be the rate-
determining step [35]. The final reaction products are ideally Ny, CO5 and
HQO.

The promoting effect of Hy on NO, reduction has previously been believed
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to be limited to silver-based catalysts [7]. However, recently it was discov-
ered that also alumina-supported indium exhibits the Hs-effect. Therefore,
the inherent properties and catalytic activity of the Ag/Al,O3 catalyst is
compared to an In/Al,O3 sample, prepared in the same way and holding
the equivalent molar amount of active phase. During the SCR experiments
presented in Paper I-1I, the inlet gas feed was carried by argon and composed
of 500 ppm NO, 10% Os, 1500 ppm HC (ethane, ethene, ethanol, acetic acid
or DME, resulting in a C/N ratio of 6) or 500 ppm NHj as reducing agent.
The experiments were carried out with and without the addition of 1000 ppm
Hs. Below, the results of the NO, reduction experiments are presented and
discussed.

4.1.1 Catalytic activity

The ability of the Ag/Al,O3 and In/Al,O3 catalysts to reduce NO, using
the five hydrocarbon-based reductants and ammonia as reducing agents are
shown in Figure 4.1. It can be clearly distinguished that the activity for
NOy reduction differs significantly, both among the reductants and between
the catalysts. Over Ag/Al;O3 the highest NOy conversion is achieved us-
ing ethane (90% conversion at 500 °C) and ethene (88% at 500 °C), during
Hs-assistance. With these reductants, the enhancing effect of hydrogen addi-
tion on the catalytic activity is well pronounced over the Ag/Al,O3 catalyst,
which exhibits an increase in the overall NO, reduction, an increase in the
low-temperature activity and a broadening of the active temperature win-
dow. Moreover, over In/Al,Og3, the addition of hydrogen clearly enhances
the reduction of NO, with ethane, from 5% without the presence of Hs, to
17% at 500 °C with hydrogen in the gas feed. The overall highest activity re-
ceived over the In/Al, O3 catalyst is achieved with ethene as reductant (50%
NOy reduction at 500 °C).

Similar to hydrogen-assisted ethane- and ethene-SCR, also SCR with acetic
acid results in an increased low-temperature activity and a broadened active
temperature window of NO, conversion in the presence of hydrogen over
the Ag/Al,O3 catalyst. In general, NOy is reduced less efficiently over the
In/Al,O3 catalyst compared to the Ag/Al,O3 catalyst. However, with DME
as reducing agent, no reduction of NO, can be observed over the Ag/Al,O4
catalyst, while the NO, conversion reaches 45% at 365 °C over the In/Al;O3
catalyst.

The Ag/Al,Oj3 catalyst exhibits a broad active temperature window for NOy
reduction with ethanol, starting at 260 °C (250 °C with hydrogen-assisted
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Figure 4.1: Lean NOy reduction over alumina-supported silver (to the left) and indium
(to the right) using a variety of Ca-based hydrocarbons and ammonia, with Hy-assistance
in the bottom graphs.

ethanol) and peaking at 82% NO, conversion at 440 °C. The selectivity
towards Ny is high, in accordance to literature [34, 66]. The highest low-
temperature activity is achieved with NH3 over Ag/Al,O3 when Hj is added,
reaching 80% conversion at 350 °C with a light off temperature at 200 °C.
However, using the same reductant over the same catalyst but without the
addition of Hy results in no activity at all, or even negative values, which
is likely due to the oxidation of NH3 to NO [34]. The In/Al, O3 catalyst is
unable to reduce NO, with NHj solely. However, with the addition of Hs,
the NO, conversion clearly increases, however, to a significantly lower extent
compared to Ag/Al;O3. The results presented in this section shows that
the activity for NO, reduction varies considerably, both when comparing the
catalysts and when comparing the reducing agents.

4.1.2 Reaction products

The conversion of the hydrocarbon-based reducing agents, together with the
formation of CO and COs during the NO, reduction experiments are shown
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Table 4.1: The highest byproduct concentrations (in ppm) formed by the oxygenated
reductants in the SCR experiments.

Acetic acid (+H,) DME (+H,) Ethanol (+Hj)

Ag/ALO;  In/Al,Os Ag/ALO; In/AlL,O;s  Ag/ALO; In/AlOs
Ethanol 32(25) 29 (56) 6 (7) 6 (8) - -
Methanol <5(<5) <5 (<5) 88 (84) 974 (991) 23 (19) 35 (33)
Acetaldehyde 45 (45) 47 (58) 34 (31) 29 (28) 406 (393) 367 (352)
Formaldehyde 57 (93) 87 (99) 27 (34) 171 (179) 34 (37) 25 (23)
Ethene 5 (<5) 18 (26) <5 (<5) <5 (<L5) 61 (54) 355 (382)
Methane 13 (11) 16 (18) <5 (<5) <5 (<5) 6 (6) 7(5)
N,O <5(<5) <5 (<5) <5 (<5) 15 (14) 9 (14) 6 (6)
Ammonia 28 (24) 24 (27) <5 (<5) <5 (<5) 114 (121) 22 (12)

in Figure 4.2 (Ag/Al,O3) and 4.3 (In/Al;O3). A trend can be distinguished
where conversion of the saturated hydrocarbon (ethane) is low, the conver-
sion of the unsaturated hydrocarbon (ethene) is higher and the oxygenated
hydrocarbons (ethanol, DME and acetic acid) are almost completely con-
verted. Ethanol is fully converted around 350 °C over both catalysts, as
shown in Figure 4.2-4.3. DME is almost fully converted just above 300 °C
over both catalysts. However, Ag/Al,O3 combust DME more completely,
compared to In/AlyO3, as shown by the COs to CO-ratio in these figures.
In addition, various N- and C-containing species formed during the SCR
experiments were detected in the outlet gas flow.

