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On the role of H2 to modify surface NOx species
over Ag–Al2O3 as lean NOx reduction catalyst:
TPD and DRIFTS studies

Muhammad Mufti Azis,ab Hanna Härelindb and Derek Creaser*a

Formation and stability of surface NOx species related to the promotional effect of H2 over Ag–Al2O3 as

NOx reduction catalyst were investigated with temperature-programmed desorption and DRIFT spectros-

copy. Formation of two groups of surface NOx species was found: a less thermally stable group of

“low temperature (LT) species” and a more thermally stable group of “high temperature (HT) species”. The

LT NOx was attributable to the decomposition of surface NOx species formed on the active sites where its

elimination by addition of H2 or thermal decomposition correlated with higher NO oxidation and NOx

reduction conversion. Under reaction conditions, these possibly inhibiting LT NOx species were stable up

to about 300 °C and their formation depended on donation of oxygen from surface oxides. Removal of

LT nitrate species by H2 accounted for only a fraction of the increased NO oxidation and NOx reduction

conversion by co-feeding H2. Furthermore, it was also found that H2 facilitates formation of HT NOx that

primarily corresponded to the decomposition of spectator species on the Al2O3 support identified as

monodentate nitrate species. From TPD studies of C3H6-SCR, it was shown that H2 not only eliminated

LT NOx but also promoted formation of greater quantities of adsorbed hydrocarbons.
Introduction

With a growing demand to reduce fuel consumption, lean-
burn and diesel engine vehicles will continue to comprise
an increasing fraction of road-vehicles in the future. The
regulation of NOx (NO + NO2) emissions from the transpor-
tation sector in the upcoming years will be more stringent
and therefore it is urgently required to develop efficient and
reliable NOx reduction after treatment systems for a wide
variety of lean-burn or diesel engines. Selective catalytic
reduction (SCR) of NOx with hydrocarbons (HC) has re-
mained as one possible concept to catalytically reduce NOx

emissions from lean-burn and diesel engine vehicles. For
hydrocarbon-selective catalytic reduction (HC-SCR), Ag/Al2O3

catalysts have been considered to have potential due to their
lower cost, higher tolerance towards water vapor and sulfur1,2

but also lower selectivity to N2O formation compared to PGM
catalysts.3

However, it is important to mention that Ag/Al2O3 exhibits
poor NOx reduction activity in the lower temperature region.
Below 400 °C, the NOx reduction activity decreases abruptly
which has been considered to be due to self-inhibition by
adsorbed nitrates on the active sites of the catalyst.4 It has
been shown that addition of H2 can drastically promote NOx

reduction activity in the lower temperature region.5 The so
called “H2-effect” results in better NOx reduction activity and
a wider temperature operating window. Nevertheless, the
reaction mechanism of HC-SCR over Ag/Al2O3 remains a
challenging issue since it involves a number of reaction inter-
mediates and surface species during the reaction. As a result,
the mechanisms by which H2 promotes NOx reduction with
Ag/Al2O3 are not entirely identified.

Generally, the reaction mechanism of HC-SCR over
Ag/Al2O3 is initiated by activation of NOx and HC. Activation
of NOx is characterized by formation of surface NOx species
mainly as nitrate and/or nitrite species. Subsequently, oxygen
partially oxidizes hydrocarbons (HC activation) to form
oxygenated HC surface species which react further with
surface NOx species and eventually lead to the formation of
N2. For this reason, surface NOx species have been suggested
to be important intermediates and therefore it is important
to understand their formation, stability, reactivity and possi-
ble inhibition effects to elucidate the mechanism of HC-SCR.

Temperature-programmed desorption (TPD) is a useful
technique to investigate the thermal stability of adsorbed
species. TPD studies to investigate the stability of surface
NOx species over Ag/Al2O3 have been reported in the
literature.6–9 Following adsorption of NO and O2 over
oyal Society of Chemistry 2015
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Ag/Al2O3, two NOx desorption peaks at low temperature
(250–340 °C) and high temperature (435–539°) have been
reported.6,9 Several attempts were made to identify the origin
of these NOx desorption peaks. By combining TPD and IR
spectroscopy, Kameoka et al.6 found that the peaks origi-
nated from three types of surface nitrates i.e. bridging,
bidentate and monodentate nitrates. From additional TPD
studies,7–9 it was pointed out that NOx desorption peaks at
high temperature (~440 °C (ref. 7 and 8) and 539 °C (ref. 9))
resulted from surface nitrate decomposition.

It is interesting to note that H2 may play a dual role in its
interaction with nitrate species. On one hand, H2 has been
proposed to promote elimination of nitrates during H2-
assisted HC-SCR.10–16 On the other hand, it has also been
shown that H2 activates accumulation of nitrates on the sur-
face, especially during NO oxidation.8,10,17–19

Elimination of surface nitrates from the active silver
species by H2 has been proposed as one probable key step in
the “H2-effect” for low temperature HC-SCR.10–16 H2 has
also been found to promote NO oxidation8,13,17,18,20 and our
previous study has simulated H2-assisted NO oxidation
based on the main role of H2 to eliminate poisonous surface
nitrate species.21 It is important to mention, however, that
H2 has been proposed to have several other roles in HC-SCR
which have been discussed in the literature such as to
facilitate modification of surface species and active Ag
sites.5,10,12,13,16,22,23

Seemingly contradictory to hydrogen's proposed role to
eliminate nitrates during HC-SCR, in situ FTIR studies have
been widely presented in the literature showing that H2 plays
an important role to activate the accumulation of surface
nitrates following exposure of the catalyst to a NO–O2–H2

gas mixture.10,17–19 Recently, Kim et al.23 also suggested that
the kinetic effects of H2 was to promote formation of surface
nitrate that later reacts with adsorbed HC. With the low
silver loadings that are common for Ag/Al2O3 catalysts, it is
also reasonable to expect that alumina also facilitates
adsorption of surface NOx species. In addition, the existence
of both silver nitrate and aluminium nitrate and their inter-
action following NOx adsorption has been proposed.8,11,24

Unfortunately, in situ IR analysis indicates overlapping peaks
for nitrates over Ag/Al2O3 and bare Al2O3 which makes it
difficult to discriminate between nitrates on the Al2O3 sup-
port and silver particles.17,25,26

In the present work, a series of TPD studies of NOx were
carried out over Ag–Al2O3 and Al2O3 catalysts to quantify and
characterize the stability of surface NOx species related to
Ag–Al2O3 as a HC-SCR catalyst. In addition, in situ DRIFT
spectroscopy experiments were also carried out to character-
ize formation of adsorbed NOx species. This study has also
aimed to demonstrate the effect of H2 to modify the quanti-
ties and position of surface NOx species. These effects will
also be correlated to the activity of the catalyst for NO oxida-
tion and C3H6-SCR to determine quantitatively to what extent
H2 removal of inhibiting nitrates may contribute to the
so called “H2-effect”. An additional objective for studying
This journal is © The Royal Society of Chemistry 2015
surface NOx species was to examine whether these apparently
contradictory roles for H2, discussed above, could be compati-
ble. We have focused our work on the low temperature region
200–300 °C as it is expected to be favorable for formation of
surface NOx species and therefore most relevant to under-
stand the H2-effect in modification of surface NOx species.

