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The performance of silver alumina catalysts and silver aluminate was studied in the selective catalytic reduction
(SCR) of NO by propene. The use of boehmite during the impregnation step ensured a strong interaction
between the silver species and the alumina surface in the final calcined catalyst. Thus, higher silver loadings
(5-7 wt % silver) could be used without significant loss in selectivity to N2 during SCR. The nature of the
silver species and the formation of adsorbed surface species during SCR and hydrogen-assisted SCR (H2-
SCR) was studied by activity measurements and by combined in situ IR and X-absorption spectroscopic
measurements. The combination of these techniques in the same reaction cell allowed simultaneous monitoring
of the state of silver and the formation of surface species under realistic reaction conditions. The active silver
species on alumina support were concluded to be 2-dimensional oxidic Agn

δ+ species. Silver aluminate was
ruled out as a possibility for an active phase for the SCR reaction. The oxidic Agn

δ+ species were present
under both SCR and H2-SCR reaction conditions and even on a prereduced catalyst under the SCR reaction
conditions. Hydrogen is proposed to enhance the formation of adsorbed surface species, especially nitrites,
but not to change the nature of the active silver sites.

Introduction

The main benefit of a diesel vehicle is the higher fuel
efficiency of the engine in comparison with gasoline vehicles.1

Diesel engines have mainly been used in heavy-duty trucks and
buses, but they have gained popularity in low-duty passenger
vehicles due to increasing gasoline prices and the aspiration to
reduce CO2 emissions. Similarly to gasoline engines, an exhaust
after-treatment system is required to meet the allowed emission
levels. However, because of the high concentration of oxygen
in the exhaust (lean conditions), three-way catalysts (TWC) are
not applicable for NOx abatement from the subsequent exhaust
gases originating from the engine.1 Therefore, much effort has
been invested in the research and development of catalysts
suitable for reducing NOx under lean conditions.

Silver alumina catalysts are promising for the selective
catalytic reduction (SCR) of NOx because of the tolerance of
the catalyst to water, its comparatively low price, and the recent
discovery that small amounts of hydrogen can significantly
improve the performance of the catalyst.2,3 Although silver
alumina catalysts have been studied to a great extent, there is
still a debate on the type of the active sites and the role of
hydrogen in the reaction.

Depending on the loading and the preparation technique,
isolated Ag+ species, a silver aluminate phase (�-AgAlO2),
nanosized Ag2O clusters, Agn

δ+ clusters, or large metallic Ag0

clusters are present.1,4-12 The large Ag0 clusters cause unselec-
tive combustion of the reducing agent and the formation of N2O,

a harmful greenhouse gas, whereas all of the other silver species
have been proposed to be the active sites for SCR.1,9,11-14 The
lack of certainty on the type of the active site is due to the
complex nature of the SCR reaction,1,15 the mobility of silver
species under reaction condition,3,16 and the influence of
temperature and gas-phase composition on the formed surface
species.17

Hydrocarbons are used as reducing agents for the SCR
reaction (HC-SCR) with silver alumina catalysts, and in the past
decades the use of several different hydrocarbons, ranging from
short-chain hydrocarbons, such as propane2,7,12,18 and propene,11,19

to long-chain hydrocarbons such as octane,15,20,21 decane,17 and
real diesel fuel,22 has been studied. The structure of the
hydrocarbon only influences the activity of the catalysts;
increasing the number of carbons and the linearity of the carbon
chain increases the activity of the catalyst but does not affect
its selectivity.23 The first reaction steps of HC-SCR are (i) the
activation of NO to surface-bound NOx species and (ii) the
activation of the hydrocarbon to form partially oxidized
species.1,4,19 Whether NO is directly oxidized by the silver
alumina catalysts to form gaseous NO2 that adsorbs as nitrates
has been debated.14,24 However, it has been shown that direct
oxidation of NO does not occur on unpromoted alumina25 nor
on low loading silver alumina catalysts,26 and studies comparing
the performance of high and low loading silver alumina catalysts
have indicated that the direct NO oxidation only takes place on
metallic silver clusters.24 In addition, it has been shown that
the substitution of NO by NO2 leads to a lower N2 yield.12

Therefore, it seems likely that, on active silver alumina catalysts
that do not contain large metallic silver clusters, NO2 is not
formed by direct oxidation. Other studies have shown that
different partially oxidized carbonaceous species can form
depending on the reaction conditions,6 and it has been suggested
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that enolic species,4,27 acetates13 or acrylates,11 are the key
species in SCR, while formates and carboxylates would not be
involved in the reaction.13 The formation of acetates has been
proposed to be the rate-determining step of propane SCR.13 The
presence of surface-bound NOx species enhances the activation
of the reducing agent,13,15 and it has been suggested that acrylates
are formed via a nucleophilic activation that occurs in the
presence of NO, while acetates are formed via an electrophilic
activation that takes place mainly in the absence of NO.6 Enolic
species are mainly observed when alcohols are used as reducing
agents.4 The next step in the reaction mechanism is the reaction
between the adsorbed NOx and the partially oxidized carbon-
aceous species forming organic nitrites and nitro species
(R-NO2), amino species (R-NH2), surface bound cyanide
(-CN), and isocyanate species (-NCO). Nanosecond time-
resolved IR studies have shown that silver-bound cyanide
species flip to the alumina surface, forming isocyanate species
in the presence of CO and NO on a silver alumina catalyst,28

whereas other studies with propene have indicated that the
cyanide and isocyanate species might belong to two parallel
pathways, where cyanides belong to a minor reaction route and
isocyanates are part of the major route formed from surface
nitrates and carbonaceous species.29 The organic nitrites, nitro,
amino species, cyanide, and isocyanate species readily react with
water-forming ammonia that can reduce surface-bound or
gaseous NOx to N2.29 In addition to the above-discussed surface
reactions, it has been shown that homogeneous gas-phase
reactions occur under SCR conditions15 and that the presence
of water enhances the formation of gaseous ammonia.21

