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ABSTRACT: The Ag/ALOj; catalyst possesses high activity
for selective catalytic oxidation of ammonia (NH;—SCO), and
its activity could be significantly improved by H, pretreatment.
It is generally accepted that the enhancement of Ag/AlL,O;
activity after H, reduction is due to the promoted O, activation
by metallic Ag species. Here, we show that the recovery of
Bronsted acid sites via H, reduction is also an important factor.
Ag/AlL,O; and H,-pretreated Ag/ALO; (Ag/AlL,0;—H,)
catalysts were prepared and tested for the NH;—SCO
performances, and also carefully characterized. It is revealed
that Ag species were anchored on the Al,O; surface through
exchange between Ag" and H' in AIOH groups during the
preparation process, and therefore occupied the Bronsted acid
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sites of Al,O;. H, reduction could break the Ag—O bonds and thus recover the Bronsted acid sites. In situ DRIFTS results show
that NH," species adsorbed on Brensted acid sites is much more active for reaction with O, than NH; species adsorbed on
Lewis acid sites. DFT calculation results identified the different activation processes for NH," and NHj species, confirming that
Bronsted acid sites have markedly higher activity than the Lewis acid sites. Therefore, the recovery of Bronsted acid sites after
H, reduction is also responsible for the improved activity of Ag/Al,O;—H, for NH;—SCO.
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1. INTRODUCTION

NH; is widely used in the chemical industry (nitric acid
production, petroleum refining), agriculture (nitrogen fertil-
izer), and the transportation industry (deNO, process), where
it is inevitably emitted due to the ammonia slip phenomenon.
The pungent gas NH; is harmful to human health as well as
the environment. It is one of the most important nitrogen-
containing pollutants and is also a significant contributor of
haze formation in China.' ™" Therefore, it is essential to control
the NH; emission.

Various methods have been proposed for NH; elimina-
tion,” " among which NH;—SCO is a very promising one, in
consideration of the technical and economic limitations.
Recently, the NH;—SCO method has raised widespread
concern, and many kinds of catalysts have been investigated.
Ag/AlLO; catalyst has shown high activity in several
studies,” "¢ which was even better than several noble metal
catalysts.'”"" Our previous studies'”'”"® showed that particle
size and valence state of Ag species were two important factors
for NH;—SCO activity and N, selectivity. H, pretreatment is
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the most common method to change Ag from the oxidized
state to the metallic state, and significant enhancement of
NH;—SCO activity can be observed after H, pretreatment.'""*
The enhancement was simply attributed to the appearance of
metallic Ag, promoting O, activation. However, the effect of
other aspects such as Ag particle size, active sites and acid sites
on the performance of Ag based catalyst has received little
attention to date. The influence of H, pretreatment on the
NH;—SCO pathway has also not been clearly investigated in
the previous studies.

In order to fill in the knowledge gaps mentioned above, fresh
Ag/AL,O; and H,-pretreated Ag/Al,O; were prepared and
tested, and then characterized by several methods such as X-
ray diffraction (XRD), high-resolution transmission electron
microscope (HR-TEM), X-ray absorption fine structure
spectroscopy (XAFS) and in situ diffuse reflectance infrared
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Fourier transform spectroscopy (DRIFTS). The detailed
effects of H, pretreatment on Ag particle size, active sites
and acid sites were studied. On the basis of these findings, the
reaction pathway of NH;—SCO on Ag/ALO; and Ag/ALO;—
H, were also investigated.

2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. According to our previous
studies,'”'” we selected and prepared 10 wt % Ag/AlLO; to
study the effect of H, reduction on NH;—SCO performance,
and the Ag/ALO; (2, 4, and 8 wt %) were also prepared for
investigating the properties of acid sites and Ag species
anchoring. Ag was deposited onto a y-Al,O; (Sigma-Aldrich,
average size 5 ym) support by an impregnation method. First,
appropriate amounts of y-Al,O; were added into deionized
water to stir into suspension, then aqueous solutions of AgNO;
with different loading contents were introduced. After
impregnation for 3 h, the suspension was dried with vacuum
rotary evaporation. After drying for 12 h at 105 °C and
calcination in air for 3 h at 500 °C, the samples were finally
sieved into 40—60 mesh powders.

Fresh Ag/Al,O; were treated with H,/N, (20 vol % H,, 100
cm®min~") at 400 °C for 2 h and the H,-reduced samples was
denoted as Ag/Al,O;—H,.

