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ABSTRACT: Alumina-supported silver catalysts (Ag/AL,O;) derived from
AIOOH, Al(OH),;, and ALO; were investigated for the selective catalytic
reduction of NOx by ethanol. In order to discern the role of support Al
skeleton in anchoring silver species and reducing NOx, the series of alumina-
supported silver catalysts calcined at different temperatures was characterized
by means of in situ DRIFTS, XPS, UV—vis DRS, XRD, BET, and NMR. It was
found that the NO, reduction efficiency order as affected by alumina
precursors could be generally described as AIOOH > ALO; > Al(OH);, with
the optimum calcination temperature of 600 °C. XPS and UV—vis results
indicated that silver ions predominated on the Ag/Al,O; surface. Solid state
NMR suggested that the silver ions might be anchored on Al tetrahedral and
octahedral sites, forming Ag—O—Al,,, and Ag—O—Al_, entities. With the aid
of NMR and DFT calculation, Al,, was found to be the energetically favorable
site to support silver ions. However, DFT calculation indicated that the Ag—
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O—Al,,,, entity can significantly adsorb and activate vital -NCO species rather than the Ag—O—Al,, entity. A strongly positive
correlation between the amount of Al structures and N, production rate confirms the crucial role of Al.,, in NOx reduction

by ethanol.

1. INTRODUCTION

When encountered with a potential energy crisis, the
introduction of lean-burn gasoline engines and diesel engines
becomes a popular strategy to improve fuel economy. Under an
oxidizing atmosphere, however, NOx abatement is a major
challenge for environmental catalysis.' ™ Since the pioneering
work of Iwamoto et al.® and Held et al.,” many catalysts such as
zeolite-based catalysts,”*° supported precious metal catalysts,
and metal oxides">'*'" have been developed for the SCR of
NOx by hydrocarbons (HC-SCR). Among them, Ag/Al,O; is
deemed as one of the most effective materials for HC-SCR of
NOx in excess oxygen.'>~'® As a result, many efforts have been
made to draw a relationship between the structural features of
Ag/AlL,O; catalysts and their catalytic activity in the SCR of
NOx.

Serving as a support for silver, Al,O; is better than other
oxide supports like TiO,, SiO,, etc.'®"” For HC-SCR over Ag/
ALO;, it has been accepted that silver (Ag) and Al on the
support must interact strongly with each other to guarantee
high activity for NOx reduction. Kinetic measurements
performed by She and Flytzani-Stephanopoulos'® confirmed
that silver species, particularly Ag" cations, strongly bonded
with the alumina support and possibly present as Ag—O—Al
entities, are the active sites for SCR of NOx with methane. In
surface mechanism studies, many important intermediates such
as isocyanate species (—NCO) and enolic species (RCH=
CH—O7) have been identified, the formation of which was
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closely related to silver sites."”*® For instance, employing an
elegant short time-on stream in situ spectroscopic transient
isotope experimental technique, Burch et al."® confirmed that
the interface between active silver and alumina contributes to
the adsorption of reactive species like —NCO during H,-
assisted octane-SCR over Ag/Al,O;. Furthermore, using in situ
DRIFTS and DFT calculation, Yan et al*® proposed that
reactive enolic species prefer to adsorb on Ag sites or the
interface between silver and the support. More recently, on the
basis of theoretical simulation of the local structure of silver
species and its interface with the support,” we found that the
orbital mixing among Ag, O, and Al in Ag/Al,O; is vital for the
excellent catalytic performance of Ag/Al,O;. The results
mentioned above suggest that the interaction of silver species
with alumina is a key issue in revealing the intrinsic properties
contributing to high efficiency HC-SCR over Ag/AlO;.
Nevertheless, the alumina support generally has different Al
coordination environments such as octahedral (Al,,) and/or
tetrahedral (Al.,,) Al coordination sites. Where the silver
species locate and their corresponding activity are little
reported indeed.

Calcination temperature is an important factor that affects
the Al coordination environment. Transition aluminas (Al,O;)
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with high surface area, namely y-, 5-, and 7-Al, O, are generated
by thermal treatment of alumina precursors (commonly
aluminum hydroxides) below 800 °C, during which the Al
coordination environment partly changes from Al to Al
The corresponding catalytic performance has been little
correlated with the Al coordination. Even though calcination
temperature has been proved to affect the activity of Ag/Al,O;
catalysts profoundly for NOx reduction.”> Moreover, Zhang
and Kaliguine™® also have observed that silver catalysts derived
from AIOOH and calcined at 500 °C exhibited the best SCR
activity by propene due to high density of Ag—O—Al. Using in
situ FTIR spectroscopy, Bion et al.** have studied the formation
of the isocyanate species on Ag/Al,Oj catalysts using ethanol as
reducing agent. It was proposed that —NCO species prefer to
form on AP, sites. In addition, Iglesias-Juez et al.>® have
investigated NOx reduction by propene over Ag/Al O,
catalysts using X-ray absorption spectroscopy under reaction
conditions. Silver aluminate-like phases with tetrahedral
structure (Al,) are thought to be the active silver phase.
On the basis of these important results, we can deduce that the
high density of Ag—O—Al species probably Ag—O—Al,
entities on Ag/AL,O; catalyst are supposed to be crucial for
NO reduction to N,. However, up to now, the detailed
relationship between Ag—O—Al structure and the correspond-
ing activity, including vital intermediate formation and N,
production, has not been well understood.

