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a b s t r a c t

Silver colloids prepared by reducing AgNO3 in aqueous solution with sodium citrate were embedded in
alumina following two different preparation procedures resulting in samples containing 3 and 5 wt.%
silver. Characterization of these materials using TEM, XPS, XAES, CP/MAS NMR, XRD, and adsorption–
desorption isotherms of nitrogen showed that embedding the pre-prepared silver colloids into the
alumina via the sol–gel procedure preserved the particle size of silver. However, as XAES demonstrates,
the catalysts prepared in a sol–gel with a lower amount of water led to embedded colloids with a higher
population of Ag+ species. The catalytic behaviors of the resultant catalysts were well correlated with the
concentration of these species. Thus, the active silver species of the catalysts containing more Ag+ species
selectively converts NO to N2. However, subsequent thermal aging leads to an enhancement of the con-
version of NO parallel to slight alteration of the selectivity with the appearance of low amounts of N2O
despite an increase of Ag+ species. Accordingly, an optimal surface Ag0/Ag+ ratio is probably needed, inde-
pendently of the size of silver particles. It was found that this optimal ratio strongly depends on the oper-
ating conditions during the synthesis route.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Catalysis with silver nanoparticles has received special atten-
tion recently due to the efficiency demonstrated by these systems
in developing new catalysts for a wide variety of reactions, such as
hydrogenation [1], oxidation [2], and environmental applications
[3].

The deposition of the silver nanoparticles was performed on
various supports such as carbon-derived materials [4], Si nanowire
arrays [5], hydrotalcite [6], and silica in different forms (colloidal
[7], porous [8], spheres [9], MCM-41 [10]) using different method-
ologies. Although the particles remained nanoscale in size, in many
of these reports, multimodal particle size distributions resulted
after the deposition of silver. Reports on the use of such colloids
stabilized in different polymeric structures such as poly(N-isopro-
ll rights reserved.
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pylacrylamide) [11] or poly(vinylpyrrolidone) [12] have been pre-
sented as well, but only for reactions carried out at low
temperatures.

Silver-supported alumina catalysts have been investigated as
well. The preparation of these catalysts was performed either by
impregnation of the metal salts [13], precipitation and modified
precipitation [14], or water–alcohol and micro-emulsion methods
[14,15]. The sol–gel technique has also been used, but the intro-
duction of silver was carried out from a dispersion of a silver salt
in the pre-synthesized gel [16]. Similar to the other supports, the
use of this preparation led to silver particles with nanometer sizes
but with a broad size distribution.

There are many papers reporting that the deposition of silver on
alumina provides active catalysts for SCR deNOx processes under
lean conditions. In the presence of excess oxygen [17], some of
these studies stipulated that in this process the sample mean par-
ticle size or particle size distribution alone could not explain the
large differences observed in the catalytic activity [18]. It was
found that in this process hydrogen had a remarkable effect on
the temperature range over which NOx could be reduced during
the SCR reaction with octane [19]. Further studies, based on in-situ
EXAFS measurements suggested the effect of hydrogen is a
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chemical one and not the result of a change in the structure of the
active site [20]. Some of these results and their effect on silver in
these reactions have been reviewed by Burch et al. [21].

The aim of this study was to prepare nano-embedded Ag/Al2O3

catalysts using a colloid approach in combination with a sol–gel
synthesis route and to characterize the thermal resistance of those
embedded catalysts under reactive conditions in wet atmosphere
on the basis of earlier investigations which reported a gradual in-
crease in activity in the presence of water probably related to
structural changes [22,23]. In this respect, the materials were char-
acterized both as freshly-prepared and used catalysts using a mul-
titude of techniques: TEM, XPS, XAES, CP/MAS NMR, XRD,
adsorption–desorption isotherms of nitrogen, etc. Particular atten-
tion has been paid to changes in surface properties and related cat-
alytic performance in the reduction of NO by hydrocarbons
(propene and decane) under real exhaust gas conditions. It has
been found that the extent of surface reconstructions, which may
occur under running conditions at high temperature, is probably
driven by the surface properties of the as-prepared catalysts, i.e.
to the preparation route.
2. Materials and methods

2.1. Catalyst preparation and characterization

Silver colloids were prepared by reducing AgNO3 in an aqueous
solution. In a typical preparation, 0.294 g sodium citrate was added
to 50 cm3 of 10 mM AgNO3 aqueous solution in an ice bath. NaBH4

(0.019 g) was added to the solution at once with strong stirring and
a black powder formed in solution. The solution was then filtered
and dried at room temperature under vacuum.