The addition of small amounts of hydrogen (<1%) signifi-
cantly improves the performance of silver alumina and silver-
exchanged ZSM-5 catalysts,2,10,30,31 whereas this effect is not
observed for ZrO2-, TiO2-, Ga2O3-, or SiO2-supported silver
catalysts nor for Co or Pt on alumina catalysts.7 The role of
hydrogen in the SCR reaction has been debated in the literature;
this effect has been attributed to changes in the active silver
sites or to a chemical effect of hydrogen on the reaction
intermediates. Hydrogen has been suggested to reduce silver
and form Agn

δ+ clusters32,33 or metallic silver species12,34 that
are more active in hydrocarbon activation than the oxidic silver
species present in the absence of hydrogen. The addition of
hydrogen has been proposed to change the rate-determining step
of propane SCR from acetate formation (partial oxidation of
the hydrocarbon) to the formation of cyanide and isocyanate
species.13 However, in situ ultraviolet-visible (UV-vis)17 and
extended X-ray absorption fine structure (EXAFS) measure-
ments20 performed on catalysts that were treated under SCR
reaction conditions prior to the measurements have shown that
similar changes in the silver sites can be induced by the addition
of carbon monoxide instead of hydrogen, although carbon
monoxide does not promote the SCR reaction. Hydrogen was,
therefore, suggested to directly participate in the SCR reaction
but not to change the nature of the silver sites.17,20

The aim of this study was to elucidate the nature of silver,
the type of active surface species present, and the role of
hydrogen during SCR. This study reports results from activity
measurements and from combined in situ diffuse reflectance
infrared Fourier transform (DRIFT) and X-ray absorption
spectroscopic measurements (XAFS). The combined in situ
DRIFTS and XAFS measurements were performed to obtain
simultaneous information on the effect of gas-phase composition
on the formation of surface species and on the state of silver.
The chosen methodology allowed us to draw conclusions on
the debated topics without complications arising from the use

of different reaction cells and, thus, varying reaction conditions
typically required for studies using multiple techniques.

Experimental Section

Catalyst Preparation. The silver alumina catalysts were
prepared by incipient wetness impregnation (IWI). Boehmite
(AlOOH, Akzo Nobel, Brunauer-Emmett-Teller (BET) sur-
face area 349 m2/g) was used as the support material and
aqueous solutions of AgNO3 (Engelhard) as the precursor for
silver. Boehmite was used for its high surface area and high
concentration of surface hydroxyls.35 Calcining boehmite at
temperatures higher than 500 °C leads to the formation of
γ-alumina.35 The γ-alumina used in this study was prepared by
calcining boehmite in air at 600 °C for 16 h. The impregnated
catalysts were dried overnight in air at 120 °C and calcined in
air at 600 °C for 4 h. The calcined samples were pressed into
pellets, crashed, and sieved to a particle size of 0.425-0.212
mm. The catalysts will be referred to as xAgB, where x indicates
the amount of silver in wt % and B indicates that boehmite
was used during the IWI step. The silver alumina catalysts are
presented in Table 1.

Silver aluminate (AgAlO2) was prepared by a solid-state ion-
exchange method described in detail elsewhere.36 First, equimo-
lar amounts of alumina and Na2CO3 (Acros Organics) were
physically mixed together and calcined in air at 1050 °C for
12 h to form sodium aluminate (�-NaAlO2). Thereafter, silver
was ion-exchanged into the aluminate by heating a mixture of
NaAlO2, KNO3 (Acros Organics), and AgNO3 in the molar ratio
of 1:1:1.03 at 210 °C for 24 h. Prior to the heat treatment, the
mixture was physically mixed together and pressed into pellets.
After the heat treatment, the resulting solid was washed several
times with distilled water to remove the nitrates and dried in
air at room temperature. Silver aluminate and γ-alumina were
physically mixed to obtain a sample with approximately 5 wt
% silver (5PhysMix, Table 1). The mixture was calcined in air
at 600 °C for 4 h. The calcined sample was pressed into pellets,
crashed, and sieved to a particle size of 0.425-0.212 mm.

Characterization. The silver catalysts were characterized
before and after use by several techniques. The amount of silver
was determined by X-ray fluorescence (XRF). The specific
surface area and pore volume were determined by nitrogen
sorption measurements with a Micromeritics ASAP 2400
instrument. Surface areas were calculated using the BET model
with pores described by the Barrett-Joyner-Halenda (BJH)
model. X-ray diffraction (XRD) was used to determine the phase
purity and crystallinity of the alumina and of the silver aluminate
phase, respectively. The XRD measurements were performed
using a Bruker-AXS D8 Advance powder X-ray diffractometer,
equipped with an automatic divergence slit, a Våntec-1 detector,
and a cobalt KR1,2 (λ ) 1.79026 Å) source.

TABLE 1: Catalysts and Their Characteristics Determined
by X-ray Flourescence (XRF) and BET

sample description
Aga

(wt %)
SAb

(m2/g)
PVc

(cm3/g)
PSd

(nm)

boehmite AlOOH n.a.e 349 1.06 9.5
γ-alumina γ-Al2O3 n.a.e 285 1.20 15.2
2AgB silver alumina 1.90 279 0.94 12.1
5AgB silver alumina 4.76 286 0.90 11.4
7AgB silver alumina 7.13 279 0.78 10.0
11AgB silver alumina 11.01 225 0.73 11.6
5PhysMix �-AgAlO2 5.11 256 0.86 12.0

a Amount of silver by XRF. b SA ) BET surface area. c PV )
BJH pore volume. d PS ) BJH pore size. e n.a. ) not analyzed.
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Activity Studies. The catalytic activity of the catalyst samples
(200 mg) was tested in the SCR of NO using propene as the
reducing agent. The studies were performed by heating the silver
alumina sample from 50 °C (or 100 °C in presence of added
water) to 500-600 °C with 5 °C/min in a SCR gas mixture
containing 1000 ppm NO, 1000-5000 ppm C3H6, 5% O2,
0-5000 ppm H2, 0 or 4% H2O, and He for balance. The gases
were from Linde, and their flow rates were controlled by Brooks
5850 mass flow controllers. Water was introduced to the gas
stream via a saturator. The total gas flow rate was kept constant
at 200 mL/min, resulting in a gas hourly space velocity of 54 000
h-1. The performance of the catalysts was studied using several
cycles (5-11) of heat treatments under reaction conditions. In
the experimental sequences the first and the last heating ramps
were always identical to monitor the possible deactivation (not
observed for any of the studied samples) of the catalysts due to
the reaction conditions. Each heating ramp was followed by a
regeneration step at 500-600 °C for 60 min using 10% O2/He.