In this study, the metal—support interaction was addressed
based on a series of catalysts derived from different precursors
and calcination temperatures. It was found that an Al,-
coordination site is clearly the anchoring site to bond silver ions
and form the Ag—O-—Al,, entity. Moreover, Al structures
are directly linked with N, production.

2. MATERIALS AND METHODS

2.1. Materials Preparation. Ag/Al,O; catalysts with
constant loadings (2 wt % loading) were prepared by an
impregnation method.”**” Pure AIOOH (SASOL, SB-1),
Al(OH); (Sigma-Aldrich), and y-AlL,O; (SASOL, SBa-200)
were used as precursors of Al,O;, an appropriate amount of
which was immersed into an aqueous solution of silver nitrate.
After stirring for 1 h, the excess water was removed by a rotary
evaporator under vacuum at 60 °C. Then the samples were
calcined in a furnace at 300, 400, 600, or 900 °C for 3 h,
respectively. The final samples were denoted in the form of
alumina precursor temperature. For example, the sample
denoted as AIOOH-300 means AIOOH used as a precursor
of Al,O; and calcined at 300 °C after silver was loaded. For the
convenience of comparison, the corresponding pure alumina
samples derived from the precursors AIOOH, Al(OH)s, and y-
AlL,O; were also prepared by the same procedure. Before
activity tests, the catalysts were ground and sieved to a diameter
range from 0.25 to 0.42 mm.

2.2. Catalytic Measurements. A gaseous mixture of NO
(800 ppm), C,H;OH (1565 ppm), water vapor (10%), and O,
(10%) in N, balance at a mass flow of 1 L min™" was fed as
described in our earlier studies.”**® The catalytic activity was
measured in a fixed-bed reactor, where Ag/Al,O; catalyst with
weight of 0.3 g was packed in the bed (GHSV = 100000 h™").
The concentrations of NO, NO,, N,O, NH;, and CO were
analyzed online simultaneously by an FTIR spectrometer
(Nicolet Nexus is10). The details of the experiment setup can
be found in our earlier work.’>*® In all the experiments, the
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concentration of N,O was negligible; thus, NO, conversion can
be calculated using the equation

NOx conversion (%)
_ [NOJ, + [NO,], — [NO]

- [NO,]

out

M % 100%
[NO]J,, + [NO,],

The N, selectivity is defined as follows:

N, selectivity (%)
[No]in + [Noz]in — [NOJout - [Noz]
[NO]J,, + [NO,];,

out [NH3]0ut

X 100%

Nitrogen production rate was calculated from the product
analyses using the differential reactor approximation as
follows:*>*°

F.
rate (mol g 's™") = %

where Fy is the total molar flow rate (mol/s), y is the mole
fraction of component N,, and W is the weight of the catalyst
(g)- It is worthy of note that the NOx conversion over all
catalysts were kept below 15% to eliminate the influence of
mass and thermal transfer, and the experimental conditions can
be found in our previous study.”

2.3. Catalyst Characterization. The X-ray powder
diffraction patterns of the various catalysts were collected on
a Rigaku D/max-RB X-ray diffractometer (Japan). The patterns
were run with Cu Ka radiation (1 = 1.5406 A) at 40 kV and 40
mA with a scanning speed of 5°/min. The patterns were taken
over the 26 range from 10° to 90°.

Nitrogen adsorption—desorption isotherms were measured
using a Quantachrome Autosorb-1C instrument at 77 K. The
specific surface area of the samples was calculated by the
Brunauer—Emmett—Teller (BET) method. The volume of
pores was determined by the Barrett—Joyner—Halenda (BJH)
method from the desorption branches of the isotherms.

In situ DRIFTS spectra were recorded on a Nexus 670 FT-IR
(Thermo Nicolet), equipped with an in situ diffuse reflection
chamber and a high-sensitivity MCT/A detector. All Ag/Al,O;
catalysts were finely ground and placed in ceramic crucibles in
the in situ chamber. Prior to recording each DRIFTS spectrum,
the sample was heated in situ in 10% O,/N, flow at 823 K for 1
h and then cooled to the desired temperature to measure a
reference spectrum. All spectra were measured with a resolution
of 4 cm™" and with an accumulation of 100 scans.

