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Ir-Ru/Al,O3 developed has shown an outstanding activity for reducing NOx by CO at low temperature in excess
oxygen. However, it has remained elusive how the Ir-Ru catalyst derives this unique reactivity. Here, we tried to
unveil the origin of the synergistic effect in the Ir-Ru catalyst on the lean deNOx by CO. Ir-Ru/Al,03 showed
superb NOx reduction activity along with high N, selectivity compared to monometallic catalysts. Results of
EXAFS and XRD studies indicated the formation of Ir-Ru alloy phases on the alumina. These alloy phases were
likely to accelerate reaction steps required for the NOx reduction by CO, based on temperature programmed

experiments together with DFT calculations. Ir-Ru/Al,O3 appeared to effectively dissociate NO on the bimetallic
site, which could successively be reutilized by the facile CO-O reaction, believed to be the primary causes for the
excellent deNOx activity of Ir-Ru/Al,O3 by CO under lean exhaust condition.

1. Introduction

Anthropogenic emissions of greenhouse and toxic gases by burning
fossil fuels have become a world-wide issue with global climate change
and air pollution during the past several decades. Knowing that trans-
port is one of the primary source of these gases, considerable efforts
have been devoted to regulating vehicle emissions along with a fuel
economy. However, internal combustion engines are still necessary in
the powertrain of the automobiles because of issues of cost and infra-
structure required for next generation vehicles which do not use fossil
fuels directly for propulsion. In this aspect, diesel engine technology
may be highly attractive in terms of CO, mitigation, since it funda-
mentally operates at higher efficiency than its gasoline counterpart. In
fact, the fleet average CO, emissions of new passenger cars in EU, which
had decreased monotonously for roughly a decade, rebounded from
2017, possibly due to the decrease of the diesel market share together
with a shift of consumer preference toward sport utility vehicles (SUVs)
[1]. Similarly, lean-burn gasoline engines would provide another way
of improving fuel economy. However, those highly efficient combustion
technologies have been basically suffering from the emission of NOx in
oxygen rich operation.
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Selective catalytic reduction of NOx by urea (urea-SCR) has been
commonly recognized as one of the most reliable ways of reducing NOx
in an oxygen rich condition owing to its high activity and durability,
which has been carried out to satisfy strengthened exhaust emission
regulations [2]. However, urea-SCR still has some drawbacks such as
high cost, complexity of the system, and periodical refill of urea solu-
tion by users [3-5]. Moreover, its low-temperature functionality is
significantly limited by an incomplete urea decomposition at below
200°C [4]. Because of these disadvantages of urea-SCR, many re-
searchers have tried to utilize non-urea (NHs3) reductants such as en-
gine-produced counterparts and/or fuel hydrocarbon itself [6-8].

A lean NOx trap (LNT) system is one of the commercially available
deNOx technologies without an external reductant supply, capable of
dealing with NOx emission in low-temperature ranges. However, this
system requires complex engine control switching between lean/rich
conditions to remove stored NOx/SOx periodically [9]. Using on-board
hydrocarbon as a reductant (HC-SCR) may be an alternative strategy for
removing NOx [6,10], but poor deNOx performance has been an ob-
stacle to its practical implementation to the after-treatment system
[11]. Another deNOx technology using H, reductant suffers from both
poor N, selectivity and a narrow operating-temperature window,
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although it would reduce NOx at low temperature [7].

Moving our attention to other available exhaust gas constituents,
CO is the most abundant reductant, of which the engine-out con-
centration can be easily manipulated by controlling post-injection of
fuel during combustion thanks to common-rail systems. The emission of
CO further increases with the use of advanced combustion technologies
such as HCCI (homogeneous charge compression ignition) for high
energy efficiency with low NOx emissions [12,13]. NOx reduction by
CO has long been well utilized in emission control systems using three-
way catalysts (TWC). However, this works only when operating under a
stoichiometric condition. In fact, CO is prone to be uselessly consumed
in a fuel lean condition due to its high reactivity with O, compared to
other reactants such as HC and NHs. Thus, it is difficult to use CO for
selective NOx reduction in after-treatment systems of diesel and lean-
burn engines, where excess O, exists in the exhaust. This is why a
number of previous studies dealt with the NOx-CO reaction under O»-
free conditions [14-16].

Despite less selectivity of CO toward NOx reduction in the presence
of O, some studies have been conducted on a CO-derived deNOx
process under a lean condition, which is called CO-SCR [17-20]. Ha-
neda et al. explored a possible catalyst component for CO-SCR and
found that Ir supported on SiO, was active in the presence of O, and
SO, [17]. Wang et al. also reported the superiority of Ir as an active
component for CO-SCR [18]. Further improved CO-SCR activity was
reported with an Ir catalyst containing W and Ba, which became more
active by adding H, into the feed stream [19,20]. However, although
the Ir catalysts were relatively favorable for CO-SCR compared to other
catalysts, its activity occurred in a narrow temperature range with poor
NOx to N5 conversion below 200 °C [7]. Thus, CO-SCR with Ir catalysts
has not been proven as a promising candidate to replace urea-SCR,
which shows almost complete conversion of NOx to N, at 200 °C [21].