The gaseous products were analyzed online by gas chroma-
tography (GC, Interscience, Compact GC), mass spectrometry
(MS, Hiden Analytical, HPR-20 QIC), and infrared spectrometry
(IR, Perkin-Elmer, Spectrum One). The GC was equipped with
two thermal conductivity detectors, a Molsieve 5A column for
the analysis of light gases and a Porabond Q column for the
analysis of carbon dioxide and hydrocarbons. The gas cell used
for IR had KBr windows and a path length of approximately 5
cm. The spectra were measured in a continuous mode using a
Perkin-Elmer Time-Base software in the wavenumber range of
4000-700 cm-1 with a spectral resolution of 8 cm-1 and an
acquisition of 40 scans per spectrum, resulting in a time interval
of 44 s between each spectrum. The background was measured
by passing helium through the cell while 60 scans were recorded.
A water condenser cooled by a NaCl-water ice mixture was
placed in the product gas line before the analysis equipment to
prevent water damage to the GC columns and to the windows
of the IR gas cell. Therefore, the amount of water vapor in the
product gas could not be determined.

Equations 1 and 2 were used to calculate the conversions of
NO and propene (Xi) and the selectivities to NO2, N2O, CO,
and CO2 (Si), respectively.

where Fi,IN and Fi,OUT are the molar rates (mol/min) of NO or
propene in the inlet and in the outlet, respectively.

where C is a stoichiometric constant, that is, 1 for NO2, 2 for
N2O, and 1/3 for CO and CO2, and FNO/C3H6,IN refers to either
the amount of NO or propene in the feed (mol/min).

Combined in Situ DRIFTS and EXAFS. The combined in
situ X-ray absorption and IR studies were performed to obtain
simultaneous information on the silver species and the formation
of reaction intermediates.37,38 EXAFS was measured to study
the type of silver species, their oxidation state, and coordination
to neighboring atoms. DRIFT spectra were collected to study
the adsorption of reactants and the formation of surface species
during the SCR reaction. These measurements were performed
at the European Synchrotron Radiation Facility (ESRF) in

Grenoble, France at the Dutch-Belgian Beamline (DUBBLE
BM26A).39 The storage ring operates at 6 GeV with a typical
current of 160-200 mA in a 7/8 bunch filling mode. The
measurements were performed in a modified (SpectraTech, high
temperature) in situ DRIFTS cell37,38 using approximately 50
mg of sample in powder form. In this cell the gases flow through
the sample bed, simulating the conditions in the plug flow
reactor used for the activity measurements. A Bruker IFS 66
spectrometer equipped with a high-sensitivity mercury-
cadmium-telluride detector was used to collect the DRIFT
spectra. The spectra were collected in the wavenumber range
of 4000-1000 cm-1 with a spectral resolution of 2 cm-1 and
acquisition of 50 scans per spectrum. The spectra were recorded
every 10 min (i.e., every 10 °C during the SCR heating ramps).
A spectrum of the catalyst sample after calcination or reoxidation
(30-60 min at 500 °C) recorded at 100 °C under 10% O2/He
gas mixture was used as the background. The window material
for the IR measurements was CaF2, while the X-ray absorption
at the Ag K edge (25.514 keV) was measured in transmission
mode through windows made of vitreous carbon. The beamline
was equipped with a Si (111) double-crystal monochromator
and a vertically focusing mirror. Ionization chambers filled with
Ar/He mixtures were used to detect the initial and transmitted
signal. The higher harmonics of the primary energy, transmitted
by the monochromator, were suppressed with the vertically
focusing Pt mirror after the monochromator yielding in a
harmonic content of less than 10-4.

The EXAFS data reduction and analysis was performed using
the Athena program that is part of the IFFEFIT software
package.40 The signal-to-noise ratio of the experimental data
typically allowed using k ranges of 3.0-9.0 Å-1. All Fourier
transforms were k3 weighted. A least-squares linear combinations
fitting was performed on the normalized EXAFS spectra using
the EXCURV program.41 Anharmonic effects were considered
in the fitting process but were not included in the presented
fits, since these were not observed to improve the fit. The
Debye-Waller factors were fixed to the value of the calcined
samples measured at 100 °C for the analysis of the scans
recorded at higher temperatures to allow a comparison between
the coordination numbers and the bond distances for scans
recorded at different temperatures.

The gas flow was kept constant at 100 mL/min and was
controlled by Brooks 5850 mass flow controllers. The feed gas
composition during calcination and reoxidation was 10% O2/
He. Calcination and reoxidation were performed at 500 °C for
30-60 min. During the SCR experiment, 1000 ppm NO, 5000
ppm C3H6, 5% O2, ∼4% H2O, and balance He were fed to the
reactor, whereas during the hydrogen-assisted reaction experi-
ments (H2-SCR) 5000 ppm H2 was added to the gas mixture.
Water was introduced to the feed gas via a saturator kept at
room temperature. The SCR and H2-SCR reactions were studied
by heating the catalyst samples from 100 to 400 °C using a
heating ramp of 1 °C/min. The effect of prereduction was also
studied by reducing the catalyst at 500 °C for 30 min with 5%
H2/He followed by cooling to 100 °C in He. The spectrum of
the reduced sample recorded at 100 °C under He was used as
the background for DRIFTS measurements during these experi-
ments. After the prereduction the SCR gas mixture was directed
to the catalyst, and in situ EXAFS and DRIFTS spectra were
recorded during the heating ramp from 100 to 400 °C. The
gaseous products were analyzed online by MS.