XPS analyses were performed by means of an X-ray source
using Al Ko radiation with energy of 1486.6 eV and power of
200 W. The continuum spectrum was fitted according to the
Gaussian—Lorentzian files.

UV—vis diffuse reflectance spectra were measured by a U-
3100 UV—vis spectrophotometer (Hitachi, Japan) with BaSO,
as reference at room temperature in air. All spectra were
collected in the range of 190—800 nm with a resolution of 1
nm. Because the y-Al,O; support exhibited strong absorbance
below 300 nm that overlapped with that of the silver species, in
order to understand the UV—vis results clearly, the spectrum of
pure alumina was subtracted from the spectra of Ag/y-Al,O;
samples. Prior to recording each UV—vis spectrum, the sample
was finely grounded and heated in furnace at the corresponding
calcination temperature for 1 h.

All ’Al MAS NMR experiments were performed at room
temperature on a Bruker 400 MHz WB solid-state NMR
spectrometer, operating at a magnetic field of 9.4 T. The
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corresponding *’Al Larmor frequency was 104.29 MHz. All of
the spectra were acquired at a sample spinning rate of 10 kHz.
A single pulse sequence with a pulse width of about 15° was
used. Each spectrum was acquired using a total of 2000 scans
with a recycle delay time of 0.5 s and an acquisition time of
0.018 s. All spectra were externally referenced (i.e., the 0 ppm
position) to an 1 M Al(NO); aqueous solution. The raw
spectral data were normalized by weight since the weight of
each sample was recorded.

DFT calculations were performed using Materials Studio
(MS) Modeling CASTEP from Accelrys. Periodic boundary
conditions in the generalized gradient approximation (GGA)
were applied using the Perdew—Wang (PW91) function in our
cases. All initial parameters had been checked by convergence
tests. The electron—ion interaction was described by the
ultrasoft potential in reciprocal space. A tight convergence of
the plane-wave expansion was obtained with a kinetics energy
cutoff of 400 eV. The dehydrated (110) and (100) surfaces of
7-alumina were established according to previously proven
models.*** Eight-layer-thick slabs (formula Al;;O,5) were
constructed in this study. The interslab distance was maintained
at 15 A to avoid interslab interactions in the periodic systems.
On the basis of the convergence test for k-point sampling, the
k-point sets of (2 X 2 X 1) and (4 X 2 X 2) were used for the
ALO; (110) and (100) surfaces (1 X 1), respectively. The
adsorbate Ag ion was modeled both in the isolated state and
supported on both Al,Oj; surfaces, on which isolated Ag ion was
optimized in a 20 X 20 X 20 A cubic cell. The Brillouin-zone k-
point mesh sampling was restricted to the gamma point. In
order to compare the structure stability, the adsorption energy
of Ag ions on the y-Al,O; support was calculated as follows:

Ead = Eadsorbate+surface - (Esurface + Eadsorbate)

The negative E; values indicate that the adsorbed state is
energetically favorable. —=NCO adsorbed on Ag/Al,O; catalysts
were performed using the supercell (2 X 2); the parameters
were consistent with former results as mentioned above.

3. RESULTS AND DISCUSSION

3.1. Catalytic Activity of Ag/Al,0s. To investigate the
metal (silver) and support (Al,O5) interaction (MSI), different
kinds of alumina precursors, including AIOOH, Al(OH), and
AlL,O;, were selected to examine the effect of the support.
Furthermore, effects of calcination temperature on catalysts
were also used to aid the investigation. Figures SIA—C display
the conversion of NOx over Ag/Al,O; prepared in different
conditions, as a function of temperature in the ethanol-SCR
process (N, selectivity as shown in Figure S2). Over all Ag/
Al,Oj catalysts, increasing the calcination temperature from 300
to 600 °C significantly enhanced the NOx conversion.
However, further increasing the calcination temperature to
900 °C decreased the NOx conversion over the whole
temperature range. Among all precursors, the most significant
promotion of NOx conversion was observed over samples
derived from AIOOH. For instance, the NO, conversion at
temperature of 300 °C for AIOOH-300, Al(OH);-300, and
ALL,O;-300 was 11%, 10%, and 40%, respectively. When the
calcination temperature for catalysts was increased to 600 °C,
the corresponding NOx conversion rose to 97%, 54%, and 94%,
respectively. Therefore, the order of NOx conversion efficiency
related to alumina precursors at the optimum calcination
temperature of 600 °C can be generally described as follows:
AIOOH > ALO; > Al(OH);. To further evaluate the catalytic
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performance among different catalysts, the rates of N,
production at the reaction temperature of 300 °C (not higher
than the lowest calcination temperature) are shown in Figure 1.
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Figure 1. N, production rate at 300 °C over 2 wt % Ag/Al,O; catalysts
calcined at different temperatures. Conditions: NO 800 ppm,
C,H;OH 1565 ppm, O, 10%, H,O 10%, N, balance.