2.2. Sample Characterization. The crystal structures of
the catalysts were measured on a Bruker D8 X-ray
diffractometer with a Cu Ka radiation source (A = 0.15406
nm) (20: 10—90° scanning speed: 6°min~'). HR-TEM
images were collected on a JEOL JEM-2010 instrument
(acceleration voltage: 200 kV).

Ag K-edge XAFS measurements were conducted at the
BL14W1 XAFS beamline of Shanghai Synchrotron Radiation
Facility (SSRF) (PE storage ring was operated at 3.5 GeV with
200 mA). Athena program'”*’ was used to analyze the XAFS
data, and the filtered k* weighted y(k) was Fourier transformed
into R space (k range: 2.2—12.8 A™! for Ag—K EXAFS).

NEXUS 670-FTIR equipped with an MCT/A detector was
used to perform the in situ DRIFTS to research the NH;—SCO
reaction mechanism. Before the measurement, the sample was
pretreated with 20 vol % O,/N, at 500 °C for 30 min or
prereduced with 20 vol % H,/N, at 400 °C for 2 h.

2.3. Catalytic Test. A fixed-bed reactor was used to test the
NH;—SCO activity of the catalysts, the total gas flow was 100
mL-min~" and gas hourly space velocity (GHSV) was 28 000
h™". The mixture gas is composed of 500 ppm of NH;, 10 vol
% O, and N, as balance. The concentrations of effluent NH;
and NOx were continuously monitored with an online FTIR
spectrometer. Only NO, NO,, N,0, and NH; were detected
during the reaction process; therefore, NH; conversion (Xyy,)

and N, selectivity (Sy,) were calculated according to the

following formulas:

[NH3]out 0,
XNH; =1 - ———— X 100%
~ [NH,J,, W
NH,],, — 2[N,0],, — [NO,],[NO
N, = ! 3]m [ 2 ]out [ z]out[ ]Ou' X 100%
2 [NH3]in
(2)

2.4. DFT Computational Details. Spin-polarized density
functional theory (DFT) calculations were conducted through
the PBE functional’' with van der Waals correction (i.e., DFT-
D3 method with Becke—Jonson damping)** as implemented in
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the VASP 5.4.1.>° The core—valence electron interaction was
described with projector augmented wave (PAW) method™*
and the energy cutoff of the plane wave basis sets was set to
400 eV for all atoms. A supercell of the y-AL,O; (110) surface
with four stoichiometric Al,Oj layers (about 16 X 11 X 6 A)
was used as the substrate. We modeled the Ag cluster (5 Ag
atoms) supported on y-Al,O; surfaces and it was added to one
side of the slab. In order to avoid the periodic image
interaction normal to the surface, a vacuum gap of 12 A was
applied.” Structures were optimized with a conjugate gradient
algorithm until the forces on all relaxed atoms were less than
0.02 eV/A. During the structural optimization, the bottom
AL O; layer was kept frozen while other atoms were fully
relaxed, only the I' point of the Brillouin zone was sampled. In
order to accelerate electronic convergence, the Gaussian
smearing method was applied with a smearing width of 0.2
eV. The CI-NEB method was used to trace the reaction
pathways and locate the transition states, the spring constant
was 5.0 eV/A2>%

3. RESULTS

3.1. Results of Catalytic Tests. The NH;—SCO activity
of Ag/Al,O; and Ag/Al,O;—H, were evaluated and presented
in Figure 1. It was clear that the activity was significantly
improved after H, pretreatment and the T, (the temperature
of 50% NH, conversion) of NH;—SCO decreased from 145 to
100 °C. The selectivity of N, declined to some extent after H,
reduction, but it was still above 80%. The decrease of N,
selectivity was due to the generation of more N,O resulted
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Figure 1. (A) NH; conversion (B) N, selectivity at different
temperatures over 10% Ag/Al,O; and Ag/Al,0;—H, samples.
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from the overoxidation of NH; by more oxygen species
activated on metallic Ag species. These results show that H,
reduction can greatly enhance the NH;—SCO performance of
Ag/AlLO; catalyst, which have been generally attributed to the
promoted O, activation by appearance of metallic Ag
species.”‘lé*'28

3.2. Results of Characterization. 3.2.1. Structural
Properties. XRD patterns of the Al,O;, Ag/Al,O; and Ag/
Al,O;—H, samples are presented in Figure 2. The diffraction

