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Controlling the surface composition of alloy catalysts can provide an opportunity to improve their activity
and selectivity for a target reaction. However, since the various effects of alloys are often mixed, it is
difficult to maximize the expected benefits of the alloy formation. In the present study, we prepared an IrRu
bimetallic catalyst by using a wetness impregnation method and studied the reaction performance of NO
reduction by CO in the presence and absence of O,. A series of spectroscopic analyses confirmed the
formation of the IrRu bimetallic alloy. Further, we investigate the active-site ensemble effect in the IrRu
bimetallic catalyst that selectively reduces NO to N, using CO as a reducing agent in the presence of
excess oxygen. Mechanistic insight gained through the density functional theory calculations revealed that
the IrRu alloy catalyst has moderate binding energies for all the adsorbates and intermediates, resulting in
the acceleration of critical surface reactions, such as CO oxidation and N-NO disproportionation. In
addition, a series of theoretical surface models suggest that the selectivity promotion on the IrRu alloy
surface originates from the ensemble effect, while ligand and strain effects are detrimental to the catalyst
performance. This study lays the foundation for the design of bimetallic catalysts that can provide maximal
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1. Introduction

Nitrogen oxides (NO,) are emitted in large quantities from
various industrial processes and vehicle exhaust. NO, are not
only hazardous to human health because of their toxicity, but
also harmful to ecosystems and the atmosphere because they
cause ozone layer depletion and acid rain.'™* Selective
catalytic reduction has been widely accepted as a commercial
technology for automotive sectors, particularly urea selective
catalytic reduction (SCR), in which ammonia is used as a
reducing agent to reduce NO, under O,-rich conditions.
Furthermore, this method meets all EURO-VI emission
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promotion of NO reduction with minimal use of precious metals.

standards.” Despite the excellent performance of this
ammonia-based SCR, it has some disadvantages that need to
be addressed. For instance, ammonia slippage could occur,
which produces PM, s air pollutants. Moreover, the use of
urea leads to high operational costs, its dosage in the SCR
system is difficult to control, and it decomposes at a low
temperature of 200 °C.*’ To overcome these problems, many
researchers are trying to find alternative, non-urea-based
reductants for SCR.*°

The CO-assisted SCR (CO-SCR) of NO is more attractive
than the urea-based SCR because CO is generally present in
vehicle exhaust and can be more easily produced by engine
operation compared with other exhaust components, such as
H,. Moreover, recently developed internal combustion
engines, such as homogeneous charge compression ignition
(HCCI) engines, emit relatively high concentrations of CO,"
which can be used as a reductant for NO. The catalytic
reduction of NO by CO is an important process for
automobile exhaust abatement, which requires the catalyst to
have good catalytic activity, high selectivity for N,, and good
catalytic stability under a reductive atmosphere at
temperatures from 150 °C up to 700 °C. The removal of NO,
from oxygen-rich exhaust is extremely difficult for
conventional three-way catalysts (TWCs), as they are designed
for gasoline engine exhaust treatment. Diesel engines must
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be operated in a very narrow, lean-burn range to use TWCs,
and this is a major obstacle preventing the improvement of
their fuel efficiency. This situation has prompted research
into the development of a new catalyst technology that is
capable of reducing diesel engine NO, emissions under lean-
burn conditions."™* Owing to the very strict requirements of
EURO-VI, only precious-metal nanoparticles (e.g., Pt, Pd, and
Rh) supported on honeycomb ceramics are commercially
used for gasoline engine exhaust treatment. However, there
is plenty of potential to replace urea-SCR for diesel exhaust
aftertreatments.>'®

Platinum group metals (PGMs) such as Ir, Ru, Rh, Pt, and
Pd are known as efficient catalysts for NO reduction with
CO,"" H,," NH;>° and hydrocarbons®® serving as
reductants. CO-SCR was first reported by Tauster and
Murrell,”> who measured the catalytic activity of 0.1% Ir/
ALO; (0.1 g) for CO-SCR using a reaction gas mixture
composed of 0.2% NO, 1.0% CO, and 0.75% O, diluted in He
(flow rate of 100 L h™"). They reported that the NO conversion
was as high as 90% at 400 °C. This indicates that NO
preferentially reacts with CO over O,. The interesting catalytic
performance of Ir/Al,O; was explained by NO molecules
being more likely to adsorb onto a surface site than O,
molecules. Other reports®*>2° suggest that Ir is a promising
catalytic component for CO-SCR. Despite the good activity of
Ir, it has a rather high light-off temperature (75,) under lean-
burn conditions. Bimetallic alloys can overcome this
problem, as the second metal can electronically promote
monometallic Ir and express significant synergistic effects. In
fact, a previous report details an alloy synergistic effect that
increased the catalyst activity for NO reduction by CO."® Ru is
a potential promoter candidate for alloy formation with Ir as
it offers good O, tolerance and a low light-off temperature
under lean-burn conditions.>” >’

The mechanism of NO reduction on the surface of PGMs
has been extensively studied, and the following process (eqn
(1)-(7)) is generally accepted:*®>"29732

NO — N + O (NO dissociation) (1)

N + N — N, (N, formation) 2)

N + NO — N,O (side reaction) (3)

N,O — N, + O (N,O decomposition) (4)
NO + N — N, + O (NO disproportionation) (5)
NO + O — NO, (side reaction) (6)

O + R — RO (oxygen consumption, R = CO or H,) (7)