The catalysts were prepared from 98.5 g aluminum butoxide
(Al(OBu)3) dissolved in isobutanol (150 cm3) which was subse-
quently added to an isobutanol (90 cm3) solution of 17.2 g Pluronic
84 ((EO)19(PO)39(EO)19) which acted as the surfactant. The result-
ing mixture was then heated to 70 �C for 6 h. Water was added,
and the reaction was maintained at 80 �C for 10 h followed by
100 �C for 20 h. The Ag colloid dissolved in water was added to this
mixture under vigorous stirring. The samples were preserved at
room temperature for 48 h, dried under vacuum at 110 �C, and
then calcined at 500 �C with a slope of 0.5 �C min�1. The Ag content
was confirmed by ICP-AES analysis. This preparation yielded the
following samples: 13-AlAg, containing 3 wt.% Ag, when the molar
ratio alkoxide:alcohol:water was of 1:10:25, 23-AlAg and 25-AlAg,
containing 3 and 5 wt.% Ag, respectively, when the molar ratio alk-
oxide:alcohol:water was of 1:5:10.
2.2. Catalyst characterization

The prepared catalysts were characterized ex-situ by BET nitro-
gen physisorption at �196 �C (Surface area and pore size values
were calculated from nitrogen adsorption–desorption isotherms
recorded on a Micromeritics ASAP-2010 automated instrument.
Calcined samples were degassed for 15 h at 403 K and 10�6 Torr
before analysis. Surface areas were estimated according to the
BET model, and pore size dimensions were calculated using the
BJH method.), powder X-ray diffraction (XRD) (Shimadzu XRD-
7000 with Cu Ka (k = 1.5418 Å, 40 kV, 40 mA) radiation at a scan-
ning rate of 0.10 min�1 in the 2H range of 10–80�), transmission
electron microscopy, XPS, XAES, and CP/MAS 27Al NMR spectros-
copy. Transmission electron microscopy (TEM) was carried out
with a JEOL JEM-1010 instrument operating at 100 kV. X-ray pho-
toelectron spectroscopy (XPS) and Auger electron spectroscopy
(XAES) experiments were performed by using a Specs GmbH setup.
The excitation was done by using a conventional dual anode X-ray
source (Specs XR 50) using the Mg K alpha line (1253.6 eV). The
sample consisted in powder dispersed on two-sided adhesive tape.
In order to compensate for charging, a flood gun (Specs FG 20) was
employed, operating at 3 V and 0.3 mA. Photolectrons and Auger
electrons are analyzed by using a (Specs) Phoibos 150 hemispher-
ical analyzer, with estimated resolution (FWHM) of 0.85 eV at
12 eV pass energy on Ag 3d core levels excited with Mg K alpha.
For the actual experiments, a pass energy of 30 eV (estimated res-
olution: 1.3 eV FWHM) was employed for the core levels and 50 eV
for survey scans, including the Auger electrons. 27Al MAS-NMR
spectra were recorded at room temperature on MAS-NMR Avance
400 Bruker spectrometer, at 104.2 MHz, in a 9.4 T field, with
15 kHz spinning rate, using Al(NO3)3 water solution as reference.
Deconvolution of the CP/MAS-NMR spectra was carried out using
the DMFIT program [24].

2.3. Catalytic performances

Catalytic performances were evaluated from temperature-pro-
grammed reduction (TPR) of NO by hydrocarbons (propene and
decane) in the presence of CO and H2 according to the following
experimental conditions: 300 ppm NO, 900 ppm (C) propene,
300 ppm CO, 1000 ppm (C) decane, 2000 ppm H2, 10 vol.% O2,
10 vol.% CO2, 5 vol.% H2O, W/F0 = 0.072 g s cm�3. Prior to the reac-
tion, all catalyst samples were submitted to a pre-activation ther-
mal treatment under flowing helium at 400 �C. The experimental
procedure, illustrated in Fig. 1, was adopted for evaluating catalytic
performances. As shown, freshly-prepared catalysts were submit-
ted to preliminary TPR1 from 75 to 500 �C with a heating rate
dT/dt = 2 �C min�1, then catalyst samples were maintained over-
night in isothermal conditions under reactive atmosphere. After
cooling down at room temperature, successive temperature-pro-
grammed experiments were achieved on aged samples (TPR2).

Reactants and products were analyzed using a two column Var-
ian micro-chromatograph CP4900 each fitted with a thermal con-
ductivity detector. NO, CO, N2, and O2 were separated on a
molecular sieve 5A column whereas N2O, CO2, and propene were
separated on a Porapak Q column. The overall conversion of NOx

was checked using a Beckman 951A NO/NOx chemiluminescence
analyzer. The overall consumption of H2 and decane was quantified
using a Balzer quadrupole mass spectrometer (Omnistar GSD 301).

The overall conversion Xi of the reactant i (with i = NOx, CO, H2,
C3H6, decane) was calculated according to the following Eq. (1)
where Fi stands for the molar flow rate of the reactant i.