However, a novel catalyst for lean NOx reduction by CO was re-
cently developed [22], incorporating Ir and Ru on alumina to obtain a
bimetallic catalyst configuration. The Ir-Ru/Al,O3 catalyst was very
active for the NOx reduction by CO at low temperatures (< 200 °C) and
showed almost comparable activity to urea-SCR under a lean condition,
considering its application associated with advanced combustion tech-
nologies emitting relatively lower NOx and higher CO concentration
than conventional analogues [12,13]. Moreover, this catalyst was
thermally stable without any loss of Ir or Ru upon oxidative thermal
aging simulating fleet vehicle mileage of 120,000 miles. In addition,
Song et al. [23] recently showed that the deNOx activity over Ir-Ru/
Al,03 depends on its chemical composition. They reported that an Ir-Ru
alloy was formed on that catalyst, which possesses an extraordinary
catalytic property, as compared to the case with dual sites consisting of
independent Ir and Ru metal particles. The high reactivity of this cat-
alyst system has newly brought attention to NOx reduction by CO for
automotive lean NOx application. However, it is still unclear how the
Ir-Ru bimetallic catalyst derives distinct low-temperature functionality
via NOx reduction by CO, especially under the lean condition.

In the present study, Ir-Ru/Al,O5 catalysts were tested and char-
acterized to elucidate the origin of their high activity in lean NOx re-
duction by CO. We systematically compared physicochemical proper-
ties of an Ir-Ru bimetallic catalyst to those of monometallic
counterparts containing either Ir or Ru, along with their surface ad-
sorption-reaction features. We tried to rationalize the synergism

Table 1
The properties of the catalysts employed in this study.
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between Ir and Ru stemming from the alloy structure, on the basis of
careful investigation of multiple elementary reaction steps over each
catalyst for lean NOx reduction by CO including NO dissociation and
surface-covering oxygen removal. Finally, our experimental results
have further been verified by computational calculations using density
functional theory (DFT).

2. Experimental
2.1. Catalyst preparation

Noble metal supported catalysts were prepared by the incipient
wetness impregnation method using gamma alumina (STREM, 97.7 %,
BET surface area = 200 m?2/g) as a support. Alumina support was se-
lected due to its high stability (thermal and chemical) proven in a
variety of applications along with its relatively lower price, both of
which are essential prerequisites for the real field application. Active
metal precursors were iridium (III) chloride hydrate (Alfa Aesar, 99.9 %
metals basis) and ruthenium (III) chloride hydrate (Alfa Aesar, 99.9 %
metals basis). In brief, metal precursors were dissolved in distilled H,0O,
the amount of which was calculated based on the pore volume of the
support. The metal precursor solution was then mixed with Al,O3 to
make an aqueous slurry. As-made catalysts were dried at 110 °C over-
night, and subsequently calcined at 500 °C for 5 h. In particular, the Ir-
Ru bimetallic catalyst was prepared by the co-impregnation method
with a 1:1 molar ratio of Ir and Ru. Note that all three catalysts contain
the equivalent number of total metal atoms, regardless of the metal
type. The total metal content was set to 3.05wt.% for Ir-Ru/Al,0s3,
given deNOx activities between 150 and 200 °C depending on metal
loadings (Fig. S1). Details of the metal contents in the prepared cata-
lysts are described in Table 1. It is also noteworthy that the pore
properties of the calcined catalysts are similar to the bare alumina
(Table 1), indicating that pore blocking/plugging during the PGM im-
pregnation is trivial.

2.2. Activity measurements

The NOx reduction activity of each catalyst by CO was evaluated in
a packed bed powder reactor system under steady state conditions
maintaining the reaction temperatures at each set point for 30 min.
Catalyst powder (0.225 mL) was charged in a SUS tube reactor with a
total gas flow rate of 750 mL/min, corresponding to gas hourly space
velocity (GHSV) of 100,000 h™?. Prior to the activity test, the catalyst
was reduced at 450 °C for 1h in 10 % H,/N, for its activation as pre-
viously reported [23,24]. The standard reaction feed stream for lean
NOx reduction by CO consisted of 50 ppm NO, 0.7 % CO, 5% O, 10 %
H,0, and N, balance, simulating the automotive exhaust for advanced
combustion engines, i.e. relatively low NOx concentration with an
abundant amount of CO [13,23]. The compositions of the feed were
sometimes changed depending on a type of reaction. Inlet and outlet
gas concentrations were monitored by FT-IR (Nicolet iS 10, Thermo
Fisher Scientific) equipped with a deuterated triglycerine sulfate
(DTGS) detector and a gas cell of 2m path length (Thermo Fisher Sci-
entific). NOx (NO + NO,), CO conversions and NO, and N, selectivity
of the reaction were calculated by the following equations:

Catalyst Theoretical PGM content (wt.%) BET surface area (m?/g) Total pore volume (cm®/g) CO chemisorption (Hmol/gcas) Dispersion (%)
Al,O3 - 210 0.48 - -

Ir/A1,03 4.00 197 0.47 11.0 5.3

Ru/Al,03 2.10 198 0.44 7.7 37
Ir-Ru/Al,03 2.00 (Ir), 1.05 (Ru) 196 0.44 13.8 6.7
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NOx/CO Conversion (%) = Xl = [Xou x 100
[XJin (A1)
NO, selectivity (%) = [NO2Jou % 100
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[NO2)ous + 2 X [N20]ous + [NH3]ous
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N, selectivity (%) = (1 — ) X 100

(A.3)

* [X]: concentration of NOx or CO
2.3. Catalyst characterization

The pore properties of the catalysts was determined from the N,
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 de-
gassed for more than 12h at 623 K under a vacuum condition. A CO-
chemisorption analysis was carried out to relatively compare the metal
dispersion. After the catalysts were pretreated at 450 °C for 1h in a 10
% Hy/Ar flow, the temperature was cooled to 50 °C with He, and then a
fixed amount of 5% CO/He gas was injected periodically into the cat-
alysts until the adsorption saturation.