(Agm) * Alzo3
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Figure 2. XRD profiles of Al,O; support, 10% Ag/Al,O; and Ag/
Al,O;—H, samples.

peaks at (220), (311), (222), (400), (511), (440), and (444)
planes of y-Al,O; (JCPDS 02-1420) were observed on Al,O4
support. As for the Ag/Al,O; sample, the intensity of the y-
Al,O; peaks were weakened after Ag was loaded, and
diffraction peaks of Ag species at 38.1°, 44.3°, 64.5° and
77.4° were observed with low intensity, which corresponded to
the (111), (200), (220), and (311) lattice planes of crystalline
Ag (JCPDS 87—0717). Ag,O peaks did not appear in the XRD
patterns mainly due to its low degree of crystallinity or the
small particle size of Ag,0O below XRD detection limit. After
H, reduction, the intensity of the Ag diffraction peaks
increased dramatically and showed narrow half-widths,
indicating that the ratio of the metallic Ag species was greatly
improved.

Parts A and C of Figure 3 presented the TEM images of the
Ag/Al,O; and Ag/Al,O;—H,. The morphology of Ag species
was dramatically changed after H, pretreatment. In Ag/Al,O;,
flaky Ag species covered the surface of Al,O; with average
particle size of 8.4 nm. In the corresponding HRTEM image
(Figure 3 B), lattice fringes for Ag species were clearly visible
with the lattice spacings of about 0.264 or 0.232 nm, which
were consistent with the (100) and (011) planes of Ag,O
(JCPDS File No. 01-072-2108).” As shown in Figure 3C, Ag
species was observed as highly dispersed on Ag/Al,O;—H,
with a particle size of 54 nm. It was observed in the
corresponding HRTEM image (Figure 3 D) that the lattice
spacings were 0.236 and 0.203 nm, which were attributed to
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Figure 3. (A) Typical TEM images of 10% Ag/AlL,O; (inset shows the size distribution histograms), (B) corresponding HRTEM images of 10%
Ag/AlL,0;, (C) typical TEM images of 10% Ag/Al,0;—H, sample (inset shows the size distribution histograms), and (D) corresponding HRTEM

images of 10% Ag/Al,O;—H,.
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(111) and (200) planes of cubic metallic Ag (JCPDS File No.
01-071-3762),”>" respectively.

3.2.2. Chemical States. Figure 4 displays the Ag—K edge
XAFS data of Ag/AL,O; and Ag/Al,O;—H, together with Ag
foil and AgNOj as references. The XANES result of Ag/AlL,O;
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Figure 4. Ag—K edge XAFS spectra, (A) Normalized near-edge
structure (XANES), (B) first-order derivatives, and (C) k> weighted
EXAFS spectra of standard samples and 10% Ag/Al,O;, Ag/Al,O;—
H, samples (Fourier transform k range 2.2—12.8 A™").

in Figure 4A shows that the peaks and edge positions differ
from both Ag foil and AgNO;. The white line of Ag/Al,O; was
located at between those of Ag foil and AgNO;, which
indicated that Ag species in Ag/AL,O; was a mixture of Ag’ and
Ang.32 However, the spectrum of Ag/Al,O;—H, was much like
that of Ag foil, and the intensity of the white line decreased and
the position moved closer to Ag-foil after H, reduction. As
shown in Figure 4B, the normalized first-order derivative peaks
of Ag/AL,O; and Ag/AlL,O;—H, located at 25516.4 and
25515.7 €V, respectively, while the locations of Ag foil and
AgNO; were 25514.9 and 25518.6 eV, respectively. Therefore,
it was further confirmed that Ag existed as a mixture of Ag’ and
Ag" in Ag/ALO; sample, whereas after H, reduction Ag
species in Ag/Al,O;—H, was nearly metallic state,””” which
was consistent with XRD and TEM results.

Fourier transforms of kz-weighted EXAFS spectra of Ag/
Al)O;, Ag/AL,O;—H, and standard samples were shown in
Figure 4 (C). The peaks at around 1.7 and 2.67 A were
attributed to Ag—O and metallic Ag—Ag bonding.’*** The
intensity of the Ag—Ag shell was very low and the Ag—O shell
was dominant in Ag/Al,O; sample. However, the situation was
just the reverse on the Ag/Al,O;—H, sample: the Ag—O shell
was barely observed while the Ag—Ag shell was dominant,
which was similar to the results for Ag foil. Therefore, we
concluded that H, reduction breaks Ag—O bonds on the Ag/
AL O; surface and forms Ag clusters in the metallic state
(Ag,").