Xi ¼
Fi;0 � Fi

Fi;0
ð1Þ

The conversion of NO into N2 and N2O (XNO,red) and the selectivity
toward the production of nitrogen SN2 were calculated according
to Eqs. (2) and (3), respectively:

XNO;red ¼ XNO!N2 þ XNO!N2O ¼
2FN2 þ 2FN2O

FNO;0
ð2Þ

SN2 ¼
rNO!N2

rNO!N2 þ rNO!N2O
¼ XNO!N2

XNO!N2 þ XNO!N2O
ð3Þ
3. Results and discussion

3.1. Physio-chemical characterization of bulk and surface properties

Table 1 compiles the textural characteristics of the investigated
materials. As for the pure alumina support, the procedure with the
gel composition: molar ratio alkoxide:alcohol:water of 1:10:25 led
to a material with a high specific surface area, high pore volume,



Fig. 1. Experimental protocol used for the evaluation of the catalytic performances of silver-based catalysts.

Table 1
Textural characteristics of the investigated materials.

Sample Ag content
(wt.%)

BET surface area
(m2 g�1)

Pore volume
(cm3 g�1)

Pore size
(nm)

AlM1 0 524 1.02 Monomodal,
7.5

13-AlAg 3 408 0.97 Monomodal,
7.5

23-AlAg 3 333 0.68 Bimodal,
3 + 7.5

25-AlAg 5 336 0.58 Bimodal,
3 + 6
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and a monomodal pore size distribution. Changing the gel compo-
sition to molar ratio alkoxide:alcohol:water of 1:5:10 led to mate-
rials with smaller surface areas and pore volumes exhibiting
bimodal pore size distributions. In agreement with the t-plot val-
ues, the presence of micropores is insignificant for both prepara-
tion routes.

Increasing the metal loading exhibited only a slight influence on
the pore volume and pore size. A small decrease in the pore volume
has been observed after increasing the metal concentration to
Fig. 2. XRD patterns of the investigated samples: (a) fresh 13-AgAl, (b) fresh 23-
AgAl, (c) aged 23-AgAl, and (d) 25-AgAl (o-c-Al2O3 phase, x-Ag0 phase).
5 wt.%. Surprisingly, only the largest pore size diameter seems to
be significantly affected. Thus, for the 2-AlAg series, the pore size
distribution remained bimodal, but the size of the larger pores
shifted from 7.5 nm to 6 nm.

Fig. 2 shows the XRD patterns of the fresh investigated samples.
These patterns exhibit broad X-ray lines assigned to amorphous c-
Al2O3 phase and lines at 2H 37, 47, and 67 due to metallic silver
particles. While the intensities of lines assigned to silver have very
similar intensities, the peaks caused by alumina exhibit a low
intensity in the case of the 13-AgAl catalyst. This demonstrates
that using this procedure neither the concentration of the silver
colloids introduced in the preparation of the samples nor the
change in the gel composition in the preparation procedure is gen-
erating changes in the structure of silver particles.

The XRD analyses of these samples after they have been inves-
tigated in the TPR of NO by hydrocarbons (propene and decane) in
the presence of CO and H2 did not suggest structural changes, indi-
cating that these structures are highly stable irrespective of the
nature of the atmosphere (either oxidative or reductive conditions)
and at temperatures as high as those released during the combus-
tion of the different hydrocarbons or even CO and hydrogen on the
catalyst surface. No bulk oxidation of silver 25-AlAg seems to occur
after exposure to lean conditions at high temperature. 27Al MAS-
NMR analysis showed some differences among the synthesized
samples (Fig. 3). The 27Al MAS-NMR spectrum of the sol–gel-syn-
thesized alumina following the described procedure indicated only
one line located at around 13 ppm that corresponds to hexacoordi-
nated aluminum. The introduction of the silver colloids changed
the patterns of these spectra, and a second line appears at 74–
76 ppm that is generally assigned to tetracoordinated aluminum
[25]. It is also important to note the changes induced by the gel
composition in the 27Al MAS-NMR spectra of these samples. Thus,
the chemical shift assigned to the tetracoordinated aluminum spe-
cies tends toward higher values on 2-AlAg compared to 1-AlAg
samples which might be related to slight distorsion on tetracoordi-
nated aluminum sites due to Ag species incorporation. A remaining
questioning point, correlated to those structural changes, could be
the induced-effect on the acidic properties of AgAl catalysts. This
observation might have some repercussions on the catalytic prop-
erties as previous suggested on the formation of ad-NOx species on
the support [26]. This behavior may allow us to speculate that sil-
ver interacts with tetracoordinated aluminum sites. This interac-



Fig. 3. 27Al MAS-NMR spectra of the supported silver-based catalysts samples: (a)
Al2O3, (b) 13-AgAl, (c) 23-AgAl, and (d) 25-AgAl.

Fig. 4. TEM pictures of the 13-AgAl and 23-AgAl samples.
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tion may also be responsible for the changes that occurred in the
texture of the catalysts when the silver loading had been increased
from 3 to 5 wt.%.

TEM analysis of 13-AgAl and 23-AgAl is presented in Fig. 4. Due
to the resolution limit of the instrument and the low contrast
caused by the amorphous structure of alumina, the tiny silver par-
ticles cannot be clearly distinguished from Fig. 4. However, some
dark spots around 3–5 nm can be observed, which could be silver
particles since silver has a higher electron density than alumina.
The amorphous alumina of both samples show similar fiber-like
texture. However, the alumina fiber in 13-AgAl is better organized
than that in 23-AgAl and therefore, 13-AgAl gives a larger pore vol-
ume and uniform pore size, which agrees well with BET data. No
difference in the size of the silver particles and surface morphology
was observed for 23-AgAl and 25-AgAl catalysts.