The main byproducts formed over the two catalytic samples using the oxy-
genated hydrocarbons are summarized in Table 4.1. Significant are the for-
mation of acetaldehyde over both catalysts and NHjz over Ag/Al,O3 from
ethanol-SCR. This reducing agent also converts to a significant amount of
ethene over In/Al,Os. Also methanol and formaldehyde formation over
In/Al,O3 during DME-SCR should be mentioned.

NH; is highly active for SCR of NOy over Ag/Al,O3 in the presence of Hs.
Consequently, NH3 formed during the ethanol-SCR reaction could be able
to act as a reducing agent itself and effectively reduce NOy over Ag/Al,Oj
when hydrogen is present in the feed. However, the content of NH3 in the
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Figure 4.2: Conversion of the reductant (left), CO yield (middle) and CO4 yield (right)
during lean NO, reduction over Ag/Al;O3. Reducing agents are ethane (dark red), ethene
(light red), ethanol (green), acetic acid (orange) and DME (blue).

outflow seems unaffected by the presence of hydrogen, indicating that NHj is
not consumed as a reductant to a large extent. This is in compliance with the
findings by Pihl et al. [67]. Over the In/Al,O3 catalyst, lower amounts of NH;
are detected during ethanol-SCR compared to over Ag/Al,O3. However, only
half the amount of NHj is detected when Hs is added to the feed, and since
In/Al, O3 is inactive for NH3-SCR in absence of hydrogen [55], this indicates
that Ha-assisted NH3-SCR may be part of the ethanol-SCR reaction over the
In/Al,O3 catalyst (Paper I). Furthermore, almost 400 ppm ethene is detected
during ethanol-SCR over In/Al;O3, peaking around 450 °C. Since In/Al;O3
is active for ethene-SCR in this temperature range, this may also be part of
the ethanol-SCR reaction over In/Al,Os.

Among the Cy-based reducing agents, DME acts quite differently compared
to the other reductants, showing a significantly higher activity for NO, reduc-
tion over In/Al,O3 than Ag/Al,O3. Literature reports that DME undergoes
gas phase radical reactions with NO, Oy and H,O, and thereby changing the
gas phase composition significantly before reaching the catalyst [68]. There-
fore, a catalyst suitable for DME-SCR should hold other properties than a
conventional HC-SCR catalyst, such as avoiding further oxidation of the gas
phase composition and possess high capability for NO, reduction using ox-
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Figure 4.3: Conversion of the reductant (left), CO yield (middle) and CO4 yield (right)
during lean NOy reduction over In/Al;O5. Reducing agents are ethane (dark red), ethene
(light red), ethanol (green), acetic acid (orange) and DME (blue).

idized C;-hydrocarbons [68]. Moreover, Table 4.1 shows that a significant
amount of methanol is formed during DME-SCR over In/Al,O3. This is
likely due to hydrolysis of DME over In/AlyOs:

H3C—O—CH3 + HQO — 2 HgCOH

The methanol formation is favored above 200 °C with less than stoichiomet-
ric amounts of water, whereas the major part of DME has already reacted
in gas phase and is therefore no longer available for hydrolysis over the cat-
alyst. Furthermore, it has also been reported that acidic sites are impor-
tant for a highly active catalyst when reducing NO, using DME [69]. The
concentration of acidic sites was measured by NH3-TPD, showing that the
In/Al,O3 sample holds a higher concentration of acidic sites, compared to
Ag/Al,03. This could be a reason for the higher activity for DME-SCR, over
In/Al;O3 compared to Ag/AlyO3. Although un-impregnated Al,O3 holds an
even higher density of acidic sites then In/Al;Og, it has been demonstrated
that In/Al,O3 exhibits a higher activity for NOy reduction with DME com-
pared to InyO3 and 7-AlyO3 separately [70]. The results from the NH3-TPD
are presented and further discussed in section 4.2.

The byproduct yield of the experiments with Hs-assisted NH3-SCR over
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Figure 4.4: Conversion of NH3 (top), NOg yield (middle) and N3O yield (bottom) during
NH;3-SCR over Ag/Al;O3 to the left and In/Al;O3 to the right.
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Ag/Al,03 and In/Al,O3 are shown in Figure 4.4, together with the con-
version of the reducing agent. Over both catalysts, NH3 does not convert
when H, is absent, except for oxidation of NH3 to NO at elevated tempera-
tures, as mentioned earlier in this section. The N,O yield over the Ag/Al,O3
catalyst is low and it is clear that Hy suppresses the NoO production over
this catalyst, in accordance with literature [71].