3.2.3. Acid Sites. In situ DRIFTS of NH; adsorption were
measured over Ag/AlL,O; and Ag/Al,O;—H, samples with
different Ag content to distinguish the different acid types
(Lewis or Brensted acid sites) as presented in Figure S. The

/L
7/
| 0.05 —Agd/AlLO, 1616 1215
273 2 1
3678
() .
g |75
c o
©
Ko}
r=
o
(72}
e}
<
ya
T T T 7A T T
4000 3500 3000 2000 1500

Wavenumbers (cm™)

Figure S. In situ DRIFTS results of NH; adsorption over Ag/Al,O;
and Ag/Al,0;—H, with different silver loadings at room temperature.

bands located at 3100—3500 cm ™" were attributed to the N—H
stretching vibration bands of NH,."**7% The negative peaks
at 3755 and 3678 cm™" were resulted from the consumption of
surface hydroxyl.** The bands of &, at 1616 cm™" and &, at
1215 and 1252 cm™ for the N—H bonds were assigned to
coordinately linked NH; on Lewis acid sites (denoted as
NH;—L),"****”*" and the peaks at 1687, 1471, and 1394 cm ™!
were assigned to vibrations of ionic NH," ipecies bound to
Bronsted acid sites (denoted as NH4+—B).36’ 142 As shown in
Ag/AlL,Oj spectra, the intensity of the peaks related to NH;—L

DOI: 10.1021/acscatal.8b03744
ACS Catal. 2019, 9, 1437-1445


http://dx.doi.org/10.1021/acscatal.8b03744

ACS Catalysis

Research Article

0,
Area=12.78 2%

Absorbance
OH Area

Area=15.43

T T T
3800 3700 3600
Wavenumbers (cm™)

3900 3500

16

14 -

12 4

10

R?=0.9902

0 2 4 6 8
Ag content (%)

Figure 6. In situ DRIFTS analysis of hydroxyl content on Ag/Al,0;—H, samples with different Ag loadings with NH; as the probe molecule (A)
and the linear fitting result of Ag content and hydroxyl peak area (B).

(1616, 1252, and 1215 cm™") increased gradually as the Ag
load increased. On the contrary, the intensity of NH,*—B
(1687, 1471, and 1394 cm™') decreased rapidly with Ag
content increasing, and a corresponding decline was also
observed in the intensity of OH consumption peaks (3755 and
3678 cm™'). In addition, it was notable that the & peak of
NH,-L shifted from 1252 to 1215 cm™' as Ag was loaded
onto Al,O;, which indicated that two kinds of Lewis acid sites
(Al-O and Ag—O) existed on the Ag/AL,O; sample.

As shown in the spectra of Ag/Al,O;—H, samples, a
significant influence of H, reduction on acid sites can be
observed. One of the most obvious changes was the growth of
NH,"—B (1687, 1471, and 1394 cm™"). Another effect of H,
reduction on acid sites was equally striking: ,; of NH;—L
decreased rapidly after H, reduction, along with the
phenomenon that §; of NH;—L shifted back from 1215 to
1252 cm™". Thus, it is suggested that Ag was anchored on the
Al O; support through occupying Breonsted acid sites of Al,O5
and form Ag—O bonds, while the H, reduction could break
those bonds and thus recover the Bronsted acid sites.
However, the hydroxyl peaks intensities of Ag/Al,O;—H,
samples could not totally recover to their original levels in
fresh Ag/Al,O;. The loss of some surface hydroxyl should be
induced by the high temperature H, reduction (400 °C) but
not by Ag loading since the H, reduction also decreased the
hydroxyl content of pure Al,O;.

3.2.4. Silver Anchoring. Ja Hun Kwak and co-workers have
proposed that Pt atoms could bind to the A13+Penta sites on the
7-Al,O; surface through oxygen bridges.43 We measured the
YAl solid state MAS NMR of y-Al,O; support and 10% Ag/
Al,O; sample. As shown in Figure S1 (Supporting
Information), the intensity of A13+penta was barely changed
after Ag loading, indicating that AI** centers was not the
anchoring sites for Ag.