The crystal structure of each catalyst was determined by the X-ray
diffraction (XRD) and the extended X-ray absorption fine structure
(EXAFS) analysis. X-ray diffraction data were collected using a Rigaku
Rotaflex with a wavelength of 1.54059 A (Cu). The powder sample was
placed evenly on a quartz holder. Scans ranged from 20° to 80° with a
0.02° step size and a 1°/min step rate. The EXAFS spectra of the Ir L3-
edge were obtained at room temperature in fluorescence mode at 7D
XAFS beamline of Pohang Light Source (PLS). The obtained EXAFS data
were normalized and fitted by using Athena and Artemis software. The
theoretical path of Ir-Ir was calculated from the structure of bulk Ir
metal (fce structure). The Ir-Ru path was calculated by replacing Ir with
Ru in the Ir fcc structure.

In situ diffuse reflectance infrared transform spectroscopy (DRIFTs)
experiments were conducted to identify surface adsorbed species on the
catalysts using a Nicolet 6700 spectrometer equipped with a mercury
cadmium telluride (MCT) detector cooled by liquid N, and a commer-
cial DRIFT cell (PIKE, DiffuselR). DRIFT data were collected in the
Kubelka—Munk format with 32 scans averaged per spectrum at 4
cm ™!, Prior to each experiment, the catalyst was pretreated under the
same conditions to the activity measurements. It was then exposed to
reactants such as CO, NO, and O,.

Temperature-programmed experiments were conducted on an
AutoChemlIl 2920 (Micromeritics). For the temperature-programmed
desorption (TPD) analysis, each catalyst was first pretreated at 450 °C
for 1h in 10 % H,/Ar to obtain a reduced form, and subsequently
purged with He while being cooled to 175 °C. The reduced catalyst was
then exposed to 30 mL/min of 500 ppm NO/He feed mixture for 1 h at
the same temperature. Once this feed was injected, the real-time signals
of gas species started to be detected by a mass spectrometer (HPR-40,
HIDEN). After the NO adsorption, the catalyst was purged with He to
remove the physiosorbed species. Finally, the temperature was in-
creased up to 900 °C with a 5°C/min ramping rate. To investigate the
reactivity of CO with surface-covering oxygen dissociated from NO,
similar steps to NO-TPD experiments were performed. 50 ppm NO/N,
feed was flowed to the reduced catalyst for 1h at 175 °C, followed by
purging with N,. The temperature was then raised to 400 °C under a N,
flow for desorbing all NO molecules while keeping surface-covering
oxygen from NO dissociation, based on the previous NO-TPD results.
After the catalyst was cooled to 50 °C with N, the feed was changed to
0.7 % CO/N,, and then the temperature was increased up to 400 °C
once all gas concentrations were stabilized. In the meantime, the con-
centration of CO, generated mostly by the reaction between CO and
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chemisorbed oxygen was measured by a FT-IR spectrometer (Nicolet iS
10, Thermo Fisher Scientific).

2.4. Computational details

Periodic density functional theory (DFT) calculations were carried
out using the vdW-DF2 functional [25] as implemented in the Vienna
Ab-initio Simulation Package (VASP) [26]. The valence density was
expanded in a plane wave basis set with a kinetic energy cutoff of
450 eV. The convergence criterion was set to 10~ eV and the effect of
the core electrons in the valence density was taken into account by
means of the projected augmented wave formalism. The Ir (111), Ru
(001) and 25 % Ru-doped Ir (Ir3Ru;) surfaces were simulated by
creating a 4 X 4 x 4 supercell slab model, which was separated by a
vacuum region of 10 A to avoid interaction between periodically re-
peated slabs. Prior to building the surface structure, bulk Ir (Fm-3 m),
Ru (P63/mmc), and L12 structured Ir3Rul alloy (Fm-3 m) were opti-
mized and resulted in lattice parameters close to the experimental va-
lues (Ir, a=b = ¢ =3.987; Ru, a =b = 2.786, ¢ = 4.397). For the
bulk and surface slab calculations, the Brillouin zone samplings were
carried out using a Monkhorst-Pack k-points mesh grid of 16 X 16 X 16
and 4 x 4 X 1, respectively. During the geometry optimizations, the
positions of the adsorbates and of the Ir, Ru, and IrsRu; atoms of the
two uppermost layers were allowed to fully relax. The free energy of
reaction, AG, was calculated using the following equation

AG = AE + AZPE + A [ G,dT — TAS B.1)

where, AE, ZPE, C,, T, and S denote the an-initio energy difference
between the initial and final states, the zero-point energy, the heat
capacity, temperature, and entropy, respectively. Transition states for
N—O bond scission, O—CO bond formation, N—N bond formation, and
N—NO recombination on catalyst surfaces were calculated using the
climbing-images nudged elastic band (CI-NEB) method. Confirmation of
the transition state structure was carried out by a vibrational frequency
analysis where transition states show single imaginary frequency. Free
energies of gas and adsorbed species were calculated under the ideal
gas limit and harmonic limit, respectively, assuming reaction conditions
of 175°C and 0.1 MPa.

