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Ag/Al;03 has shown promising deNOy activity for (O)HC-SCR but has not yet been commercialized due to its
narrow operating temperature range. Here, we developed AgW/Al,O3 exhibiting superior reactivity for ethanol-
SCR compared to Ag/Al,O3 in the entire reaction temperature range. STEM-EDS visibly confirmed the hierar-
chical structure of AgW/Al;03 where W was highly dispersed over Al;Os3, and Ag species in contact with W had a
narrow size distribution. UV-vis, Hy-TPR, and DRIFT results demonstrated that the abundant metallic Ag in

AgW/Al,03 accelerated the activation of ethanol into acetaldehyde, leading to improved NOy conversion at low
to medium temperatures, while ethylene formed over W-induced Brgnsted acid sites appeared to contribute to
maintaining the high-temperature deNOy capacity. DFT calculations further supported that AgW/Al,O3 is more
reactive toward acetaldehyde formation than Ag/Al,03, and the corresponding active phases of AgW/Al,03 were
predicted to be predominantly metallic Ag along with Ag ionically bonded with WOs.

1. Introduction

Growing concerns regarding global climate change have led to
worldwide efforts to reduce emissions of greenhouse gases, including
anthropogenic CO,, mainly caused by the consumption of fossil fuels
[1]. A rapid transition to electric vehicles (EV), which is already revo-
lutionizing transportation sectors and their supporting infrastructure,
would be a straightforward solution to mitigating CO, emissions.
However, time is still needed for the expansion of electric vehicles, se-
curity of infrastructure, such as the linkage of the EV with the electrical
grid, and finally eco-friendly generation of electricity [2]. From this
point of view, lean-burn engine vehicles, which emit a relatively lower
amount of COy combined with greater thermodynamic efficiency than
standard gasoline vehicles, would be an attractive option during the
transition period toward electric vehicles [3]. However, the oxygen-rich
conditions often lead to high nitrogen oxide (NOy) emissions, which
should be reduced for the sustainable application of lean-burn engines,
including diesel engines [4].

Selective Catalytic Reduction of NOx by Urea (Urea-SCR) is one of the
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most effective technologies applicable to NOx reduction under oxygen-
rich conditions in the transportation sector. This system has been
recognized as reliable due to its high activity and durability. Further-
more, its commercial viability has been demonstrated by successful
application in diesel engines to respond to the recent stricter exhaust
emission regulations [5]. However, urea-SCR still has some disadvan-
tages such as high cost, the system’s complexity, and the need to peri-
odically replenish the urea solution [6]. Moreover, incomplete urea
decomposition at below 200 °C often causes malfunction of the
urea-SCR system at low temperatures [6], which may require an addi-
tional technology to respond cold-start period [7]. Also, this SCR system
could potentially be threatened by reactant supply chain issues, such as
the shortage of urea that occurred in East Asia around the end of 2021.
Because of these disadvantages of urea-SCR, many researchers have
focused on alternative SCR systems utilizing non-urea (NHs) reductants
[6,8].

It has recently been demonstrated that Hj selectively reduces NOy in
the presence of oxygen using precious metal catalysts such as Pt and Pd,
and interestingly the highest conversion to Nj often occurs between 90
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and 150 °C depending on supports [9]. Although the powerful NOy
reduction at low temperatures can be significantly beneficial for
lean-burn operations including diesel, the narrow range of operating
temperature (<200 °C) of Hy-SCR and its poor selectivity to Ny are
decisive disadvantages for commercialization [9]. From a practical point
of view, the selective catalytic reduction of NOx with CO (CO-SCR) is
more desirable since vehicle exhaust generally contains CO and the
concentration can be easily controlled by the engine operating condi-
tions [9,10]. However, the operating temperature of CO-SCR should be
expanded toward a high-temperature region for practical applications
[9].

Another alternative technology is the selective catalytic reduction of
NOy by hydrocarbons (HC-SCR) or oxygenated hydrocarbons (OHC-
SCR), where a HC or a mixture of HCs is employed as a reductant to
reduce NOy [11]. This system has a substantial advantage over other
technologies because it uses onboard fuel. The most representative
catalyst for HC-SCR is alumina-supported silver (Ag/Al;03), which has
shown considerable activity even in the presence of H,O and SO; [4,8].
However, its reaction temperature range is insufficient to respond to
dynamic changes in engine operations [12]. To circumvent this issue,
the addition of Hy to the feed of the HC-SCR was suggested, and this
approach significantly improved the low-temperature activity of
Ag/Al;03 [4]. However, an onboard supply of H, may not be realistic,
and the need for an additional tank eliminates the benefits of HC-SCR
using onboard fuel as a reducing agent. Moreover, high-temperature
deNOy performance cannot be secured even in the presence of Hj,
despite that it is crucial in real-world driving conditions such as DPF
regeneration and high speed/high load operation.

Moving our attention to catalyst modification, adding promoters
onto Ag/Al,03 may enhance the low-temperature deNOx performance of
HC-SCR and widen its operating temperature window. For example, Ag/
Al,03 doped with Pt exhibited an increased NOy reduction activity at
low temperatures [13]. Successive impregnation of Ag and Au on Al,O3
was also reported to be beneficial for high Ag exposure on the surface,
leading to better deNOy activity compared to bare Ag/Al,O3 [14].
However, most studies to date on bimetallic Ag-containing catalysts
have focused on precious metal bases. In addition, improvements in NOy
removal activity over a wide temperature range have not yet been
achieved for the promoted HC-SCR catalysts.

Here, we report the discovery of an AgW/Al,03 catalyst that effec-
tively reduces NOy by oxygenated hydrocarbon (ethanol) over a wide
temperature range. The catalytic activity of the developed AgW/Al,O3
was directly compared to that of conventional Ag/Al,Os. Various
detailed characterizations were also conducted to demonstrate the su-
periority of AgW/Al,03 compared to Ag/Al;0s. Finally, a computational
analysis using density functional theory (DFT) further supported the
experimental results and provided a detailed mechanism for the
enhanced deNOy reactivity of AgW/Al;0s3.

2. Experimental
2.1. Catalyst preparation

For AgW/Al,03, the y-Alo03 (CATALOX S® Ba-200, Sasol) support
was first impregnated with (NH4)eHoW12049-xHo0 (Sigma Aldrich)
dissolved in DI water via incipient wetness method. The sample was then
dried over-night in an oven at 110 °C, followed by a calcination at
550 °C for 3 h in a muffle furnace. The calcined sample underwent Ag
impregnation with AgNO3 (Kojima) dissolved in DI water via incipient
impregnation method again. Finally, the sample were then oven-dried
overnight at 110 °C and calcined at 550 °C for 5 h in a muffle furnace.
The Ag/Al,03 catalysts were also prepared by the incipient wetness
method for impregnating Ag on y-Al,O3 (CATALOX S® Ba-200, Sasol)
with AgNO3 (Kojima) in aqueous solution. For drying and calcination,
Ag/Al;03 followed the same procedure as AgW/Al,O3 was subject to.
The AgW/Al,03 and Ag/Al;03 catalysts were designated as Ag(x)W(y)/
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Al,03 and Ag(x)/Al,03, where x and y in parentheses indicate the aimed
content of each metal during the catalyst preparation. The actual metal
loadings in Ag(4)W(6)/Al,03 and Ag(4)/Al,03 were determined by the
ICP-AES analysis, and they were similar to the target values, as described
in Table S1.