It is well established that A1,05 surfaces contain various Al-
OH groups,** and these surface hydroxyl groups contribute to
metal dispersion and anchoring."”** Figure 6 A showed the
selected in situ DRIFTS of NHj; adsorption in the range of
3500—3900 cm ™! over Ag/AlO; with different Ag contents at
room temperature. The peak areas of hydroxyl groups (3755
and 3678 cm™') were calculated by integration and presented

penta
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in Figure 6 A. It is obvious that the peak intensity of the Al—
OH declined rapidly with the increase of Ag loadings. The
correlation fitting between Ag loadings and hydroxyl peak area
was next carried out. As shown in Figure 6 B, hydroxyl peak
area presented a linear decrease as a function of Ag loadings,
further indicating that Ag was anchored on the Al,O; surface
through the consumption of AlI-OH groups.

3.3. Reaction Mechanism. Our previous study showed
that Ag” in Ag/AL,O; generated from H, pretreatment could
promote O, dissociation,"’ which enhanced NH;—SCO
activity of Ag/Al,O;—H,. We here observed that the change
of acid sites resulted from H, pretreatment may be another
reason for the enhanced NH;—SCO activity. To investigate the
specific reaction behaviors of the acid and active sites, the
reaction between preadsorbed NH; and O, on Ag/Al,O; and
Ag/Al,0;—H, was studied by in situ DRIFTS.

The NH;—SCO reaction pathway on fresh Ag/Al,O; has
already been studied and was described in our recent article.'”
It is indicated that after O, was introduced, nitrate bands
appeared and monodentate nitrate could react with reintro-
duced NHj, which was consistent with the i-SCR mechanism.
The reaction pathway over Ag/Al,O;—H, was then studied.
NHj; was preadsorbed for 30 min at 120 °C and followed with
N, purging for 30 min. As presented in Figure 7 A, the peaks of
both NH;—L (1616 and 1252 cm™")"**%*”** and NH,"'—B
(1687, 1471, and 1394 cm™')***"*>* appeared on Ag/
Al)O;—H,. No significant decrease was observed after N,
purging for 15 min, which indicated that both of them were
stably adsorbed. After that, O, was introduced into the system
as presented in Figure 7 B, the peak of NH," ad-species
decreased rapidly and disappeared within 10 min, while the
peak intensity of coordinated NH; barely changed in the first
10 min, which indicated that the activity of NH," was far
higher than coordinated NH;. The consumption rates of
Bronsted and Lewis acid sites peaks area were fitted in Figure 7
C. As can be seen, the decline slops of Lewis and Bronsted acid
sites area were 0.203 and 1.009, respectively. It is to say that
the consumption rate of NH," ad-species was almost S times as
fast as that for coordinated NH;. After O, was introduced for
30 min, both NH; species were exhausted, and broad peaks at
1443 and 1306 cm™" were observed, which were very near to
those of monodentate nitrate (1450 and 1286 cm™!).*’~°
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Figure 7. In situ DRIFTS results of (A) N, purge after NH,
adsorption over 10% Ag/Al,0;—H, at 120 °C, (B) reaction between
O, and preadsorbed NHj species and further reaction between NHj;
and in situ formed nitrate over 10% Ag/Al,O,—H, at 120 °C.
Reaction conditions: [NH;] = 500 ppm, O, = 10%, and N, balance.
(C) Consumption rate of peaks area of B and L acid sites.

When NH; was reintroduced, the nitrate peaks quickly
declined, consistent with the phenomenon observed on fresh
Ag/AlLOj;. Thus, the NH;—SCO mechanism over Ag/Al,O;—
H, was also the i-SCR mechanism at 120 °C.

Previous studies have shown that the NH;—SCO follows the
—NH and i-SCR mechanism at low and high temperatures,
respectively.'” Therefore, in situ DRIFTS experiments at
different temperatures were further conducted to research the
effect of temperature on reaction mechanism. NH; adsorption

1442

on Ag/Al,O; and Ag/Al,O;—H, samples were first measured
at different temperatures. As shown in Figure S2 (Supporting
Information), the peak positions of NH;—L and NH,*—B were
not changed with increasing temperatures, showing that those
kinds of acid sites were unchanged at different temperatures.
The decreases of the peak intensities were ascribed to
desorption of the NHj; species at higher temperature.