In Situ DRIFTS. The in situ DRIFTS measurements were
repeated using the IR described in the section on activity
measurements. An in situ DRIFTS cell from Harrick equipped

Xi(%) )
Fi,IN - Fi,OUT

Fi,IN
× 100% (1)

Si(%) )
CFi,OUT

FNO/C3H6,IN
× 100% (2)
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with ZnSe windows was used in these experiments. The gases
also flow through the sample bed in this reactor cell. The spectra
were recorded in the wavenumber range of 4000-1000 cm-1

with a spectral resolution of 8 cm-1 and acquisition of 100 scans
per spectrum. The spectra were collected every 10 °C from 110
to 500 °C during the heating ramps (2 °C/min). A spectrum of
KBr collected with the acquisition of 200 scans at room
temperature was used as the background. The feed gases were
controlled by Brooks 5850 mass flow controllers, and the gas
flow was kept constant at 80 mL/min. In addition to the SCR
and hydrogen-assisted reaction (H2-SCR) experiments described
above, the formation of surface species was studied by passing
(i) 1000 ppm NO and 5% O2, (ii) 1000 ppm NO, 5000 ppm H2,
and 5% O2, (iii) 5000 ppm C3H6 and 5% O2, or (iv) 5000 ppm
C3H6, 5000 ppm H2, and 5% O2 in He to the reactor. The gases
were always passed through a saturator containing water at room
temperature to obtain a water concentration of ∼4%. The effect
of prereduction was also studied by first reducing the sample
at 500 °C for 30 min with 5% H2/He followed by a cooling in
helium and heating in the SCR reaction mixture. The gaseous
products were analyzed online by MS.

Results

Catalyst Characteristics. Table 1 lists the catalysts used in
this study with their silver content, their specific surface area,
pore volume, and pore size analyzed by XRF and N2 sorption
techniques, respectively. Calcination of boehmite in air at 600
°C caused a decrease in the surface area from 349 to 285 m2/g,
suggesting that a phase transformation had taken place. The
XRD results discussed below showed that the new phase was
γ-alumina. The addition of 2-7 wt % of silver had only a minor
effect on the surface area, pore volume, and pore size of the
sample in comparison with the unpromoted γ-alumina, whereas
the addition of 11 wt % of silver had a larger effect on the
surface area of the sample. The surface area, pore volume, and
pore size of the mixed sample containing silver aluminate and
γ-alumina (5PhysMix) were also lower than expected. It is
believed that the calcination at 600 °C caused some interaction
to occur between the two powders.

XRD was used to analyze all samples. Figure 1 presents these
results for the parent aluminas and the silver alumina catalysts
(A) and for the silver aluminate and the physical mixture
(5PhysMix) (B). Calcining boehmite at 600 °C indeed led to
the formation of γ-alumina in agreement with previous results.35

No diffraction peaks of silver could be detected for the silver

alumina catalysts, even for the sample containing 11 wt % silver
(11AgB), indicating that the silver was well-dispersed and no
large metallic or oxidic clusters were formed on the catalyst
surface. The silver aluminate prepared by the solid-state ion-
exchange method36 could be indexed to the �-AgAlO2 phase
(space group Pna21). The sharpness and the intensity of the
peaks indicated that the �-AgAlO2 was very crystalline. The
physical mixture of �-AgAlO2 and γ-alumina (5PhysMix)
showed features of both phases. No new peaks were detected
for this sample, suggesting that neither a phase separation nor
a solid state reaction between the two phases occurred even
after calcination at 600 °C.

Activity in the Selective Catalytic Reduction of NO. All
silver alumina catalysts, 5PhysMix, and γ-alumina were tested
in SCR of NO using propene as the reducing agent. Figure 2
presents the conversion of NO (A) and propene (B) for all
samples. Increasing silver loading improved the activity of the
silver alumina catalysts up to 7 wt %. For 11AgB the conversion
of NO declined above 351 °C after reaching 95% in contrast to
the other samples. The maximum conversions were 96% (414
°C), 100% (405 °C), and 100% (356 °C), for 2AgB, 5AgB,
and 7AgB, respectively. Full conversion of propene was only
achieved with 11AgB. The physical mixture of �-AgAlO2 and
γ-alumina (5PhysMix) performed similarly to γ-alumina rather
than to the silver alumina samples. This finding is in contrast
with suggestions11,22 of this phase being the active phase for
SCR on silver catalysts. Figure 3 presents the selectivity to NO2

(A), N2O (B), CO (C), and CO2 (D). Only minor amounts of
NO2 and N2O were detected for 5PhysMix and γ-alumina most
likely due to their low activities. For the silver alumina catalysts
the selectivity to both NO2 and N2O increased with increasing
silver loading. However, 2AgB and 5AgB had similar low
selectivities to NO2, while for 7AgB and 11AgB more NO2 was
detected. For 2AgB only minor amounts of N2O were observed,
while for 5AgB and 7AgB similar low concentrations of N2O
were detected. 11AgB had much higher selectivity toward N2O.
Metallic silver causes the formation of N2O and unselective
combustion of the reducing agent.11,14 It is, therefore, suggested
that small, XRD invisible, metallic silver clusters were present
on the 11AgB sample surface and that these were responsible
for the high selectivity to N2O and the high propene conversion.
Of the carbonaceous products mainly CO2 was detected for all
catalysts. γ-Alumina had the highest selectivity to CO. On the
basis of the total performance of the silver alumina catalysts, it
was concluded that for the current samples the optimal silver

Figure 1. XRD patterns for silver alumina catalysts (2-11 wt %), γ-alumina, and boehmite (AlOOH) (A) and for silver aluminate (�-AgAlO2),
the 5PhysMix sample, and γ-alumina (B). Note that the intensity for �-AgAlO2 has been reduced by 10-1.
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loading was between 5 and 7 wt % in contrast to liter-
ature,2,8,15,17,20,21,33,34,42,43 where 2 wt % is typically reported as
the standard catalyst. It is believed that these high loadings of
silver can be obtained by using boehmite as the precursor for
γ-alumina, as this ensures a high surface area for the final
catalyst (see Table 1) and has been reported35 to maintain a
strong interaction between silver and alumina, preventing silver
from sintering during calcination. Hence, the current work will
focus on the performance of the 5AgB, 7AgB, and 5PhysMix
samples in SCR of NO by propene studied by combined in situ
EXAFS and DRIFTS measurements.