In addition to particle size and crystallinity, the oxidation state
of the metal nanoparticles is another very important factor control-
ling the catalytic behavior of these materials. XPS analyses led to
the results presented in Fig. 5B and Table 2. B.E. values have been
corrected using the usual reference value of the Al 2p core level in
alumina of 74.6 eV. Previous XPS investigations reported B.E. val-
ues of 367.4 and 367.8 eV for AgO and Ag2O, respectively, whereas
current values for metallic silver clusters are usually located at
368.0 eV [27]. B.E. values recorded on as-prepared and aged 13
and 23-Ag/Al2O3 seem more in agreement with current values re-
corded on metallic Ag particles [28]. No significant change in spec-
tral features seems to occur after thermal aging, except on 23-Ag/
Al2O3 with a shift from 368.8 to 368.2 eV which could reflect an in-
crease of relative concentration of electrophilic silver species in the
depth analyzed by XPS (5–10 nm). Such a tendency could drive the
catalytic performances in the light of previous investigations [29]
which suggest a significant enhancement on the selective reduc-
tion of NO by hydrocarbon at the expense of the catalytic combus-
tion of unburned hydrocarbons on Agdþ

n clusters while the opposite
trend is observable on metallic silver particles. Indeed, a wide
number of publications emphasized the fact that the atomic Ag0/
Ag+ ratio is the driving force in determining the performances in
the reduction of NO to nitrogen [30]. Changing the molar composi-
tion during the embedding process does not influence significantly
the B.E. values. It is also remarkable that the atomic Ag/Al ratio
does not vary after thermal aging, highlighting the high stability
of silver-based catalysts with no significant particle sintering dur-
ing exposure at 500 �C under running conditions. Such a tendency
differs from that earlier reported on Ag/SiO2–TiO2 samples show-
ing a significant increase of the surface Ag/Si ratio with an increase
in the metal loading and after reaction ascribed to the aggregation
of Ag species [31]. Regarding 13- and 23-Ag/Al2O3, both exhibit
similar spectral features. An additional important observation re-
vealed by XPS measurements is related to the weak detection of
N-containing species on the Ag1 catalyst (binding energy of the
N1s species located at 398.7 eV) while no nitrogen species were
detected for the AlAg2 series after reaction. Nitrate/nitrite species
usually appear at 407 and 404 eV, respectively, but are not ob-
served here. The XPS signal at 398.7 (Fig. 6) is assigned to chemi-
sorbed N atoms, and/or N-containing species, which account for
the lower oxidation state of nitrogen [32].

On the basis of XPS observation, it seems reasonable to infer
that formed alumina is providing a very effective protecting shell.
The exposure of the catalysts to the reaction conditions does not
change either the oxidation state of the nanoparticles or the rela-
tive surface concentration of the metal. Such a trend is in relatively



Fig. 5. Ag MNN XAES spectra (A): (a) 23-AlAg, (b) 25-AlAg, and (c) 13-AlAg, and XPS
spectra (B) in the region of Ag 3d level for the fresh: (a) 13-AlAg, (b) 23-AlAg, and (c)
25-AlAg, and used catalysts: (d) 25-AlAg.

Table 2
XPS parameters of the investigated materials.

Sample Binding energy (eV) Atomic Ag/Al ratio � 103

Ag 3d5/2 Ag MNN O 1s XPS bulk

13-AlAg fresh 369.0 352.0 531.6 16.1 5.85
13-AlAg aged 368.6 352.3 532.0 16.2 5.83
23-AlAg fresh 368.8 353.1 532.0 15.4 5.74
23-AlAg aged 368.2 353.4 532.0 14.4 5.79
25-AlAg fresh 368.9 352.7 531.9 17.0 9.81
25-AlAg aged 368.9 352.9 531.6 20.8 9.84

Fig. 6. N1s XPS spectrum of the 13-AgAl catalyst after the catalytic tests.
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good agreement with TEM and XRD observations, but also with the
textural characterization that showed 2-AlAg samples exhibit a
surface area that is 20% smaller than that of the 1-AlAg sample.
Additional XPS observations on aged samples do not reveal
changes on the surface composition emphasizing a relative good
stability during thermal aging. This observed behavior is corrobo-
rated by the measurements of Ag MNN spectrum. Recently, it
was indicated that the precise chemical state of silver could be
more easily discriminated by the peak position of XAES, which is
more sensitive to the chemical environment than XPS, especially
when the corresponding core-level XPS spectra are insensitive to
different chemical states [31]. According to this literature report,
it appears that the small silver particles indeed possess Ag+ ions.
However, the population of these species seems to be influenced
by the preparation procedure. The binding energy of the Ag MNN
species for the 23-Ag/Al2O3 samples is almost 1 eV higher than that
of 13-Ag/Al2O3, indicating an increased population of the Ag+ ions
in these catalysts (Fig. 5A and Table 2). The XAES results also con-
firm the protecting effect of the support mentioned above and
seem in rather good agreement with previous tendencies related
to the deviation observed on B.E. values of the Ag 3d5/2 core level.
The difference between the fresh and the tested catalyst exceeds
0.5 eV only for the sample containing 5 wt.% Ag.