The in situ DRIFTS experiments of NH;—SCO were next
performed at three different temperatures (50, 100, and 160
°C) over Ag/AlL,0;—H,. NH; was preadsorbed at 50, 100, and
160 °C for 30 min and followed with N, purging for 20 min.
After that, O, was introduced into the system. As shown in
Figure S3 (Supporting Information), only NH," species (1470
cm™!) were consumed but without the formation of any nitrate
species at 50 °C, indicating that the pathway of NH;—SCO on
Ag/Al,0;—H, might also have followed the —NH mechanism
at low temperature, and the NH," species could be dissociated
into —NH with the assistance of oxygen and then formed the
final N, or N,O at low temperatures. NH,"—B was also more
reactive than NH;—L at 50 °C since no reaction occurred on
Lewis acid sites. When the temperature was increased to 100
and 160 °C, the nitrate was obviously formed, and the nitrate
could next react with NH; to yield final products, which is
consistent with the i-SCR mechanism.

Although the NH;—SCO pathways on Ag/AlL,O; and Ag/
AlL,O;—H, both followed the i-SCR mechanism at high
temperatures, there may exist some differences in NH;—SCO
reaction pathways on Brensted and Lewis acid sites since the
activities of NH;—L and NH,"—B were much different from
each other. We then carried out the kinetic testing and
calculated the apparent activation energy (E,) of the reactions
on the Ag/Al,O; and Ag/Al,O;—H, catalysts. As presented in
Figure SS (Supporting Information), the E, on Ag/AL,O;—H,
(56.5 kJ/mol) was lower than that on Ag/Al,O; sample (74.8
kJ/mol), confirming the different reaction pathways between
two samples.

3.4. DFT Calculation. As for the i-SCR mechanism,
adsorbed NH; would be activated by the active oxygen to form
NH,4 species and then it will be oxidized into nitrate. Finally,
the generated nitrate will react with NH,4 to form N, and
H,0. Thus, the main difference of NH;—SCO reaction
pathways on Brensted and Lewis acid sites may exist in the
activation process for NH," and NH; species. The different
reaction pathways of NH;—L and NH,'—B were identified
using density functional theory (DFT) calculations. On Lewis
acid sites, an H atom transferred from the adsorbed NH; to the
surface O on the Ag cluster and thus generated an NH, species
at the Al sites (Figure 8). On Bronsted acid sites, the NH,*
species moved from the Al,O; support to the Ag cluster, with
one H atoms being transferred to the surface O on the Ag
cluster (Figure 9A). Then another H atom of the adsorbed
NH, further transferred to surface O, resulted in the formation
of an NH, species on the Ag cluster (Figure 9B). The overall
energy barrier for the dissociation of NH,'—B was 0.64 eV,
much lower than that for NH;—L dissociation (1.02 eV).
Therefore, the results of DFT calculations showed that the
activity of Bronsted acid sites was markedly higher than the
Lewis acid sites, which was in accordance with our
experimental results (Figure 7).

4. DISCUSSION

The Ag/AlLO; catalyst was prepared by an impregnation
method and a H,-pretreated sample was comparatively studied.
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Figure 8. Energy profiles of the reaction pathway of NH; dissociation
at Lewis acid sites as well as the optimized geometries of the reactant,
transition state, and product. Silver, pink, red, blue, and white circles
denote Ag, Al, O, N, and H atoms, respectively.
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Figure 9. Energy profiles of the reaction pathway of NH; dissociation
at Bronsted (surface Al-OH sites) acid sites as well as the optimized
geometries of the reactant, transition state, and product. Silver, pink,
red, blue, and white circles denote Ag, Al, O, N, and H atoms,
respectively.