3. Results and discussion
3.1. Catalyst activities for lean NOx reduction by CO

Presented in Fig. 1 is the NOx reduction activity of the three cata-
lysts, Ir/, Ru/, and Ir-Ru/Al,03, under the standard feed stream simu-
lating the exhaust gas of advanced combustion engines. The Ir-Ru bi-
metal catalyst supported on Al,O3; reveals superior NOx reduction
performance over both Ir and Ru monometallic counterparts in the
entire reaction temperature, despite that the molar content of PGM was
the same in all catalysts. In particular, the Ir-Ru/Al,O3 catalyst achieves
91 % NOx conversion at 175 °C, while no activity is observed over the
monometallic analogues. NOx conversion over Ir-Ru/Al,O3; decreases
with the increase of reaction temperature from 175 °C attributed to the
formation of byproduct NO,, as depicted in Fig. 1(d). Although the NO,
selectivity of Ir-Ru/Al,O3 has become nearly 40 % at 300 °C, it is still
lower compared to the case with the other two catalysts. The N,O
concentration over Ir-Ru/Al,O5 is also described in Fig. 1(d). N,O is
produced below 5 ppm over the entire reaction temperature, resulting
in high N, selectivity of Ir-Ru/Al,03 below 250 °C. Indeed, the N, se-
lectivity of Ir-Ru/Al,O3 is calculated as 78 and 89 % at 175 and 200 °C,
respectively (NH; was not observed in all conditions). Moreover, the
effect of other exhaust gas components (Hy, C3Hg) on the deNOx ac-
tivity of Ir-Ru/Al,O3 appeared to be negligible at 200 °C (Fig. S2). Given
the long-term durability of the Ir-Ru catalyst under the lean condition
reported elsewhere [24], a high probability would be expected that this
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Fig. 1. (a) NOx, (b) NO, and (c) CO conversion, and (d) N,O concentration and NO, selectivity over Ir/, Ru/ and Ir-Ru/Al,O5 catalysts. Feed composition: 50 ppm
NO, 0.7 % CO, 5% O, 10 % H,0, and N, balance. GHSV = 100,000 h™'. Catalyst pretreatment: 450 °C for 1h in 10 % Hy/N,.

catalyst would work well in the after-treatment system once CO can be
sufficiently utilized. In the case of the CO reactivity, the bimetallic
catalyst shows distinct behavior (Fig. 1(c)). Ir-Ru/Al,O3 is capable of
almost 100 % CO conversion at 175 °C, whereas the Ir or Ru mono-
metallic catalyst shows a value only below 10 %. More interestingly,
both CO oxidation and NOx reduction reactions start to be activated
over Ir-Ru/Al,O3 at a similar temperature, comparing Fig. 1(a) with (c).
These unique features of Ir-Ru/Al,0O3, i.e., a high CO oxidation rate and
similar light-off temperature for CO and NOx, are likely to be associated
with its high NOx reduction performance, as will be discussed later.

From the results of the activity test, the synergistic effect of Ir and
Ru on low-temperature lean NOx reduction by CO has been confirmed,
consistent with the previous results [22,23]. Indeed, the Ir-Ru/Al,03
catalyst showed a much higher TOF and lower apparent activation
energy for the NO conversion under the NO—CO—O, reaction condi-
tions, compared to the monometallic catalysts (Fig. S3). This implies
that the reaction kinetics of the Ir-Ru bimetallic site may be quite differ
from the monometallic counterparts under the lean deNOx condition.
According to a previous study [23], both NOx and CO conversions over
the physical mixture of Ir/Al,O3 and Ru/Al,O3 could never meet those
over Ir-Ru/Al,03, indicating that the synergism between Ir and Ru may
originate from their interaction within the molecular level.

To better understand the details of lean NOx reduction by CO re-
action over the Ir-Ru catalyst, simple-feed tests have also been con-
ducted (NO—CO and CO—O, reactions), as depicted in Fig. 2. In the
NO—CO reaction, Ru/Al,03 shows 36 % NO conversion at 175 °C,
comparable to Ir-Ru/Al,03;. However, as can be seen in Fig. 1, no ac-
tivity was exhibited over Ru/Al,03 under an O,-containing feed con-
dition (standard feed). This indicates that the feature of surface Ru has
been significantly changed upon the addition of O, in the feed stream.
Indeed, a Ru supported catalyst is reported to have higher O, affinity on
its catalytic surface than other platinum group metals counterparts
[27]. This surface-covering oxygen can diminish the deNOx ability of
Ru/Al;03, as will be discussed later. As shown in Fig. 2(b), the CO
conversion of Ru/Al,O3 is higher under a CO-O, condition than a

standard feed condition containing NO. This might be due to the
competitive adsorption of NO and CO, since strongly adsorbed NO on
the Ru site could interfere with the adsorption of CO [28]. In addition,
increased oxygen coverage on the Ru surface originated from the dis-
sociation of NO might be another reason. Indeed, the NO decomposition
reaction is reported to occur over the Ru-based catalyst [29,30]. The
abundance of oxygen on Ru can hinder the CO oxidation reaction [31].
Even under a reducing or mild oxidizing condition, an increase of O,
concentration is not highly beneficial for the CO oxidation over Ru,
compared to other platinum group metals following the first order ki-
netics on O, [32].

On the other hand, NOx conversion of Ir-Ru/Al,03 is higher under
the standard feed condition (NOx conv. = 91 %) than that under the
NO—CO condition (NOx conv. = 38 %), which is opposite to Ru/Al;05.
This means that not only does Ir-Ru/Al,0O3 have superior O, tolerance,
but also O, has a positive impact on NOx reduction over Ir-Ru/Al,0s.
Moreover, Ir-Ru/Al,O3 shows outstanding activity of CO oxidation
(Fig. 2(b)). Almost 100 % CO conversion is achieved even at the reac-
tion temperature of 125°C. As previously mentioned, since the NOx
reduction occurs simultaneously with the CO conversion under the
standard feed condition (Fig. 1), the high activity of CO oxidation can
be one of the reasons why lean NOx reduction by CO favorably occurs
over Ir-Ru/Al,O3 in the low temperature region.