In summary, the diversity in activity among these reductants demonstrates
that the nature of the reducing agent is of uttermost importance when de-
signing a successful catalytic system. During HC-SCR, the current work
demonstrates that NO, reduction varies as a function of the exact nature of
the reductant, since despite that all HC reductants are based on two car-
bon atoms, the activity for NO, reduction differs significantly over the same
catalyst. Parameters such as activation (i.e. partial oxidation) ability of
the hydrocarbon, which in turn depends on the nature of the C-H (or C-C)
bonds, accessibility of 7 -electrons, molecular orientation (steric effects) and
sticking probability of the reductant have been identified as critical factors
[41, 72-75]. The effect of the oxidation state of the active phase on NO,
reduction is discussed in Section 4.3.1.

4.2 Influence of an uneven reductant dosage
on N Oy reduction and slip of the reducing
agent

The reductant in NH3-SCR is typically supplied from urea, which decomposes
to ammonia over the catalyst, see Figure 4.5 for a schematic illustration of a
urea-SCR system. However, optimizing the spray setup is difficult and may
result in uneven ammonia distribution, causing inefficient NOy conversion

and ammonia slip. A quantification and analysis of this issue is addressed in
Paper III.

The degree of uneven distribution of ammonia to each individual catalyst
channel in a hydrogen-assisted NH3-SCR, Ag/Al,O3 catalyst is evaluated for
two different cases; with the injection spray situated in the center of the
exhaust pipe or at the pipe wall. In this study, the results of the computa-
tional fluid dynamics (CFD) simulation by Lundstrom and Strom [76] were
combined with a kinetic model developed by Tamm et al. [33], adapted to
new experimental data. Gaussian probability distribution functions for the
two cases of ammonia dosage are shown in Figure 4.6, where the probability
that a catalyst channel receives a certain ammonia dose is plotted versus the
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Figure 4.6: Probability distribution function of the NH3 dose, where a NH3 dose equal
to 1 represents the stoichiometric dose.
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range of doses seen in the raw data. The ammonia dose is here normalized by
the average dose, so that an ammonia dose of two indicates that the channel
in question receives twice the amount of ammonia that the average channel
does. It is clear that the arrangement with the spray positioned in the center
of the exhaust pipe produces more evenly distributed ammonia to the inlet
of the catalyst than the arrangement with the spray originating from the
exhaust pipe wall. However, both arrangements produce a large spread in
the dose to the individual channel.

Figure 4.7 shows the NO conversion and the ammonia slip as functions of
the normalized ammonia dose. These are calculated with the kinetic model
using the input parameters of the Ag/Al,O3 catalyst described previously. Tt
is assumed that an average dose implies dosing 500 ppm NHj3 (and 1000 ppm
H,) to reduce the 500 ppm NO, which is consistent with the fact that the
global stoichiometry between NO:NHj3:H, is 1:1:2 during the SCR reactions
[31]. The NO conversion increases rapidly with increasing dose from zero
to unity, and then it increases another 10 percentage points up to a dose of
approximately four times the average, after which no further improvement
in NO conversion is observed with increasing ammonia dosage. However,
the ammonia slip increases almost linearly above an ammonia dose equal to
unity and reaches more than 4500 ppm for a channel that receives 10 times
the average ammonia dose. For doses lower than unity, the ammonia slip is
insignificant.

The average NO conversions and ammonia slips for the two spray arrange-
ments depicted in Figure 4.7 are shown in Table 4.2. These values are cal-
culated with the micro-kinetic model for the distribution of channel inlet
conditions seen in the raw CFD data. It is shown that the global NO con-
version is higher with the more evenly distributed ammonia concentration
obtained for the centered spray arrangement. The largest differences are
however observed for the ammonia slip, where the effect of local overdosing
in the wall spray arrangement becomes apparent.

Although the NO reduction is almost maximized at stoichiometric conditions
of NO and ammonia, the optimal ammonia dose is 0.83, as shown in Figure
4.8. In this illustration, it has been assumed that the environmental and
health costs for releasing these two pollutants are weighted equally. This
information is of importance when designing a urea-SCR system where an
additional oxidation catalyst is not used, for example due to lack of space
or when there is an increased risk of catalyst poisoning. In these cases, a
sub-stoichiometric ammonia dose could be preferable to minimize the risk
for ammonia slip.
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Figure 4.7: NO conversion (left axis) and NHg slip (right axis) as a function of the NHg
dose in an individual catalyst channel at 300°C.

Table 4.2: NO conversion, NHj slip and the sum of NO and NHj slip (mean values) as
a function of the urea-spray position.

Position NO conversion [%] NHj slip [ppm] NO 4 NHj slip [ppm]

Center 61 300 495
Wall 52 565 805
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Figure 4.8: The sum of NO and ammonia slip as a function of the normalized ammonia
dose to each channel.

4.3 The catalytically active sites

In order to exhibit a highly active catalyst, several criteria must be fulfilled.
Among these are high surface area and a high distribution of the active phase.
In this section, the surface properties of the Ag/Al,O3 catalyst is compared
to an In/Al,O3 catalyst sample.