Hence, the suppression of the reactions in eqn (3) and (6)
and/or the promotion of the reactions in eqn (4) and (7) are
required to develop a highly selective NO reduction system.
Theoretical approaches have also been made to predict the
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catalytic activity of PGMs and suggested that a stepped (211)
and/or (111) surface could suppress the reactions in eqn (3)
and (6).****

Alloy formation can affect the -catalytic activity and
selectivity in different ways, altering the geometric or
electronic properties of the system.>®*® In our previous
study,” an IrRu/Al,O; catalyst exhibited an outstanding
performance in the selective, lean NO, reduction by CO.
Although various experimental approaches have revealed the
alloy formation and catalytic properties of the IrRu/Al,O;
catalyst, the origin of its improved catalytic performance has
not yet been identified. In the present study, we synthesized
the IrRu/Al,O; catalyst again and confirmed its lean NO,
reduction performance according to temperature change.
Furthermore, we modeled a series of Ir, Ru, and IrRu-alloy
surfaces using density functional theory (DFT) to elucidate
the origin of the performance changes due to alloy
formation. Through this, we quantified the extent to which
the ligand, strain, and ensemble effects significantly
contributed to the improvement of the catalytic performance.
These findings may provide a basis for designing more active
and selective catalysts through the tuning of their elementary
reaction energetics.’” >’

2. Materials and methods
2.1 Materials

All chemicals were purchased from commercial sources and
used without further purification. Iridium(m) chloride
hydrate (IrCl;), ruthenium(m) chloride hydrate (RuCls), and
y-alumina (y-Al,0;, pore volume of 0.43 mL g ') were
purchased from Strem Chemicals, Inc. The water used in this
experiment was deionized using a Synergy® UV water
purification system.

2.2 Catalyst preparation

Catalysts were prepared by the incipient wetness
impregnation method with a total metal loading of 5 wt%.
An appropriate amount of an IrCl; (or RuCl;) aqueous
solution was added dropwise to y-Al,O;. The resultant
product was dried at 80 °C overnight and calcined at 500 °C
for 5 h under N, and an absolute humidity of 93.3 g m>,
which was designed to completely remove any CI species on

the catalyst surface.

2.3 Characterization

High-resolution powder X-ray diffraction (HR-PXRD) patterns
were obtained with an X-ray diffractometer (Rigaku Smart
Lab) operated at 45 kV and 200 mA using a Cu Ko radiation
source with a wavelength of 1.5418 A. The diffraction
patterns were recorded in the 26 range of 10-90° with a step
size of 0.02°. The patterns were matched to the Joint
Committee on Powder Diffraction Standards (JCPDS) data.
High-resolution transmission electron microscopy (HR-
TEM) and high-angle annular dark-field scanning TEM

This journal is © The Royal Society of Chemistry 2021
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(HAADF-STEM) with elemental mapping were conducted
using a Titan cubed G2 60-300 instrument with an
acceleration voltage of 200 kV. The sample was dispersed
in EMSURE® ethanol with ultrasonic treatment, and the
resulting suspension was dried on carbon-coated TEM
grids.

2.4 Catalyst activity test

The NO, reduction performance of the prepared catalysts was
evaluated in a conventional packed-bed flow reactor with an
inner diameter of 10 mm. A 0.45 mL sample of the catalyst
(particle size of 300-600 um) was placed in the middle of the
reactor, and an advanced engine reaction stream consisting
of 50 ppm NO, 0.7% CO, and 5% O, balanced with N, was
fed with a gas hourly space velocity (GHSV) of 100000 h™". An
O,-free reactant gas mixture was also used to evaluate the
oxygen resistance of the catalyst. The reaction temperature
was continuously increased from 100 °C to 500 °C at a rate of
2 °C min™". Prior to the activity test, the catalyst was reduced
under 10% H,/N, at 450 °C for 2 h. Gas concentrations were
quantified using a Fourier-transform infrared (FT-IR, Nicolet
iS 10, Thermo Fisher Scientific) spectrometer equipped with
a gas cell with a 2 m path length (Thermo Fisher Scientific)
and a deuterated triglyceride sulfate (DTGS) detector. The
NO, concentration, CO conversion, and the selectivities to
NO, and N, were calculated using the following equations

(eqn (8)-(11)):

NO, concentration ([NO,]) = [NO] + [NO,] (8)
NO,/CO Conversion (%) = % x100 9)
o [Noz]out
o) — 1 —“2lout

NO, selectivity (%) [NOJ — [NOJ . %100 (10)

s _ (1 - NO2Joye +2 X[N>0]¢ + [NH3]o
N, selectivity (%) = (1 NOJ, - [NO|__, %100
(11)

Here, [X] represents the concentration of NO, or CO.