Unlike the other catalysts, Ir/Al,O3 has similar light-off temperature
for NO under both standard and simple-feed (NO—CO) conditions. This
means that poisoning effect of O, seen in the Ru monometallic catalysts
is not noticeable in the Ir monometallic catalyst, although the reductant
CO has been aggressively consumed by the oxidation reaction. This
feature is likely why Ir catalyst has been extensively studied as the CO-
SCR catalysts. However, Ir/Al,O3; exhibits the lowest NO—CO re-
activity, from which it can be inferred that NO activation on the Ir site
is more difficult than with other catalysts. Also of interest is that the CO
oxidation activity under a simple-feed condition over Ir/Al,O5 is quite
similar to the case with the full-feed counterpart (Figs. 1(c) and 2 (b)).
Two possible explanation can be made for this catalytic behavior as
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balance. GHSV = 100,000 h™. Catalyst pretreatment: 450 °C for 1 h in 10 % Hy/N,.

follows: (1) The competitive adsorption of CO over NO is trivial on the
Ir surface, and/or (2) The dissociation of NO into oxygen and nitrogen
does not occur effectively on the Ir surface, the latter of which is un-
suitable for the NO reduction by CO [33,34]. In order to understand the
catalytic behaviors of those three samples, they were analyzed by
various characterization tools, as will be shown in the next sections.

3.2. Structural and physicochemical properties of Ir-Ru catalysts

XRD patterns of the catalysts were obtained to gain information on
crystal structures. Shown in Fig. 3(a) are the diffraction patterns of the
catalysts reduced at 450 °C. Ir/Al,O3 has a fcc (face-centered cubic)-
structured metallic Ir phase, as evidenced by diffraction peaks at 40.6
and 47.1° corresponding to the Ir (111) and Ir (200) plane, respectively
[35,36]. The Ru monometallic catalyst shows a diffraction peak at
44.1°, assigned to Ru (101) in an hcp (hexagonal close-packed) structure
[35,36]. Ir and Ru diffraction peaks are observed individually in the Ir-
Ru bimetallic catalyst pre-reduced at 450 °C, and these peaks become
clearer when being reduced at 850 °C due to the growth of the crys-
tallite size. However, the Ir diffraction peak of Ir-Ru/Al,O3 is shifted to
a slightly higher angle than that of Ir/Al,03 (40.6°), indicating that the
lattice parameter of the Ir phase of Ir-Ru/Al,O3 is shrunk slightly
[37,38]. The change of the lattice parameter is likely due to the for-
mation of a fcc-structured Ir-Ru alloy [36,38]. Although the molar
concentrations of both Ir and Ru are identical in Ir-Ru/Al,O3, the Ir-Ru
alloy does not seem to be homogenous, since the XRD patterns of
equimolar Ir-Ru alloy should appear at a 2 theta between Ir and Ru
diffraction peaks according to Vegard's rule. Thus the crystallite struc-
ture corresponding to the diffraction peak of Ir-Ru/Al,O3 at around 41°
can be attributed to the Ir-Ru alloy enriched by Ir. The shift of the Ir

(a) Ir(111) Ru(101) Ir(200)

IrRU/ALO,

Intensity

Ir/ALO,

IrRu/Al,05 (850°C, red.)

diffraction peak to a higher angle is caused by the reduction of the
lattice parameter due to the partial substitution of the Ir atom with the
smaller Ru analogue [37,38]. Upon the addition of Ir, similarly, the
diffraction of Ru (101) spreads to a slightly lower angle, indicative of a
Ru-enriched alloy in a hcp arrangement, due to the fractional replace-
ment of Ru atoms by the Ir counterpart. Therefore, both Ir-rich and Ru-
rich metallic Ir-Ru alloys appear to exist in the Ir-Ru/Al,O3 catalyst.
Although the quantitative contribution of the two alloy phases on the
deNOx activity was not fully determined in this study, both Ir rich and
Ru rich phases are considered to be responsible for the high deNOx
activity compared to Ir only and Ru only phases [23]. A TEM-EDS
analysis was carried out to investigate the distribution of Ir and Ru in
the Ir-Ru/Al,O5 catalyst (Fig. S4). Although these two metals are not
evenly distributed, the overlap of Ir and Ru may have been brought by
the metal alloy thereof.

For a further examination of the structure of Ir-Ru/Al,03, EXAFS
analysis of Ir Ls-edge was conducted, and the profiles of Fourier
transform (FT) of k3 weighted EXAFS oscillations are represented in
Fig. 3(b). Ir/Al,05 shows the FT profile, which closely matches the bulk
sample of Ir metal in terms of both the intensity and position of the
peaks, in particular between 2 and 3 A, corresponding to the first
neighboring atom of Ir. In addition, Ir/Al,O3 does not have a significant
peak at 1.6 A attributed to the first neighboring atom of O, in contrast to
the IrO, reference. These mean that the crystal structure of Ir metal in
Ir/Al,0s5 is similar to the bulk metallic Ir. On the other hand, the overall
trend of the FT profile of Ir-Ru/Al,O3 is analogous to that of the stan-
dard Ir metal sample, but the peak positions are shifted and the in-
tensity is significantly lowered compared to the Ir metal, demonstrating
that the local environment around the Ir atom has been changed. These
differences in the FT profile are likely due to the formation of Ir-Ru
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Ir/Al,0;