2.2. Catalyst activity tests

The catalytic activity of ethanol-SCR over AgW/Al,03 and Ag/Al,03
was evaluated using a packed-bed flow reactor system at a gas hourly
space velocity (GHSV) of 60,000 h~'. [15]. The standard feed-gas
composition was 400 ppm NO, 800 ppm CyHs50H, 6% O, 2.5% H>0,
and He balance. The syringe pumps were applied to supply ethanol into
the feed. The NH3 oxidation and NH3-SCR activities of AgW/Al,O3 and
Ag/Al;03 were measured under the feed condition containing 400 ppm
NHj3, 400 ppm NO (when used), 6% Os, 2.5% H50 and He balance at
GHSV of 60,000 h™!. To investigate the effect of reductant type on
deNOx activity, 800 ppm CoHsOH was replaced by 800 ppm CH3CHO +
800 ppm Hjy or 800 ppm CyHy. To test the sulfur tolerance of each
catalyst, 20 ppm of SO, was added to the standard feed stream at 350 °C.
The sulfated catalysts were regenerated at 550 °C for 1 h with 5% O3 and
2.5% H50 in He balance. To determine the conversions of reactants and
the formation of products, a FT-IR equipped with a 2-m gas cell (Nicolet
6700, Thermo Electron Co.) and a gas chromatograph (GC) equipped
with a TCD (HP 6890 N, Agilent) were employed [15]. No was directly
measured by a GC equipped with a MolSieve 5 A column [15]. To
measure the turnover frequency (TOF) for ethanol-SCR, a differential
reactor system, where NOy to N conversion was kept below 15%, was
employed to maintain the reaction in the kinetic regime. The feed
composition was identical to the standard counterpart while keeping
GHSV at 600,000 h™!. The TOF for ethanol-SCR was calculated from the
kinetic data and Ag metal dispersion, according to
TOF(S"! :CNOOXNoiv 1

OF(S™) ==Tm.p €]
where Cyp is the concentration of species NO (mol/mL), Xxo is the NOx
conversion to Ny (%), v is the volumetric flow rate (mL/s), ML is the Ag
content on the catalyst (g), MW is the molecular weight of Ag (107.9 g/
mol), and D is the Ag metal dispersion (%) in Table 1. Apparent acti-
vation energy was calculated from the Arrhenius plot of the TOFs.

2.3. Catalyst characterizations

The pore properties of the catalysts were determined from the Ny
isotherm, measured by a volumetric adsorption apparatus at 77 K
(3Flex, Micromeritics). The specific surface area was calculated by the
Brunauer-Emmet-Teller (BET) equation, and the total pore volume was
determined at P/Py = 0.99. Before measurements, all samples were
degassed for more than 12 h at 623 K under a vacuum condition. The
crystal structure of each catalyst was determined by X-ray diffraction
(XRD). X-ray diffraction data were collected using a Rigaku Rotaflex
with a wavelength of 1.54059 A (Cu).

UV-vis spectra were recorded with a UV-vis spectrophotometer
(Shimadzu, UV-2501PC) in the diffuse reflectance mode between 200
and 800 nm at a step of 0.5 nm with a slit width of 1 nm. BaSO4 was used
as a reference sample to confirm the baseline spectrum. The dispersion
and particle size of Ag (Table 1) were determined via pulse Oz chemi-
sorption (Autochem II 2920, Micromeritics). The chemisorption pro-
cedures are as follows: 10% Oo/He flow at 200 °C for 1 h (pretreatment)
— cooling to room temperature — heating to 250 °C in Hy flow at a
ramping rate of 10 °C/min and then kept for 1 h heating — purging in
He flow for 1 h — cooling to 170 °C — O adsorption in 10% O2/He flow.
Assuming the Ag/O stoichiometric ratio of 2, the dispersion of Ag was
calculated from the total amount of adsorbed O, during the pulse in-
jections. Temperature-programmed reduction (TPR) by H; was
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Table 1
Calculated values from ICP, Ho-TPR and O, chemisorption results.
Catalyst Ag contents (pmol/g)”  Total H, comsumption (pmol/g)" H, consumption (pmol/g) Total H/Ag ratio’  H/Agratio®  dispersion (%)  Dp' (nm)
Ag(4)W(6)/ 360.6 52.2 16.2 0.29 0.09 10.1 11.6
Al,O4
Ag(4)/A1,04 356.9 80.4 77.2 0.45 0.43 14.2 8.3

@ Ag contents was obtained from ICP measurements.
b Total amount of Hy consumed during Ho-TPR.

¢ Amount of Hy consumed except for the chemisorbed oxygen on metallic Ag during Ho-TPR.

4 H/Ag molar ratio calculated from total H, consumption.

¢ H/Ag molar ratio calculated from H, consumption except for the chemisorbed oxygen.
f The dispersion and average particle size of Ag were calculated via O, chemisorption.

performed using 0.2 g of catalyst sample heated at 10 °C/min in a
flowing hydrogen atmosphere (5% Hs/Ar) at a flow rate of 30 mL/min.

The Raman spectra of the alumina-supported tungsten (W/Al;O3)
catalyst was collected using a dispersive Raman spectrometer with a
532 nm excitation source (ARAMIS, Horiba Jobin Yvan). Powder spec-
imens were used for transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) analyses. The sam-
ples were dispersed and sonicated in ethanol and then placed onto lacey
carbon films on copper grids. HAADF-STEM images were acquired with
a transmission electron microscope (Titan cubed G2 60-300, Thermo
Fisher Scientific) at 200 kV or 300 kV with a spherical aberration (Cs)
corrector (CEOS GmbH). X-ray photoelectron spectroscopy (XPS) mea-
surements were performed using a K-alpha (Nexsa G2, Thermo Fisher
Scientific) with an automated monochromatic X-ray source, Al—Ka. The
binding energies were calibrated using the C 1 s line at 284.8 eV as
reference. In-situ diffuse reflectance infrared transform spectroscopy
(in-situ DRIFT) experiments were conducted to identify surface species
adsorbed on the catalysts using a Nicolet 6700 spectrometer equipped
with a mercury cadmium telluride (MCT) detector cooled by liquid Ny
and a commercial DRIFT cell (PIKE, Diffuse IR). DRIFT data were
collected in the Kubelka—Munk format with 32 scans averaged per
spectrum at 4 cm L. Prior to each experiment, the catalyst sample was
pretreated at 500 °C for 1 h under the flow of 6% O3/He at 100 mL/min
and then cooled to 200 °C. The catalyst was then subject to a feed of NO,
CyHs0H, 6% 0o, and 2.5% H,0 balanced with He under a 100 mL/min
flow rate with temperature varied from 200 to 500°C.

NHj; adsorption was also investigated by in-situ DRIFT spectroscopy
using NH3 as a probe molecule. Prior to each experiment, the catalyst
sample was pretreated at 300 °C for 1 h under a flow of 10% O, under an
Ar environment. After the pretreatment, 1% NHs/Ar was flowed into the
cell for 30 min and then the cell was evacuated before the spectrum were
collected. For ethanol-TPSR, an FT-IR equipped with a 2-m gas cell
(Nicolet 6700, Thermo Electron Co.) was used to determine the CO and
CO4 concentrations. Prior to each experiment, the catalyst sample was
pretreated at 500 °C for 1 h under a flow of 10% Oy/He at 100 mL/min
and then cooled to 150 °C. The catalyst was then subject to a feed of
800 ppm C2Hs0H, 6% O3, and 2.5% H,0 balanced with He under a
100 mL/min flow rate for 1 h, followed by evacuation. The temperature
was finally increased from 150 to 600°C at a ramping rate of 10 °C/min,
while flowing 6% O and 2.5% H3O balanced with He.