3.2. Catalytic behavior of supported Ag-based catalysts: tentative
correlations between surface and catalytic properties

According to the following set of equations, the target reaction
is the reduction of NO to nitrogen which competes with the forma-
tion of side products such as N2O.

2NOþ 2CO ¼ CO2 þ N2 ð4Þ
2NOþ 2H2 ¼ H2Oþ N2 ð5Þ
2NOþ CxHy ¼ CO2 þH2Oþ N2 ð6Þ
2NOþH2 ¼ H2Oþ N2O ð7Þ

Oxidation reactions under lean conditions (excess of oxygen) usu-
ally compete and might considerably alter the selectivity.

2NOþ O2 ¼ 2NO2 ð8Þ
2H2 þ O2 ¼ 2H2O ð9Þ
CxHy þ O2 ¼ CO2 þH2O ð10Þ
2COþ O2 ¼ 2CO2 ð11Þ

Let us note that the oxidation of NO to NO2, which is thermody-
namically favorable at low temperature, might lead to the stabil-
ization of nitrate species which can induce significant loss of
activity at low temperature by a poisoning effect. Subsequently,
reaction processes associated with these species decomposition
and/or direct interaction with the reducing agent might also cause
interference during temperature-programmed experiments.

3.2.1. 13-Ag/Al2O3 catalyst
TPR1 recorded on 13-Ag/Al2O3 is illustrated in Fig. 7. As shown,

the conversion of NO to N2 and N2O, calculated according to Eq. (2),
starts above 180 �C but is abnormally low with a 12% maximum in
the temperature range 180–500 �C. Further, some discrepancies
arise in comparison with the overall NO conversion calculated
from the chemiluminescence analyzer according to Eq. (1). As ob-
served, they do not coincide and the unexpected negative values
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Fig. 7. Temperature-programmed reduction of NO by hydrocarbons (TPR1) on 13-
Ag/Al2O3 (reaction conditions: 300 ppm NO, 300 ppm CO 900 ppmC C3H6,
1000 ppmC Décane, 2000 ppm H2, 10 vol.% O2, 10 vol.% CO2, 5 vol.% H2O – W/
F0 = 0.072 g s cm�3).
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reflect an extra NO formation which takes place possibly from the
direct decomposition of stored nitrates and/or subsequent reduc-
tion of ad-NOx species by the reducing agents yielding gaseous
NO. The selectivity profile SN2 vs. temperature reveals two selectiv-
ity regimes. As illustrated in Fig. 7, a low temperature selectivity
range is observable below 300 �C with a gradual decrease of SN2

from 91% to 38.5% with an increase in temperature. On the other
hand, a discontinuity is observable above 300 �C, with a reverse
tendency, SN2 increasing significantly in this temperature range
and then stabilizing at �80%.

Let us now examine the overall conversion of the reducing
agents. The conversion of H2 and CO occurs more readily than that
of propene and decane starting at 200 �C and then being quasi-
complete up to 240 �C, whereas the conversion of propene and dec-
ane, starting, respectively, at 223 and 250 �C, becomes complete up
to 300 �C. The following activity sequence can be qualitatively
established based on the light-off temperature, T50 (temperature
corresponding to 50% conversion of the compound (i): CO
(T50 = 221 �C) > H2 (T50 = 227 �C) > C3H6 (T50 = 292 �C) > C10H22

(T50 = 325 �C). Two conversion ranges are distinguishable for CO
with a minimum located at 292 �C. The presence of this minimum
might reflect different phenomena occurring under reaction condi-
tions. Generally speaking, CO oxidation by O2 is catalyzed by
metallic silver clusters. The fact that oxidation reactions preferen-
tially take place on 13-Ag/Al2O3 is in relative good agreement with
surface characterization indicating the predominant metallic char-
acter of Ag particles with a lower amount of Ag+ species than on
23-Ag/Al2O3.

TPR2 recorded after isothermal aging overnight at 500 �C does
not reveal significant changes with respect to the conversion of
NOx with very low values in the temperature range of the study
(Fig. 8). The light-off temperatures for the conversion of H2, pro-
pene, and CO shift to higher temperature except that of decane.
In this latter case, a low temperature conversion range develops
between 180 and 280 �C. In the light of those results, thermal aging
under running conditions seems to have a detrimental effect on the
oxidative properties of 13-Ag/Al2O3 but no parallel development in
the selective conversion of NOx to nitrogen is discernible.