2.5 Computational details

The mechanistic investigation into NO, reduction on active
metal surfaces was conducted using DFT with a plane-wave
basis set, as implemented in the Vienna ab-initio simulation
package (VASP).">*" The vdW-DF2 exchange-correlation
functional in the generalized gradient approximation was
employed,**** and the kinetic energy cutoff was set to 450
eV. For the bulk and surface slab calculations, the Brillouin
zone samplings were carried out using Monkhorst-Pack
k-point mesh grids of 16 x 16 x 16 and 4 x 4 x 1, respectively.
The Gibbs free energies (G) of the gas molecules were
calculated under the assumption that they were ideal gases;
thus, their vibrational, translational, and rotational degrees

This journal is © The Royal Society of Chemistry 2021
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of freedom were considered using the following equation
(eqn (12)):

T
Gyus (T\P) = Eetee + Egmg + J CodT-TS (T,P), (12)
0

where E.. is the electronic energy, E,pr is the zero-point
energy, Cp, is the constant-pressure heat capacity, and S is the
entropy. On the other hand, the AG of the adsorbent was
calculated under a harmonic limit, in which only the
vibrational degree of freedom was considered, using the
following equation (eqn (13)):

3N
&
Gadsorbate (T7P) = Eelec + EZPE + Z e : =TS (T)’ (13)
i

&i kg T — 1

where N is the number of atoms, ¢; is the energy associated
with the vibrational frequencies, and kp is the Boltzmann
constant. FEejee, Ezps, Cp, and S were obtained using the
thermodynamic partition function, which is well documented
in the literature.*> Face-centered cubic Ir (111)*¢ and
hexagonal close-packed Ru (001)"” phases were chosen for
the model surface structures because they exhibited the
lowest surface energies among the corresponding surface
structures. A 4 x 4 x 1 atomic surface slab with four atomic
layers was constructed to simulate the Ir (111) and Ru (001)
surfaces (see Fig. S1 in the ESIt). The bottom two layers were
fixed at a bulk equilibrium position while the surface two
layers were optimized by the electronic structure. A vacuum
thickness of 15 A was applied for all the surface slab models.
To simulate the IrRu alloy system, Ru-doped Ir (Ir;Ru,) and
Ir-doped Ru (Ir;Ruj) structures were constructed with 25%
dopant concentration (see Fig. S2 in the ESIf). To determine
the catalyst intrinsic activity, electronic and geometric effect
studies were carried out by studying the ligand-, strain-, and
ensemble-effect phenomena.*®*° The O,-rich conditions were
simulated by adding an oxygen atom to the adjacent site of
the adsorbates (see Fig. S3 in the ESIf). The binding energy
of an adsorbate (A) to a catalyst surface was calculated in
terms of the free energy of adsorption using the following
equation (eqn (14)):

GB.E. of A~ Gsurface+A - (Gsurface + GA)y (14)

where Ggyrface+a, Osurfaces and G, denote the free energies of
the total adsorbed system, the relaxed clean surface, and the
gas phase molecule A, respectively. We report the adsorption
energies at the most stable site after testing various
adsorption sites.

The transition-state energies for the CO-O, N-O, N-CO,
N-N, NO-N, 0-0O, NO-O, C-0O, and N,-O bond formation (or
decomposition) steps on the Ir (111), Ru (001), IrzRu; (111),
and Ir;Ru; (001) catalyst surfaces were determined using the
climbing-image nudged elastic band (CI-NEB) and dimer
methods®® > (see Fig. $24-S32 in the ESIt). All the transition
states were verified by the vibrational frequency analysis at
the saddle point showing single imaginary frequency.

Catal. Sci. Technol., 2021, 11, 4353-4366 | 4355
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3. Results and discussion
3.1 Catalyst structure

Fig. 1 shows the HR-PXRD patterns of the catalysts prepared
in the present study. The Ir/Al,O; and Ru/Al,O; catalysts
showed typical face-centered cubic and hexagonal close-
packed structures, respectively, for their corresponding metal
crystals. Ir/Al,O; showed sharp peaks at 26 values of 40.6°,
47.2°, and 69.1°, indicating that metallic Ir possesses a large
crystallite size (31.6 nm calculated from Ir(111)).
Contrastingly, Ru/Al,O; showed broad peaks at 20 values of
42.3°, 44.1°, and 84.7°, indicating that the crystallite size of
Ru is relatively small (8.3 nm calculated from Ru(101)). In the
case of the IrRu/Al,O; catalyst, the distinct peaks belonging
to the Ir and Ru crystals disappeared, and broad peaks were
observed between the Ir and Ru peaks. For instance, the
peaks shown at 40.9° and 83.2° of the IrRu/Al,O; are located
between Ir(111) and Ru(101), and between Ir(211) and
Ru(212), respectively. This suggests that lattice expansion or
shrinkage occurs because of the IrRu alloy formation. The
estimated lattice constants of IrRu/Al,O; based on the
hexagonal close-packed structure are summarized in Table 1.

HR-TEM analysis was also carried out for the reduced
catalysts to observe the alloy formation phenomena (Fig. 2).
As expected, the HR-TEM image of the Ir/Al,O; catalyst
showed large Ir crystals that grew in one direction, resulting
in a rod-like structure. The length of the longer direction was
greater than 300 nm. The Ru particles of Ru/Al,O; were much
smaller than the Ir particles of Ir/Al,O;, appearing in lumped
clusters with a size of approximately 300 nm. However, the
metal particles of the IrRu/Al,O; catalyst were even smaller
than those of the Ru/Al,O; catalyst. The lattice spacing and

View Article Online
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energy-dispersive X-ray spectroscopy (EDS) mapping indicated
the formation of the IrRu bimetallic catalyst system. That is,
the lattice spacing of the metallic particles of IrRu/Al,O; was
2.2 A, which was not defined in both pure Ir and Ru
structures, and EDS shows that Ir and Ru are well mixed in
the same observation region.