Experimental method
Catalyst preparation

Ag–Al2O3 with 2 wt.% Ag loading on Al2O3 was prepared by a
freeze dried sol–gel method. The powder was then
washcoated onto a cordierite monolith with a diameter of
2 cm. Ag–Al2O3 and Al2O3 were washcoated onto 2 cm and
4 cm long cordierite monoliths respectively. Approximately
0.5 g of Ag–Al2O3 and 1.5 g Al2O3 was deposited onto the
cordierite monoliths. The specific surface area of powders
measured by N2 sorption (BET method) gave specific surface
areas of 188 m2 g−1 and 233 m2 g−1 for Ag–Al2O3 and Al2O3,
respectively. The details of methods for preparation and
coating of monoliths were described elsewhere.21,27

Flow reactor experiments

TPD experiments were performed in a horizontal quartz
tube reactor 88 cm long with 2 cm diameter. The monolith
sample was placed inside the reactor tube and thermocou-
ples were used to measure both the monolith temperature
(later also called catalyst temperature) and inlet gas tempera-
tures. To minimize axial temperature gradients in the mono-
lith sample, a number of blank monoliths (with total length
of 14 cm) were placed to fill the empty space between the
monolith and outlet end of the reactor. A test with only blank
monoliths indicated that these blank monoliths were inert.
To provide heat to the reactor, a spiral-shaped electrical
heater was used around the reactor tube. A number of quartz
wool layers were used to bundle the reactor tube in order to
minimize heat loss.

Several mass flow controllers (Bronkhorst) were used to
supply gas flow to the reactor tube. Ar was used as a carrier
gas in all experiments. The outlet flow from the reactor was
sent to gas analyzers. A FTIR MKS 2000 was utilized to
measure the majority of gas outlet component concentra-
tions including NO, NO2, N2O, CO, C3H6, and NH3 in ppm
level. In addition, a Hiden HPR 20 quadrupole mass spec-
trometer (MS) was employed to sample a small fraction of
the outlet stream to detect variations in concentrations of
some components from the following mass to charge (m/z)
ratios: 2 (H2), 16 and 32 (O2), 28 (N2 and CO), and 44 (CO2).
To present O2 measurement results, m/z 16 was selected from
MS measurement.

Temperature-programmed desorption experiments (TPD)
were initiated by pretreatment of the catalyst with 8% O2 for
20 minutes at 550 °C. Subsequently, the catalyst temperature
was cooled down to a targeted adsorption temperature: 200,
250 or 300 °C. An adsorption gas mixture was introduced for
a certain time as depicted in Table 1. After the adsorption
Catal. Sci. Technol., 2015, 5, 296–309 | 297
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Table 1 Composition of adsorption gases, space velocity and duration of adsorption steps in flow reactor experiments

TPD type
Gas mixture
(GM) Adsorption gasesa

2 wt.% Ag–Al2O3 Al2O3

Duration (min) WHSVb (h−1) Duration (min) WHSVb (h−1)

NO oxidation GM 1 500 ppm NO + 4% O2 30 266 30 231
H2-assisted NO oxidation GM 2 500 ppm NO + 4% O2 + 0.1% H2 30 266 30 231
NO2–O2 adsorption GM 3 150 ppm NO2 + 4% O2 120 620 180 231
C3H6-SCR GM 4 500 ppm NO + 0.1% C3H6 + 4% O2 30 266 — —
H2-assisted C3H6 SCR GM 5 500 ppm NO + 0.1% C3H6 +

4% O2 + 0.1% H2

30 266 — —

a Ar was always used as carrier gas. b Weight hourly space velocity (WHSV) is the ratio of mass flow rate and mass of catalyst material.
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step, feed of adsorption species were terminated and a flow
of only Ar was maintained. The catalyst temperature was
then kept constant at the adsorption temperature for
5 minutes to flush away any loosely bound surface species.
Subsequently, the catalyst temperature was either maintained
or decreased to 200 °C during a period of 30 min in Ar flow
to allow further stabilization of the adsorbed species. The
desorption step was performed by increasing the inlet gas
temperature from 200 to 550 °C at a rate of 40 °C min−1 in Ar
flow. Due to temperature gradients between measured inlet
and catalyst temperatures, the maximum catalyst tempera-
ture reached varied between 530 to 545 °C. The catalyst tem-
perature was the temperature used to identify the desorption
profile and is therefore presented in all TPD results below.

During adsorption with C3H6-SCR conditions (GM 4 in
Table 1), H2-assisted C3H6-SCR (GM 5 in Table 1) as well as
the following desorption steps, it was found that formation
of N2O according to the FTIR analysis was negligible. There-
fore, m/z 44 from MS measurement could be used as a
reliable indicator of CO2 concentration with calibration.
These MS measurements of CO2 concentration agreed quanti-
tatively with average FTIR measurements but were found to
be far less noisy and are thus reported here.

Total flow rates of gases during flow reactor experiments
were varied between 1500–3500 mLn min−1. As a result, dif-
ferent weight hourly space velocities (WHSV) were used for
the Ag–Al2O3 and Al2O3 catalysts based on the masses of
catalyst material deposited on monoliths as shown in
Table 1. It is thus noteworthy that the quantities of
adsorbed species cannot be compared directly by merely
inspecting the level of gas concentrations from TPD results
over Ag–Al2O3 and Al2O3. A lower WHSV was usually used
for the Al2O3 catalyst because it was expected that the
quantities of adsorbed species would be lower compared to
Ag–Al2O3 and thus there would be a risk that the desorbed
298 | Catal. Sci. Technol., 2015, 5, 296–309

Table 2 Composition of adsorption gases and duration of adsorption steps fo

No. Adsorption step Adsorption ga

1 NO oxidation 1000 ppm NO
2 H2-assisted NO oxidation 1000 ppm NO
3 NO2–O2 adsorption 300 ppm NO2

4 C3H6-SCR 1000 ppm NO
5 H2-assisted C3H6-SCR 1000 ppm NO
quantities may be undetectable during the TPD experiments.
Nevertheless, correct comparisons could be made since the
flow reactor experimental results were integrated to calculate
the quantities of adsorbed/desorbed NOx species per mass
of catalyst materials.
In situ DRIFT Spectroscopy

The DRIFT instrument used in this work was a Bio Rad
FTS6000 Spectrometer. The sample powder of 2 wt.%
Ag–Al2O3 was placed in a sample holder (supported by a
metallic grid) of a high temperature Harrick Praying Mantis
cell coated with Silcolloy® 1000 and equipped with KBr
windows. The gases were supplied by a number of mass flow
controllers (Bronkhorst Hi-Tech). The total flow used was
100 mLn min−1 with Ar as the inert balance. The weight
of sample powder was ca. 90 mg. To regulate temperature,
the DRIFT cell was equipped with a Eurotherm heating
system and water cooling system. In addition, a K-type ther-
mocouple was placed near the sample holder to indicate the
bed temperature.