3.2.2. 23- and 25-Ag/Al2O3 catalysts
Clearly, 23-Ag/Al2O3 behaves differently as is well-illustrated in

TPR1 in Fig. 9. As shown, 23-Ag/Al2O3 converts NO at higher tem-
perature than on 13-Ag/Al2O3 (333 �C vs. 180 �C) but to a larger ex-
tent, a maximum NO conversion of 24–27% is attained in the
temperature range 345–410 �C and then gradually decreases at
higher temperature reaching 8% at 500 �C. It is worthwhile to note
that NO is selectively converted into N2, contrary to 13-Ag/Al2O3.
Subsequent comparison of NOx conversion values calculated from
gas chromatography and chemiluminescence analyses does not
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Fig. 10. Temperature-programmed reduction of NO by hydrocarbons (TPR2) on 23-
Ag/Al2O3 (reaction conditions: 300 ppm NO, 300 ppm CO 900 ppmC C3H6,
1000 ppmC Decane, 2000 ppm H2, 10 vol.% O2, 10 vol.% CO2, 5 vol.% H2O – W/
F0 = 0.072 g s cm�3).

100 200 300 400 500

-60

-40

-20

0

20

40

60

80

100

C
on

ve
rs

io
n 

(%
)

 C3H6

 H2

 CO
 Decane

 NOx
 N2+N2O
 S N2

-60

-40

-20

0

20

40

60

80

100

N
2 s

el
ec

tiv
ity

 (%
)

100 200 300 400 500
0

20

40

60

80

100

 Temperature (°C)

C
on

ve
rs

io
n 

(%
)

0

200

400

600

800

1000

1200

 C
O

 c
on

ce
nt

ra
tio

n 
(p

pm
)

Fig. 9. Temperature-programmed reduction of NO by hydrocarbons (TPR1) on 23-
Ag/Al2O3 (reaction conditions: 300 ppm NO, 300 ppm CO 900 ppmC C3H6,
1000 ppmC Décane, 2000 ppm H2, 10 vol.% O2, 10 vol.% CO2, 5 vol.% H2O – W/
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98 V.I. Pârvulescu et al. / Journal of Catalysis 272 (2010) 92–100
show significant divergence in the temperature range 345–500 �C
which could be ascribed to an extra formation of ad-NOx species
trapped at the surface and/or of HNO3. Regarding the conversion
of the reducing agents, it is worthwhile to note that the conversion
of decane predominates at low temperature with a light-off tem-
perature T50 = 338 �C. In contrast to previous observations on as-
prepared 13-Ag/Al2O3, the conversion profile of hydrogen shifts
to higher temperature with T50 = 439 �C whereas the conversion
of propene takes place at intermediate temperatures starting above
338 �C. Probably, the most significant information is related to an
extra formation of CO above 380 �C which has not been previously
observed on 13-Ag/Al2O3.

The same agreement between NO conversion calculated on the
basis of data from gas chromatography and chemiluminescence is
observed in Fig. 10 which do not reveal possible enhancement of
the oxidative properties of Ag at the expense of the reductive ones.
On the other hand, the conversion of NO to N2 and N2O broadens in
the temperature range 220–500 �C with a maximum NO conver-
sion at 32 ± 2% between 323 and 424 �C. N2 is essentially formed
with low amounts of N2O at low temperature and low conversion.
Both experiments seem to be in relatively good agreement for con-
cluding a beneficial effect of thermal aging on the conversion of NO
and a slight detrimental effect on the selectivity toward the pro-
duction of N2 relative to the fresh catalyst performances. Regarding
the conversion of the reducing agent, the following activity se-
quence can be established on the basis of the light-off tempera-
ture: C10H22 (T50 = 241 �C) > H2 (T50 = 286 �C) > C3H6 (T50 = 330 �C)
which emphasizes the fact that decane could be involved in the
selective reduction of NOx to nitrogen rather than H2 and propene
based on the comparison with Fig. 9. This observation seems to be
in rather agreement with previous investigation showing that the
direct NO/H2 reaction does not occur on silver-based catalysts [33]

Catalytic behavior of the 25-Ag/Al2O3 catalyst is very close to
that of 23-Ag/Al2O3. As in the case of 23-Ag/Al2O3, the 25-Ag/
Al2O3 catalyst converts NO at higher temperature than 13-Ag/
Al2O3. The maximum NO conversion (35–37%) is higher than that
obtained for 23-Ag/Al2O3 in accordance with the higher silver load-
ings but it was reached in the same range of temperature with it. It
is worthwhile to note that NO is selectively converted into N2, with
the same selectivities as 23-Ag/Al2O3 that might be a very good
evidence of the similarity of the active centers in the two catalysts.
Also, no change in the activity sequence on the basis of the light-off
temperature has been observed after the increase of the silver
loading: C10H22 (T50 = 242 �C) > H2 (T50 = 284 �C) > C3H6 (T50 =
334 �C). This is a very important advantage of the preparation
methodology using the colloid precursor. An increased loading cor-
responds to a higher concentration of the active centers keeping
the metal particles at the same size. It is thus a very efficient route
to increase the catalyst productivity for the same level of
selectivity.
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3.3. Tentative correlations between active silver species and catalytic
behavior