Effect of the Gas-Phase Composition on Performance. The
addition of small amounts of hydrogen significantly improves
the performance of silver alumina catalysts by increasing the
conversion of NO and by decreasing the required reaction

temperature.2,10,30,31 This hydrogen effect is presented in Figure
4 for the conversion of NO (A) and propene (B) for 5AgB.
Similar activity results were obtained for 7AgB (not shown).
The figure also presents the minor effect of water on the activity
of the catalyst. The addition of water only decreased the activity
of the catalyst but did not affect its selectivity (not shown) in
agreement with previous reports.3,12 The effect of the concentra-
tion of the reducing agent can be seen by comparing these results
to those presented in Figure 2. The higher concentration of
propene (5000 ppm in comparison to 1000 ppm) increased the
activity of the catalyst by decreasing the required temperature
for 100% NO conversion from 450 to 405 °C for 1000 and
5000 ppm propene, respectively. This finding is in agreement
with previous conclusions that higher than 1:1 ratios of HC1:
NO of the reducing agent are required for hydrocarbon SCR.44

Figure 2. Conversion of NO (A) and C3H6 (B) for silver alumina catalysts containing 2-11 wt % silver, 5PhysMix, and γ-alumina. Feed composition:
1000 ppm NO, 5000 ppm C3H6, and 5% O2.

Figure 3. Selectivity to NO2 (A), N2O (B), CO (C), and CO2 (D) for silver alumina catalysts containing 2-11 wt % silver, 5PhysMix, and
γ-alumina. See Figure 2 for more details.
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For long-chain hydrocarbons (octane and model biodiesel
compounds) the optimal ratio has been reported to be 6:1.45 The
addition of 5000 ppm hydrogen to the SCR mixture strongly
improved the activity of the catalyst. The required reaction
temperature decreased to 255 °C (XNO 91%), but the NO
conversion did not reach 100% in the studied temperature range,
when 1000 ppm propene was used. With 5000 ppm propene in
the presence of the added hydrogen, 100% NO conversion was
obtained at 235 °C (not shown). A high conversion of NO was
also observed at even lower temperatures; the NO conversion
had a local maximum at 135 °C under H2-SCR conditions and
under a mixture of NO, oxygen, and hydrogen (Figure 4). In
the absence of propene and hydrogen (only NO and oxygen in
the feed) the NO conversion was negligible, confirming that
silver alumina catalysts are not active for direct NO oxidation.18

In contrast to NO, hydrogen did not seem to be able to activate
propene alone (propene and oxygen vs propene, oxygen, and
hydrogen). This finding is in agreement with previous findings
that the presence of NO strongly influences the activation of
the hydrocarbon.8,13,15 The hydrogen effect will be discussed in
more detail based on the combined in situ EXAFS and DRIFTS
measurements.

Prereduction with hydrogen has been reported to improve the
performance of silver alumina catalysts when ammonia was used
as the reducing agent in SCR because of the formation of nano-
sized metallic silver clusters that are able to dissociate NO and
O2.46 Figure 5 presents the effect of hydrogen prereduction on
NO conversion for 5AgB. Only a minor improvement was
observed for the activity of the catalyst after prereduction. This
effect will also be discussed in more detail based on the
combined in situ EXAFS and DRIFTS measurements.

In Situ EXAFS. Figure 6 presents the Fourier transforms of
the k3 �(k) EXAFS data for calcined 5AgB, 7AgB, 5PhysMix,
and a reference silver foil. The EXAFS scans for the catalyst
samples were recorded at 100 °C after the high-temperature in
situ calcination, whereas the foil was at room temperature during
the measurement. The bond lengths and coordination numbers
based on the theoretical fits are presented in Supporting
Information (SI) in Table S1 with the other parameters used in
the fits. The calcined silver alumina samples were similar to
each other, while the calcined 5PhysMix appeared to be
different. The Ag-O and Ag-Ag bond lengths for calcined
5AgB were 2.21 and 2.66 Å, respectively. These values are in
good agreement with theoretical values from density functional
theory (DFT) calculations on small silver clusters (1-4 silver
atoms) on R-Al2O3.47 The reported bond distances were 2.0-2.1

and 2.7-2.8 Å for Ag-O and Ag-Ag, respectively. Previous
EXAFS measurements are also in good agreement with the
obtained values. These measurements have indicated an Ag-O
distance of 2.25,20 2.24,42 or 2.48 Å33 for calcined silver alumina
catalyst containing 2 wt % silver. The Ag-Ag bond distances
for these samples were 2.6920,42 and 2.74 Å.33 The Ag-O bond
distance of 2.33 Å for 5PhysMix was in good agreement with
the Ag-O bond distance of 2.349-2.477 Å in �-AgAlO2.36 For
comparison, the Ag-Ag bond distance and coordination number

Figure 4. Conversion of NO (A) and C3H6 (B) for 5AgB under SCR, H2O-SCR, and H2-SCR reaction conditions. Feed composition: 0 or 1000
ppm NO, 0 or 1000 ppm C3H6, 5% O2, 0 or 4% H2O, and 0 or 5000 ppm H2.

Figure 5. Effect of H2 prereduction on NO conversion for 5AgB. Feed
composition: 1000 ppm NO, 1000 ppm C3H6, and 5% O2.

Figure 6. Fourier transforms of k3 �(k) EXAFS data for calcined
5PhysMix, 5AgB, 7AgB, and a reference silver foil. Note that the
intensity for the silver foil has been reduced by 30-1.
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for the reference silver foil were 2.91 Å and 11.31, respectively.
A similar contraction of a metal-metal bond distance for
supported and well-dispersed metal particles in comparison with
the metal-metal bond distance in bulk of the same metal has
been previously reported for gold.48

Figure 7 presents the in situ EXAFS results for 5AgB under
SCR and H2-SCR conditions. No major changes were detected
in the silver species under either the SCR conditions or upon
hydrogen addition (H2-SCR) in agreement with previous
findings.20,42 To illustrate this, the coordination numbers (A) and
bond distances (B) are presented as a function of temperature
for both SCR and H2-SCR reactions in Figure 8 for 5AgB. Note
that the Debye-Waller factors (SI, Table S1) were fixed to the

values obtained for the calcined catalyst at 100 °C to allow this
comparison. As can be seen from Figure 8, increasing temper-
ature decreased all coordination numbers and bond distances.
This was especially noticeable for the Ag-Ag coordination
numbers. After the heating ramp to 400 °C, the sample was
cooled down to 100 °C under the reaction mixture (either SCR
or H2-SCR) to obtain higher quality EXAFS results. As can be
noted from Figure 8 and Table S1 in the SI, the Ag-O
coordination numbers and Ag-O and Ag-Ag bond distances
of the used samples (after SCR or after H2-SCR) were similar
to the fresh and reoxized sample. However, the Ag-Ag
coordination numbers were lower for the used samples than for
the oxidized ones: 1.98 and 1.82 for after SCR and for after

Figure 7. In situ EXAFS data (solid lines) with theoretical fits (dotted lines) for 5AgB under SCR and H2-SCR reaction conditions. Raw k3 �(k)
EXAFS data for SCR (A) and H2-SCR (B) and Fourier transforms of k3 �(k) EXAFS data for SCR (C) and H2-SCR (D). Feed composition: 1000
ppm NO, 5000 ppm C3H6, 5% O2, 4% H2O, and 0 or 5000 ppm H2.