As we clearly see, strongly peaked behavior (the N, production
rate vs calcination temperature) was observed for all Ag/AL O,
catalysts, with a maximum at 600 °C. The N, production rate
order among different catalysts can be listed generally as
AIOOH > ALO; > Al(OH);, indicating that the support
significantly impacts the activity of the catalyst in the ethanol-
SCR process and AIOOH is the best precursor. Meanwhile, it is
noteworthy that the N, production rate of 2 wt % Ag/Al,O;
derived from AIOOH and pretreated at 300 °C was worse than
the counterpart derived from the Al,O; precursor. Moreover,
the peak in the curve for AIOOH-based catalysts was sharper
than other curves, especially the Al,O; series. For under-
standing the support effect and revealing the nature of the
strongly peaked N, production rate curve, many character-
ization experiments were performed.

3.2. In Situ DRIFTS Studies. It is well-known that at the
heart of HC-SCR of NOx over Ag/Al,O; catalyst lies in the
surface mechanism. With this in mind, in situ DRIFTS
experiments were performed to take a closer look at support
effects. HC-SCR of NOx usually starts with the partial oxidation
of the reductant; thus, in situ DRIFTS spectra were collected
over different Ag/AL,O; samples in a flow of C,H;OH (1565
ppm) + O, (10%) over the temperature range 200—500 °C
(the data are displayed in Figure S3). For convenience of
comparison, Figure 2 shows the in situ DRIFT spectra at
reaction temperature of 300 °C over Ag/Al,Oj catalysts derived
from different precursors at steady state, all of which were
calcined at the optimum temperature of 600 °C.

Exposure of different samples to the feed gas resulted in the
appearance of six peaks (1668, 1633, 1565, 1470, 1410, and
1336 cm™") within the range of 2000—1200 cm ™. According to
earlier studies,””*>™” peaks at 1633 and 1410 cm™" together
with 1336 cm™' were assigned to the asymmetric and
symmetric stretching vibrations and C—H deformation
vibration of adsorbed enolic species, respectively. Peaks at
1565 and 1470 cm™" were due to acetate species adsorbed on
the catalyst surface.>®*® The partially oxidized species,
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Figure 2. In situ DRIFTS spectra of adsorbed species on 2 wt % Ag/
Al Oj5 catalysts derived from different precursors and calcined at 600
°C at steady state in a flow of C,H;OH + O, at temperature of 300 °C.

especially the enolic species, were identified as important
intermediates in the ethanol-SCR process because of their
higher activity toward NO + O, than acetate, even though the
latter was also formed during the partial oxidation of
ethanol.””**™*” Comparing the different catalysts pretreated
at 600 °C, it is clear that enolic species and acetate species were
dominant on Al,O;, especially AIOOH-derived samples rather
than Al(OH),-derived catalysts. As for the AI(OH);-based
catalyst, the peak of 1668 cm™' became dominant. We
tentatively assign this peak to the C=O stretching vibration
of acetone species. The peak close to the IR frequencies of
acetone in the fundamental region is around 1700 cm™".*

To confirm the assignment, an acetone adsorption experi-
ment was carried out, with the result shown in Figure 3A. As we
can see, the peaks at 1668 and 1434 cm™' appeared when the
sample Al(OH);-600 was exposed to acetone (C;HO) + O, at
300 °C. Thus, we can confirm that an acetone species is the
main product of oxidation of ethanol on the Al(OH);-related
sample. The conversion of ethanol into acetone also has been
confirmed by other work,*' during which iron oxide is the
catalyst. A consecutive reaction may take place to form acetone:
dehydrogenation of ethanol to acetaldehyde, aldol condensa-
tion of the acetaldehyde, and the reaction of the aldol with the
lattice oxygen on the catalyst to form surface intermediate,
followed by its dehydrogenation and decarboxylation.**

Subsequently, the reactivity of the adsorbed acetone species
formed during the C,H;OH + O, reaction on Al(OH);-600
toward NO + O, was evaluated by the transient response of the
DRIFTS method (Figure 3B). After the catalyst was exposed to
C,H;OH + O, for 60 min, a strong peak (1668 cm™) due to
the acetone species adsorbed on the surface was observed,
along with the formation of enolic species (1336 and 1410
cm™; the peak of 1633 cm™" was possibly masked by the strong
peak at 1668 cm™'). Switching the feed gas to NO + O,
resulted in the appearance of peaks at 2240 cm™, which can be
ascribed to —NCO species bound on the surface of the catalyst,
while —CN species (around 2150 cm™") was barely observed in
this study, which is consistent with other work.2%%* The
—NCO species is a vital intermediate for the SCR of NO, by
ethanol, usually formed by the consumption of enolic species
and acetate species.””*>™>’ In this case, the appearance of
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Figure 3. (A) Dynamic changes of in situ DRIFTS spectra of 2 wt %
Ag/AlLO; (derived from Al(OH); at 600 °C) in flow of acetone + O,
at 300 °C. (B) Dynamic changes of in situ DRIFTS spectra over 2 wt
% Ag/ALO; (derived from AI(OH); at 600 °C) as a function of time
at 300 °C in N, purging followed by exposure to C,H;OH + O, and
NO + O, in sequence.