Ir metal

[FT] of K3y (k)
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Fig. 3. (a) XRD patterns and (b) EXAFS Fourier transform of ex-situ reduced Ir/, Ru/, and Ir-Ru/Al,O3.
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Table 2
EXAFS fitting results of Ir Lz-edge of reduced Ir/ and Ir-Ru/Al,Os.
Catalyst Shell CN R (A) R-factor (%)
Ir/Al,03 Ir-Ir 11.0 £ 1.5 2.70 + 0.01 1.12
Ir-Ru/Al,03 Ir-Ir 7.7 £ 1.9 2.69 + 0.02 1.68
Ir-Ru 2.5 = 2.0 2.68 = 0.02

alloy [36,39]. To analyze the local structure of Ir in detail, EXAFS curve
fitting has been carried out. The measured and fitted data are plotted
together in Fig. S5, and the fitting results are summarized in Table 2.
EXAFS of Ir/Al,05 was fitted well (R-factor = 1.12 %) with only the Ir-
Ir path. The coordination number (CN) of Ir-Ir was estimated as 11,
reflecting a bulk Ir metal structure in Ir/Al,O5 as described above.
However, both Ir-Ir and Ir-Ru paths should be taken into account to
satisfy the EXAFS fitting of Ir-Ru/Al,Os, indicating the existence of
Ir-Ru bonding in Ir-Ru/Al,03. The CN expected from the Ir-Ru bulk
ratio (1:1 mol ratio) is quite different from the fitting results. The CN of
Ir-Ir path is 7.7, which is much higher than that of the Ir-Ru path
(CN = 2.5). Therefore, an Ir-enriched Ir-Ru alloy can be deduced as the
local structure of Ir, which is in line with the XRD results.

The crystallite structure of each catalyst without H, pretreatment
was also analyzed by XRD as shown in Fig. 4(a). Ir/Al,O3 calcined at
500 °C in air flow shows IrO, phase, while RuO, phase is detected on
Ru/Al,03 [19,40]. The peaks of Ir-Ru/Al,03 (calcined in air flow) ap-
pear almost at the center between IrO, (101) and RuO, (101) peaks,
indicating the formation of homogeneous solid-solution even in the
oxide form. This solid-solution mixed oxide structure has been also
confirmed by the TPR result (Fig. 4(b)). The reduction feature of Ir-Ru/
Al,O3 (calcined in air flow) by H, appears as nearly single peak, the
position of which is between the cases with of Ir/Al,05 and Ru/Al,05.
This is probably due to the reduction of Ir-Ru solid-solution mixed oxide
phase, in line with XRD. Although the oxide form of PGM metals have
been known to be inactive for NOx reduction by CO [7,19], the for-
mation of an active Ir-Ru metal alloy originates from this mixed oxide.
The H, pretreatment may then induce the reconstruction of metal
oxides followed by the alloy formation [41].

Ir alloyed with Ru is reported to be thermodynamically feasible
compared to that with other platinum group metals such as Pt, Pd, and
Rh [42]. When the bimetallic alloy is formed, both the adsorption
property and surface chemistry of reactants are prone to be changed
significantly compared to the case with the monometallic phase, mainly
attributed to two aspects, strain and ligand effects. The lattice para-
meter and bonding length of the monometallic phase can be changed
upon the strain induced by its partial substitution with other metals,
leading to the alteration of their electronic orbitals [42]. In addition,
the intrinsic electronic property of each metal can be changed by the

Intensity (a.u.)
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presence of another nearby metal, possible due to their interaction with
each other, which is called the ligand effect [42]. On the other hand,
the pretreatment with H, is reported to induce the surface enrichment
and ordering of Ir atoms in Ir-Ru alloy [43]. In that case, the ligand
effect might play a predominant role in changing the surface chemistry
on the Ir-Ru alloy, since the top layer of Ir atoms are only under strain
in the vertical direction, leading to a surface lattice parameter that is
unchanged from the monometallic case [42]. Further study including
computational calculations is required to clearly elucidate these effects
related to the Ir-Ru alloy. Nonetheless, these electronic effects are likely
to induce alterations of the adsorption property and surface chemistry
of reactants on each catalyst, as will be discussed in the following
sections.

3.3. Surface adsorbed species of the catalysts

The adsorbed species on the surface of the catalysts was investigated
under the NO—CO—O, reaction condition using in situ DRIFTs. Note
that H>O was excluded in the reaction feeds to prevent peak noises by
moisture in the IR cell. Notably, H,O has a trivial impact on the NOx
reduction activity in the Ir-Ru catalyst system, as shown Fig. S2. Before
the measurement, each catalyst was reduced under the same conditions
as in the activity test and cooled under a N, flow to 150 °C. After sta-
bilization of the DRIFTs cell temperature, a gas mixture composed of
NO—CO—0, was fed for 1h, followed by purging with N, for 1h.
Fig. 5(a) shows the DRIFT spectra of each sample exposed to the
NO—CO—O0, feed. The peaks corresponding to gaseous CO are observed
in 2220—2050 cm ™!, of which the low wavenumber range is over-
lapped with IR bands attributed to CO adsorbed onto catalysts. The
adsorbed species can further be clearly identified after each sample has
been purged with N», as described in Fig. 5(b). The peaks due to linear-
CO on the metallic sites (Irand Ru®) were observed at 2004-2086
[17,44,45]. The several peaks related to C—O vibration on each catalyst
may be indicative of either multiple adsorption sites (linear and bridge
types) [46,47] or the presence of co-adsorbed species such as OH, O, Cl,
and NO [17,48,49]. The peaks between 1873 and 1795cm ™! can be
interpreted as linear-bonded NO on atop sites, which have higher vi-
brational frequency than that associated with bridge and hollow
counterparts [50,51]. In addition, the broad band with multiple peak
shoulders are observed in the region below 1600 cm™'. It can be
guessed that these peaks are related to carbonate- and nitrate-type
species associated with both alumina and metallic sites, although they
are difficult to discriminate due to their peak position overlapping with
each other [52-54].