The specific surface area of the respective catalyst powder was measured by
Ny-sorption according to the BET method. The bare alumina sample pro-
vides 197 m?/g, and the surface area remained high after impregnation (188
and 185 m?/g for In/Al,O3 and Ag/Al,O3, respectively). Furthermore, the
X-ray diffractograms in Figure 4.9 shows that all patterns are characteristic
to that of v-AlyO3 and that no additional significant peaks that could be
attributed to silver and indium crystalline particles larger than 3-5 nm [62]
could be observed, confirming an even distribution of the active phases.

The alumina support consists of a combination of aluminum and oxygen ions
and can hold twelve different configurations of OH groups, bearing slightly
different net charges, consequently possessing different properties, such as
variations in acidity [77, 78]. The concentration of acidic sites among the
samples were determined by NH3-TPD profiles, deconvoluted into gaussian
peaks, showed in Figure 4.10. The variation of number and strength of
acidic sites among the samples are clearly illustrated. In total, the highest
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Figure 4.9: X-ray diffractograms of the Ag/Al;O3 and In/Al;O3 samples together with
bare Al>O3.

concentration of acidic sites is found at the bare v-Al,O3 sample, followed by
In/Al,O3 and Ag/Al,O3, which possesses the lowest concentration of acidic
sites as seen in Table 4.3. Furthermore, the weakest type of acidic site (i.e.,
the peak with lowest desorption temperature) can be found at a higher tem-
perature for the bare 7-AlyO3 sample, corresponding to 19% of the total
desorbed amount of NHs, compared to the Ag/Al,O3 (49%) and In/Al,O3
(16%) samples, respectively. This peak is marked with a blue dotted line
in the figure. The peak representing the strongest type of acidic site, i.e.,
the peak at the highest temperature, is marked with a red dotted line in the
figure and is also found at a higher temperature for the v-Al,O3 sample. In
addition, the highest desorption-temperature peak of the impregnated sam-
ples is marked with a green dotted line in the figure and corresponds to the
middle-temperature desorption peak of v-Al;O3, indicating that the impreg-
nation with silver and indium, respectively, results in loss of strong acidic
sites. For the bare v-Al,O3 sample, 33% of the total desorbed amount of
NHj is adsorbed on this (strongest acidic) type of site, compared to 6% in
the Ag/Al,O3 and 52% in the In/Al,O3 sample. However, the Gaussian peak
representing the strongest acidic sites of the bare v-Al;O3 sample is centered
around almost 100 °C higher temperature compared to the peak holding the
most acidic site of In/AlyO3. This implies that the impregnation procedure of
~v-Al; O3 leads to an electronical modification and physical blockage of acidic
sites at the catalyst support.
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Table 4.3: Total desorbed amount of NH3 during the NH3-TPD experiments.

Sample  Desorbed NH3 (mmol/cm?)

"}/—AIQOg 11.2
IH/A1203 9.5
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Figure 4.10: NHj;- temperature programmed desorption (TPD) profiles for (a) y-Al;Os3;
(b) Ag/Al;03 and (c) In/AlyOg3, with the desorbed NHj3 concentration as a function of
the temperature. The desorbed amount of NH3 in the deconvoluted peaks are denoted in
percentage of the measured total desorbed amount of NHj.
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4.3.1 Influence of gas phase composition
Metal oxidation state during NO, reduction

Diffuse reflectance UV-vis spectroscopy was used for identification of the sil-
ver and indium species present in the catalyst samples. In order to investigate
the influence of the hydrogen assistance during SCR experiments, the cata-
lyst samples were pretreated in Hy at 300 °C for 20 min prior to the UV-vis
measurements. The resulting spectra of the alumina subtracted Ag/Al,O3
and In/Al,O3 samples are shown in Figure 4.11 The spectrum of the fresh
(i.e. non-pretreated) Ag/Al,O3 catalyst (Figure 4.11a) shows that the sam-
ple contains a mixture of isolated Ag'-ions, which exhibit absorption peaks
at 192-250 nm [35,79-81], Ag,°"-clusters with peaks at 238-370 nm [79,82-
84] and Ag" (metallic silver) with signals >390 nm [22, 35, 45, 79, 84-86].
After exposure to Hy, peaks increase in wavelengths corresponding to Ag,’*-
clusters and Ag’. However, isolated Agt-ions exhibiting peaks below 200 nm
may also have been present in the samples without being detected, since the
spectrum only contains signals above 200 nm due to instrument limitations
[87]. Literature [37] acknowledges silver clusters as prime species for the ac-
tivation of NH3z in NH3-SCR over Ag/Al,O3 and it has been shown that the
activity is linearly proportional to the relative amount of these species [35].
The following reaction path for NOy reduction was proposed: (i) dissociation
of Hy on the Ag site, (i2) spillover of HT to form a proton on Aly,Os, (i)
aggregation of isolated Ag*t ions to Ag,’*-clusters (n < 8), (i) reduction
of Oy promoted by Ag,’*-clusters and HT to O,*, H,O and Ag,®*+®* or
Ag™, (v) N-H activation by Oz~ to yield NH, (x < 2) (vi) oxidation of NO
by Oy~ forming NO,, (vii) reaction between NHy and NO to yield Ny and
H,0 [35]. During HC-SCR reactions, alkanes exhibits lower reactivity com-
pared to alkenes, and it is assumed that Ag,°*-clusters provides active sites
for alkane activation, which can be owing to that these clusters can polarize
the saturated hydrocarbons and thereby facilitate partial oxidation of this
reductant [23].