2.4. Computational details

All plane-wave DFT calculations were performed using the projector
augmented wave pseudopotentials provided in the Vienna ab initio
simulation package (VASP) [16]. The Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional with a plane wave expansion cutoff of
600 eV and 400 eV for the bulk and slab, respectively, was used. The
dispersion interactions were modeled using the DFT-D3 method devel-
oped by Grimme et al. [17]. Four layers were used to model the Ag(111),
Al;03(100), and WO3(001) films; the (111), (100), and (001) facets were
chosen because they are thermodynamically stable [18-20]. The lateral

dimensions of the slab were fixed to the PBE bulk lattice constant. Fig. 1
shows the slabs of Ag(111), Al,03(100), and WO3(001) with corre-
sponding unit cells, and each configuration provides the potential active
sites. The bottom two layers were fixed, but all other lattice atoms were
allowed to relax during the calculations until the forces were less than
0.05 eV/A. A vacuum spacing of ~ 25 A was included, which is suffi-
cient to reduce the periodic interaction in the surface normal direction.
In terms of system size, a 2 x 2 unit cell with a corresponding 2 x 2 x 1
Monkhorst-Pack k-point mesh was used. DFT calculations were per-
formed for a single C;HsOH molecule adsorbed within the 2 x 2 surface
models of Ag(111), Alo03(100), and WO3(001), which correspond to a
CoHsOH coverage of less than ~ 10 % of the total density of surface
metal atoms. In the present study, the adsorption energy, Eq4s, of an
adsorbed CyHsOH molecule on the surface was defined using the
following expression:

Eus = (ECszoH + Emrf) — Ec, 1500 st (2)

where Ec,p,on4sury is the energy of CoHsOH on the bare surface; Eq,y is
the energy of the bare surface; and Ec,n,0n is the energy of an isolated
CoHsOH molecule in the gas phase. From the equation above, a large
positive value for the binding energy indicates high stability of the
adsorbed CoHs0H molecule under consideration. The barriers for
CyHs50H dehydrogenations on the modeled surfaces were evaluated
using the climbing nudged elastic band (cNEB) method [21]. All the
activation energy barriers have an imaginary vibrational frequency at
the transition state. The equation for binding energy was modified for
the CO molecule, but the only changes were the adsorbed and gas-phase
molecules.

3. Results and discussions
3.1. Catalytic activities

We compared catalytic activities of AgW/Al,O3 and Ag/Al;03 for
removing NOy by ethanol, as presented in Fig. 2. Ag/Al;,03 followed the
typical volcano-shape temperature-activity curves, where unselective
combustion of ethanol with Oy becomes dominant at higher tempera-
tures, depleting reductants [4]. AgW/Al;O3 presented markedly higher
deNOy activity as compared to Ag/Al;Os3 in the entire reaction tem-
perature range. This indicates that the addition of W into Ag/AlyOs is
highly beneficial for accelerating selective NOy reduction into Ny by
ethanol over a wide temperature range. Considering the significant drop
of NHj3 formation in AgW/Al,03 compared to Ag/Al,O3 at temperatures
below 350 °C, high NOy to N3 conversion of AgW/Al,O3 was thought to
be strongly related to lower NH3 concentrations downstream. However,
the rates of NH3 formation at high temperatures (>450 °C) were similar
in AgW/Al;03 and Ag/Al;03. Therefore, the capacity to maintain high
reactivity of AgW/Al;O3 at high temperatures most likely originates
from a different mechanism and this will be separately discussed. In
addition, the TOFs for the ethanol-SCR reaction on AgW/Al,O3 and
Ag/Al;,03 were investigated in the differential reactor (Fig. S1).
AgW/Al,03 showed higher TOFs and lower apparent activation energy
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Fig. 1. Top and side views of the a) Ag(111), b) Al,03(100), c) WO3(001) surfaces. The subscripts (cus, brd, 2f, 3f, and 4f) in the figure b) and c) represent the
coordinatively unsaturated site, bridge, two-fold coordinated, three-fold coordinated, and four-fold coordinated, respectively. Color scheme: Gray (Ag), Yellow (Al),

Blue (W), and Red (O).
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Fig. 2. Comparison of catalytic activities over AgW/Al,03 and Ag/Al,03 during ethanol-SCR. Feed condition: 400 ppm NO, 800 ppm C,HsOH, 6% O, 2.5% H,0 and

He balance. GHSV: 60,000 h™!.

(88.4 kJ/mol) than Ag/Al;03 (129.0 kJ/mol), indicating the structural
change in Ag species may occur upon the addition of W [12]. In addition,
the amount of W in AgW/Al,03 was varied for optimization, and the
results clearly indicate that the W-added catalysts (AgW/Al,O3)
exhibited far better deNOy activity than Ag/Al,O3, although a small
amount of W (1 wt%) in AgW/Al»03 induced only a marginal increase in
reactivity above 300 °C (Fig. S2a). Based on the results, the 6 wt%
W-added catalyst that showed the best deNOy activity (Fig. S2a) was
used for the subsequent characterizations and discussions.

C1/NOy feed ratio, the ratio of the hydrocarbon feed concentration
(ethanol) on the C; basis to NOy feed concentration, was varied in
consideration of fuel consumption during the NOy reduction. When the
C1/NOy feed ratio decreased from 4 to 2, Ag/Al,03 exhibited a consid-
erable drop in deNOy activity over a wide temperature range, as seen in
Fig. S2b, consistent with previous reports [15]. On the contrary, only a
marginal drop was observed in the case of AgW/Al;O in response to
decreasing the C;/NOy feed ratio. The presence of W in AgW/Al;,03 not
only increases the reactivity, but also appears to be beneficial for
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reducing reductant consumption during NOy conversion. Furthermore,
when sulfur tolerance of AgW/Al,03 was directly compared to Ag/Al,O3
(Fig. S3), AgW/Al,0s5 still exhibited better performance than Ag/Al;03
in the presence of 20 ppm SO,, although the deNOy activities of both
catalysts gradually decreased. It is noteworthy that the SO, concentra-
tion in the exhaust gas stream from the diesel engine is normally below
1 ppm due to the use of ULSD (Ultra-Low-Sulfur Diesel). The deNOy
activity of AgW/Al,03 was nearly recovered after the post-treatment at
550 °C for 1 h in 5% O3 and 2.5% H2O0 in He balance. Thus, the catalytic
activity of AgW/Al,O3 was less affected by SO, than that of the bare
Ag/ A1203.

3.2. Structural characterization

Many studies have reported that the structure of Ag supported on
alumina highly influences the catalytic activity in hydrocarbon or
oxygenated hydrocarbon-based deNOy systems. When preparing an
alumina-supported Ag catalyst, diverse Ag species including both ionic
(Ag™ and Agd") and metallic Ag (Ag®) are present on the surface in Ag/
AlyO3, and their distribution varies with silver weight loading and the
preparation method [15]. Ag/Al,O3 synthesized with low Ag content
exclusively contains Ag" and the catalyst often exhibited a higher NOy to
N, conversion compared to metallic Ag (Ag®) rich counterparts, since
-NCO species decomposed from organo-NOy compounds formed during
the reaction preferentially bind to Ag" and then Ag"-NCO subsequently
converts into Ny [22]. However, metallic Ag (Ago) species are also
crucial in activating deNOy activity in a low-temperature region, since
they can facilitate partial oxidation of hydrocarbons (HC) or oxygenated
hydrocarbons, which may, in turn, lead to the formation of important
surface intermediates such as enol and acetate [15,23]. Therefore,
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precise control of the Ag distribution in Ag/Al;03 catalyst is critical to
optimize the deNOy activity.