3.2 Catalyst activity

The CO-assisted NO reduction activities of the prepared
catalysts were observed with and without the presence of O,.
The NO conversion as a function of temperature without O,
is shown in Fig. 3. For Ru/Al,O;, NO was converted to N, at a
temperature of 100 °C and reached 100% conversion at 210
°C. IrRu/Al,O; showed similar behavior to Ru/Al,O; but
provided the same conversion of NO at a temperature 10-20
°C higher than that required by Ru/Al,O;. The activity of Ir/
Al,O; was the lowest among the three catalysts, converting
only half of NO at a temperature (Ts,) of 290 °C, at which
both the Ru and IrRu catalysts showed 100% NO conversion.
We noted that CO converted NO to N, without any side
products, such as N,O or NO,, which was not seen with the
other catalysts prepared in the present study. Since the CO
concentration was much higher than that of NO, CO
conversion was almost negligible during our investigation.
The reaction results in the presence of O, are shown in
Fig. 4(a-d). Unlike the reaction without O, (Fig. 3), the NO,
conversions that include both NO and NO, consumption
exhibited two peaks at ca. 200 °C and ca. 400 °C for all three
catalysts (Fig. 4(a)). Ir/Al,O; showed the first NO, conversion
peak at 230 °C, with a maximum conversion of 59.3%. Ru/
Al,O; exhibited a similar trend, but the first NO, conversion
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Fig. 1 High-resolution powder X-ray diffraction (PXRD) patterns of the reduced catalysts. Reduction was carried out at 450 °C for 1 h in 5% H,. (a)

Overall, (b) 35-50° enlarged, and (c) 80-90° enlarged HR-PXRD spectra.
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Table 1 Comparison of the experimental and theoretical lattice constants of the catalysts
Catalyst HR-PXRD lattice constants (A) Model DFT lattice constants (A) Metal Reference”
1r/Al,O; a=b=c=3.845 Ir a=b=c=3.987 Ir (ref. 53) a=b=c=3.839
Ru/AlLO, a=h=2.704,c=4.24 IrsRu, a=hb=c=3.905 Ru (ref. 54) a=b=2705,c=4.280
IrRu/Al,O4 a=hb=2.813,c=4.394 Ru a=b=2.786,c=4.397

Ru,Ir, a=h=2.801,c=4.424

“ Experimental values reported in previous studies.

peak shifted towards a higher temperature at approximately
260 °C. The maximum NO, conversion of Ru/Al,O; (84.6%)
was higher than that of Ir/Al,O;, but its high performance
was only observed over a narrow temperature range since the
conversion rapidly decreased as the temperature rose. The
NO, conversion of IrRu/Al,O; was also higher than that of Ir/
Al,O3, but wunlike Ru/Al,O;, it maintained its good
performance over a wide temperature range. IrRu/Al,O;
showed a T;, of 160 °C and a maximum NO, conversion of
89.6% at 212 °C. When the NO conversions were observed
separately (Fig. 4(b)), they exhibited similar trends to those of
NO,, particularly for IrRu/Al,0;. The notable difference
between the NO, and NO conversions by the pure Ir and Ru
catalysts was that the decreases in the NO conversion after
the first peak were less significant than those seen in the
NO, conversion. The formation of NO, from 250 °C
(Fig. 4(d)) was responsible for the decrease in the NO,
conversion.

As shown in Fig. 3, and suggested previously, CO plays an
important role in NO reduction, serving as a reducing agent
to remove surface O species. Thus, the CO oxidation activity
of a catalyst is closely related to its low-temperature NO
reduction performance. As shown in Fig. 4(c), the IrRu/Al,O;
catalyst shows 100% CO conversion at a temperature of 172
°C, which is in accordance with the temperature at which the
NO reduction started and is the lowest temperature for 100%
conversion among those of the catalysts prepared in this
study. The temperatures for complete CO oxidation over the
Ir/Al,0; and Ru/Al,O; catalysts were 228 °C and 254 °C,
respectively, which are also consistent with the temperature
at which NO reduction was activated for each catalyst.

As the reaction temperature increased above 250 °C, the
NO conversion decreased for all three catalysts. This is
because of the absence of CO, which was completely
consumed by the formation of CO,. As a result, surface O
species were no longer removed during the reaction and they
started to oxidize the surface. When the reaction temperature
increased further, to above 300 °C, the oxygen concentration
on the surface increased and NO began to oxidize as well,
forming NO,. It is noteworthy that the IrRu/Al,O; catalyst
started to produce NO, at a temperature 40-50 °C higher
than those of the other catalysts, and the amount of NO, it
produced was much smaller than that provided by the other
catalysts. This suppression of this side reaction allowed the
IrRu/Al,O; catalyst to show a high NO, conversion, even at a
reaction temperature above 300 °C.

This journal is © The Royal Society of Chemistry 2021

The results of the aforementioned O,-rich NO reduction
reaction are summarized as follows:

1. At temperatures below 200 °C, the NO reduction ability
of a catalyst is determined by its CO oxidation activity, which
removes surface O species produced by NO dissociation.

2. At temperatures above 250 °C, the absence of CO allows
the surface to be oxidized and NO starts to oxidize. The
suppression of this side reaction leads to a high NO,
conversion.

3. The IrRu/Al,O; catalyst exhibited a broad temperature
window for NO, conversion due to its rapid CO oxidation and
slow NO oxidation rates in the low- and high-temperature
regions, respectively.

In a later section, the performance of the IrRu alloy
catalyst will be discussed by comparing the DFT energetics of
individual reactions associated with CO-assisted NO
reduction.