The DRIFT experiments were conducted following a simi-
lar TPD protocol that consisted of adsorption and desorption
steps with temperature ramps. Prior to each experiment, the
sample was pretreated with 8% O2 at 500 °C for 30 min. Sub-
sequently, the cell temperature was decreased to 200 °C in
inert gas flow. Here, background spectra were collected prior
to each adsorption step by accumulating 60 scans with a
resolution of 1 cm−1. The accumulation of IR spectra was ini-
tiated 2 min before the adsorption step by collecting 6 scans
min−1 with a resolution of 1 cm−1. Table 2 shows the details
of the adsorption step conditions. After the adsorption step,
the cell temperature was kept constant at 200 °C for 10 min
to stabilize adsorbed species in Ar flow. Subsequently, the
cell temperature was raised to 500 °C with a ramping rate of
This journal is © The Royal Society of Chemistry 2015

r in situ DRIFT Spectroscopy

ses Duration (min.)

+ 8% O2 30
+ 8% O2 + 0.2% H2 30
+ 8% O2 60
+ 8% O2 + 2000 ppm C3H6 30
+ 8% O2 + 2000 ppm C3H6 + 0.2% H2 30
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20 °C min−1. The IR spectra were collected continuously
during adsorption and desorption steps.
Results
TPD following NO oxidation

In order to investigate formation of surface NOx species,
adsorption conditions with NO–O2 gas mixture (GM 1) was
carried out over Ag–Al2O3 and Al2O3. Fig. 1 shows the NOx

uptake during the adsorption step and TPD profile over
Ag–Al2O3 and Al2O3. The amount of NOx adsorbed and
desorbed was calculated by integrating the NOx curves over
these catalysts and normalized to the mass of catalyst. The
results from integration are displayed in Table 3.

As seen from Fig. 1 and Table 3, the quantities of NOx

adsorbed decreased with increasing adsorption temperature.
It was found that the duration of adsorption was in all cases
sufficiently long to reach steady state reaction conditions
and thus the catalyst was saturated with adsorbed species
for each set of conditions. Conversion of NO to NO2 during
This journal is © The Royal Society of Chemistry 2015

Fig. 1 TPD following NO oxidation over Ag–Al2O3 and Al2O3 showing th
temperature 200 (red), 250 (green) and 300 °C (blue). Adsorption condition

Table 3 Quantities of NOx adsorbed and desorbed over Ag–Al2O3 and Al2O3

Adsorption
conditions

Ag–Al2O3

NOx adsorbed (μmol g−1) NOx desorbed (μmol

TPD NO–O2

200 °C 111.4 110.7
250 °C 98.2 98.1
300 °C 59.3 58.7
TPD NO–O2–H2

200 °C 189.6 188.8
250 °C 153.5 150.8
300 °C 103.7 100.4
TPD NO2–O2

200 °C 450.8 448.9
250 °C 337.9 335.4
300 °C 245.7 242.4
the adsorption step over Ag–Al2O3 (Fig. 1a) was low and negli-
gible at 200 and 250 °C. At 300 °C, there was a detectable
conversion of NO to NO2 of about 4%. Following the switch
from the adsorption gas mixture to only Ar flow, there was
desorption of loosely bound surface NOx species.

Fig. 1b shows the desorption profiles of NOx over
Ag–Al2O3. During the temperature ramp for Ag–Al2O3, two
NOx desorption peaks were observed i.e. a low temperature
(LT) peak at 277–340 °C and high temperature (HT) peak at
ca. 440 °C. It is noteworthy that the LT peaks were skewed
to higher temperatures with increasing adsorption tempera-
ture. The major NOx components desorbed were NO at both
LT and HT peaks whereas NO2 was only observed at the LT
peak following adsorption at 200 and 250 °C. No O2 release
was observed during the desorption steps following all
adsorption temperatures.

In order to investigate the formation of surface NOx

species over Al2O3, similar TPD studies following NO oxida-
tion were conducted on Al2O3 (Fig. 1c and d). As seen from
Fig. 1c, the NO oxidation conversion to NO2 was negligible
and at the highest temperature 300 °C, only ca. 8 ppm of
Catal. Sci. Technol., 2015, 5, 296–309 | 299

e adsorption steps (a, c) and desorption profiles (b, d) at adsorption
GM 1 as displayed in Table 1 was used.

Al2O3

g−1) NOx adsorbed (μmol g−1) NOx desorbed (μmol g−1)

61.9 59.6
57.9 57.7
41.5 40.9

31.3 28.7
17.8 14.0
8.8 6.8

357.6 356.6
282.3 281.2
212.6 210.8
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NO2 (~1.6% conversion) was observed. Thus, it can be said
that both Ag–Al2O3 and Al2O3 could be considered as a rela-
tively poor NO oxidation catalysts below 300 °C. From the
desorption profile (Fig. 1d), two desorption peaks were
observed, similar to that for the Ag–Al2O3 catalyst. The char-
acteristics and location of the LT peak resembled that for
Ag–Al2O3. However, the HT peak over Al2O3 was shifted to a
higher temperature of 486 °C. The major gas desorbed at
the LT peak was NO followed by a slightly lower amount of
NO2. Whereas, decomposition of surface NOx species at the
HT peak gave mostly NO2. Similar to Ag–Al2O3, no desorp-
tion of O2 was observed during temperature ramps follow-
ing all adsorption temperatures.
TPD following H2-assisted NO oxidation

Addition of H2 has been shown to promote NO oxidation
activity over Ag–Al2O3 catalysts.5,8,13,17,18,20,21 TPD studies
using a NO–O2–H2 adsorption gas mixture (GM 2) were
carried out over Ag–Al2O3 and Al2O3. Fig. 2 shows the NOx

uptake and TPD profile for the NO–O2–H2 system over
Ag–Al2O3 and Al2O3 catalysts. The duration of adsorption was
in all cases sufficiently long to reach steady state reaction
conditions. As shown in Fig. 2a, NO oxidation conversion
to NO2 was detected and increased from 5% at 200 °C to 10%
at 250 and 300 °C during the adsorption step with Ag–Al2O3.
In addition, formation of N2O and NH3 were negligible at
below 5 ppm and 1 ppm (not shown), respectively. Likewise,
NOx conversion was not observed.

During the temperature ramp with Ag–Al2O3 (Fig. 2b), the
desorption peak of NO2 at ca. 450 °C was clearly observed
which can be assigned as the HT peak as observed from
NO–O2 TPD (Fig. 1b). Desorption of O2 was also observable
and coincided well with the NO2 peak. In addition, desorp-
tion of low concentrations of NO were observed at
ca. 340–350 °C and 505 °C. It is noteworthy that H2 desorption
was not observed at all temperatures.
300 | Catal. Sci. Technol., 2015, 5, 296–309

Fig. 2 TPD following H2-assisted NO oxidation over Ag–Al2O3 and Al2O
adsorption temperature 200 (red), 250 (green) and 300 °C (blue). Adsorptio
It can be noted that along with higher activity for NO
oxidation in the presence of H2, the LT peak which was
observed in the NO–O2 system was significantly suppressed
and shifted towards the HT peak. The shift was also accom-
panied by higher total quantities of NOx adsorbed and
desorbed as displayed in Table 3. The results from the TPD
study with Al2O3 with adsorption gases GM 2 are shown in
Fig. 2c and d. During the adsorption step (Fig. 2c), NO
conversion to NO2 was negligible at all temperatures. There-
fore, it could be concluded that H2 did not promote NO
oxidation to NO2, but instead it acted as a reductant which
also decreased the amount of NOx adsorbed compared to
the NO–O2 system over Al2O3 (see Fig. 1c and Table 3).