As previously mentioned, one of the objectives of this study was
to probe the impact of novel synthesis routes for obtaining embed-
ded Ag/Al2O3 catalysts combining colloid and sol–gel methods on
the catalytic performances as well as their stability under real ex-
haust gas conditions. Particular attention has been paid to the influ-
ence of thermal aging on the catalytic performances in the reduction
of NO by hydrocarbons at high temperature under reactive condi-
tions in order to examine the resistance to deactivation and/or, con-
versely, the occurrence of activation processes which might occur at
high temperatures depending on the extent of surface reconstruc-
tions. Currently, surface restructuration occurs on silver-based
catalysts which induce a beneficial effect on the conversion of NO
to nitrogen [22,23] associated with the presence of water. In fact,
water may act differently with a usual reversible inhibiting effect.
However, a gradual increase with time usually occurs under wet
atmosphere. The phenomena which might govern such rate
enhancement are not clearly elucidated because the contribution
of several processes is often difficult to separate for further quantifi-
cation. By way of illustration, it is usually difficult to separate the
influence of particle size and surface Ag0/Ag+ composition on the
catalytic performance. As previously seen, the silver loading induces
significant changes in the textural and structural properties of
embedded Ag/Al2O3 catalysts with silver nanoparticles localized in
different coordinative sites than those stabilized in the native alu-
mina support (tetragonal vs. hexagonal sites on bare alumina in
agreement with NMR measurements). Hence, it is expected that
those modifications are governed by geometrical factors likely asso-
ciated with the size and the morphology of silver particles. As sug-
gested by XPS analysis, changes in the electronic properties of
silver clusters on 13-Ag/Al2O3 and 23-Ag/Al2O3 are not evident. It
seems obvious that silver retains a metallic character which is pre-
served during the thermal treatment. Also, neither a sintering nor
a bulk oxidation process seems to occur which would express a det-
rimental effect on the catalytic behavior particularly on 23-Ag/
Al2O3. Tentative comparison can be achieved between the average
Ag size (dAg) roughly calculated from XPS on the basis of the Kerkhof
and Moulijn model [34] previously developed for particles dispersed
on porous materials. According to the model, the catalyst consists of
sheets of support with cubic Pd crystallites with dimension dAg in be-
tween. It is assumed that electrons leave the sample only in a direc-
tion perpendicular to the surface and that a Lambert–Beer type law
is valid for such calculations. Table 3 shows that the estimated par-
ticle size (dAg) obtained through this calculation on as-prepared and
aged catalysis are comparable. However, they do not correspond to
the same catalytic properties toward NO reduction to nitrogen. It
seems obvious that the catalytic performance strongly depend on
the operating conditions of the synthesis route but weakly on the
resulting particle size of silver which are quite similar on 13-Ag/
Al2O3 and 23-Ag/Al2O3 according to the margin of error.

XAES measurements are more sensitive to the chemical envi-
ronment we can conclude the population of the Ag+ species is
Table 3
Comparison between of average particles size of silver from XPS according to the
Kerkov–Moulijn model and catalytic performances.

Catalyst XPS
analysis

Catalytic
featuresa

IAg3d/
IAl2p

dAg
b XNO (%) SN2

(%)

13-Ag/Al2O3 Fresh 0.0848 54 10.0 73.0
Aged 0.0808 58 3.0 21.5

23-Ag/Al2O3 Fresh 0.0755 64 26.0 97.0
Aged 0.0734 66 32.0 93.0

a Estimate of the Ag particle size, nm.
b From TPR experiment at T = 300 �C.
higher for 23-Ag/Al2O3 which could partly explain the significant
changes observed between 13-Ag/Al2O3 and 23-Ag/Al2O3, the
former catalyst being quite inactive toward the transformation of
NO to nitrogen contrarily to the later one.

Returning to previous catalytic features characterizing 13-Ag/
Al2O3 and 23-Ag/Al2O3, it seems obvious that they behave differ-
ently with 13-Ag/Al2O3 exhibiting the lowest activity in the con-
version of NO and a loss of its oxidative properties after thermal
aging. Conversely, the as-prepared 23-Ag/Al2O3 selectively con-
verts NO to N2, and subsequent thermal aging leads to an enhance-
ment of the conversion of NO and a slight alteration of the
selectivity with the appearance of a low amount of N2O essentially
at low conversion. As a matter of fact, the balance between Ag0/Ag+

probably draw the catalytic performance as previously stated [30].
According to previous explanation, the oxidation of NO to NO2 has
often been suggested as rate determining for the SCR of NOx by
hydrocarbons over alumina-based catalysts. It is well accepted that
the pre-activation thermal treatment might alter the rate of NO2