The UV-vis spectrum of fresh (i.e. non-pretreated) In/Al,O3 is shown in
Figure 4.11b. Peaks in the range 200-450 nm are attributed to In,O3 [88-93].
The spectrum recorded after the Ho-pretreatment shows broadened absorp-
tion peaks with a slight redshift (see Figure 4.11d). Lv et al. [88] experienced
that increased concentration of InyO3 results in a broadening and a redshift
of the UV-vis absorbance edge. However, after Ho-pretreatment, peaks also
increase slightly at longer wavelengths, i.e. >450 nm, which could represent
an increased concentration of more reduced indium species. This indicates
that the exposure of In/Al,O3 to Hy could result in increased concentration
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Figure 4.11: UV-vis spectra of Ag/Al;O3 (a and c¢) and In/Al;O3 (b and d) with the
absorbance for the alumina sample subtracted, plotted as a function of the wavelength.
The top spectra represent the fresh, i.e. unpretreated samples while the bottom spectra
are after pretreatment in Hy at 300 °C. The scale of the a and ¢, and b and d, respectively,
are the same.
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of species that are more reduced than In,O3. The reaction mechanism pro-
posed for In/Al;O3 could therefore resemble what Shimizu et al. suggest for
Ag/Al,03, which could explain the promoting effect of Hy during NH3-SCR
over In/Al,O3. However, NH3-TPD profiles of the catalysts elucidate the
difference in acidity. The stronger affinity between NH3 and In/Al,O3 could
possibly hinder proper activation of NHz. Moreover, Park et al. [94] propose
that dispersed Iny,Oj3 clusters promote the activation (i.e. partial oxidation)
of HC that, with utilization of active alumina sites, selectively reduce NO,
to Ny during HC-SCR. Hence, the promoting effect of hydrogen in HC-SCR
could originate in increased formation of dispersed In,Ogs clusters that, in
turn, enable HC activation.

To sum up, Hs seems to promote the formation of species that have been
recognized to be important for the activation of the reducing agent, both
over Ag/Al;O3 and In/Al,O3. Since the hydrogen effect has been shown to
be rapidly reversible [7, 47|, the influence of hydrogen on the metal oxidation
state is likely not a single explanation for the remarkable increase of hydrogen
on catalytic activity, but rather in combination with a more direct effect on
the reaction mechanism.

Surface species during NO, reduction

The catalyst surface is affected by the content of the surrounding gas en-
vironment. In order to connect the active phase to the catalyzed reaction,
DRIFTS was used to follow the formation of surface species at reaction con-
ditions during Hs-assisted NH3-SCR. Figure 4.12 shows the formation of sur-
face species for the Ag/Al,O3, In/Al,O3 and 7-Al,O3 samples after 10 min
exposure to NO, NHs, Hy and Oy at 300 °C. All detected peaks remained
after the specific gas component that gave rise to the corresponding absorp-
tion band was switched off, indicating chemisorption of the surface species.
Absorption bands assigned to the adsorption of NO and NHj are presented
separately below.

Nitrate and nitrite surface species

Surface nitrate and nitrite species are formed upon exposure of Al,O3-based
catalysts to NO and Oy (or to NOy). Nitrites have been recognized as an
intermediate state in the formation of nitrates over Ag/Al,O3 [48], which may
be a reason for the nitrite band to appear at 1228 cm™! in the 1-Al,O3 and
In/Al; O3 spectra, but being absent in the spectrum of Ag/Al,O3. Absorption
bands related to the symmetric N=O stretching vibrations are located in the
region between 1650 and 1500 cm™!, while the asymmetrical stretching of
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Figure 4.12: Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) show
formation of surface species for the Ag/AlsO3, In/AlO3 and -Al;O3 samples during the
exposure to selective catalytic reduction (SCR) reaction conditions (NO, NHs, Hy, Oq,
Ar-bal.) at 300 °C.
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the O-N-O group can be detected between 1200 and 1350 cm ™! [26, 48, 95].
Broad peaks centered around 1256 cm™! are located in the In/Al,O3 and ~-
Al,O3 spectra, as shown in Figure 4.12. This band is assigned to (bidentate)
nitrate [96]. In the same region, at 1302 cm™!, Ag/Al,O3 exhibits a sharp
peak, which is assigned to monodentate nitrate [48, 96]. The three peaks
located at 1575, 1595 and 1613 cm™! for the Ag/Al,O3 sample are assigned
to bridged-, bidentate- and mono-dentate nitrate, respectively [48, 87]. In
general, it should be noted that the Ag/Al,O3 sample exhibits both stronger
and a wider variety of signals due to adsorption of nitrates and nitrites,
compared to In/Al,Os.