During the temperature ramp with Al2O3 (Fig. 2d), the LT
and HT desorption peaks were observable for adsorption
temperatures 200 and 250 °C. The LT peak (at 270–280°) was
markedly higher than the HT peak (at ca. 460°). The LT peak
consisted of NO and NO2 where the quantities of NO were
slightly higher than NO2. Decomposition of HT species gave
only desorption of NO2. At an adsorption temperature of
300 °C, the desorption peaks of NOx were at trace levels. In
addition, no desorption of O2 was observed following all
studied adsorption temperatures.
TPD following NO2 adsorption

In order to investigate the adsorption of NO2 on Ag–Al2O3

and Al2O3 at conditions comparable to those for NO oxida-
tion above, i.e. with excess O2 present, TPD experiments fol-
lowing exposure to gas mixture GM 3 were conducted. Fig. 3
shows the NOx uptake and NOx desorption profiles for
both catalysts. As seen from the adsorption step over
Ag–Al2O3 (Fig. 3a), a temporary formation of NO could be
detected during NO2 adsorption. The quantities of NOx

uptake decreased with higher adsorption temperature as
also displayed in Table 3. The NO2–O2 system took much
longer time to reach stable outlet NOx signals during the
This journal is © The Royal Society of Chemistry 2015

3 showing the adsorption steps (a, c) and desorption profiles (b, d) at
n condition GM 2 as displayed in Table 1 was used.
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Fig. 3 TPD following NO2 adsorption over Ag–Al2O3 and Al2O3 showing the adsorption steps (a, c) and desorption profiles (b, d) at adsorption
temperature 200 (red), 250 (green) and 300 °C (blue). Adsorption condition GM 3 as displayed in Table 1 was used.
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adsorption steps compared to the NO–O2 system due to the
larger formation of surface NOx species on the catalysts as
evident from Table 3. During the temperature ramp over
Ag–Al2O3 (Fig. 3b), a substantial release of NO2 was observed
that peaked at 440–460 °C. A minor desorption of NO was
also detected at higher temperature ~525 °C. A broad release
of O2 was observed reaching a peak at ~450–475 °C.

A similar TPD study with GM 3 was also conducted over
the Al2O3 sample. Fig. 3c shows the NOx uptake over the
Al2O3 catalyst and it gave a profile similar to that for the
Ag–Al2O3 catalyst. Along with adsorption of NO2, temporary
NO formation was also observed and reached a peak of
ca. 35 ppm (adsorption temperature 200 °C). Similar to Ag–Al2O3,
a broad O2 peak was observed with a peak at ~450 °C. In
general, one can notice that the desorption profiles of NOx

over Ag–Al2O3 and Al2O3 after NO2 adsorption were similar.
Comparing the quantities of NOx, it can be seen from Table 3
that the amount of NOx adsorbed on Ag–Al2O3 is comparable
to Al2O3 but somewhat greater on the Ag–Al2O3. It should be
This journal is © The Royal Society of Chemistry 2015

Fig. 4 TPD following C3H6-SCR over Ag–Al2O3 showing adsorption (a)
Adsorption condition GM 4 as displayed in Table 1 was used at adsorption t
noted that in this case since the WHSV used for Ag–Al2O3

(620 h−1) was much higher than that for Al2O3 (231 h−1), the
quantities of NOx adsorbed cannot be compared directly from
Fig. 3a and c.
TPD following C3H6-SCR and H2-assisted C3H6-SCR

Further TPD studies were conducted to investigate the
quantities and nature of adsorbed NOx and COx species
during C3H6-SCR and H2-assisted C3H6-SCR over the
Ag–Al2O3 catalyst. Fig. 4 presents TPD results following expo-
sure to the C3H6-SCR gas mixture (GM 4) in the absence of
H2 where panels 4a to 4d show the NOx uptake, desorption
profile of NOx, COx formation during adsorption and the
desorption profile of COx respectively.

During the adsorption step (Fig. 4a), the NO signal
increased rapidly and NO2 yield was found to be negligible.
Formation of N2O (not shown) was negligible at below 5 ppm
during C3H6-SCR and also later during H2-assisted C3H6-SCR.
Catal. Sci. Technol., 2015, 5, 296–309 | 301

and desorption (b) of NOx, adsorption (c) and desorption (d) of COx.
emperatures 200 (red), 250 (green) and 300 °C (blue).
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Similarly, formation of NH3 (not shown) was negligible
at below 1 ppm both during C3H6-SCR and H2-assisted
C3H6-SCR. The NOx conversion during the adsorption step
was negligible at less than 250 °C and increased to ~6% at
300 °C. Furthermore, C3H6 conversion to CO2 and CO was also
observed during the adsorption step for C3H6-SCR (Fig. 4c).

During the temperature ramp (Fig. 4b), two remarkable
NOx peaks could be observed at ca. 290 °C (LT) and 420 °C
(HT). It should be noted that following adsorption at 200 °C
a shoulder on the NO peak at ca. 235 °C could be seen. The
LT NOx desorption quantity decreased with higher adsorp-
tion temperature and became markedly suppressed at the
adsorption temperature of 300 °C. In addition, it could be
seen that almost no O2 desorption was detected during
desorption step. From Fig. 4d, the CO desorption peak was
observed between 405 to 426 °C while the CO2 desorption
peak was broad with the same rise and decline as the
CO profile.

In order to investigate the influence of H2 on C3H6-SCR,
0.1% H2 was added in the adsorption step with gas mixture
GM 5. Fig. 5a to f showing the NOx uptake, desorption profile
of NOx, COx formation during adsorption, desorption profile
of COx, H2 profile during adsorption and desorption profile
of H2 respectively. During the adsorption step (Fig. 5a), NO
consumption and NO2 formation were observed and
increased with higher adsorption temperature. An NO2 yield
of up to 20 ppm was observed at adsorption temperature
300 °C. Similarly, higher formation of CO and CO2 were
observed in comparison with the absence of H2 (comparing
Fig. 5c and 4c) indicating a higher conversion of C3H6.
Consumption of H2 during the adsorption step (Fig. 5e)
302 | Catal. Sci. Technol., 2015, 5, 296–309

Fig. 5 TPD following H2-assisted C3H6-SCR over Ag–Al2O3 showing adsorp
COx. Adsorption condition GM 5 as displayed in Table 1 was used at adsorp
markedly increased with higher adsorption temperature. As
expected, addition of H2 gave higher NOx conversion than in
the absence of H2 and a NOx conversion up to 23% was
observed at 300 °C. During the desorption step (Fig. 5b), a
small peak of NO at 240 °C and a broad desorption peak
reaching a maximum at ~440 °C were observed whereas NO2

desorption was negligible. These NO peaks decreased with
higher adsorption temperature. The quantities of desorbed
NOx in the presence of H2 were higher than in the absence of
H2 as shown in Table 4. In addition, it could be observed that
a broad O2 desorption was clearly detected accompanying
NOx desorption.