Figure 8. Coordination numbers (A) and bond distances (B) for Ag-O and Ag-Ag bonds for 5AgB under SCR and H2-SCR reaction conditions.
See Figure 7 for more details.

Silver Alumina Catalysts in the SCR of NO J. Phys. Chem. C, Vol. 115, No. 4, 2011 891



H2-SCR, respectively, in comparison with 2.37 and 2.26 for the
fresh calcined sample and the reoxidized one, respectively.
These results suggest that the silver cluster size might slightly
decrease during the reaction. However, no differences could be
observed for the silver species under SCR or H2-SCR reaction
conditions. Therefore, the decrease was assigned mainly to a
temperature effect rather than to an effect of changing gas-phase
composition, although the silver cluster size might decrease
slightly during both the SCR and the H2-SCR reactions.

Figure 9 compares the Ag-O coordination numbers (A) and
bond distances (B) for 5AgB and 7AgB under SCR and H2-
SCR reaction conditions and 5PhysMix under SCR reaction
conditions. As already stated, the silver alumina catalysts
resembled each other, and no significant changes were detected
during the SCR reaction or upon hydrogen addition. However,
5PhysMix differed significantly from the active catalysts. Both
the Ag-O coordination number and the bond distance were
larger for the fresh 5PhysMix than for the fresh silver alumina
catalysts (Figure 6), and these differences were maintained
during the SCR reaction. Under the SCR reaction conditions
the Ag-O coordination number for 5PhysMix increased from
3.04 of the fresh sample to 3.74 at 400 °C (SI, Table S1), while
the temperature effect was the opposite for the silver alumina
catalysts.

Figure 10 presents in situ EXAFS data for prereduced 5AgB
under SCR reaction conditions. The reduced sample resembled
more the silver foil (Figure 6) suggesting the presence of
metallic silver rather than the presence of oxidized silver
observed in the calcined form. The hydrogen reduction de-

creased the Ag-O coordination number from 1.72 to 0.55, while
the Ag-Ag bond distance and coordination number increased
from 2.66 Å and 2.37, respectively, to 2.85 Å and 5.68,
respectively. Similar results have been reported for reduced
silver alumina catalysts containing 2 wt % silver. An Ag-Ag
distance of 2.81 Å and a coordination number of 4.5 was
detected after reduction with 8% H2/He at 225 °C20 and an
Ag-Ag bond a distance of 2.83 Å and coordination number of
3.2 after reduction at 500 °C.33 However, under the SCR reaction
mixture the sample reoxidized back to its original form. Already
at 130 °C, much before the sample was catalytically active (see
Figure 5 A), the sample showed an Ag-Ag distance and a
coordination number of 2.75 Å and 2.98, respectively, while
the Ag-O distance and the coordination number were 2.22 Å
and 1.28, respectively.

In Situ DRIFTS. In situ DRIFT spectra were recorded
simultaneously with the above-discussed EXAFS data. Figure
11 presents scans measured under SCR conditions and Figure
12 under H2-SCR reaction conditions. The assignment of the
observed bands is presented in Table 2. Figure 13 compares in
situ DRIFT spectra recorded under (i) SCR, (ii) H2-SCR, (iii)
NO and O2, (iv) NO, O2, and H2, (v) C3H6 and O2, and (vi)
C3H6, O2, and H2 reaction mixtures at 230 °C (A) and at 400
°C (B). Spectra for the whole temperature range of 110-500
°C under the conditions iii-vi are presented in the SI (Figure
S1 A-D).

Under SCR conditions at low temperatures only low intensity
bands were detected at 1630 cm-1 (δ(OH) of water)49 and at
1590, 1547, 1461, 1299, and 1244 cm-1. The band assigned to

Figure 9. Ag-O coordination numbers (A) and bond distances (B) for 5AgB and 7AgB under SCR and H2-SCR and for 5PhysMix under SCR
reaction conditions. See Figure 7 for more details.

Figure 10. In situ EXAFS data (solid lines) with theoretical fits (dotted lines) for H2 prereduced 5AgB under SCR reaction conditions. Raw k3 �(k)
EXAFS data (A) and Fourier transforms of k3 �(k) EXAFS data (B). Feed conditions: 1000 ppm NO, 5000 ppm C3H6, 5% O2, and 4% H2O.
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water originated from the added water vapor (4%). This
disappeared from the spectra around 200 °C. The bands at 1590
(ν(NdO)) and 1299 (νas(ONO)) cm-1 were assigned to bidentate
nitrates (b-NO3

-), while the bands at 1547 (ν(NdO)) and 1244
(νas(ONO)) cm-1 originated from monodentate nitrates
(m-NO3

-).17,19 The band at 1461 cm-1 was assigned to surface-
bound carboxylates that were not removed by the calcination
procedure at 500 °C. Approximately at 400 °C new bands
appeared in the spectrum (Figure 11). These bands were
observed at 2232, 1643, and 1570 cm-1 and were assigned to
isocyanate species (-NCO), acrylate (ν(CdC)), and carboxylate
or acetate species (νs(OCO)), respectively.11,17 The band at 1460
cm-1 (assigned to carboxylate or acetate, νasOCO) also grew in
intensity.