First, to investigate the origin of the enhanced reactivity of AgW/
Al,03, UV-visible spectroscopy and Ha-TPR were adopted to reveal the
state of Ag species. In UV-visible spectroscopy, there are generally four
absorption bands for Ag states, which include dispersed silver cations
(Ag', 220 nm), partially oxidized silver clusters (Agf’ﬁ, 260 nm),
metallic Ag clusters (AgS, 290 and 350 nm), and silver nanoparticles
(Agnps, 450 nm) [24]. It should be noted that large Ag,O particles are
hard to be detected by UV-vis spectroscopy [23]. In Ag/Al»0s3, there are
a considerable amount of energy bands for dispersed silver cations and
partially oxidized silver clusters (Ag" and Ag5") along with other bands
for metallic Ag clusters (AgY), as seen in Fig. 3a. On the contrary, the
addition of W induced a significant change in UV-vis spectra bands of
the Ag species and in turn the metallic Ag clusters (290 and 350 nm)
became dominant among Ag species on the surface of AgW/Al,O3
(Fig. 3a). TPR analysis is a characterization tool that enables us to
investigate the electronic property of Ag supported on metal oxide and
has been used to distinguish the state of Ag species on Al;03. From low
to high temperatures, we can distinguish the reduction of surface oxygen
on metallic Ag (Agd), and the reductions of large Ag,O, partially
oxidized Ag clusters (Agd"), and Ag ions (Ag™) [25]. Fig. 3b shows that
the addition of W shifted the reduction peak of Ag species from 230 °C to
90 °C. As presented in Fig. 3b, the broad reduction peak at 230 °C in-
dicates that Ag,0 nanoparticles and dispersed Ag™ cations are the main
species on the surface of Ag/Al,O3 [25]. On the contrary, a sharp
reduction peak at 90 °C in AgW/Al,0s3 is attributed to the reduction of
surface oxygen on metallic Ag. It has been widely accepted that the
high-temperature reduction peak is attributed to Ag strongly interacting
with supports, while the low-temperature peaks below 200 °C are

a) —— Ag(4)W(6)/AL,0, b)
— (Chemisorbed oxygen on)
+ Ag(4)/A|203 Me(al:lc Ag xy
Ag )
iAg™

i1 metallic Ag (Ag,%)
: H — 5+
: : Ag,0 Ag,
' i
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Intensity (a.u.)

—— Agl4yALO, c) — W(12)/Al,0,
W(B)/ALO, —— W(6)/Al,0,
ALO, W(3)/Al,04
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Fig. 3. a) UV-vis spectra of AgW/Al,03 and Ag/Al,03. b) Ho-TPR profiles AgW/Al,03 and Ag/Al,O3. ¢) Raman spectra (532 nm) of AgW/Al,O3 and Ag/Al,03. d)
Low-magnification HAADF-STEM images and the corresponding EDS elemental mapping of AgW/Al;03. e) High-magnification HAADF-STEM images and the cor-

responding EDS elemental mapping of AgW/Al;O3.
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related to metallic Ag and Ag»,0 particles [25]. Thus, the reduction peak
shift toward low temperature indicates that the metal-support interac-
tion becomes weaker upon the addition of W.

The Hy consumption during Hy-TPR was also quantified for each
catalyst to further investigate the state of Ag, as listed in Table 1. The
amount of total Hy consumption of AgW/Al»03 (52.2 pmol/g) was lower
than that of Ag/Al,O3 (80.4 pmol/g), although both catalysts have
similar Ag content. The amount of Hy consumption was also calculated
except the reduction peak at around 100 °C, since it is reported to be due
to the chemisorbed oxygen on metallic Ag species rather than lattice
oxygen coordinated with Ag [25]. Excluding Hy consumption by the
oxygen adsorbed on the surface of metallic Ag, the difference in calcu-
lated values between both catalysts became much larger (AgW/Al,03:
16.2 pmol/g, Ag/Al;03: 77.2 pmol/g). This result indicates the amount
of metallic Ag species in AgW/Al;,0O3 is much higher than that in
Ag/ A1203.

The abundant metallic Ag species in AgW/Al;03 might be simply
thought to have originated from the agglomeration of Ag due to
decreased surface area of Al,O3 to anchor Ag species. However, BET
surface area and pore size did not show drastic changes with W addition
(Table S1). STEM images (Fig. S4) also did not reveal any noticeable
agglomeration of Ag species to large Ag particle in AgW/Al,O3
compared to Ag/Al,03. Notably, Ag/Al,03 showed a wide distribution
of Ag species from Ag NP (<50 nm) to partially oxidized silver clusters
(<1.0 nm) (Fig. S5). However, AgW/Al,03 has a narrower size distri-
bution (Fig. S4) than Ag/Al;Os, in line with the UV-vis and Hy-TPR
results. The average particle size of Ag in AgW/Al,O3 (10.8 nm) esti-
mated from STEM was larger than Ag/Al;O3 (7.1 nm). From the HR-
TEM image, Ag(111) plane was observed in AgW/Al;03 (Fig. S6). The
presence of AgoO and metallic Ag was also confirmed in Ag/Al,O3 by
Ago0(211) and Ag(111). To determine the dispersion of Ag on each
catalyst, the Oy chemisorption has been conducted. As listed in Table 1,
the dispersion of Ag on AgW/Al,03 (10.1%) was apparently lower than
that on Ag/Aly,03 (14.2%). In addition, the average size of Ag in AgW/
Aly03 (11.6 nm) was calculated to be higher than that in Ag/Al,O3
(8.3 nm), which is consistent with STEM images. As is generally recog-
nized, higher metal dispersion with smaller particle sizes is often
beneficial for achieving better catalytic reactivity. However, this was not
the case for AgW/Al;03 and instead the chemical state of Ag in AgW/
Al;O3 appeared to be an influential factor to determine the deNOy
activity.

Another important aspect of AgW/Al,Os is the structure of WOy. The
W phases were investigated using Raman spectroscopy, as seen in
Fig. 3c. We measured the Raman spectrum of W/Al,03 instead of AgW/
Aly03 because the presence of Ag generates emission of fluorescence
that is an order of magnitude higher than Raman scattering, which may
render W species invisible in the Raman spectroscopy. Since AlyO3
supports do not exhibit any Raman bands in the 100-1100 cm ™! region
due to the low polarizability of light atoms and the ionic character of the
Al-O [26], the Raman bands in 100 ~ 1100 cm ™! solely originated from
the W species on the Al,O3 surface. For all samples, Raman bands from
crystalline WO3 NPs (805, 715, 270 cm 1) were not present and the two
bands observed at 854 and 962 cm ™! represented symmetry vibration
modes of W-O-W and W—O0 of polymeric W species [26]. Increasing W
content up to 12 wt% only increased the peak intensity of 962 cm™!,
which indicates that a more dispersed nanocrystalline of W was formed
without the bulk crystal of WOy. Consistent with the XRD pattern where
the addition of W to Al;03 did not exhibit the crystal structure of W up to
12 wt%, as seen in Fig. S7, this result demonstrates that the polymeric
form of WO was dispersed over the Al,03 support. Furthermore, STEM
image and EDS mapping (Fig. 3d and e) showed that highly
well-dispersed thin layers of WOy immaculately cover the alumina sur-
face and make intimate contact with Ag species. The layer thickness of
WOy was calculated as 0.48 monolayers for 6% W loaded in AgW/Al,03
(the detailed calculation is provided in SI). In addition, the surface
density of W on AgW/Al,03 was calculated based on the surface area
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measured (Table S2), and it was much lower (1.12 W/nm?) than the
threshold value (8 W/nm?) where crystalline WO starts to appear [27].
Taking the N, sorption data together that the BET surface area of
W/Al,03 hardly decreased with the increase of W content even up to
12 wt% (Table S1), it can be concluded that W is highly dispersed on
Aly0O3. Therefore, the STEM-EDS image (Fig. 3e) clearly show that a
hierarchical structure of Ag-WOx-Al,03 was formed, instead of forming
separate islands of Ag and WOy on the Al,O3 surface. Based on the
UV-vis spectrum, Hp-TPR, and TEM images, the WOy layer induced a
different electronic property of Ag compared to the case with Ag/Al,03
due to the increased metallic Ag species.