From the desorption profile of CO and CO2 (Fig. 5d), one
can see that a CO peak was observed at ca. 375 °C which is at
lower temperature compared to the one in the absence of H2.
Furthermore, the concentration of COx released was much
higher than in the absence of H2 consistent with the higher
conversion of C3H6 obtained with addition of H2. As seen
from Fig. 5d and 4d, it can be noted that COx desorption
both in the case of C3H6-SCR with and without H2 addition
does not monotonically decrease with increasing adsorption
temperature as was the case with NOx. Similarly, the desorp-
tion profile of H2 approximately coincided with the CO
desorption as shown in Fig. 5f.
Identification and stability of adsorbed surface NOx species
from in situ DRIFT

DRIFT spectroscopy was used to investigate types of adsorbed
surface NOx species over Ag–Al2O3. Since the focus was to
identify surface NOx species, only DRIFT spectra within the
This journal is © The Royal Society of Chemistry 2015

tion (a) and desorption (b) of NOx, adsorption (c) and desorption (d) of
tion temperatures 200 (red), 250 (green) and 300 °C (blue).
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Table 4 Quantities of NOx desorbed over Ag–Al2O3 after C3H6-SCR and
H2-assisted C3H6-SCR

Adsorption
conditions

C3H6-SCR H2-assisted C3H6-SCR

NOx desorbed (μmol g−1) NOx desorbed (μmol g−1)

200 °C 70.7 91.4
250 °C 53.5 69.3
300 °C 35.4 50.3
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range of 1200–1800 cm−1 are presented. Here, adsorption
steps were conducted at 200 °C to obtain a high quantity
of NOx adsorbed species. Fig. 6 shows the evolution of IR
spectra ensuing the increase of cell temperature during the
desorption steps. Here, the adsorption steps were NO oxi-
dation, H2-assisted NO oxidation and NO2–O2 adsorption
(conditions 1–3 respectively in Table 2). As seen from the top
panel of Fig. 6 at 200 °C, adsorption of NO–O2 resulted in the
This journal is © The Royal Society of Chemistry 2015

Fig. 6 DRIFT Spectra of adsorbed species during temperature
ramp and following adsorption with NO oxidation conditions (top),
H2-assisted NO Oxidation conditions (centre) and NO2–O2 adsorption
(bottom) over 2 wt.% Ag–Al2O3 at 200 °C. Adsorption conditions are
displayed in Table 2.
appearances of peaks at 1299 and a broad peak at 1564 cm−1.
Further, a small peak or shoulder at 1248 and 1612 cm−1

were also seen. When H2 was added with NO and O2

(middle panel), several peaks were observed: a notable peak
at 1299, a broad peak at 1576 and shoulders at 1612 and
1540 cm−1. It is important to mention that the shoulder
peak at 1248 cm−1, clearly evident for the NO–O2 system,
declined in the presence of H2. When the catalyst was
exposed to NO2–O2 adsorption (bottom panel), IR spectra
with vibration bands at 1248, 1299, shoulder at 1546, a broad
peak at ca. 1567 and shoulder at 1612 cm−1 were observed.

Possible structures of adsorbed nitrate species namely
monodentate nitrate, bidentate nitrate and bridging nitrate
are shown in Scheme 1 and peak assignments were mainly
taken from our group's publications.24,28 The vibration band
at 1248 can be assigned to bidentate nitrate as reported in
literature.10,28 The peak at 1299 is also attributable to
bidentate nitrate that was reported by literature at 1298, 1300
and 1304 cm−1.28,29 In the higher wavenumber regions
(approximately between 1540–1615 cm−1), broad peaks at
1564 and 1576 cm−1 were observed resulting from the over-
lap of monodentate nitrate (1530–1546, 1558–1564 cm−1)24

and bidentate nitrate (1570–1590 cm−1).24 In addition, the
shoulder peaks observed at 1612 cm−1 may be ascribed to
the vibration of bridging nitrate that has been reported at
1614 cm−1.24,25,28

In order to investigate the thermal stability of adsorbed
NOx species, the cell temperature was increased to 500 °C in
Ar flow. Fig. 6 presents a number of IR spectra at different
temperatures during the temperature ramp. As seen here, the
intensity of the bridging nitrates (1612 cm−1) readily
disappeared in all cases. Further, it can be observed that the
subsequent peak that decreased abruptly was that of the
bidentate nitrate. The broad peak at 1564 cm−1 (top panel)
and 1576 cm−1 (middle and bottom panel) tended to shift to
the lower wavenumbers resulting from a decrease in
bidentate nitrates, indicating peak separation of bidentate
and monodentate nitrates. Comparing the intensity of the
monodentate nitrate band (1540 or 1546 cm−1), it is interest-
ing to note that its presence is more prevalent in the case of
H2-assisted NO oxidation (middle panel) and NO2–O2 adsorp-
tion (bottom panel) compared to the case of NO–O2
Catal. Sci. Technol., 2015, 5, 296–309 | 303

Scheme 1 Possible structures of surface nitrate species (M = metal
ion). Adapted from ref. 25 and references therein.
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adsorption (top panel). As seen during the temperature
increase here, the intensity of monodentate nitrates are
apparently the most stable among nitrate species.

Further in situ DRIFT experiments were carried out to
investigate the stability of adsorbed NOx species following
adsorption with C3H6-SCR and H2-assisted C3H6-SCR condi-
tions. Fig. 7 presents the evolution of the DRIFT spectra
during the temperature ramp following adsorption with
C3H6-SCR and H2-assisted C3H6-SCR conditions. As seen from
the top panel of Fig. 7 after adsorption from C3H6-SCR
(indicated at 200 °C), vibration bands assignable to mono-
dentate nitrate at 1546 cm−1 were observed. Strong vibration
bands at 1299 and a broad peak at 1584 as well as shoulder
at 1248 cm−1, ascribable to bidentate nitrate28 were apparent.
A shoulder peak at 1612 cm−1, assignable to bridging nitrate,
was also detected as in previous cases. In addition, small
bands were observed at 1393 and 1378 cm−1 that may be
ascribed to formate28 or acetate29 species and thus unrelated
to the vibration of surface NOx species.

When H2 was added (lower panel of Fig. 7 at 200 °C), simi-
lar IR spectra were obtained as in the case of C3H6-SCR
adsorption conditions. In comparison to the case of
C3H6-SCR conditions, it can be seen that the shoulder peak
at 1248 cm−1 had lower relative intensity. In contrast, the
vibration band at 1546 cm−1 had a higher relative intensity.
Similar to C3H6-SCR, broad peaks at 1299 and 1588 cm−1,
304 | Catal. Sci. Technol., 2015, 5, 296–309

Fig. 7 DRIFT Spectra of adsorbed species during temperature ramp
and following adsorption with C3H6-SCR (top) and H2-assisted
C3H6-SCR conditions (bottom) over 2 wt.% Ag–Al2O3 at 200 °C.
Adsorption conditions are displayed in Table 2.
assignable to bidentate nitrates, were outstanding. Also
a peak at 1612 cm−1, assignable to bridging nitrate, was
also observable. Finally, peaks at 1393 and 1379 cm−1 were
observed with higher intensity for H2-assisted C3H6-SCR,
attributed to acetate/formate species.