In accordance with the improved catalytic activity, the
formation of surface species was enhanced under the H2-SCR
conditions (Figure 12) in agreement with previous reports.8,13,17,18

Formates were observed to form immediately after switching
to the reaction mixture at 100 °C from bands at 1590 (νas(OCO)),
1390 (δ(CH)), and 1376 (νs(OCO)) cm-1. These bands were
observed up to approximately 250 °C. The bands assigned to
bidentate nitrates (1590 and 1299 cm-1) were more intense than
in the absence of hydrogen. With increasing temperature the
band ∼1300 cm-1 shifted to slightly higher wavenumbers (1308
cm-1) and grew in intensity up to the temperature of 150 °C.
This band was assigned to bulk-like nitrite (NO2

-) species17

based on the experiments using NO and O2 and NO, O2, and
H2 (Figures 13 and S1 of the SI). Especially under NO, O2,
and H2 this band at 1308 cm-1 grew rapidly in intensity at low
temperatures (< 250 °C), while the other bands assigned to
nitrates did not change, confirming that this vibration did not
originate from the nitrate species. Approximately at 200 °C
cyanide (-CN) species were detected from the band at 2146
cm-1.8,11,17,19 At slightly higher temperatures (∼230 °C) also
isocyanates (-NCO) and acrylates were detected at 2232 and
1643 cm-1, respectively. With increasing temperature carboxy-
lates/acetates were also observed to form. The bands assigned
to acetate or carboxylate were more intense in the absence of
hydrogen than in the presence of it.

Figure 14 presents the in situ DRIFT spectra measured for
the prereduced 5AgB during the SCR reaction. When comparing
the spectra to those measured for the oxidized sample under

Figure 11. In situ DRIFT spectra for 5AgB under SCR reaction conditions. See Figure 7 for more details.

Figure 12. In situ DRIFT spectra for 5AgB under H2-SCR reaction conditions. See Figure 7 for more details.

TABLE 2: Assignment of Observed in Situ DRIFTS
Bands11,17,19

wavenumber (cm-1) surface species vibration

1376 formate (HCOO-) νs(OCO)
1390 δ(CH)
1590 νas(OCO)
1460 carboxylate/acetate (COO-) νs(OCO)
1570 νas(OCO)
1308 bulk-like NO2

-

1248 monodentate NO3
- νas(ONO)

1548 ν(NdO)
1299 bidentate NO3

- νas(ONO)
1584 ν(NdO)
1638 acrylate ν(CdC)
2146 cyanide (CN)
2232 isocyanate (NCO)
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SCR reaction conditions (Figure 11), it was noted that all surface
species formed at slightly higher temperatures and that the bands
were slightly lower in intensity. However, as the activity results
(Figure 5) and in situ EXAFS data (Figure 10) suggested, no
major differences could be detected for the prereduced sample
in comparison with the oxidized one.

Discussion

Nature of Silver in SCR. The use of boehmite as a precursor
for γ-alumina during the catalyst preparation caused a strong
interaction between silver and alumina,35 allowing higher silver
loadings to be used than typically reported in the litera-
ture.2,8,15,17,20,21,33,34,42,43 The silver alumina catalysts containing
5 and 7 wt % silver (5AgB and 7AgB) were chosen as model
catalysts in this study. Their performance was compared with
that of a sample containing silver aluminate (�-AgAlO2). The
activity results (Figure 2) and the in situ EXAFS data (Figure
6 and 9) indicated that, in contrast to previous results,11,22 silver
aluminate was not the active phase for SCR.

The active silver catalysts were very stable under the SCR
reaction conditions. The catalysts were studied under various
reaction conditions, and in agreement with literature,3,12 the
addition of water decreased the activity of the catalyst only
slightly. The main changes, decreases in Ag-O and Ag-Ag
bond distances and coordination numbers with increasing
temperature, observed by in situ EXAFS for the silver species
were assigned to temperature effects (Figure 8), although the
silver clusters might have slightly decreased in size during the

SCR and H2-SCR reactions. However, the observed changes
were opposite for the silver alumina catalysts compared with
the silver aluminate sample, further indicating that the silver
aluminate phase was not present on the active catalysts. On the
basis of the theoretical fits the silver species present on
γ-alumina were 2-dimensional Agn

δ+ clusters or quasi-1-
dimensional (Ag-O-Ag-O) n chains with an average coor-
dination number of two for both Ag-O and Ag-Ag bonds.
The precise size and shape of these clusters cannot be
determined, in contrast to previous reports,20,30,33,42 since in
principle there are many ring-type structures that will possess
such coordination numbers.50

Effect of Hydrogen on Silver. The effect of added hydrogen
to the SCR activity of silver alumina catalysts was studied by
activity measurements and by combined in situ DRIFTS and
EXAFS measurements. The addition of 5000 ppm hydrogen
decreased the required reaction temperature by ∼200 °C (Figure
4). However, no changes were observed in the in situ EXAFS
results (Figures 7 and 8). Ex situ EXAFS measurements on
samples treated under O2 and H2 mixtures have suggested that
the silver species cluster in the presence of hydrogen to form
Ag4

2+.33 These species have been suggested to react with
hydrogen forming silver hydrides51 that are able to activate
oxygen to form highly active superoxide species.33 Other
EXAFS experiments20 have also shown the formation of Agn

δ+

clusters, with n ≈ 3. However, these species were observed20

under both SCR and H2-SCR reaction conditions and in the
presence of CO, suggesting that the hydrogen effect was not

Figure 13. Comparison of in situ DRIFTS spectra under various conditions at 230 °C (A) and at 400 °C (B).

Figure 14. In situ DRIFT spectra for prereduced 5AgB under SCR reaction conditions. See Figure 10 for more details.
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due to enhanced formation of silver clusters. Our results support
the later conclusion that the addition of hydrogen does not
significantly increase silver cluster formation, since no changes
were observed in the in situ EXAFS results upon hydrogen
addition. However, no changes were observed under the normal
SCR conditions either, suggesting that the use of boehmite
during the preparation of the catalyst can lead to a more stable
silver species than obtained when using γ-alumina.