—NCO species was also accompanied by the decrease in the
intensity of enolic peaks (1410 cm™'), while no remarkable
decrease of acetone species was observed. Therefore, we can
summarize that Ag/Al,O; catalysts derived from Al(OH); are
selective to form acetone species rather than highly active
enolic species during the partial oxidation of ethanol; the lower
activity of acetone toward NO + O, to produce —NCO thus
contributes to Al(OH);-600 having the lowest activity for NOx
reduction. In order to clearly compare the reactivity of enolic
species and —NCO among different catalysts, a trace amount of
H, was added during transient response of the DRIFTS
experiments. Over catalysts AIOOH-600 and Al,0;-600, the
partial oxidation species (such as enolic species, with feature
frequencies at 1633, 1410, and 1336 cm™") quickly disappeared,
and —NCO species (2240 cm™") were formed instantaneously
and then also disappeared, while very slow changes are
observed over AI(OH);-600 catalyst as shown in Figure S4. It
indicates that intermediates over catalysts AIOOH-600 and
Al,0;-600 are more reactive than that over Al(OH);-600.

As described above, the surface mechanism is very important
in the HC-SCR process. In the catalytic activity test section, we
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found a typical strongly peaked curve for N, production rate vs
calcination temperature. To reveal the nature of the curve, in
situ DRIFT spectra for the partial oxidation of ethanol over Ag/
AlLO; catalysts calcined at different temperatures were also
compared. Taking catalysts derived from AIOOH as examples,
C,H;OH + O, reactions carried out on 2 wt % Ag/Al,O;
catalysts (AIOOH-300, AIOOH-600, and AIOOH-900) are
compared in Figure 4A. It can be seen clearly that the
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Figure 4. (A) In situ DRIFTS spectra of adsorbed species on 2 wt %
Ag/AlO; catalysts derived from AIOOH (calcined at 300, 600, and
900 °C) at steady state in a flow of C,H;OH + O, at 300 °C. (B)
Relationship between enolic species with N, production rate among
different precursors.

intensities of peaks due to vital intermediate enolic species were
strongly correlated with our former strongly peaked curve,
varying in the order AIOOH-600 > AIOOH-900 > AIOOH-
300. In order to qualitatively correlate N, production rate with
partial oxidant of ethanol, enolic speices amounts formed under
partial oxidation of ethanol at 300 °C over different catalysts
were calculated by fitting on the basis of the deconvoluted
curves after Kubelka—Munk conversion (take precursor
AlOOH as an example, as shown in Figure S6). Figure 4B
shows the trend between enolic species amount with N,
production rate. It is clearly that enolic species amount is
almost correlated with N, production rate linearly. Thus, a
conclusion can be made that N, production is highly depended
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on vital surface intermediates like enolic species. However, the
detailed Ag/Al,O; catalyst structure as a function of calcination
temperature and the related activity in the HC-SCR reaction is
an open question.

3.3. Structural Properties. Generally, oxidized silver
species present as isolated Ag" cations or/and oxidized silver
clusters (Ag,’*) on the Al,O5 surface are crucial for the HC-
SCR process.**~*” Thus, the valence states of supported Ag for
all samples were characterized by XPS, with the results shown
in Table S1. The Ag 3d/, binding energy peaks for all samples
appeared at around 368.5—369.1 eV, which is close to the range
reported in previous studies.***®* Compared with the
references of AgNO; and Ag,O (the Ag 3ds/, binding energies
are 368.31 and 368.05 eV, respectively), we postulate that
oxidized silver species are predominant on Ag/Al,O; catalysts
generally. To further reveal the constitution of silver species,
UV—vis DRS experiments were performed, which are more
reliable at learning the valence state of silver species. Taking the
catalysts derived from three supports at 600 °C as examples, the
UV—vis spectra and Gaussian deconvolutions on the basis of
previous assignments'**° are presented in Figure S7. Generally,
peaks appearing at 220 and 260 nm can be assigned to silver
ions (Ag") and oxidized silver clusters (Ag,’*), respectively,
while peaks centered at 290, 350, and 450 nm are due to
metallic silver clusters (Ag,”).***** Tt is clear that the
absorbance peaks due to Ag" ions (220 nm) are predominant
among all silver species for catalysts derived from precursor
AIOOH and AL O;. Silver metal species is predominant on
surface of AI(OH), derived samples. It is consistent with other
work??*? that silver metal cluster accelerate unselective
combustion of reductant. The formation of unreactive acetone
speices on Al(OH); derived catalyst may attribute to the
predominant silver metal clusters. In contrast, silver ions should
be considered as the active sites on Ag/Al,O; catalysts.
Nevertheless, the anchoring sites for silver ions on the Ag/
Al,O; surface may be quite different due to the support effect.
Thus, the catalyst structural phases as influenced by alumina
precursors and calcination temperature were compared.