When the cell temperature was increased, as shown in
Fig. 7, the bridging nitrates readily disappeared followed by
a rapid decrease in bidentate nitrates at both 1588 and
1299 cm−1. At the highest temperature (500 °C), again the
vibration band assigned to monodentate nitrate (1546 cm−1)
was still observable showing its strong stability at high tem-
perature. It is noticeable that the acetate/formate species
also have rather strong stability with temperature (lower
panel of Fig. 7), having disappeared finally at 500 °C.

Discussion
Formation of adsorbed NOx species from NO oxidation

From the results of TPD following NO–O2 exposure over
Ag–Al2O3 and Al2O3, the NOx desorption profile over both
catalysts was similar showing two desorption peaks; one at
low temperature referred to as the LT peak (a major peak)
and one at high temperature referred to as the HT peak
(a minor peak). The increase in NO oxidation conversion
with increase in temperature was accompanied by a decrease
in the LT NOx desorption peak. These NOx desorption peaks,
can then be considered to originate from the decomposition
of two types of surface NOx species: a less thermally stable LT
surface NOx species and more stable HT surface NOx species.

From DRIFT results, the thermal stability of nitrate
species were found to be in the order of bridging < bidentate <
monodentate nitrate and therefore it is reasonable to regard
the LT desorption peak to primarily originate from the decom-
position of bidentate and bridging nitrate species, as in accor-
dance with an earlier report.6 In the presence of H2 in the feed,
it is apparent that the formation of the bidentate nitrate at
1248 cm−1 was less pronounced. This result is in agreement
with Shibata et al.10 who reported minimal formation of a simi-
lar peak for H2-assisted C3H8-SCR. We therefore suggest that
the vibration of bidentate nitrate at 1248 cm−1 can also be asso-
ciated with the LT desorption peak.

Klacar et al.30 performed Density Functional Theory (DFT)
calculations of NOx adsorption over oxidized silver. They
found that adsorption of NO and NO2 over oxidized silver
yielded formation of nitrate species, especially on well-
dispersed silver clusters (size of clusters 4–8 atoms) indi-
cating that surface NOx species borrow O atoms from the
Ag to form mainly bridging nitrates. Additionally, similar
TPD profiles following NO–O2 adsorption were observed for
Ag–Al2O3 and Al2O3 and hence a part of these surface NOx

species were also on Al2O3. A similar phenomenon of surface
nitrate formation by loaning O atoms over Al2O3 can also be
speculated, as has been shown by Zhang et al.25 As seen from
Fig. 1b and d, when the temperature was increased, the LT
peak consisted of more NO than NO2 and it was not accom-
panied by O2 desorption. This observed ratio of desorbed
This journal is © The Royal Society of Chemistry 2015
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Fig. 8 The amount of surface NOx species from integration of LT
desorption peak after NO–O2 adsorption over Ag–Al2O3 and Al2O3 as
shown earlier in Fig. 1 (upper panel, a) and reaction rate for NO
oxidation and H2-assisted NO oxidation over Ag–Al2O3 (lower panel, b).
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atomic nitrogen to oxygen indicates that the decomposition
of nitrate species giving the LT peak should leave borrowed O
atoms on Ag and Al2O3.

The HT desorption peak has often been proposed to result
from the decomposition of monodentate nitrates that gave
desorption of NO, NO2 and O2.

6,23,25 Here, only a small HT
desorption peak was observed that gave mainly NO without
O2 desorption after NO–O2 exposure. In this case the amount
of monodentate nitrate species was likely too small in our
monolithic sample to yield detectable O2 desorption or they
also partially left borrowed O atoms on the catalyst surface.

From TPD results for gas mixture of NO–O2–H2 over
Ag–Al2O3 (Fig. 2b), it can be noted that along with higher
activity for NO oxidation in the presence of H2, the LT peak
observed in NO–O2 TPD (Fig. 1b) was significantly
suppressed and shifted towards the HT peak (Fig. 2b). How-
ever, in the case of Al2O3 relatively little suppression in the
LT peak was observed (Fig. 2d) along with no promotion of
NO oxidation.

Due to the fact that the LT peak decomposed thermally
at higher adsorption temperatures and was suppressed sig-
nificantly in the presence of H2 which both gave higher NO
oxidation conversion, it is therefore reasonable to consider
the LT peak to result from the decomposition of surface NOx

species on the active sites. This also tends to indicate that
Ag is needed to activate H2 to suppress formation of surface
NOx species that produce the LT peak. In addition, the
active sites in the case of the Ag–Al2O3 catalyst may involve
Ag in close vicinity with Al2O3 as assumed by others.14,31 By
associating TPD and DRIFT, we suggest that H2 eliminated
surface nitrate species on active sites (LT peak) which is
predominantly bidentate nitrate (1248 cm−1). Our result coin-
cides with that of Chansai et al.14 who used short time expo-
sure (less than 120 s) in DRIFTS-MS study and suggested that
the peak at 1255 cm−1 assigned as monodentate nitrate in
their work was the surface nitrate species located on the
active part of the catalyst.

Further, the difference between the integrated LT NOx

(NO + NO2) peaks from Fig. 1b (over Ag–Al2O3) and d (over
Al2O3) can give an indication of the coverage of surface NOx

species on active Ag sites. Fig. 8a displays these results from
TPD after NO–O2 exposure between 200 and 300 °C over both
catalysts. As shown here, the coverage of surface NOx species
on Ag sites decreased with higher temperature. By comparing
with the amount of Ag available in the catalyst, the estimated
amount of LT NOx on active sites (difference between
Ag–Al2O3 and Al2O3) is much lower than the total amount
of Ag (148 μmol g−1). At 200 and 250 °C, this LT NOx

corresponded to 18% and 14% respectively of the total Ag,
indicating that the dispersion of active sites may be compa-
rable to these values.

At 300 °C, it could be observed that the amount of surface
NOx species on Ag–Al2O3 was more or less equal to Al2O3,
thereby indicating that Ag sites were largely free from LT
surface NOx species by 300 °C. The differences in surface
area for the Ag–Al2O3 (188 m2 g−1) and Al2O3 (233 m2 g−1)
This journal is © The Royal Society of Chemistry 2015
samples suggest that differences in their LT NOx adsorption
cannot exactly quantify the NOx on Ag sites. However even
disregarding NOx adsorption on Al2O3, it is clear that at
least 80% of Ag sites were freed from LT surface NOx

species by 300 °C compared to 200 °C. Fig. 8b compares
the calculated reaction rates for NO oxidation (Fig. 1a) and
H2-assisted NO oxidation (Fig. 2a). As seen here, the rate of
NO2 formation was always higher in the presence of H2 at
all temperatures, even at 300 °C where Ag was largely free
from the presumably inhibiting LT NOx species. If removal
of inhibiting nitrate species was the only promoting role of
H2 for NO oxidation, one would expect the NO oxidation
reaction rates with and without H2 feed to be nearly equal
at 300 °C. If all inhibiting surface NOx species were ther-
mally removed at 300 °C, comparison of reaction rates at
this temperature indicates that as much as 60% of total rate
with H2 feed could not be due to removal of inhibiting
surface NOx. Therefore, this points out that H2 should have
additional promoting roles.