Prereduction at 500 °C changed the silver species from oxidic
Agn

δ+ clusters to metallic silver (Figure 10) in agreement with
previous reports.20,33 However, the silver species reoxidized and
redispersed under the SCR reaction mixture at 130 °C, much
before the catalyst reached the reaction temperature required
for SCR. Previously a similar reoxidation has been observed at
225 °C.20 The catalytic activity of the sample was also only
slightly affected, suggesting that the prereduction did not have
any effect on the active sites under SCR reaction conditions.
Previously it has been reported that prereduction significantly
enhances the performance of silver alumina catalysts in SCR
with ammonia as a reducing agent.46 These experiments were,
however, in contrast to the results described here, performed in
a TAP reactor by sequentially pulsing various gas mixtures to
the catalyst. The higher activity of the prereduced catalyst was
assigned46 to the ability of metallic silver to activate gas-phase
oxygen to reactive oxygen species in agreement with ex situ
EXAFS and ESR results on silver alumina catalysts and silver-
exchanged zeolites.30,32,52 However, by continuously passing the
SCR reaction mixture with a net oxidizing power to the
prereduced catalyst, the silver species oxidized back to the spe-
cies observed for the calcined catalyst indicating that prereduc-
tion cannot affect the long-term activity of the silver alumina
catalyst.

Effect of Hydrogen on Surface Species. The in situ EXAFS
results showed that the silver species were stable under the
different gas mixtures used and that the hydrogen effect could
not be explained by changes in the silver sites. However, the in
situ DRIFT spectra measured simultaneously with the EXAFS
scans showed that the formation of reaction intermediates and
other adsorbed surface species was enhanced under H2-SCR in
agreement with previous reports. 8,13,17,18 At low temperatures
nitrites were formed under H2-SCR and especially under NO,
O2, and H2 (Figures 12 and 13 and SI). The formation of these
species coincided with the high NO conversion observed at
∼130 °C (Figure 4). This conversion maximum can be assigned
to the enhanced formation of adsorbed NOx species, especially
nitrites. In the absence of propene, the catalyst was only active
at this low temperature, whereas when also propene was present
in the gas mixture the catalyst regained its activity at slightly
higher temperatures. This observation can be explained as
follows: hydrogen enhances the formation of nitrite species that
in the absence of propene are first accumulated (130-200 °C)
on the catalyst surface and later at higher temperatures desorb
as gaseous NO2 (selectivity results not shown). Enhanced
formation of NO2 has also been noted by others before.7 When
propene is also present in the gas phase, part of the adsorbed
NOx species (especially the nitrites) is converted to other
adsorbed species, such as the observed cyanide and isocyanate,
by reacting with the surface-bound activated hydrocarbon
species, while part desorbs as NO2. It is believed that the
decrease in activity between 130 and 200 °C is due to the
difficulty in activating propene (see Figure 12). Thus, hydrogen
enhances the adsorption of NO on the catalyst surface at low
temperatures, but until 200 °C not enough propene is activated
to convert all adsorbed nitrites, and a decrease in NO conversion

is observed as the active surface sites become occupied by the
adsorbed NOx species. Therefore, the low-temperature conver-
sion maximum can be related to adsorption or storage of NO,
while the SCR reaction requires higher temperatures. The
formation of such a high amount of nitrites has not been reported
to our knowledge in the literature before. This is most likely
due to the rather narrow temperature window and the low
temperature for their formation. In addition, the overlapping IR
bands of the adsorbed NOx species can make it difficult to
distinguish these species if they are not as prominent as in the
current study. However, hydrogen has been reported to promote
the NOx storage capacity of silver alumina catalysts at low
temperatures (245 °C)53 in agreement with our findings. In
addition, it has been suggested that nitrate species are less
reactive, thus, acting as self-poisoning surface species,32,34 while
nitrite, nitrito, and nitro species are more reactive in SCR, and
hydrogen addition favors the formation of these later species.18

In agreement with the activity measurements (Figure 4B) and
previous reports,8,13,15 the presence of NO, either in the gas phase
or as adsorbed surface NOx, is required for hydrocarbon
activation, whereas NO can be stored to some extent on the
catalyst surface in the absence of the hydrocarbon. However,
hydrogen alone is not able to convert NO into N2. On the basis
of the activity and the combined in situ EXAFS and DRIFTS
measurements, we propose that the main role of hydrogen in
SCR is to enhance the formation of nitrites.

Conclusions

The nature of silver, the type of active surface species present,
and the role of hydrogen during the SCR reaction were studied
by activity measurements and by combined in situ EXAFS and
DRIFTS measurements. By performing the EXAFS and DRIFTS
measurements simultaneously, complications arising from a
comparison of results obtained from different reaction cells could
be avoided. In addition, measurements under realistic in situ
conditions (relevant gas composition, high gas flow rate, and
in the presence of water) gave a glimpse of the catalyst in action
as the state of silver, and the formation of active surface species
could be monitored during the SCR reaction.

The use of boehmite as a precursor for γ-alumina led to a
strong interaction between silver and alumina, allowing the use
of high silver loadings without significant loss in selectivity
during the reaction. The performance of 5 wt % silver alumina
catalyst was compared with the performance of a sample having
the same loading of silver in wt %, but containing �-AgAlO2.
On the basis of activity measurements and in situ EXAFS, it
was concluded that silver aluminate was not the active phase
for the SCR reaction.

The in situ EXAFS results showed that the silver species on
the active silver alumina catalysts were 2-dimensional oxidic
Agn

δ+ clusters with an average coordination number of two for
both Ag-O and Ag-Ag bonds. It was therefore concluded that
the specific size or shape of these species could not be
determined as many ring-type structures have such coordination
numbers. These silver clusters were observed by in situ EXAFS
irrespective of the gas-phase composition and even on a
prereduced catalyst under SCR reaction conditions, indicating
that the silver sites did not change during the SCR reaction or
upon hydrogen addition (H2-SCR).

In situ DRIFT spectra recorded simultaneously with the in
situ EXAFS data showed significant changes in surface species
when hydrogen was added to the SCR reaction mixture. At low
temperatures the formation of nitrites was detected both under
H2-SCR and under a mixture containing hydrogen, NO, and
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oxygen. Hydrogen was not able to activate propene in the
absence of NO or reduce NO to N2. The enhanced activity under
H2-SCR reaction conditions was assigned to the formation of
these nitrite species that were proposed to be more reactive than
adsorbed nitrate species in the SCR reaction.
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