Recently, the electron-donating effect of W in metal-supported cat-
alysts has been suggested [28]. In detail, Zhiquan et al. reported that the
deposition of atomically dispersed W species on the nano-sized Pd par-
ticles exhibited an increase in the d-band center of Pd due to electron
transfer from W, which leads to strong oxygen adsorption capacity and
activation ability [28]. To examine the possibility of electron transfer,
XPS spectroscopy was conducted to compare the oxidation state of the
WOy layer in AgW/Al,03 with W/Al;03 (Fig. S8). However, there was
no noticeable shift in the binding energy of 4f;,» of W in AgW/Al,03
compared to W/Al»Os3. Indeed, the average size of Ag species in
AgW/Al,03 was relatively large for considering effective electron
transfer between the metal and support [29]. At best even though
transfer took place, electron donation from W to Ag could have not been
observed in XPS, possibly due to the high electron density of Ag particle
with 5 ~ 10 nm [29]. The abundant metallic Ag species on AgW/Al,03
may not mainly originate from the electron donor-acceptor system be-
tween W and Ag.

Kwak et al., reported that unsaturated pentacoordinate APF (Alggma)
centers on the Al,Og3 surface are anchoring sites for Pt to involve metal
support interaction via an oxygen bridge [30]. On the other hand, Wang
et al. reported that terminal hydroxyls on Al,O3 are responsible for
anchoring Ag species, leading to the formation of an Ag-O-Al nano--
structure [31]. Although we were not able to clearly locate the specific
anchoring sites for Ag, it may be reasonably speculated that the presence
of W obscured the possible anchoring sites for Ag to the Al;03 surface. In
the DRIFT spectra of Ag/Al;03 (Fig. S9), three peaks were observed at
3770, 3730, and 3680 cm ™}, corresponding to hydroxyl groups on Al
sites with various geometries type I, II, and III, respectively [32], which
might be the primary cause for a variety type of Ag species in Ag/Al,03
(Ag", Agd", and Ag®) due to different bonding environments. On the
contrary, AgW/Al,03 had reduced peak intensity for hydroxyl groups to
Al sites, with an additional peak at 3656 cm ™!, which can be attributed
to W-OH. Taking the well-dispersed WOy layer on Al,O3 into account
together (Fig. 3c-e), it is plausible that the consumption of strong
anchoring sites on Al,O3 by W led to a lack of small-sized Ag species
(Ag" and Ag®™) other than metallic Ag species. Based on the narrow size
distribution of Ag species in AgW/Al>O3, we speculate that the bonding
environment on the WOy layer was not as diverse as in the case of bare
Al03.

3.3. Reaction pathway

As reported in previous studies [33], the ethanol-SCR is initiated
with the activation of ethanol on the catalyst surface and metallic Ag has
been reported to facilitate the formation of partially oxidized surface
species such as acetaldehyde at low temperatures. As described in
Fig. 4a, ethanol oxidation without NOy clearly showed that significantly
more acetaldehyde formed in AgW/Al;O3; than in Ag/Al;Os. This
strongly indicates that metallic Ag was beneficial for activating ethanol,
especially at low temperatures below 350 °C. Indeed, it was reported
that as the metallic Ag concentration increases, the rate of ethanol
dehydrogenation to acetaldehyde increases, which leads to increased
NOy to Ny conversion at a low to medium temperature range [34].
Indeed, a controlled experiment over Ag/Al,O3 in consideration of
ethanol dehydrogenation (CoHs0H — CoH40 + Hj) revealed that the
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Fig. 4. a) Ethanol oxidation in the absence of NOy over AgW/Al;O3 and Ag/Al,03. Feed conditions: 800 ppm C,HsOH, 6% O,, 2.5% H,0, and He balance. GHSV:
60,000 h~! b) and c) DRIFTS spectra of surface species on AgW/Al,03 and Ag/Al,Os at differet temperatures. Feed conditions: 400 ppm NO, 800 ppm C,HsOH, 6%
0,, and 2.5% H,0 balanced with Ar under 100 mL/min flow rate and temperature varied 200-500 °C. d) The integrated areas of -CN and -NCO peaks on AgW/Al,03
and Ag/Al,0O3 at varied temperatures. €) DRIFTS spectra of NH3 adsorption at 40 °C. f) Ethanol-TPSR profiles over AgW/Al,03 and Ag/Al,03. Adsorption conditions:

800 ppm C;HsOH, 6% O, 2.5% H,0, and He balance 150 °C for 1 h.

low-temperature deNOy, activity was apparently enhanced when feeding
acetaldehyde with hydrogen instead of ethanol (Fig. S10), pointing to
the importance of the ethanol dehydrogenation step for achieving better
deNOy performance. It is generally accepted that following the initial
activation, the adsorbed oxygenated hydrocarbons (CxHyO,) including
acetaldehyde and enol further transform into organo-NOyx compounds
(R-NO, R-ONO, R-NO,) via interaction with NO and O or nitrate on the
catalyst surface. These organo-NOy compounds are easily converted into
cyanate and isocyanate, and then -NCO further reacts with NO to form
N3 (NO + NCO — CO3 + Ny) [4,8]. In this regard, many studies reported
that -NCO derived from NOy and ethanol is the main intermediate for
producing Ny and CO; in ethanol-SCR systems [4,8]. Taking this into
consideration, an in-situ DRIFT study was conducted for Ag/Al>03 and
AgW/Al,O3 to investigate the evolution of surface species with varying
temperatures (Fig. 4b and c¢). When ethanol was flowed together with
NO and O into the cell containing AgW/Al;O3 or Ag/Al,03, we located
both cyanide (Ag-CN and Al;03-CN) at 2114 and 2154, and isocyanate
(Ag-NCO and AI-NCO) vibration peaks at 2232 and 2262 cm~ . The
intensity of -NCO peaks continuously increased and reached the
maximum at 350 °C and then decreased, thus following a similar trend
as observed in the typical volcano-shape of activity curves of
silver-containing deNOy catalysts (Fig. 2a). This supports the previous
argument that -NCO surface species is the most relevant surface species
immediately before Ny formation [4]. -NCO peak intensity in the spec-
trum of AgW/Al,O3 remained higher than that in Ag/Al;O3 up to
500 °C, which indicates that the better deNOy activity of AgW/Al»O3 is
likely related to the higher concentration of -NCO surface species over a
wide temperature range.