3.3 DFT energetics

To study the activity and selectivity of CO-assisted NO
reduction over the Ir, Ru, and IrRu-alloy catalysts, the
energetics of a series of elementary reactions were analyzed
using DFT calculations. Prior to the reaction energy analyses,
we generated Ir- and Ru-rich alloy surface models that closely
resembled the experimental surface. These were prepared by
substituting 25% of the Ir or Ru bulk atoms with another
element, which gave surface models Ir;Ru; and Ruslry,
respectively (Fig. S1 and S27). After DFT optimization of their
bulk alloy structures, the lattice constants of Ir;Ru; and Rugs-
Ir; were changed by —2.06% and +0.58% relative to the pure
Ir and Ru structures, respectively, as summarized in Table 1.
Regardless of the bulk structure identified by XRD, the most
stable surface orientation was expected to be exposed.
Therefore, the surface orientations of Ir (and Ir-rich alloys)
and Ru (and Ru-rich alloys) were chosen as (111) and (001),
respectively, due to the lowest surface energy.

The reaction sequence was considered to follow the order
of adsorption, intermediate formation, product formation,
and desorption. Hereafter, the gas and surface species of
each atom or molecule are denoted with (g) or *, respectively
(e.g., those of NO are denoted as NO(g) and NO*). According
to a previous report,® the formation of O*, N*, N,0* and
NCO* could occur; thus these species were considered as
possible intermediates in our processes. NO,(g), N,(g), and
CO,(g) were calculated as the main gas products. In addition

Catal. Sci. Technol, 2021, 1, 4353-4366 | 4357
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Fig. 2 High-resolution transmission electron microscopy (HR-TEM) images of the Ir/Al,Os, Ru/Al,Os, and IrRu/Al,O3 catalysts obtained after
reduction at 450 °C in 10% H,/N,. Energy-dispersive X-ray spectroscopy (EDS) mapping results of the IrRu/Al,O3 catalyst are also shown at the

bottom.

to the catalysis calculations for clean surfaces, those at sites
with adjacent O* species were calculated to simulate the
lean-burn (O,-rich) conditions. The configuration of the O*
adatom and the adsorption sites for the reactions are shown
in Fig. S3-S7.f We note that the location of the O* adatom
was not derived from the surface coverage calculations,
which require additional microkinetic analysis. Instead it was
placed as close as possible to an adsorbate unless they do

4358 | Catal. Sci. Technol, 2021, 11, 4353-4366

not react with each other. However, the approach is sufficient
to qualitatively describe the effect of the adjacent oxygen on
the reaction energy profile. The reaction energies and
corresponding activation barriers for all the elementary steps
on clean and O*-covered (O,-rich) surfaces are summarized
in Table 2.

Among the four clean surfaces modeled in the present
study, Ru and Ir showed the most favorable adsorption of

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 NO reduction results obtained without O, Reaction conditions:
T = 100-500 °C; P = 1 bar; 50 ppm NO, 0.7% CO balanced with Np;
GHSV = 100000 h™*,

NO(g) and CO(g), respectively. The dissociative adsorption of
0O, was calculated to be most exergonic on the Ru surface
(=5.96 eV), showing a relatively small kinetic barrier of 0.97
eV. This explains the poor O, tolerance of the Ru catalyst,
which, along with its facile surface oxidation, results in it
demonstrating the lowest activity (as shown in Fig. 4). The
presence of O* at the adjacent sites weakened the adsorption
energies for most cases, but the extent was dependent on the
adsorbate and surface composition. The alloy surfaces
exhibited adsorption energies between those of pure Ir and
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Ru surfaces. As expected, the adsorption energies of the Ir-
and Ru-rich alloys tended to be closer to those of the pure Ir
and Ru metals, respectively.

NO* can form intermediates through three processes: N*
and O* by direct dissociation, N,O* by recombination, and
NO% by oxidation. Similar to what was observed with the
adsorption energies, the alloy surfaces exhibited intermediate
reaction energies and activation barriers between those of the
Ir and Ru surfaces in both the presence and absence of
adjacent O*. Among the three possibilities of intermediate
formation, NO* direct dissociation appeared to be the most
favorable, showing exergonic behavior for all the clean
surfaces. The endergonic energetics for the formation of N,O
and NO, in the absence of O, are consistent with the
experimental results in which these intermediates were not
detected (Fig. 1). The Ru and Ru-rich alloy surfaces showed
favorable NO dissociation energies compared to the Ir and Ir-
rich alloy surfaces. On the other hand, the Ir and Ir-rich alloy
surfaces were calculated to be beneficial for the
recombination (N,O formation) and oxidation (NO,
formation) of NO. This is due to the strong adsorption of NO
and O on the Ru surface, resulting in bond-breaking
reactions. If the Ru surface is crowded by adsorption species,
bond-forming reactions, such as recombination and
oxidation, may occur as on the Ir surface. In the presence of
adjacent O*, NO* decomposition occurred more easily, while
the formation of N,0* and NOj became more difficult, as
shown in Table 2.
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Fig. 4 NO reduction results obtained in the presence of O,. (a) NO, conversion, (b) NO conversion, (c) CO conversion, and (d) NO, concentration.
Reaction conditions: T = 100-500 °C; P = 1 bar; 50 ppm NO, 0.7% CO, 5% O, balanced with N,; GHSV = 100 000 h™™.

This journal is © The Royal Society of Chemistry 2021

Catal. Sci. Technol,, 2021, 11, 4353-4366 | 4359


https://doi.org/10.1039/d1cy00744k

Published on 21 June 2021. Downloaded by Korea Advanced Institute of Science & Technology / KAIST on 9/3/2021 1:40:23 AM.