The XRD patterns of uncalcined samples, compared with
catalysts prepared at different temperatures, are shown in
Figure S8. The peaks of the uncalcined precursor of AIOOH
were identified as belonging to boehmite (PDF#01-088-2112)
shown in Figure S8A, and after being calcined at 300 and 400
°C, both catalysts still maintained the boehmite (PDF #01-088-
2112) structural phase. The physical structures of both catalysts
such as surface area were also very similar as shown in Table 1.
However, the catalytic performance of the sample pretreated at
400 °C was considerably higher than that calcined at 300 °C as
shown in Figure 1. Further increasing the calcination
temperature to 600 °C, the structural phase of the catalyst
transformed into the y-AlL,O; phase (PDF #00-010-0425), over
which the highest N, production rate was achieved as shown in
Figure 1. It is widely accepted that y-Al,O; is the activated form
of alumina and thus commonly used as catalyst or support.>®
That would be part of the reason why the optimum
pretreatment temperature was 600 °C in this study. However,
raising the calcination temperature to 900 °C, the structural
phase of catalyst transformed into the §-Al,O; phase (PDF
#00-047-1770), over which the catalytic efficiency decreased
significantly. Comparing the textual parameters of catalysts
listed in Table 1, it can be seen that the surface areas were
substantially reduced during the high temperature calcination at
900 °C. In the case of catalysts derived from the precursors
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Table 1. Textural Parameters of Ag/Al,O; Catalysts with
Different Silver Loadings Derived from N, Physisorption
Results

BET surf area pore vol mean pore diam

sample (mi/g) (mL/3) o)
AIOOH 276.6 0.41 5.96
Ag/Al,05-300 214.3 0.41 7.589
Ag/Al,05-400 238.7 0.48 7.99
Ag/Al,03-600 213.1 0.51 9.54
Ag/Al,05-900 141.9 0.48 13.61
Al(OH);
Ag/Al,0;-300 260.6 0.20 3.02
Ag/Al,05-400 261.9 0.23 3.44
Ag/Al,05-600 168.1 0.26 6.11
Ag/AlL,05-900 87.6 0.26 12.02
ALO, 185.8 0.49 10.52
Ag/Al,05-300 200.2 0.47 9.41
Ag/Al,05-400 193.5 0.48 9.86
Ag/Al,0;-600 197.9 0.52 10.48
Ag/Al,05-900 1458.5 0.46 12.55

Al(OH); and Al,O,, we also found similar correlations between
the catalysts’ structure change and corresponding N,
production rates. The common feature is that high temperature

treatment (at 900 °C) is not beneficial to the catalytic
performance. The 6-Al,O; phase, probably due to its small
surface area, has worse performance than the y-Al,O; phase in
deNOx by ethanol. Thus, the discussion emphasis in the next
section will focus on the temperature effects below 900 °C. In
other words, we will focus on the issue of structure and activity
relationship in the low temperature range (300—600 °C) of the
rate curves.

Additionally, it is noteworthy that the catalysts derived from
the Al,O; precursor always maintain the y-Al,O; crystal phase
throughout the pretreatment temperature range from 300 to
600 °C (as shown in Figure S8C). Meanwhile, the
corresponding curve of N, production rate is relatively smooth.
In order to determine the basic reason underlying the
phenomenon, the Al coordination environments of all catalysts
derived from different precursors and calcination temperatures
were analyzed by ?’Al MAS NMR characterization as shown in
Figure S. The metal—support interactions were also interpreted.

It can be clearly seen in Figure S that two Al coordination
structures were observed. The peak centered at 7.5 ppm can be
assigned to AI** cations in octahedral coordination (thereafter,
denoted as Al ,), while the feature at 65 ppm can be attributed
to tetrahedral coordination (thereafter, denoted as Al,,,,).>" ~>*
As for the uncalcined precursors AIOOH and Al(OH);, NMR
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Figure 5. Solid-state *’Al MAS NMR spectra of 2 wt % Ag/Al,O5 catalysts calcined at different temperatures (300, 400, and 600 °C) and derived
from different alumina precursors: (A) AIOOH, (B) Al(OH),, and (C) ALO;.
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Figure 6. Solid-state >’Al MAS NMR spectra of Ag/Al,O; catalysts and corresponding supports calcined at 600 °C: (A) AIOOH, (B) Al(OH)s, and

(C) ALO,.

results indicated that only Al ., coordination can be found (as
shown in Figure SA,B). However, with the increase of
calcination temperature from 300 to 600 °C, the intensity of
the peak for Al coordination gradually decreased, accom-
panied by the gradual increase of Al coordination.