The most pronounced difference in DRIFT spectra between the two
catalysts is a noticeably higher intensity of the -CN vibrational peak in

AgW/Al,03. Furthermore, in contrast to the trend of -NCO species,
prominent -CN vibrational peak intensities continuously decreased until
350 °C in response to an increase in temperature, consequently dis-
appearing after 400 °C (Fig. 4d). This indicates that -CN plays another
important role in the deNOy reactivity at a low and medium temperature
ranges. However, there has been little study on the role of -CN, and
consequently the detailed mechanism including -CN has remained
elusive due to the complex reaction network. Bion et al. suggested a
mechanism of ethanol-SCR based on in-situ FTIR spectroscopy, which
observed that an intermittent ethanol pulse under NO and Oj initially
produced -CN formed on the Ag active sites, and then the -CN trans-
formed into -NCO, which hydrolyzes into ammonia to further react with
NO to form Nj [35]. Starzyk et al. further presented a more detailed
mechanism regarding the role of -CN and -NCO over Ag/Al;O3 using
nanosecond time-resolved in situ spectroscopy [36]. First, -CN prefers
Ag sites over Al sites, where nitrogen atoms can preferentially bind on
the basis of hard-soft acid-base theory, and the formed -CN on the Ag
sites flips onto Al sites via forming bridged cyanide to form -NCO. In
accordance with the previous studies, we can postulate that the surface
—CN works as a reservoir that continuously supplied -NCO precursors to
nearby Ag/Al sites, and in turn, significantly denser surface -CN on
AgW/Aly03 led to higher deNOy activity, as observed in Fig. 2. It appears
that the -NCO vibrational intensity increased at the expense of -CN
surface species, especially at low temperatures below 350 °C, as seen in
Fig. 4d, which indicates that -CN is a precursor to -NCO. On the contrary,
some studies showed that -CN and -NCO followed parallel independent
reaction pathways and each further reacted to form Ny in a separate way
[37]. However, in either scenario, it is obvious that a denser concen-
tration of -CN species contributed to the powerful deNOy process of
AgW/Al,03 when comparing DRIFT studies with the activity results. We
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also obtained transient DRIFT results over AgW/Al,O3 at 300 °C, where
reaction intermediates are most abundant on the catalyst surface. We
could observe the gradual consumption of -NCO and —CN after ethanol
was cut off during the in-situ DRIFTS study (Fig. S11). This result in-
dicates that those species play an important role as reaction in-
termediates rather than spectators in ethanol-SCR.

Based on a previous study which reported that acetaldehyde is easily
converted to organo-NOy compounds (R-NO, R-ONO, R-NO>) followed
by subsequent conversion into -CN and -NCO species[4], the higher
formation of acetaldehyde in AgW/Al,O3 observed in Fig. 4a is highly
likely to be related with either -NCO or -CN species concentration.
Indeed, the formation of acetaldehyde was limited to a temperature of
350 °C (Fig. 4a), which coincidently overlapped with the temperature
region where -CN species were clearly observed and their concentrations
on the surface of AgW/Al,03 remained higher than on Ag/Al,O3
(Fig. 4d). Therefore, it is reasonable to attribute the noticeably higher
concentration of -CN in AgW/Al,O3 to the increased formation of
acetaldehyde by ethanol dehydrogenation on the metallic Ag species.

In the medium temperature range, NHj slip over AgW/Al,03 was
significantly less than over Ag/Al;O3, especially as shown in Fig. 2b.
Since NHjs is one of the main byproducts of ethanol-SCR, the low NHs
slip of AgW/Al,03 is extremely advantageous for achieving high Nj
selectivity. NH3 formed during the (HC+OHC)-SCR reaction may further
react with O, (NH3 oxidation) to produce Nj. Kim et al. reported the
addition of AlF3 to Ag/Al;O3 increased the number of acidic sites,
resulting in a significant improvement in NOy to Ny conversion by
facilitating in-situ oxidation of NH3 into Ny on the catalyst surface [38].
Employing a systematical approach, a dual-bed reactor consisting of
Ag/Aly03 catalyst in the front bed and CuZSMS5 catalyst in the rear bed
was employed for successive NHg oxidation, resulting in improvement of
NOy to Ny conversion [15]. However, Fig. S12 shows that the NHj3
oxidation activity over AgW/Al»0j3 is substantially inferior compared to
the unpromoted counterpart. In addition, the NH3-SCR reaction between
NH;3 and NOy turned out to be trivial for both Ag/Al,03 and AgW/Al,03
(Fig. S13). Therefore, the reaction path of NOy to NH3 was most likely
suppressed by W addition. Indeed, Obuchi et al. revealed that NH3 for-
mation decomposed from organo-nitrile N-oxides species mostly on the
Al,03 surface [39]. Therefore, the limited exposure of Al;O3 to the W
layer in AgW/Al,O3 might be a reason for low NHj slip compared to
AgA1203.

Another attractive advantage of AgW/Al»Os is that its NOy reduction
capability is maintained at high temperatures, which is highly beneficial
for high-speed/high load conditions and/or DPF regeneration [40].
Metallic Ag species are generally believed to be responsible for the
combustion of hydrocarbon or oxygenated hydrocarbon at high tem-
peratures, adversely affecting NOy conversion [4,41]. Surprisingly,
AgW/Al;,03 mainly containing metallic Ag species exhibited only a
marginal drop in deNOy activity even at high temperatures in contrast to
Ag/Al;03. More acetaldehyde formation caused by metallic Ag cannot
solely explain the high-temperature deNOy of AgW/Al;O3 since acetal-
dehyde formation was limited above 400 °C. Interestingly, as depicted
in Fig. 4a, ethylene was produced via ethanol oxidation only from
AgW/Al,03 above 400 °C, and not from Ag/Al;0Os. Indeed, ethanol can
be transformed into ethylene via dehydration over solid catalysts [42],
and this reaction is known to occur on both Brgnsted acid and Lewis acid
sites, the rate of which depends on the type of acid sites [42]. This
ethanol dehydration may be closely related to the improved NOx to Ny
conversion over AgW/Al,03, as will be discussed later.

To determine the surface acidic property, a DRIFT study was per-
formed over both catalysts using NH3 as probe molecules. NH3 adsorp-
tion produced several kinds of NHs-derived surface species, as presented
in Fig. 4e. The vibration peak at 1615 cm ™ is due to the deformation
vibration of NH3 coordinated to Lewis acid sites, while the other peak at
1480 cm ™! corresponds to the deformation vibration of NH4 adsorbed
on Brgnsted acid sites [43]. Indeed, the number of Brgnsted acid sites is
reported to significantly increase when WOy is supported on metal
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oxides including Al,03, TiOs, and ZrO, [44]. Consistent with the pre-
vious study, AgW/Al,03 revealed a significantly higher amount of NHZ
associated with Brgnsted acid sites, compared to the case with bare
Ag/Al>03. In addition, the broad peak of 8N_p,asym bending modes of
NHJ for AgW/Al,05 indicates the presence of Brgnsted acid sites with
diverse acidic strength on the surface [43]. Compared with the NH3
adsorption spectrum of Ag/Al;03, it appears that stronger Brgnsted acid
sites were generated on the surface of WO3 in AgW/Al,Os, since addi-
tional bending modes (8n_H,asym) Of NHJ was red-shifted. The protons
(H™) on Brgnsted acid sites are known to catalyze dehydration reactions
[42,45]. Some studies on ethanol dehydration into ethylene over diverse
types of W oxides have been reported [42,45]. Li et at. reported that
WO3 nanowire rich in oxygen vacancies was highly selective for
ethylene formation from ethanol during photocatalysis [45]. Recently,
Vlachos et al. also reported that W layers deposited on Pt form Brgnsted
acid sites, leading to the facile formation of propylene from propanol via
dehydration [42]. Combining the current results with previous studies,
we can conclude that the presence of Brgnsted acid sites in AgW/Al,O3
activated ethanol dehydration to ethylene at high temperatures above
400 °C, possibly by the elevated reaction temperature, which is bene-
ficial for the deNOy process. Indeed, the light-off of NOy reduction by
hydrocarbon typically shifts to higher temperatures compared to the
case with an oxygenated counterpart, due to difficult activation. For
example, ethylene-SCR over Ag/Al,Os started to be active above 400 °C
for NOy conversion [46]. In addition, the light-off temperature (Tsg) for
NOy conversion via propylene SCR is reported to be close to 380 °C [47].
As show in Fig. S10, the high-temperature SCR activity of Ag/Al,O3 was
improved when ethanol was replaced by ethylene (NOyx conversion at
500 °C: 80%). Therefore, the excellent NOy conversion of AgW/Al;O3 at
elevated temperatures can be attributed to NOy reduction by sequen-
tially formed ethylene instead of acetaldehyde.