Ammonia surface species

Bronstedt acidic sites adsorb NH4 " ions which result in the absorption bands
at 1397 and 1692 cm™' [97, 98]. Moreover, the symmetric and asymmetric
vibration of surface coordinated NHjz results in absorption bands at 1275 and
1587 cm ™!, respectively [98]. The less pronounced absorption bands at 3380
and 3400 cm ™! are assigned to the symmetric and asymmetric N-H stretching
vibrations of NHj hydrogen bonded to surface OH [97, 99]. Absorbance
bands assigned to NHs-surface species are in general more pronounced over
In/Al;O3 compared to Ag/AlyO3. This indicates that the adsorption of NH3-
surface species is more efficient over the former two samples compared to
the latter, which is supported by the NH3-TPD (which was discussed in the
introduction of section 4.2), showing that the y-Al,O3 and In/Al,O3 samples
provide higher density of acidic sites, compared to the Ag/Al,O3 sample.

Hydroxyl groups

Absorption bands assigned to hydroxyl groups were observed at 3500-3800
cm ™! [100]. Comparing the relative peak intensities within the OH-band area
of the infra-red patterns, it can be shown that the In/Al,O3 pattern resembles
the one of 7-Al,O3 to a higher degree compared to Ag/Al,O3. Since alumina
is impregnated with Ag and In in equivalent molar amounts, this implies that
Ag affects the acidic properties of the OH-rich alumina surface to a higher

degree compared to In, resulting in a lower concentration of acidic sites for
Ag/Alz O3 .

To sum up, during Hs-assisted NH3-SCR conditions, the Ag/Al,O3 sam-
ple exhibits adsorption of NO-species in a wider variety compared to the
In/Al,O3 sample. However, the latter adsorbes more NHs-species compared
to the former, confirmed by NH3-TPD, which is discussed above. The strong
adsorption of NHj at the In/Al,O3 sample may inhibit (self-poison) the NHj
activation during SCR, thereby hindering further reaction over this catalyst.
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4.4 Catalytically active nanosized alloys

The catalytic activity of bimetallic nanoparticles can differ significantly from
those consisting of the respective elements [101], giving the opportunity to
design catalysts holding specific, controllable properties [102, 103]. In order
to synthesize such particles in homogenous size, the water pools of reversed
microemulsions (w/o) can be used as nanosized reactors. In Paper IV, Pd-Ag
nanoparticles were synthesized with this method, using methanol as reduc-
ing agent. Methanol is more environmental- and user friendly compared to
hydrazine or sodium borohydride, which are commonly used for this type of
synthesis. The nanoparticles were characterized with regards to crystallinity
using XRD, elemental composition (core-shell or alloy structure) and cat-
alytic activity using STEM-EDX, and CO adsorption and oxidation followed
by in situ DRIFTS.

XRD diffractograms of nanoparticles supported on carbon are shown in Fig-
ure 4.13. The peaks at 44° arise from the carbon support and corresponds
to C(100) [104-106]. The Ag sample exhibits peaks at 26 = 38, 43, 64 and
77° which are assigned to the crystalline silver phases (111), (200), (220) and
(311), respectively [107, 108]. The peaks of the Pd sample are detected at
20 = 40, 46, 68, 78 and 79°, and are associated with the palladium crys-
tal planes (111), (200), (220), (311) and (222), respectively, confirming the
presence of face centered cubic structured Pd [105, 109-112]. The middle
XRD-pattern that represents the 50/50 wt.% Ag/Pd mixture exhibits shifted
peaks in between the Ag and Pd (111) phases, confirming the formation of
a fec-crystalline structured alloy [113, 114].

The elemental structure of the particle surface in relation to the overall par-
ticle composition (i.e. whether a core-shell structure or an alloy was formed)
was investigated by using CO as a probe molecule in in situ DRIFTS. Figure
4.14a shows the absorption bands of CO adsorbed on the alumina-supported
nanoparticles with different Ag/Pd compositions, ranging from 100 wt.% Pd
to 100 wt.% Ag, with steps of 20%. Absorption peaks below 2000 cm™!
are attributed to the adsorption of bridge-bonded CO, and the bands above
2000 cm ™! are assigned to CO linearly bound to the surface [30, 115-119]. In
agreement with literature [115, 116], CO does not adsorb onto Ag at the cur-
rent conditions and following the behavior of the peaks change as a function
of Pd-Ag content can therefore give an indication on the surface elemental
structure. CO linearly bound to Pd is detected at 2099 cm™! on the pure
Pd sample, while the Ag-containing samples exhibit a weak redshift of this
signal to lower wavenumber, relative the pure Pd sample (from 2099 to 2095
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Figure 4.13: XRD patterns of the carbon-supported nanoparticle samples. The top
pattern represents the 100% Ag particles, the middle a 50-50 wt.% mixture of Ag and Pd,
and the bottom pattern represents the 100% Pd particles sample. To the right are the
respective TEM images of the particles in the microemulsions.

em ™). Weaker adsorption of CO as a function of increased Ag content would
however result in a blueshift of this signal towards the vibration signal of gas
phase CO at 2143 cm™!. Other effects such as change in dipole-dipole inter-
action between the linearly bound CO molecules should be responsible for
this redshift [117, 120]. A significant decrease in peak intensity between for
example 100% Pd and 80% Pd, 20% Ag could indicate that the surface com-
position of Ag is higher than the overall sample, pointing at the formation of
a core-shell structure. The intensity of the linearly bound CO signal decrease
gradually as the Ag content increase, indicating that the elemental content
of the surface matches the content of the entire particle.