The Al coordination structures and the related deNOx
activity were interpreted next. For example, the Ag/Al,O;
catalyst derived from AIOOH at 300 °C is worse than the
same material pretreated at 400 °C in terms of reduction of
NO,, as shown in Figure 1. It is worth keeping in mind that
both samples present the same crystal phase and similar surface
areas as discussed above. Nevertheless, if we check the detailed
coordination structure of both catalysts, huge differences can be
found. As shown in Figure SA, the sample derived at 400 °C
exhibited clear evidence of Al,,, coordination; however, the
sample prepared at 300 °C still maintained the Al .,
coordination structure, without any transformation observed.
Further increasing the calcination temperature to 600 °C, the
intensity of the peak corresponding to the Aly, structure
continued to increase, at which point the best NO, reduction
performance was achieved. Moreover, another observation can
also support the important role of Al played in HC-SCR
process. As we described in the catalytic performance section,
the strongly peaked curve of N, production rate belonging to
Al O, is relatively smooth, for which the sample prepared at
300 °C was better than that derived from AIOOH at the same
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calcination temperature. The principal factor can also be
attributed to the presence of the Al,,, coordination. The Al,O;
precursor is different from AIOOH and Al(OH); because Al,
is present in Al,O; even at ambient temperature. But AIOOH
cannot attain the Al,,, structure until it is calcined at 400 °C.
Moreover, the intensity of the peak corresponding to Al
coordination in the Al,O; precursor did not show obvious
improvement when calcined from 300 to 600 °C. That could be
the reason why its N, production rate curve is relatively
smooth. Combining the NO, reduction results as shown in
Figure 1 with the 27A1 NMR characterization results, therefore,
we assumed that Al coordination plays a crucial role in
ethanol-SCR.

3.4. Structure—Activity Relationship. As described
above, the coordination structures of framework Al in supports
are crucial in the reduction of NO,. But it is noteworthy that
silver species such as oxidized silver are commonly considered
as the active species. In our recent work,”® we also proposed
that activated HC intermediates like enolic species prefer to
selectively adsorb on or close to silver sites. Burch et al." also
suggest that the interface between active silver and alumina
contributed to the adsorption of reactive species like isocyanate.
Thus, clarifying the detailed interaction between the silver
species and support framework Al requires understanding the
role that the Al skeleton plays in the HC-SCR process and to
further learn the structure—activity relationship.

tetra
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In order to elucidate the interaction between the active Ag
species and framework Al solid-state Al MAS NMR spectra
of the bare supports and silver compound catalysts calcined at
the same temperature of 600 °C were compared as shown in
Figure 6. The new peak centered at 35 ppm can be assigned to
an AI** cation in pentahedral coordination in the bare support
(thereafter, denoted as Alpema).ﬁ_54 As for precursors AIOOH
and AL O, after silver loading, the Al coordination structure
disappeared, and meanwhile, the Al coordination increased as
shown in Figure 6A,C. This indicates that the Al site might
be the silver ion anchoring spot to form an Ag—O—Al,, entity.
However, the support AI(OH),; was deficient in Aler, sites as
shown in Figure 6B. That may lead to enhanced formation of
silver metal species as mentioned before in Figure S7B, which
eventually caused inactive intermediate acetone species to be
formed on the surface and, consequently, lowered the
corresponding reduction efficiency of NOx. The peak of Al
remained almost unchanged after silver loading for the
precursors AIOOH and Al,O;. However, we cannot arbitrarily
exclude the possibility that silver species can bond with Al
sites to form Ag—O—Al,,, entities. For instance, silver ions
may exchange with a proton from hydroxyl groups that bond
with Al on alumina surface. In that case, the NMR peak of
Al,,;, was barely influenced by its coordination environment
and Ag—O—Al,,, can form.

Herein, we conclude that there are two kinds of stable Al
coordination on Ag/Al,O; catalysts, as the solid-state *’Al MAS
NMR spectra shown in Figure 6. Thus, the predominant silver
ions presumably have two possible anchoring sites. With the aid
of DFT calculation, we constructed the two detailed Ag—O—
Al, and Ag—O—Al,, entities as shown in Figure S9. Silver
ion anchored on Aly; site®***° on Al,0,(110) surface via O
bridge can form Ag—O-—Al,,, entity, which had been
confirmed by our previous study.” A silver ion attached to
Al site® on Al,05(100) surface via O bridge can produce
the Ag—O—Al,, entity. The formation energy of Ag—O—Al,,
(—1.56 V) is much higher than that of Ag—O—Al,, (—3.41
eV), indicating the Ag—O—Al_, is more stable than Ag—O—
Al,,, and should be the more typical of Ag—O—Al entity.
Other studies™** also support Al ., as the common site
environment for anchoring active species such as for the noble
metal Pt, which is consistent with our results in Figure 6.
Herein, we can conclude that the AL, site is the energetically
favorable site to anchor silver ions, which then support the
silver ions to form Ag—O—Al,,, entities. As for Ag/ALO;,
some other reports”** suggest that the Al silver phase is the
active structure. On the basis of catalytic performance and
NMR characterization, we also propose that the Al structure
is crucial in NOx reduction indeed. To further reveal the
function of the Al the relationship between the amount of
Al,,, structure and N, production rate was correlated.