Between Ir/Al,03 and Ru/Al,0s3, a significant difference is observed
in terms of the NO peak position, whereas the Ir-Ru bimetallic catalyst
reveals both features. In detail, Ru/Al,03; shows NO adsorption peaks at
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Fig. 4. (a) XRD patterns and (b) H,-TPR of oxidized Ir/, Ru/, and Ir-Ru/Al,O3.
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much higher wavenumber (1873 cm™Y) compared to the case with Ir/
Al,05 (1795 cm ™ 1). This is well matched to the peak position reported
for NO on the oxygen-covered Ru metal, whereas it would appear at a
lower wavenumber around 1800 cm™?! in the case of an oxygen-free
surface [44,55]. Similarly, the vibrational frequency due to NO ad-
sorbed on Ir metal may be higher than that observed over Ir/Al,O3 in

this study, when the surface is oxidized [56]. This peak shift of NO
induced by the surface oxygen is clearly observed in the IR spectra of Ir-
Ru/Al,03 exposed to various feed compositions (Fig. 6). The peak at
1870 cm ™! is dominantly observed in the NO flow (Fig. 6(a)), which
might be due to the oxygen-covered surface via the dissociation of NO.
The intensity of this peak has become more pronounced when O, flow
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is added possibly due to the dissociative adsorption of O, (Fig. 6(b)).
With the NO + CO feed condition (Fig. 6(c)), in contrast, another peak
at much lower wavenumber (1780 cm ™) is prominently exhibited,
indicating that the metallic phase was well maintained possibly due to
the removal of surface oxygen by CO. In the case of NO + CO + O, flow
(Fig. 6(d)), the reaction condition of lean deNOx by CO, both peaks of
1780 and 1870 cm ! are exhibited obviously. In other words, oxygen-
covered and oxygen-free surfaces coexist over Ir-Ru/Al,O5; under this
reaction condition. Indeed, the electron-withdrawing oxygen can re-
duce the electron density of nearby metals, which facilitates the do-
nation of electrons from NO antibonding molecular orbital to their local
d-band. This results in the strengthening of the N—O bond, and thereby
the blue-shift of the NO stretching vibrational frequency [55,57]. Given
this, it might be anticipated that Ru/Al,O3 is covered by oxygen more
readily than Ir/Al,O3 under the feed condition (NO — CO-0O,), which is
highly unfavorable for the NOx reduction by CO. Another possible ex-
planation of the difference in the NO adsorption band between both
catalysts would be the effect of molecules neighboring NO [17,58].

On the other hand, the DRIFTs results can give hints suggesting the
reaction pathway of lean NOx reduction by CO over Ir-Ru/Al,Os.
Indeed, the CO—NO adsorption properties of our catalysts do not ap-
pear to correlate well with their deNOx activity. Although both NO and
CO appeared to be simultaneously adsorbed well on the surface of the
Ru catalyst, there was no deNOx activity (Fig. 1(a)). This might imply
that the direct reaction between NO and CO with the Langmuir-Hin-
shelwood mechanism is unlikely to be predominant over the catalysts.
A similar conclusion, a low possibility of direct NO—CO reaction, has
been reported for Pd and Rh catalysts in the literature [34,59]. Ex-
cluding the direct NO—CO reaction pathway, another route involving a
NCO intermediate and its subsequent reaction with NO [NCO* + NO*
— N, (g) + CO, (g)] can be proposed as the reaction pathway of NOx
reduction by CO [17,33,54]. However, none of the catalysts showed an
IR band at around 2240 cm ™" that is supposed to appear when NCO
species exist [60,61], as depicted in Fig. 5(a). Some research groups
suggested that these NCO species on metals reveal IR vibrational fre-
quency at around 2180 —2200 cm ™! [17,45]. In this case, it cannot be
directly detected in our DRIFT study, mainly due to the peak overlap
with CO gases (2220 —2050 cm ™). However, these NCO species are
known to move readily from metals to supports [46,62-65]. As shown
in Fig. 5, the IR band corresponding to AI-NCO was not observed as well
(2240 —2280 cm 1), which should be stable as a spectator [46,66-68].
Similar results have been obtained even after changing the reaction
temperature to 175 °C (Fig. S6), where the highest deNOx performance
was observed. Thus, we might be able to rule out the NCO-related re-
action mechanism for lean NOx reduction by CO over Ir-Ru/Al;03.

A“NO dissociative model” initiated from NO decomposition might
then be a reasonable pathway of lean NOx reduction by CO over Ir-Ru/
Al,03. Indeed the dissociation of NO over Ir-Ru/Al,O3 could be sug-
gested from the DRIFTs experiment with NO flow (Fig. 6(a)). As men-
tioned earlier, the predominant presence of the peak at around
1870 cm ™~ ! may demonstrate that NO can be dissociated into N and O
atoms readily, of which the latter continues to accumulate on the sur-
face leading to the blue shift of NO adsorption peak. Recently, a similar
suggestion was reported by Kondoh et al. [33], who claimed that the N*
+ N* reaction is the dominant pathway to N, formation during the
course of NO reduction by CO over the Ir (111) surface. This reaction
mechanism does not require any reaction intermediate induced by CO,
such as NCO.