Based upon the experimental results (Figs. 3a, b, and 4a), W-induced
metallic Ag species appeared to accelerate the ethanol conversion into
acetaldehyde, which is crucial for improving the NOy reduction reac-
tivity at low temperature, while Brgnsted acid sites in WOy play a role in
alleviating the parasitic oxidation of reductants at high temperatures via
ethanol dehydration to ethylene. However, there may also be Ag-WOs3
interfacial sites, although the actual number would be much smaller
than that of the monometallic sites given the large particle size of the Ag
species. A computational analysis has thus been performed using DFT
calculation to understand the role of interfacial sites, and to further
ensure our experimental data are reliable, as will be described in the
following section.

3.4. Computational results

3.4.1. Stability of adsorbed C2HsOH

UV-vis spectroscopy and Hy-TPR experimental results showed that
the Ag ionic phase in the reference catalyst of Ag/Al;03 is dominantly
present compared to the Ag metallic phase (a dominant phase in AgW/
Al;03) shown in Fig. 2. The ionic Ag feature corresponds to the elec-
tronically unsaturated state by the electron transfer to adjacent oxygen.
To model such system, we replaced a surface Al atom of Al,03(100) with
an Ag atom resulting in the formation of Ag-O-Al (Ag-Al;03). To confirm
the electronic states of Ag in Ag-Al,03(100), the density of states (DOS)
was additionally evaluated (Fig. S15). The simulation results clearly
show the unoccupied states above the fermi level which is resulted from
the electron abstractions by adjacent oxygen. In terms of AgW/Al;03, Ag
(111) was used to model metallic Ag phase in AgW/Al;03, and the DOS
simulation of Ag(111) reveals the electron rich phase compared to Ag-
Aly03(100) (Fig. S15). Thus, we believe that the main characteristics of
Ag in Ag/Al;03 and AgW/Al,Os catalysts may be similar to Ag-
Aly03(100) and Ag(111), respectively. WO3(001) was employed to
represent WO3 on Al;O3. Additionally, to consider the interfacial sites, a
surface W atom in WO3(001) was replaced with an Ag atom (Ag-WOs3).
W-Ag was also selected in the same manner, while a surface Ag atom in
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Ag (111) was substituted with a W atom. In summary, Ag-Al,03(100)
were used to model the Ag/Al;O3 catalyst, and the other surfaces of Ag
(111), W-Ag(111), WO3(001) and Ag-WO3(001) were selected to model
the AgW/Al;O3 catalyst. We computationally focused on the kinetic
mechanism of acetaldehyde formation from Cy;HsOH on the model
surfaces representing the Ag/Al,O3 and AgW/Al,O3 catalysts, because
the formation rate of acetaldehyde is experimentally distinguishable on
both catalysts. Specifically, higher acetaldehyde conversion on AgW/
Al,0O3 than on Ag/Al;O3 had been observed, which is correlated with
higher NOx conversion on AgW/Al,Os. Prior to investigating the
mechanism, the stability of CoHsOH on the surfaces was explored by
evaluating the adsorption energies. It should be noted that on metallic
surfaces of Ag and W-Ag, two surface oxygens are present with adsorbed
CoHsO0H because the adsorbed oxygens would subsequently abstract the
hydrogens from CoHsOH to produce acetaldehyde (CH3CHO). Hydrogen
transfer from CoHsOH to metal (oxygen not involved dehydrogenation)
was also evaluated but was predicted to be kinetically and thermody-
namically hindered (not shown).

Fig. 5a-e provide the energetically most favorable configurations of
CoHs0H adsorbed on Ag/Al;O3 (Ag-AlxO3) and AgW/Al,O3 (Ag, W-Ag,
WOj3 and Ag-WOs3) with the corresponding adsorption energies. We also
tested other configurations, including CoHsOH on other sites and other
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orientations; however, those configurations were predicted to be less
favorable than the most favorable configuration shown in Fig. 5a-e. The
simulation predicts that CoHsOH strongly binds on Ag-Al,O3 with
adsorption energy of 81.4 kJ/mol. Similar strong bindings of other
carbon species having a similar number of carbons such as CyHg and
CsHg was reported on PdO, RuO,, and IrO2 [48]. The strong binding of
alkanes is driven by the formation of strong sigma bonding between
hydrogen and surface metal atoms. However, such interactions between
CoHsOH and Ag-Al;O3 were not predicted, indicating that the high
stability does not stem from the formation of a sigma complex. The
hydrogens of carbon (C-H) and oxygen (O-H) do not directly or strongly
interact with the metal atoms of Ag or Al, but oxygen of CoHsOH was
predicted to directly interact with substituted Ag atom (see Fig. 5a). The
interactions between oxygen of CoHsOH and Ag trigger the high stability
of Ag-A1203.

On the AgW/Al,O3 catalyst, we also found a similar binding mech-
anism of strong interactions between O and metal atom, and this leads to
high stability of adsorbed CoHsOH (Ag: 91.4 kJ/mol, WO3: 156 kJ/mol
and Ag-WOg3: 81.1 kJ/mol), as seen in Fig. 5a-e. On the W substituted Ag
surface, we found that the O-H bond was dissociated, and CoHs0 and OH
were formed during the DFT relaxation, meaning that CoHsOH is un-
stable when adjacent oxygen is present. More specifically, the oxygen of
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CoH50H strongly undergoes back-donation interactions with substituted
W; the electron transfer from occupied states of W to unoccupied states
of oxygen. The back-donation interactions would fill the antibonding
states of O-H bond, resulting in weakening of this bond. Therefore, O-H
bond cleavage simultaneously occurs when Co;HsOH adsorbs on the W-
Ag surface. From the perspective of kinetics, the dissociative adsorption
of CoHsOH on W-Ag is expected.

3.4.2. Kinetics of Acetaldehyde Formation from CoH50H

With the predicted stable configurations shown in Fig. 5a-e, we
evaluated the kinetics of acetaldehyde formation from CyHsOH. The
dehydrogenation of C;HsOH occurs through reactions with the adjacent
oxygens, and O-H bond cleavage was predicted to be more facile
compared to C-H bond cleavage on the surfaces [49]. Thus, we focused
on the following sequence of dehydrogenation: 1) C;HsOH + O —
CoHs0 + OH, and 2) CoHs0 + O — acetaldehyde + OH. Fig. 5f shows
the energy diagrams of dehydrogenation kinetics from CyHsOH to
acetaldehyde. Our simulations predict that the reactions on all surfaces
show strong exothermicity. On the reference catalyst of Ag-Al,Os, the
O-H bond cleavage was predicted to be thermodynamically and kineti-
cally facile; the reaction needs to overcome the small energy barrier of
18 kJ/mol (AE = - 245 kJ/mol), and the subsequent C-H bond cleavage
generating acetaldehyde is barrier-less kinetics (AE = - 215 kJ/mol).
These simulation results suggest that the Ag/Al;O3 catalyst readily
produces adsorbed acetaldehyde due to the favorable kinetics and
thermodynamics; however, adsorbed acetaldehyde binds excessively
strongly on the surface to desorb from the surface (E,gs = 189 kJ/mol).
The predicted high stability of acetaldehyde corresponds closely to the
experimentally observed low conversion (desorption rate) of acetalde-
hyde from Ag/Al,0s.