The characterization results of XRD, TEM, and XFAS showed
that Ag species changed from oxidized state into metallic state
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after H, pretreatment, and the average Ag particle size was
decreased dramatically. The XAFS results revealed that the
dominant Ag—O coordination in Ag/Al,O; disappeared in the
Ag/AlL,O;—H, sample, accompanied by an increase of Ag—Ag
coordination. In addition, the results of acid sites tests revealed
that Ag loading resulted in the decrease of OH groups and
NH,"—B. Besides of that, the IR absorption peaks of NH;—L
shifted to lower wave numbers, which was possibly because of
new Lewis acid sites (Ag—O) formation. While, after H,
reduction the intensity of NH,"—B recovered and NH;—L
transferred back from Ag—O (1215 cm™) to Al-O (1252
cm™'). Thus, we speculate that Ag species were anchored
through the consumption of AIOH groups (Brensted acid
sites) and spread on the surface of Al,O; with Ag—O bonds.
The Ag" in Ag—O bonds acted as new Lewis acid sites to
adsorb NH; and resulted in the red shift of IR absorption
peaks. However, H, reduction breaks Ag—O bonds and thus
recover the Bronsted acid sites. Meanwhile, metallic Ag
agglomerated into small particle size, which led to the re-
exposure of Al—O Lewis acid sites and also the blue shift of IR
absorption peak of NH; peaks. The relationship between Ag
loading and hydroxyl content confirmed the inference that Ag
was anchored on the Al,O; surface through AI-OH groups.
The schematic diagram of the acid sites changes on Ag/Al,O;
catalyst before and after H, reduction is shown in Figure 10,
side and top views of Ag/Al,O; and Ag/Al,0;—H, were also
provided, which can be used to show the change of Ag particle
size after H, pretreatment.

The activity evaluation revealed that the NH;—SCO activity
on Ag/Al,O; was notably improved after H, reduction. The
Tso of NH;—SCO decreased from 145 to 100 °C after the Ag/
Al O; catalyst was pretreated with H,. The NH; conversion
rates on Ag/Al,O;—H, calculated based on kinetics testing
were also significantly higher than those on Ag/Al,O; (Figure
S6, Supporting Information). The in situ DRIFTS revealed that
the NH;—SCO pathway followed the i-SCR mechanism on
both Ag/ALO; and Ag/Al,O;—H, catalysts. When O, was
introduced in, the NH,"—B on Ag/Al,0;—H, disappeared
rapidly within 10 min, while NH;—L maintained more than 20
min, the consumption rate of NH," ad-species was almost §
times as fast as coordinated NHj, indicating that the reactivity
of NH," with O, was far higher than coordinated NH;. In
addition, when the reaction rates on Ag/Al,O; and Ag/Al,O;—
H, were normalized by the amount of acid sites (Figure S6,
Supporting Information), the rate on per Brensted site was
higher than that on per Lewis site, further indicating that the
Bronsted sites were favorable for the oxidation of NH;.

Kinetic results showed that there were some differences in
reaction pathways between two samples since E, on Ag/
ALO;—H, (56.5 kJ/mol) was lower than that on Ag/ALO,
sample (74.8 kJ/mol). DFT calculation results identified that
the main differences in NH;—SCO reaction pathways were due
to the different activation processes for NH," and NH; species.
The overall energy barrier for the activation of NH,"—B was
0.64 eV, much lower than that of NH;—L (1.02 eV), further
confirming that NH,"—B were more reactive than NH;—L.
Since the Brensted acid sites have markedly higher activity
than the Lewis acid sites, the fact that H, reduction recovered
the Bronsted acid sites in Ag/Al,O;—H, should be an
important reason for the improved NH;—SCO activity of
Ag/Al,O;—H,. The possible NH;—SCO reaction process over
Ag/ALO; and Ag/Al,0;—H, is also diagramed in Figure 10.
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Figure 10. Diagram showing the possible NH;—SCO reaction process over Ag/Al,O; and Ag/Al,O;—H,. Insets are side view and top view of Ag/

Al,O; and Ag/Al,O;—H,.

5. CONCLUSIONS

In this paper, Ag/Al,O; and H,-pretreated Ag/Al,O; catalysts
were prepared and tested for NH;—SCO. Characterization
results revealed that Ag species was anchored on the AL, O;
surface through exchange between Ag" and H' in AIOH
groups during the preparation process and then occupied the
Bronsted acid sites of Al,O;. Ag loading made the Ag site
function as the new Lewis acid site. H, reduction could break
the Ag—O bonds, and this thus recovered the Bronsted acid
sites. In situ DRIFTS revealed that the reaction pathway over
Ag/ALO; and Ag/AlL,O;—H, followed the i-SCR mechanism
and that NH,*—B was much more active for reaction with O,
than NH;—L. The DFT calculation results confirmed that the
activity of Brensted acid sites is markedly higher than that for
Lewis acid sites. Therefore, we conclude that the recovery of
Bronsted acid sites due to H, reduction is also one of the
important factors for the improvement of NH;—SCO activity.
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