As shown in Fig. 2b, the shift of the NOx desorption peak
upon introduction of H2 over Ag–Al2O3 was also accompanied
by higher total quantities of NOx adsorbed and desorbed
(Table 3) which was not observed for the case of Al2O3. H2

induced NOx adsorption over Ag–Al2O3 can then be related to
the increase of the HT surface NOx species. Surface decompo-
sition of the HT surface NOx species resulted in the release of
Catal. Sci. Technol., 2015, 5, 296–309 | 305
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NO2 and O2 and can be explained by eqn (1) as has been
addressed by Guo et al.7

2NO3
−(ads) ↔ 2NO2(g) + 0.5O2(g) + O2−(s) (1)

The mechanistic role of H2 to promote NOx adsorption
will be discussed further after following section.

TPD studies following NO2–O2 adsorption

The quantity and types of surface NOx species formed is also
related to the NOx species composition of the gas phase and
therefore TPD studies following NO2–O2 adsorption were
conducted. As seen from the DRIFT results in the lower panel
of Fig. 6, formation of various surface nitrate species were
detected upon exposure to NO2 and O2. From Fig. 3a and c,
formation of NO was observable during the NO2–O2 adsorp-
tion over Ag–Al2O3 and Al2O3. By integration of the curves in
Fig. 3a and c, the average ratio of total NO2 uptake to total
NO yield was 2.62 for Ag–Al2O3 and 3 for Al2O3. Therefore,
one can deduce that self-oxidation of NO2 was likely to
dominate during the adsorption step according to the follow-
ing overall reaction:

2NO2(g) → NO3(ads) + NO(g) (2)

However, surface oxides may also be involved by donating
an O atom/ion similar to that discussed earlier in the first
section of discussion part by the following overall reaction:7

3NO2(g) + O2−(s) → 2NO3
−(ads) + NO(g) (3)

As seen from reactions (2) and (3), the ratio of NO2

adsorbed and NO released is 2 in reactions (2) and (3) in
reaction (3). The ratios from the integration results fit well
and suggest that both reactions are likely occurring during
NO2–O2 adsorption, with the reaction involving surface
oxides as in reaction (3) being most dominant for Al2O3.

During the temperature ramp (Fig. 3b and d), it is interest-
ing to note that TPD after NO2–O2 adsorption over both
Ag–Al2O3 and Al2O3 gave broad peaks of NO2 at temperatures
exceeding 430 °C, suggesting that NO2 favors formation of
HT surface NOx species. As seen from Fig. 3b and d, decom-
position of the HT surface NOx species primarily produced
NO2 and O2 as described in eqn (1) over a range of tempera-
tures from 350 to 545 °C. The release of NO at more elevated
temperatures above 500 °C is probably related to a more
extensive decomposition of the surface nitrates or even sub-
sequent decomposition of the released NO2 that is favored by
thermodynamics. Both of these processes would also release
gas phase O2.

The role of H2 to modify surface NOx species

TPD results for NO–O2–H2 (Fig. 2b) and NO2–O2 (Fig. 3b)
were similar, giving a substantial release of NO2 and O2 at
a similar temperature range of the HT peaks. During
306 | Catal. Sci. Technol., 2015, 5, 296–309
adsorption of NO–O2–H2 (Fig. 2a), production of NO2 was
always observable. From comparison with Fig. 1b and
the low production of NO2 during NO–O2 adsorption, it is
apparent that NO2 production is linked to formation of the
HT surface NOx species. Furthermore, additional experi-
ments for NO2–O2 TPD on Al2O3 (Fig. 3d) gave a similar
TPD profile for the same adsorption conditions with
Ag–Al2O3 (Fig. 3b), suggesting that most of the HT surface
NOx species formed are located on the Al2O3 support.
Therefore, it was evident that the HT surface NOx species
result from NO2 adsorption and primarily located on the
Al2O3 support. It is also then likely that the HT surface
NOx species formed on the Al2O3 support are spectator sur-
face species. As has been addressed earlier, these HT sur-
face NOx species appear to be predominantly in the form
of monodentate nitrates by associating the DRIFT and TPD
results. These findings agree well with those of Tamm
et al.24 who suggested one role of H2 was to facilitate for-
mation of monodentate nitrate that is not poisonous and
likely to be located on Al2O3.

A mechanism of NOx storage by a spillover mechanism
has been proposed.8,11,24 An alternative mechanism of NOx

storage by NO2 readsorption on the Al2O3 support has also
been proposed by Johnson II et al.31 Based on the results of
these TPD studies, it is indicative that the NO2 readsorption
mechanism is most probable for NOx storage on Al2O3, since
formation of the HT surface NOx species was related to the
presence of gas phase NO2. However, this does not negate
the possibility that a spillover mechanism also contributes to
NOx storage on Ag–Al2O3.

As described earlier for NO–O2–H2 TPD over Al2O3

(Fig. 2d), it is likely that the characteristics of the adsorbed
surface NOx species are not the same over Ag–Al2O3 and
Al2O3. Consequently, desorption of O2 which was observed
over Ag–Al2O3 (Fig. 2b) was not observed over Al2O3 (Fig. 2d)
and NOx storage during adsorption of NO–O2–H2 over Al2O3

does not include formation of gas phase NO2.
Mechanistic insights regarding C3H6-SCR and
H2-assisted C3H6-SCR

TPD studies with C3H6-SCR and H2-assisted C3H6-SCR
adsorption conditions were conducted over Ag–Al2O3 to study
how surface NOx species affect the NOx reduction perfor-
mance. Reaction of surface NOx species with partially
oxidized C3H6 is considered as an important step to obtain
high activity for C3H6-SCR over a Ag–Al2O3 catalyst.

7,32,33

It is interesting to note that by comparing the NOx

desorption profile in C3H6-SCR (Fig. 4b) and NO oxidation
(Fig. 1b), both of them have a similar profile with LT and
HT NOx desorption peaks. However, for C3H6-SCR (Fig. 5b)
the NO2 desorption is very low probably due to the
presence of adsorbed HC species that reduce the surface
NOx species to NO during their decomposition and desorp-
tion. This presence of both LT and HT surface NOx species
in approximately the same temperature ranges indicates
This journal is © The Royal Society of Chemistry 2015
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that NO oxidation and C3H6-SCR should share some
mechanistic features.