On the W-Ag surface of the AgW/Al»O3 catalyst, similar behavior
had been predicted, indicating facile dehydrogenation with strong
binding of acetaldehyde (E;qs = 196 kJ/mol). The W-Ag surface actively
generates adsorbed acetaldehyde, but the surface does not allow acet-
aldehyde to desorb from the surface. Because of the predicted same ki-
netic behaviors of Ag-Al,03 and W-Ag, an identical role can be expected.
However, other factors such as site blocking by other carbon species
(intermediates) potentially affect the reactivity of both surfaces having
similar kinetic behaviors of acetaldehyde formation. To verify the po-
tential of site blocking, the stability of CO (partially oxidized from
ethanol) was evaluated on Ag-Al,O3 and W-Ag surfaces. The simulation
predicts that CO strongly binds on the W site of the W-Ag surface while
CO on the Ag site of Ag-Al,03 has low stability (282 kJ/mol vs. 30.2 kJ/
mol). The results suggest that as CO forms on the W-Ag catalytic surface,
the highly stable adsorbed CO triggers site blocking, thereby hindering
CoHsOH adsorption, while it would not occur on Ag-Al,Os. In other
words, W-Ag is active towards acetaldehyde formation, but the active
sites tend to be poisoned, thereby deactivating the W-Ag phase. In
contrast to the Ag-Al,O3 and W-Ag phases, the Ag metallic phase of the
AgW/Al,03 catalyst provides facile dehydrogenation kinetics and
weaker acetaldehyde adsorption energy (E,gs = 45.4 kJ/mol), suggest-
ing that the Ag metallic phase is attributed to the high conversion of
acetaldehyde of AgW/AlyOs. Therefore, it was computationally
confirmed that the Ag metallic phase plays a critical role in the high
CoHs0H conversion of the AgW/Al,Os3 catalyst.

WO3 provides different dehydrogenation kinetics compared to Ag,
W-Ag, and Ag-Al;03 phases. The initial bond (O-H) cleavage is facile,
but the subsequent C-H bond cleavage is kinetically hindered by the
large energy barrier of 268.5 kJ/mol. The results suggest that the role of
WO3 would lower the acetaldehyde conversion. However, when intro-
ducing Ag atoms on the WO3 surface (Ag-WO3), the acetaldehyde for-
mation becomes much more facile compared to the pristine WO3
surface. More specifically, the initial bond (O-H) and subsequent bond
cleavages do not require kinetic barriers (negligible barrier) with strong
overall exothermicity (AE = - 451.8 kJ/mol). Finally, the generated
acetaldehyde weakly binds on the surface (E,gs = 71.1 kJ/mol),
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resulting in high conversion of acetaldehyde. Such kinetic behavior on
Ag-WOs is similar with the Ag metallic phase. Therefore, it can be
concluded that the experimentally observed high conversion of acetal-
dehyde of AgW/Al»05 catalyst is attributable to active phases of Ag-WOs3
and metallic Ag.

3.4.3. Stabilities of -CN and -NCO

In the in-situ DRIFTS study (Fig. 4b and c), key reaction in-
termediates, -CN and -NCO, were observed on each catalyst. AgW/
Al,O3 reveals higher peak intensities for -CN and -NCO than Ag/Al;0s,
which is believed to be the primary cause for the better deNOy activity of
AgW/Al,0s. To fundamentally support DRIFTS results, the stabilities of
-CN and -NCO on the Ag surface (metallic Ag phase in AgW/Al,03), Ag-
WO3 surface (Ag-WOs interfacial site in AgW/Al;03) and Ag-Al,O3
surface (ionic Ag phase in Ag/Al,03) were evaluated by calculating the
adsorption energies. We did not focus on the absolute values of
adsorption energies because of unstable gas phase levels [CN(g) and
CNO(g)] resulting in the too large adsorption energies. The adsorption
energies and corresponding favored configurations are shown in
Fig. S16. Our simulation predict that -CN and -NCO most stably adsorb
on the Ag/Al;O3 catalyst, and their stability was predicted to be lower
on the AgW/Al,O3 catalyst (Ag-Al,O3 > Ag > Ag-WO3). By comparing
DRIFT data, the computational results show the opposite trend for -CN
and -NCO. These inconsistent results suggest that the population of -CN
and -NCO on both catalysts (observed in DRIFTS) may not depend on
their adsorption stabilities, but on the rate of key reaction steps such as
ethanol hydrogenation. To fundamentally confirm the reaction mecha-
nism from ethanol to -CN and -NCO, further in-depth calculation anal-
ysis is needed, but it is required to explore too many possibilities for
reaction pathways, which has been hardly established for ethanol-SCR
to the best of our knowledge. Therefore, we think that such funda-
mental analysis is beyond the scope of this paper.

4. Conclusion

In this work, we presented the promotional effect of W on the NOy
reduction over Ag/Al;03 by ethanol. AgW/Al;03 revealed strongly su-
perior NOy to Ny conversion compared to the conventional Ag/Al;O3 in
the entire reaction temperature range. This became more pronounced
when the C;/NOy feed ratio was decreased, which is advantageous in
terms of fuel economy. In detail, TEM-EDS and Raman data confirmed
the hierarchical structure of AgW/Al;03, where W was highly dispersed
over Al,0O3, and Ag species was placed on the top of W. Based on STEM
images and O chemisorption data, the average size of Ag in AgW/Al,03
appeared to be higher than that in Ag/Al,O3 indicating the dispersion/
particle size of Ag may not be primary factors determining NOx removal
activity. UV-vis, Ho-TPR, and DRIFT results indicated that the addition
of W enhanced the metallic characteristics of Ag species, resulting in
facile ethanol activation into acetaldehyde, followed by -CN and -NCO
formation, which is crucial for improving the NOy reduction reactivity at
low temperatures. Second, the reaction pathway of NOx to NH3 was
likely to be depressed on AlyOs-covered with W, leading to increased
NOy to Ny selectivity compared to Ag/Al,O3 at moderate temperatures.
Finally, an NHs-assisted DRIFT study revealed that dispersed W impar-
ted a significant amount of Brgnsted acid sites, facilitating ethanol
dehydration to ethylene. The formation of ethylene was believed to be
responsible for the excellent performance of AgW/Al;03 above 400 °C
by suppressing the parasitic oxidation of reductants, as evidenced by
ethanol-TPSR. DFT calculations evaluated the stability of adsorbed
CoHsOH and the kinetics of acetaldehyde formation on Ag/Al,O3 and
AgW/Al,03. The simulations predicted that CoHsOH strongly binds, and
it undergoes facile initial (O-H) and subsequent (C-H) bond cleavages on
both catalysts except for the WO3 phase. Ag-WO3 and metallic Ag, in
which phases can be present in AgW/Al»03, provided weaker stability of
adsorbed acetaldehyde. These results fundamentally confirmed that
AgW/Al,03 is more active toward acetaldehyde conversion than Ag/
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Aly03. Furthermore, the metallic Ag along with Ag ionically bonded
with WO3 was found to be corresponding active phases for high con-
version of acetaldehyde from AgW/Al,Os.
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