The N, production rates as a function of the amount of Al
tetracoordination are plotted in Figure 7. Note that the
percentages of Al coordination were calculated and shown in
Table 2 and Table S2. It is clear that with increasing amount of
Al,, the N, production rate increased monotonically for all
catalysts regardless of the precursor. Thus, we can conclude
that Al.,, plays an important role in N, production. Silver
species presumably anchored on Al,,,,, sites are the active sites.
In order to confirm the true active site between Ag—O—Al,,
and Ag—O-—Al,., entities, the vital intermediates —NCO
species adsorbed on both entities were compared by DFT
calculations. The configuration of —NCO species on Ag—O—Al
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Figure 7. Relationship between N, production rate during ethanol-
SCR and relative amount of Al,,, coordination in Ag/Al,O; catalysts.

Table 2. Percentages of Al and Al , Structures in 2 wt %
Ag/Al, 0, Catalysts and Precursors

Altelra octa Altetra octa
sample (%) (%) sample (%) (%)
AIOOH 0 100 AlL,O, 25.2 74.8
AIOOH-300 0.6 99.4 Al,05-300 25.1 74.9
AIOOH-400 12.1 87.9 Al,05-400 26.6 73.4
AIOOH-600 25.7 74.3 Al,05-600 28.1 71.9
Al(OH), 0 100
AI(OH);-300 8.9 91.1
AI(OH),-400 92 90.8
Al(OH),-600 182 81.8

entities are displayed in Figure 8. The adsorption energies for
—NCO adsorbed on Ag—O—Al,,, and Ag—O—Al,, entities
are —3.84 and —3.49 eV, respectively, indicating that Ag—O—
Al,,,, entity promote the adsorption of ~NCO rather than Ag—
O—Al,, entity. After adsorption, small deformation of —-NCO
was observed. For instance, the N—C and C—O bond lengths
in free isocynate acid are 1.227 and 1.185 A, respectively. The
corresponding N—C bond in —NCO adsorbed on Ag—O—
Al.,, and Ag—O-Al,,, entities are 1236 and 1215 A,
respectively, while the C—O bond increase to 1.196 and
1.203 A correspondingly. In summary, Ag—O—Al,, has better
ability to activate —NCO species obviously than Ag—O—Al,,
entity since the elongation of both N—C and C—O bonds.
Combined with the experimental and theoretical results, the
amount of Al is directly related with the production rate of
N,, which confirms the important role of Al coordination
environment in reducing NOx. However, it is well-known that
the bare support Al,O; with Al.,, cannot perform good
catalytic activity during HC-SCR process without active silver
phases® especially at low temperatures. The interactions
between predominant silver ions and support Al site are
identified as crucial in this study. Burch et al.'” and Yu et al.*°
also found that the interface between silver species and the
alumina support might be the active site. On the basis of DFT
calculation, Ag—O—Al entities were constructed and Ag—O—
Al rather than Ag—O—Al_, can activate vital intermediates
—NCO species significantly. Thus, we can conclude that Ag—
O—Al,, rather than Ag—O-Al,,, entities should be
considered as active sites during the HC-SCR process.
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4. CONCLUSIONS

For the ethanol-SCR process, it is found that the general order
of NO, reduction efficiency as affected by precursors can be
described as AIOOH > Al,O, > Al(OH);. The relatively low
performance of silver catalysts derived from Al(OH); may be
attributable to the formation of inactive surface acetone species
during the partial oxidation of ethanol. Typical strongly peaked
curves of N, production rate vs calcination temperature are
found for all kinds of supports in this study, and the optimum
calcination temperature is 600 °C. Tracking the structure
change of catalysts, we found that Ag—O—Al entities may be
composed of Ag—O—Al,,, and Ag—O—Al,, structures. NMR
and DFT calculation suggest that Al rather than Al is the
energetically preferable coordination site to bond silver ions.
The lack of Al sites on the precursor AI(OH); to form the
Ag—0O—Al,, entity causes enhanced formation of silver metal
species, which likely eventually lowers the reduction of NOx. A
strongly positive correlation between the amount of Al
coordination and N, production rate confirms the crucial role
of Al.,, in NOx reduction by ethanol. DFT calculations
indicate that Ag—O—Al,, entities adsorb and activate vital
intermediate —NCO species more profoundly than over Ag—

O—Al,, entities and should be considered as active sites.
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