During the adsorption with C3H6-SCR conditions (Fig. 4a),
NOx conversion at 300 °C were clearly higher than 200 and
250 °C. In addition, COx desorption was observed during the
temperature ramp (Fig. 4d) due to decomposition and oxida-
tion of adsorbed and oxidized HC species. There tended to
be more of these species at 300 °C along with greater NOx

reduction activity, suggesting that they are important inter-
mediate species. Removal of the LT inhibiting surface NOx

species at higher temperature (Fig. 4b) likely contributed to
more formation of these intermediate species for the NOx

reduction process.7

During the adsorption step for H2-assisted C3H6-SCR
(Fig. 5a), higher NOx reduction activity was observed,
reaching up to ~23% at 300 °C. The improvement in NOx

reduction activity was also accompanied by a significant
decrease in the LT NOx desorption peak as can be seen by
comparing Fig. 5b and 4b. At the same time, the HT NOx

desorption peak increased remarkably. Therefore, again
removal of the inhibiting LT surface NOx species, in this case
aided by reaction with H2, coincided with the improved NOx

reduction activity. Unlike in the case of NO–O2–H2 (Fig. 2b)
and NO2–O2 (Fig. 3b) TPD, the increase of the HT peak for
H2-assisted C3H6-SCR (Fig. 5b) gave mostly NO desorption.
Additionally, the O2 desorption, however, was observed
during desorption in all cases of TPD for NO–O2–H2, NO2–O2

and H2-assisted C3H6-SCR. The larger production of NO for
H2-assisted C3H6-SCR, probably resulted from the adsorbed
HC which was oxidized by the adsorbed NOx species during
their decomposition and desorption. From Fig. 5b, it can
also be seen that the HT NOx desorption peak had a broad
shoulder towards lower temperatures. This shoulder probably
results from the presence of adsorbed HC species acting as
reductants and destabilizing the nitrate species to cause
some lower temperature NOx decomposition.

As seen from comparing Fig. 4d and 5d, the higher
concentration of desorbed CO and CO2 infers that H2 had a
promotional effect on low temperature C3H6 activation.
Hydrocarbon (HC) activation to form oxidized HC species
itself is often suggested as a key step in HC-SCR over
Ag–Al2O3.

10,13,16 Greater formation of surface HC and
oxidized HC in the presence of H2 can be linked to the
removal of inhibiting surface NOx species as suggested by the
suppression of the LT surface NOx species also with H2.
There was also a broadening of the COx desorption peaks
and a shift to lower desorption temperature with the addition
of H2 (comparing Fig. 5d and 4d) which suggests that a
greater variety and possibly more reactive adsorbed hydrocar-
bon species with lower thermal stabilities were formed. This
finding again points to the fact that H2 may have other
effects to promote the NOx reduction activity similar to the
case for NO oxidation. The reaction rates for NOx conversion
were 6.1 × 10−5 and 22.5 × 10−5 mol kg−1 s−1 at 300 °C for
C3H6-SCR and H2-assisted C3H6-SCR, respectively. It seems
apparent from Fig. 4b that a large part of the inhibiting LT
This journal is © The Royal Society of Chemistry 2015
NOx species was removed by 300 °C. Thus, again like that for
NO oxidation as much as 73% of the C3H6-SCR activity from
co-feeding H2 could not be related to removal of inhibiting
LT surface NOx species.

The amount of COx desorbed did not monotonically
decrease with higher temperature (Fig. 4d and 5d) as was
always the case for adsorbed NOx species. Greater accumula-
tion of adsorbed species producing COx at higher tempera-
ture indicates that the reactions activating the HC to form
oxygenated HC on the surface have relatively high activation
energies. In other words, the activation energy to partially
oxidize HC to form oxygenated HC surface species is higher
than the activation energies of subsequent reactions
between surface NOx species with the oxygenated HC species
that leads to formation of N2. Greater accumulation of
oxygenated HC surface species may also be due to less
inhibiting nitrates covering the active sites where oxygenated
HC are formed.

As seen from DRIFT results in Fig. 7, nitrate peaks assign-
able to monodentate, bidentate and bridging nitrates were
detected for both C3H6-SCR and H2-assisted C3H6 similar to
the case with NOx adsorption (Fig. 6). By increasing tempera-
ture, the stability of monodentate nitrate (1546 cm−1) was
clearly observed. Comparing the decreasing intensity of
bidentate nitrate peaks for C3H6-SCR and H2-assisted
C3H6-SCR, it was found that the rate of decrease with temper-
ature is somewhat slower for the lower panel of Fig. 7
(H2-assisted C3H6-SCR), indicating that the surface NOx

species here were more stable which is in agreement with the
TPD results. Further, it was also found that the relative inten-
sity of formate/acetate bands was higher for the H2-assisted
case which agrees with the TPD observations (Fig. 4d and 5d)
that larger quantities of adsorbed HC species are present
under the H2-assisted reaction conditions.

In this series of studies, it seems that the promoting role
of H2 appears to be only partially due to the removal of
inhibiting surface NOx species. As a result the findings here
support the possibility of other H2 promoting roles as
already described in the literature.5,10,12,13,16,22,23 It has how-
ever been observed here that the formation of surface nitrate
species in the absence of H2 depends on the donation of
oxygen from surface oxides. As a result the removal or
prevented formation of these nitrate species caused by H2

may be linked to some partial reduction of Ag species and
thus formation of sites with enhanced activity. However an
investigation of the merits of all other possible roles for H2

to promote NO oxidation or NOx reduction is beyond the
scope of this study and the methods used here.

Conclusions

A series of TPD experiments have been conducted to investi-
gate formation and stability of surface NOx species related to
the promotional effect of H2 for NO oxidation and C3H6-SCR.
Formation of two general groups of surface NOx species were
found to be present: a less thermally stable group of so called
Catal. Sci. Technol., 2015, 5, 296–309 | 307
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“LT surface NOx species” and a more thermally stable group
of “HT surface NOx species”. The following conclusions can
be drawn from this study.

• The LT NOx desorption peak observed in this study
could be attributed to the decomposition of surface NOx

species formed on the active sites. It was apparent that Ag
sites were largely free from these surface NOx species at and
above 300 °C. Elimination or decrease in quantities of these
LT surface NOx species either thermally or by reaction with
H2 correlated with higher NO oxidation and NOx reduction
conversion. However, as much as 60% and 73% of the activ-
ity for NO oxidation and NOx reduction respectively by
co-feeding H2 could not be related to removal of LT NOx

surface species.
• The HT NOx desorption peak primarily corresponded to

the decomposition of surface NOx species on the Al2O3 sup-
port. Since the increase of surface NOx species formed on the
Al2O3 did not hinder NO oxidation and NOx reduction, the
HT surface NOx species were mainly comprised of spectator
surface species in the form of monodentate nitrates.

• H2 facilitated formation of surface NOx species on the
Al2O3 support. It was indicative that the mechanism of NOx

storage on the Al2O3 support was via NO2 readsorption, but
spillover may also play a role.

• H2 facilitated formation of oxygenated HC on the
surface that may be aided by removal of inhibiting surface
NOx species on active sites.

• Formation of the LT surface nitrate species depended on
the donation of oxygen from surface oxides. As a result the
removal or prevented formation of these nitrate species
caused by H2 may entail some partial reduction of Ag species
and be linked to enhanced C3H6-SCR and NO oxidation
activity.

From this study, it was seen that the quantities of surface
NOx species removed from the active sites were small com-
pared to the amount simultaneously stored as spectator
species mainly on the alumina support. Therefore, the dual
role of H2 to both eliminate inhibiting surface NOx species
from active sites and promote NOx storage was elucidated.
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