Paper

View Article Online

Catalysis Science & Technology

Table 2 Reaction free energies and activation energies for possible reactions over Ir, IrsRuy, Ruslry, and Ru surfaces (T = 200 °C; P = 1 bar)

Reaction energy” (eV)

Clean O*-Covered
Reactions Ir Ir;Ruy Ru;lIry Ru Ir Ir;Ruy Ru;lIry Ru
Gas adsorption NO(g) + * — NO* -1.00 -1.23 -1.43 -1.70 -0.63 -1.08 -1.38 -1.66
CO (g) + * — CO* -0.73 -0.68 -0.56 -0.35 -0.50 —-0.09 -0.31 -0.47
O,(g) + * — 20* -3.72 -3.44 —-5.02 -5.96 -2.76 -3.71 -4.87 -5.81
(1.31) (0.81) (0.97) (0.97) (1.06) (0.81) (1.01) (0.99)
NO NO* — N* + O* -1.05 -0.93 -1.85 -2.35 —-0.44 -1.05 -1.78 -2.28
dissociation (1.20) (0.76) (1.03) (0.90) (1.09) (0.99) (0.93) (0.87)
N,O formation NO* + N* — N,O* 0.83 (1.56) 1.29(1.83) 1.89(1.97) 2.48(2.62) 0.14(1.10) 1.13(1.83) 1.75(2.07) 2.41(2.47)
NO, formation NO* + O* — NO¥ 1.02 (0.70) 1.12 (1.51) 1.76 (2.47) 2.28 (2.45) 0.43 (0.36) 1.25 (1.51) 1.67 (1.94) 2.25 (2.67)
CO CO* — C* + O* 1.59(3.84) 1.53(3.79) 1.06(3.08) -0.27 2.23 (4.24) 0.97 (3.79) 0.99(3.28) -0.03
dissociation (2.38) (3.26)
NCO formation N* + CO* — NCO* 1.19 (1.54) 1.05(0.94) 0.88(1.76) 0.67(1.48) 0.72(0.97) 0.36(0.94) 0.58(1.40) 0.80 (1.64)
CO oxidation CO* + O* — CO,(g) —-0.82 -1.01 -0.34 -0.08 -1.53 -1.47 -0.67 -0.03
(1.49) (0.57) (1.09) (1.71) (0.60) (1.09) (1.16) (1.65)
N, formation N,O* — Ny(g) + O* -3.13 -2.41 -3.83 -4.31 -2.83 -3.26 -3.26 -4.25
(0.81) (0.94) (0.05) (0.28) (0.94) (0.69) (0.43) (0.12)
N* + N* — N,(g) -1.25 -0.75 -0.08 0.52 (2.31) -2.24 -1.08 -0.18 0.44 (2.20)
(2.42) (2.22) (2.08) (2.39) (2.31) (2.24)
N* + NO* — Ny(g) + -2.30 -1.68 -1.94 -1.83 -2.69 -2.13 -2.13 -1.84
o* (1.82) (1.95) (1.56) (1.28) (1.99) (1.75) (1.58) (1.44)

“ Activation free energy for an individual reaction is provided in parentheses.

CO* can also form C* and O* by its direct decomposition
and NCO* by its reaction with N*. CO, gas can be produced
by simple CO* oxidation via reaction with O*, which is
available as a result of the decomposition of NO*. Among
these CO*-related reactions, CO, formation was the most
favorable for all the catalysts, regardless of the presence of
O* adatoms. Among the catalysts, the Ru surface exhibited
the highest activation barrier with an endergonic reaction
nature, while the Ir-containing catalysts offered spontaneous
reaction thermodynamics with relatively low activation energy
(E,) barriers. This suggests that the Ru catalyst has poor
activity for O* removal by the CO* oxidation reaction under
both lean- and rich-burn conditions due to its high O*
affinity. These reaction energetics explain the experimental
CO oxidation results shown in Fig. 4(c), where CO oxidation
had begun at low temperatures and the onset temperature of
Ru/Al,O; was retarded compared to those of the other
catalysts. Since the direct CO dissociation reactions are
thermodynamically unfavored on all the catalyst surfaces,
they are not involved in the following mechanism study.

Finally, N, formation can occur through three reaction
pathways: (1) N,O dissociation, (2) N-N recombination, and
(3) N-NO disproportionation. Although the N,O dissociation
exhibited very negative reaction energies with a small
activation barrier, it may not be the main route of N,
production because N,O is very difficult to form, as discussed
above. The reaction energies of the N-N recombination
reactions are near zero and tend to become negative as the Ir
content increases, but they show rather high activation
energies ranging from 2.08 to 2.42 eV. The N, production
through N-NO disproportionation reactions is highly
exergonic on all the catalytic surfaces with lower activation
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barriers than those of the N-N recombination reactions. The
O* produced via NO disproportionation can be removed by
CO* oxidation with small kinetic barriers. The NO
disproportionation reaction can be considered as the rate-
determining step, as it showed the highest activation barrier
among the reactions comprising the catalytic cycle of the CO-
assisted NO reduction.