production. This reaction is currently associated with the presence
of metallic particles. On the contrary, the presence of oxidic silver
species do not play a key role in the NO/O2 reaction. Hence, an opti-
mal surface Ag0/Ag+ is needed for catalyzing the conversion of NO
to nitrogen. It seems obvious that this condition is not fulfilled on
13-Ag/Al2O3 because of the greater extent of Ag0, and subsequent
thermal aging leads also to a detrimental effect on the oxidative
properties of this catalyst which is probably not correlated to the
formation of well-dispersed electrophilic silver species. On the
contrary, the balance between Ag0 and Ag+ species seems to be
more favorable on freshly-prepared 23-Ag/Al2O3. This Ag0/Ag+ ra-
tio would not depend on the particle size but seems to be sensitive
to the operating conditions during the synthesis route. The pres-
ence of chemisorbed N species after aging on 23-Ag/Al2O3 by XPS
highlights the presence of zero-valent silver which promotes the
dissociation pathway of NO. Such an observation agrees with the
fact that the coexistence of Ag0 and Ag+ is needed for promoting
the reduction of NOx but in an optimal value to obtain selectively
nitrogen. In this sense, the determining role of hydrogen earlier
mentioned [35,36] is in this present study well-illustrated, partly
preserving the presence of metallic silver species particularly on
23-Ag/Al2O3. In fact, a greater extent of dissociative adsorption of
oxygen on Ag0 which would favor the production of NO2 on aged
23-Ag/Al2O3 might also explain the rate enhancement in NO con-
version to nitrogen [36]. In parallel reaction pathways involved
on Ag0 leading to the formation of N2O will also be enhanced.

An outstanding observation is also related to the detection of CO
on 23-Ag/Al2O3 which underlines the occurrence of reforming reac-
tions as previously reported. It has been earlier suggested that the
production of significant amount of CO characterizes the catalyst
acidity [26]. By way of illustration, it was earlier found that the
reduction of nitrogen dioxide by propene on H-mordenite leads to
the production of N2/CO/CO2 in the ratio 1/1/2. The examination of
Figs. 9 and 10 rules out this hypothesis because alumina is much less
acidic than zeolithe. However, the possible stabilization of nitroso-
nium ions assisted by the acidic properties of alumina capable to re-
act rapidly with surface oxide ions and oxygen to yield adsorbed
nitrate species could contribute to a better activity. Alternately,
the formation of CO can be ascribed to the involvement of partial oxi-
dation and/or reforming reactions in accordance with earlier inves-
tigations [36–38]. The reverse Water–Gas-Shift reaction might also
contribute in our operating conditions. The lack of observation of
subsequent hydrogen formation on 23-Ag/Al2O3 probably reflects
its high reactivity under lean conditions and could be related to
the beneficial effect observed on the conversion of NO over 23-Ag/
Al2O3. Satokawa et al. [38] have already reported the beneficial
effect of hydrogen on the conversion of NO by light hydrocarbons.
However, further explanations on the origin of such an effect are
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desirable because two different viewpoints compete. The first one
being associated with the impact of hydrogen on the oxidation state
of silver and on structural aspects associated with the stabilization
of small Ag clusters due to subsequent coalescence of isolated Ag+

species, while the second one is mostly related to the nature of
adsorbates. As a matter of fact, both aspects could be reconciled
according to Burch et al. [21] who suggested two different reaction
pathways according to the nature of the silver species. On metallic
Ag0 species, the competition between oxidative and reductive reac-
tion will be in favor of the former which considerably limits the con-
version of NO. Additionally, it would proceed via its dissociation
which differs from Agdþ

n clusters where NO can be selectively trans-
formed into nitrogen. Now returning to our catalytic observations,
particularly on aged catalysts, our catalytic features could be cor-
rectly explained on the basis of the above-mentioned mechanism
proposal which accounts for the relative distribution of Ag0/Agd+ in
explaining the selectivity behavior [39]. Hence, the formation of
N2O on the as-prepared 13-Ag/Al2O3 contrary to 23-Ag/Al2O3 would
suggest a relatively higher concentration of Ag0 on the former cata-
lysts. As shown, the reverse tendency characterizes the as-prepared
23-Ag/Al2O3. However, the slow formation of N2O after aging signi-
fies a shift of the Ag0/Ag+ to a preferential formation of Ag0 which
could not be formally associated with the involvement of coales-
cence processes as earlier proposed by Satokawa et al. [38] according
to our XPS observations.
4. Conclusions

The characterization of the catalysts prepared via embedding
the pre-prepared silver colloids into the alumina via a sol–gel pro-
cedure indicated the colloids preserved their size and oxidation
state. However, as XAES demonstrates, the catalysts prepared in
a sol–gel with a lower amount of water led to embedded colloids
with a higher population of Ag+ species. The catalytic behavior of
the resultant catalysts was well correlated with the concentration
of these species and the particle size. Thus, the active silver species
of the 23-Ag/Al2O3 catalysts selectively converts NO to N2, and sub-
sequent thermal aging leads to an enhancement of the conversion
of NO and only a slight alteration of the selectivity with the appear-
ance of low amounts of N2O assigned to slight changes on the sur-
face Ag0/Ag+ ratio.
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