Moreover, the sample containing pure Pd particles exhibits a signal at 1960
cm™ !, showing the presence of bridge-bonded CO. According to Soma-Noto
et al. [116], the diadsorbed bridge complex CO prevails on pure Pd. How-
ever, Childers et al. [121] show that the ratio between linearly bound and
bridge-bonded CO on Pd strongly depends on particle size. In our study,
the signal corresponding to the single-bonded CO vibrations is significantly
more pronounced, compared to the bridge-bonded CO vibrations, also for the
sample containing Pd only. The peak assigned to bridge-bonded CO exhibits
a red shift (towards lower wavenumbers) as the silver content increases (from
1960 to 1930 cm™!). If the nanoparticles would have higher Ag ratio at the
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Figure 4.14: a) DRIFTS spectra showing chemisorbed CO at the AlyOs-supported
nanoparticles, ranging from 100% Pd to 100% Ag with steps of 20 wt.%. b) STEM-EDX
maps showing the location of Ag (orange) and Pd (red) in a nanoparticle.
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Figure 4.15: Al,Os-supported particles prior to (a) and after (b) calcination at 550 °C.

surface, compared to the overall particle, the absorbance corresponding to
bridge-bonded CO would decrease rapidly with increased Ag ratio, since each
bridge-bonded CO molecule needs to occupy two surface Pd atoms. A Pd-
prevailed surface would, on the other hand, result in similar CO absorbance
regardless of Ag concentration, since the Ag core would not affect the CO
adsorbed at the surface. The gradual redshift of the bridge-bonded CO, with
increasing Ag ratio, might be due to electronic and/or geometric impact of
Ag atoms in the Pd lattice. A particle surface with agglomeration of Ag and
Pd atoms separately should only result in a gradual decrease of this signal,
since the Pd lattice would not be affected. In summary, the results of the
CO adsorption study indicate that the surface of the particles consists of the
same Pd-Ag ratio as the entire particle, i.e. no core-shell structure can be
detected. This is also illustrated in Figure 4.14b, showing the STEM-EDX
mapping of a particle containing equal amounts of Pd and Ag, confirming an
even distribution of the elements throughout the nanoparticles.

As shown in Figure 4.14, the size of the particles in the microemulsion solu-
tion is around 5-12 nm while the size of the alumina-supported particles is
somewhat larger, as shown in Figure 4.15a. After calcination at 550 °C, the
particle size increase further (Figure 4.15b).

The DRIFTS spectra of CO oxidation over the alumina-supported nanopar-
ticles are shown in Figure 4.16, with the particle content ranging from 100%
Pd at the left to 20% Pd and 80% Ag to the right. The temperature ranges
from 25 °C at the bottom to 400 °C at the top. The presence of gas-phase
CO is represented by the double peaks around 2150 cm™?!, while the peaks
evolving around 2350 cm™! are due to formation of CO, [122]. The spectra
show that the formation of CO4 starts at a lower temperature over the sam-
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Figure 4.16: DRIFTS spectra of CO oxidation over Al;Oz-supported Ag/Pd nanopar-
ticles of varying ratios. The inlet gas composition was 0.5 vol.% CO and 2.5 vol.% O-
(Ar-bal.)

ple containing pure Pd nanoparticles, as illustrated by the stronger CO,/CO
signal (light blue spectrum at 225 °C) for the pure Pd sample, compared to
the other samples. Furthermore, the amount of chemisorbed CO (at 25 °C),
is higher for the samples with high Pd content, compared to the samples
containing more Ag. This absorption peak is located at 2098 cm ™! in these
spectra and is overlapped by the right part of the gas phase-CO double peak.
Moreover, the spectra representing the high ratio of Ag-samples exhibit lower
CO oxidation at high temperature.

Figure 4.17 shows the simulated formation of approximately 2,000 nanopar-
ticles from the initial droplet distribution. The core of the particles consists
of either silver or palladium with a probability matching the proportions in
the microemulsion mixture. Moving from the center of the particle towards
the surface, the composition is gradually more mixed, indicating formation
of alloys rather than core-shell structures. The average composition for the
nanoparticles also corresponds to the proportions in the mixture, indicating
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Figure 4.17: Simulation result histograms for the spatial data on Ag/Pd-nanoparticles
for three different Ag/Pd-wt. ratios (from left to right: 20/80, 50/50 and 80/20). The
colored spheres represent the average composition. Pd is represented in blue, Ag in red
and a 50/50 mixture in grey. As the color turns to lighter tonalities, the proportion of the
corresponding pure metal is higher.

minimal tendency to metal segregation. It can be concluded from the simu-
lations that the particles synthesized from the microemulsions are alloys with
both metals present at the particle surface in the equal proportions as the
entire particle.