Reaction energy profiles were plotted (Fig. 5) by
combining the most plausible routes for each of the reactants
to observe how the reaction energetics changed throughout
the catalytic cycle. In the case of the surface without O*
adatoms (Fig. 5(a)), Ir shows weak NO and CO adsorption
compared to Ru. Even though the overall reaction free
energies are negative (spontaneous) for this reaction, the
activation barriers for NO decomposition and N-N-O
disproportionation appeared to primarily hinder the kinetics.
This phenomenon is particularly noticeable for Ir, where the
reactants are weakly adsorbed. The Ru surface offers strong
binding for most of the adsorbates, which makes this catalyst
inactive because of the difficult desorption energetics. The
Ir;Ru; and Ruglr; alloy model surfaces exhibit intermediate
energetics between those of the Ir and Ru surfaces for most
of the elementary reactions. This suggests that alloy
formation is beneficial in this reaction by providing modest
adsorption strengths.

For the O*-covered surfaces (Fig. 5(b)), the overall energies
along the reaction coordinate were shifted upward. In
particular, the NO and CO adsorption reactions on the pure
Ir and Ir-containing alloys were largely weakened compared
to those on the pure Ru surface. This resulted in the alloy
compounds exhibiting moderate energy levels to promote
catalysis, which fell between those of the Ir and Ru surfaces.

This journal is © The Royal Society of Chemistry 2021
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The energy change caused by the presence of O* at
neighboring sites on the surface nicely explains the
experimental results shown in Fig. 3 and 4, where the alloy
catalyst showed better NO, removal performance than the
pure Ir and Ru catalysts under lean-burn conditions. The
energy changes of the four models under other conditions
are shown in the ESIf (Fig. S9 and S10). To elucidate the
origin of the alloy effect on the energy profile in the presence
of neighboring O*, further DFT calculations were carried out
using three different imaginary systems: ligand, strain, and
ensemble.

3.4 Dominant effect of the alloyed surface

The alloying of metals may result in important changes in
their catalytic activity and selectivity. Alloyed surfaces may
demonstrate multiple effects at once; for instance, the
hybridization of the electronic structure between two
elements (ligand effect), changes in the tensile or
compressive lattices (strain effect), and modifications of the
adsorption configuration by altering the heterogeneity of the
surface component (ensemble effect).*” Because each of these
effects can have a significant impact on the catalyst activity
and selectivity, determining whether each effect is positive or
negative would provide critical insight for designing more
effective catalysts. In the present study, we constructed three
different structures to characterize the three aforementioned
effects and determined which one predominantly influenced
the IrRu alloy structure (see Fig. S8 in the ESI}).

This journal is © The Royal Society of Chemistry 2021

To simulate the alloy surface where only the ligand effect
is observed, the second layer of the Ir slab was replaced with
Ru and vice versa. In the case of the strain-applied model, the
lattices of pure Ir and Ru slabs were compressed by 2.06%
and elongated by 0.58%, respectively, according to the DFT-
optimized bulk alloy structures. The ensemble effect can be
studied by modelling several surface geometries,”® but in this
study, we simply doped the counter-metal monomer into the
surface layer of the host slab. The ligand, strain, and
ensemble effects on the NO reduction energetics in the
presence of O* adatoms are illustrated in Fig. 6, where the
directions of the changes in binding energy are indicated by
arrows based on the adsorption strength of NO and CO.

Fig. 6(a) shows the reaction energy changes induced by
the ligand effect. On the Ir surface, where the second layer
was substituted with Ru (Ir-Ruy), the overall energies shifted
upward with respect to pure Ir, indicating weakened binding
energies. In contrast, the Ru-Ir;; model showed bolstered
adsorption. These phenomena can be explained by the
charge transfer from Ru to Ir, which was confirmed by Bader
charge analysis®” (Fig. S1 and S2t). For instance, the increase
in the Ir charge density led to a downshift of its d-band
center and lowered the number of electrons donated and
back-donated between the Ir metal and adsorbed CO (or
NO).SS'SQ

The strain-applied models (Fig. 6(b)) showed similar
trends to the ligand models. The Ir model with compressive
strain (Irgy.in) showed binding energies for NO and CO that
were weaker than those provided by the parent-Ir models.
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Fig. 6 Subdivided effects of alloy formation on the CO-assisted NO reduction in the presence of O* adatoms. (a) Ligand effect, (b) strain effect,
and (c) ensemble effect. Surface models are shown in (d). T = 200 °C and P = 0.1 MPa. The green and orange arrows indicate the adsorption

energy shift on Ir and Ru, respectively, induced by the alloying effects.

Contrastingly, the Ru model with tensile strain (Rugain)
showed stronger binding energies than the parent-Ru
models. These findings are consistent with previous
reports,””*®%%1 which also stated that compressive and
tensile strains applied to transition metals weakened and
strengthened their binding energies to adsorbates,
respectively. This is likely because of the alterations in the
surface electronic structure.

In the case of the surface ensemble model (Fig. 6(c)), the
energy changes were mostly the opposite of those shown by
the previous two cases. That is, the Ir surface doped with a
Ru monomer (Ir-Rue,s) showed stronger binding energies for
NO and CO than the pure Ir surface, while the Ru surface
doped with an Ir monomer (Ru-Ir.,s) showed weaker binding
energies for the same adsorbates than the pure Ru surface.
As a result, the reaction energy profiles of both ensemble
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Fig. 7 Local density of states projected onto the d-band of (a) surface Ir and (b) surface Ru atoms. Band centers are indicated. (c) Configurations
of reactants and intermediates on pure metal surfaces and ensemble-model surfaces.
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models were located between pure Ir and Ru, which are
almost identical to those of the bulk alloy models (Fig. 5(b)).

The energy changes of the three models under other
conditions are shown in the ESIf (Fig. S11-S19). It is
noteworthy that the trends of energy change are all similar
regardless of the reaction temperature or the presence of
surface oxygen.

The d-band centers of the surface Ir and Ru atoms are
shown in Fig. 7(a) and (b), respectively. As expected from the
direction of the binding energy shift (Fig. 6 and discussion
above), the d-band center of the surface Ir moved down as
the ligand and strain effects were applied, which resulted in
the weakened adsorption. In contrast, the alloying effects
showed an upshift of the Ru d-band, strengthening the
adsorption. We note that the d-band shifts due to the
ensemble effect were not that significant compared to the
other two. Instead, as shown in Fig. 7(c), the surface
heterogeneity changed the adsorption mode of the
adsorbates, which affects the adsorption energy in a different
way than the d-band shift does.

In Fig. 6(a) and (b), the energy of some reactions changed
in a different direction than the NO and CO binding
energies. Quantifying the extent of energy change along with

2.0
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the overall reaction path may help to identify how much each
effect contributes to the catalytic performance. We assumed
that the ideal IrRu alloy would show an energy profile located
exactly on the median values (E;q) of pure Ir and Ru
catalysts. The mean energy differences between the E,;q and
the energy value of each alloy model with and without
neighboring O* are shown in Fig. 8(a) and (b), respectively.

Among the various alloy models, Ru-Ir.,s showed the
closest energetics to the Ep,jq with a mean difference of —0.07
and —0.22 eV in the absence and presence of neighboring O*,
respectively. Models in which the ligand or strain effects were
applied did not necessarily reduce the difference between
their energy levels and the E,,;q value. For instance, the Ir;-
Ru; and Ruzlr; models, where ligand, strain, and ensemble
effects were implemented together, showed energy levels that
were largely different from the E,,;q value. Furthermore, this
difference was larger than that between the E,,;q value and
the energy level of the Ru-Ire,s model that only employed the
ensemble effect. Accordingly, the superior performance of
the experimentally synthesized IrRu alloy catalyst for CO-SCR
is mostly due to the ensemble effect.

We note that the ensemble model also includes ligand
effects. However, when only the ligand effect occurred
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independently, the overall energy profile (Fig. 6(a)) and the
resulting kinetic barrier (Fig. 8) did not change toward
accelerating the catalytic reaction. Therefore, the effect of
promoting the catalytic reaction by the alloy formation is
mostly due to the surface ensemble.

The activation energy (E,) values among the catalytic
models for the three important elementary reactions of CO-
SCR, including N-O dissociation, CO-O oxidation, and N-NO
disproportionation, are illustrated in the absence and
presence of surface oxygen in Fig. 8(c) and (d), respectively.
Regardless of the presence of surface oxygen, N-NO
disproportionation appeared to determine the overall
reaction rates for most of the catalyst surfaces. However, the
Ru, Ru-Irjjg, and Rug,in models showed the highest barriers
to CO-O oxidation. Since the E, exponentially affects the
reaction rate, it is better to have evenly moderate kinetic
barriers for several stages than to have a particularly high
kinetic barrier for one specific reaction. For example, the
reaction rate of Ruzlr;, which has comparable E, among
reactions, will be faster than that of Ir, whose N-NO reaction
clearly limits its reaction rate. In this context, it can be
expected that alloy catalysts with an ensemble effect will be
advantageous for the CO-SCR reaction. The energy changes of
the models under other conditions are shown in the ESIT
(Fig. S20-S23).

Summarizing the above results, the improved CO-SCR
performance of the IrRu alloy catalyst is due to the effect of
counter metals present on the surface rather than the effects
of ligands or strain. That is, changes in the electron density
due to ligands or strain are detrimental to the catalyst
performance. However, the presence of a surface heteroatom
alters the adsorption configurations and improves the
catalytic performance.

4. Conclusion

We synthesized Ir/Al,0;, Ru/Al,O3, and IrRu/Al,O; catalysts
using a wetness impregnation method and studied the
reaction performance of NO reduction by CO in the presence
and absence of O,. IrRu/Al,O; shows excellent catalytic
activity under lean (O,-rich) burn conditions and offers high
NO, conversion as well as good N, and CO, selectivity. To
investigate its intrinsic activity (ca. 90% NO, conversion at
200 °C), we examined the catalyst structure using HR-PXRD
and HR-TEM characterization techniques and confirmed the
IrRu/Al,O; alloy catalyst formation. To understand the
mechanism behind the catalyst activity, we performed DFT
calculations for all the viable elementary steps and drew their
energetics. From the DFT energetics, we came to understand
that the IrRu alloy offered optimal energetics for NO
reduction by CO under O,-rich conditions, promoted NO
dissociation, and suppressed side reactions, such as NO, and
N,O formation. This resulted in high N, selectivity via the
NO disproportionation reaction pathway. The DFT
calculations also showed that the IrRu catalyst promoted the
CO oxidation reaction with a low E, barrier, which is the key
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elementary step for low-temperature CO-SCR. By stimulating
the CO oxidation reaction, the IrRu catalyst also improved its
O, tolerance even though O, dissociation was still favorable.
The poor O, tolerance was the main reason for the low
activity of the Ru/Al,O; catalyst, where the active site was
occupied by surface O* species. Moreover, the DFT
calculations revealed that the ensemble effect plays a key role
in promoting the reactivity of the IrRu alloy. Based on this
study, we suggest that making the IrRu surface alloy is better
for CO-SCR than forming an alloy over the bulk structure.
Employing this idea could provide catalysts that efficiently
reduce NO with minimal use of precious metals.
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