In summary, in the reversed microemulsion templated synthesis, the metal
salts were reduced by the methanol into crystalline particles, which was
shown by XRD measurements. Results provided by STEM-EDX, DRIFTS
and the numeric simulations all show that the particles formed in this syn-
thesis exhibit an alloy structure with the Ag and Pd atoms mixed, regardless
of the Ag/Pd-ratio. Furthermore, the particles were shown to be active for
CO oxidation, where the pure Pd-particle sample was active at a lower tem-
perature, compared to the other ratios.
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Chapter 5

Conclusions

Climate change motivate the use of more fuel efficient engines in the vehicles,
which emit less of the green house gas CO, per driven kilometer. However,
NO,, which is poisonous to both humans and the environment, is more chal-
lenging to reduce in lean conditions, since the three-way catalyst is ineffective
in excess oxygen.

In this work, Ag/Al,O3 has been evaluated as an SCR catalyst with C,-
hydrocarbons as well as ammonia as reducing agents, in order to investigate
the active sites and elucidate the influence of the nature of the reducing
agent during lean NOy reduction. In particular, the work focus on how the
catalytically active phases are affected by the SCR environment, and how the
formed surface species interact with these phases. The Ag/Al,O3 catalyst was
compared to an In/AlyO3 catalyst, containing the equivalent molar amount
of active phase in order to investigate the role of the active phase. The effect
of an uneven distribution of the reducing agent is also evaluated. Finally, this
work investigates the possibility to form catalytically active bimetallic Pd-
Ag nanoparticles, synthesized in the water pools of a reversed microemulsion
using methanol as reducing agent for the metal complexes.

The results from the SCR experiments show that the Ag/Al,O3 catalyst in
general exhibits superior activity for NO, reduction compared to In/Al;Os.
However, In/Al;O3 shows significantly higher activity with DME as the re-
ductant, which may be explained by gas-phase radical formation that DME
experiences together with the more pronounced ability of HC activation (i.e.
partial oxidation) that Ag/AlyO3 exhibits. The ‘hydrogen effect’ observed
over the Ag/Al,O3 sample may be explained by modification of surface
species acquired after hydrogen exposure, resulting in increased concentra-
tion of Ag,%T-clusters. Such clusters have previously been identified as key
components in the reaction mechanisms, both during HC- and NH3-SCR.

47



Furthermore, the results show that in addition to Ag/Al,O3, In/Al,O3 also
exhibits a ‘hydrogen effect’ during both HC- and NH3-SCR. Hydrogen expo-
sure of In/Al,O3 results in an increased number of InyO3 species, which have
been identified as an active component for HC activation during HC-SCR.
However, more reduced species are also formed during hydrogen exposure,
which may be an explanation of the promoting effect of hydrogen during
NH;3-SCR over this catalyst. Moreover, the hydrogen effect has been shown
to be rapidly reversible when the hydrogen is removed from the gas feed. It
is likely that the origin of this phenomenon is dual and a direct participation
of hydrogen in the NOy reduction reaction mechanism is feasible.

DRIFTS show that NO-species are formed to a higher extent over Ag/Al,O3
during SCR conditions, compared to In/AlyO3. The latter provide higher
density of acidic sites, quantified by NH3-TPD, and also exhibit higher NHjz
adsorption. Since adsorption of reactants in suitable proportions is crucial
for high catalytic activity, an important difference between the two catalysts
could be the stronger affinity for NH3 over In/Al,O3, compared to Ag/Al;Os.
This can possibly inhibit the NH3 activation over the former, and thereby
hindering further reaction over this catalyst, which is also shown by the lower
SCR activity, compared to Ag/Al,Os.

Quantification of the NO reduction and ammonia slip in different locations
of the reductant injection spray shows that the probability of an ammonia
dose equal to unity is higher when the spray is positioned in the center of
the exhaust pipe, compared to at the pipe wall. However, both arrange-
ments produce a large spread in the ammonia dose to the individual catalyst
channels. Furthermore, the NO conversion increases rapidly with increasing
ammonia dose from zero to unity, and then it increases another 10 percentage
points up to a dose of approximately four times the average, after which no
further improvement in NO conversion is observed with increasing ammonia
dosage. However, the ammonia slip increases almost linearly above an am-
monia dose equal to unity and reaches more than 4500 ppm for a channel
that receives 10 times the average ammonia dose. For doses lower than unity,
the ammonia slip is insignificant.

Moreover, it was confirmed that catalytically active crystalline nano-alloys,
which can hold properties that significantly differs from those of each ele-
ment separate, could be synthesized by a simple route using methanol as an
environmental friendly reducing agent. Following the CO-adsorption at par-
ticles of different Pd-Ag ratios by in situ DRIFTS indicates that the surface
of the formed particles consists of equal Pd-Ag ratio as the entire particle,
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i.e. no core-shell structure can be detected. The alloy structure could also be
confirmed by STEM-EDX as well as in numeric simulations. In addition, CO
oxidation experiments confirms that the particles are catalytically active.

This work contributes to the overall understanding of the interplay between
various reducing agents and active sites in SCR of NO,. The results presented
in this thesis may therefore help advance current technologies to improve the
sustainability of future transport solutions.
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