3.4. NO adsorption and dissociation thereof

When the NO reduction directly proceeds without reaction inter-
mediates induced by CO such as NCO, the following reaction steps may
be mainly involved [46,69]:

NO (g) — N* + O* [Dissociation of NO] (C.1)
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N* + N* — N, (g)[Recombination of surface N] (C.2)
O* + CO* — CO5 (g) [Reduction of surface O] (C.3)

The reduction of NO into N, can also occur via NO dis-
proportionation [50,69] instead of reaction (C.2).

N* + NO* — N, (g) + O*[NO disproportionation] (C.49

He et al. reported that that the reaction (C.2) is more favorable for
NO reduction than the reaction (C.4), based on the DFT calculations
and microkinetic analysis over Ir(100). However, Nakamura and
Fujitani claimed that the NO disproportionation (C.4) occurs over Ir
(111) at lower temperature compared to the recombination of surface N
(C.2) [69]. In either case, the reduction of NO should be initiated with
its dissociation into N and O atoms on the catalytic surface, which has
been recognized as one of the rate-determining steps for the NO re-
duction by CO [33,34].

The adsorption of NO and dissociation thereof on the catalysts were
investigated through NO-TPD experiments, as described in Fig. 7. The
adsorption step of NO-TPD was conducted under a 500 ppm NO/He
flow at 175 °C, followed by He purge at identical temperature, and then
the desorption step ramping up the temperature up to 900 °C, while
real-time signals of outlet gases were recorded by mass spectroscopy
(Fig. 7). The amount of NO desorbed over Ir/Al,03 throughout purging
and desorption periods is equivalent to 96 % of that consumed during
the adsorption step, as listed in Table 3. That is, NO dissociation rarely
occurred on the Ir monometallic site. In contrast, Ir-Ru bimetallic and
Ru monometallic catalysts exhibit a much lower NOg4e/NOo, ratio
(about 60 %) than Ir/Al,03. This implies that NO can be dissociated
more readily on Ir-Ru and Ru sites, which is more highly favorable for
the NO—CO reactivity than Ir/Al,03, as shown in Fig. 2(a). According
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Table 3
The quantification of consumed and desorbed NO during the NO-TPD analysis.
Catalyst NO consumption (umol/  NO desorption NO des. /NO
8cat) (umol/gear) con. (%)
Ir/Al,03 34.1 32.9 96
Ru/Al,05 12.5 7.6 61
Ir-Ru/Al,03  46.7 27.7 59

to previous reports, Ir metal can adsorb NO at atop, bridge, and hollow
sites [70], of which the latter readily breaks the N—O bond, resulting in
its dissociation into N and O atoms on the surface [50,69]. Thus, Ir/
Al;O3; might possess a smaller amount of available hollow sites than
Ru/Al,03 and Ir-Ru/Al,03. In addition, NO appeared to be adsorbed
also at atop sites of all catalysts, as observed earlier in the DRIFT study
(Fig. 5). For NO at the atop site, its direct dissociation may be less fa-
vorable than the indirect route involving its diffusion toward the hollow
site followed by subsequent dissociation thereon [50]. A high diffusion
barrier at atop sites might then be another reason for the low NO dis-
sociation ability of Ir/Al,0Os. Of course, the intrinsic reactivity of those
sites may also depend on the electronic properties of metals themselves.
Despite that the ratios of NOgye/NO¢,, of Ir-Ru/ and Ru/Al,O3 are si-
milar, the area of consumed NO is significantly different. In detail, the
area of consumed NO was 3.7 times higher in Ir-Ru/Al,03 than in Ru/
Al,O3. This difference might be due to the higher dispersion of active
metals on Ir-Ru/Al,O3 (Table 1) and the change of the electronic and
lattice structure caused by the formation of the Ir-Ru alloy.

The NO dissociation ability of the catalysts can also be evaluated
indirectly by measuring the amount of N,O generated during the ad-
sorption step (Fig. S7), since the production of N,O should be accom-
panied by cleavage of the N—O bond, followed by the subsequent re-
action between the dissociated N atom and NO adsorbed [N* + NO* —
N,0(g)]. The amount of N,O produced during the NO adsorption in-
creases in the following order: Ir/Al,03 < Ru/Al,03 < < Ir-Ru/Al,03.
In particular, Ir-Ru/Al,O3 produces about 10 times more N,O than Ir/
Al,O3 does, indicating the extraordinary dissociation rate of NO. It
should be noted that this N,O formation must be suppressed in the
presence of CO disturbing NO adsorption, as shown in Fig. 1(d). TPD
experiments with the adsorption of 500 ppm NO and 5% O, simulta-
neously were also conducted to identify the effect of oxygen on the NO
dissociation over the catalysts (Fig. S8). In contrast to the results of NO-
TPD without oxygen, the amounts of NO consumed during the ad-
sorption period are similar to those desorbed over both Ir-Ru/ and Ru/
Al;,03 (NOg4e/NOcon = 94 and 92 %, respectively), indicating their poor
capability for NO decomposition in the presence of O,. This indicates
that the surface-adsorbed oxygen can interfere with the dissociation of
NO. Based upon these TPD experiments, the Ir-Ru bimetallic catalyst
has superior ability of breaking the N—O bond, and this feature can be
one of the primary reasons for its high deNOx activity. However, how
surface-covering oxygen is removed from Ir-Ru sites to effectively dis-
sociate NO is still of importance.

3.5. Removal of surface-covering O

The NOx reduction process would also be limited by the reaction
step involving removal of surface-covering O (reaction C.3) [71,72]. In
fact, N and O atoms are chemisorbed on the catalyst surface via the NO
dissociation step (reaction C.1), as discussed earlier. O atoms can still
occupy the sites for NO dissociation even at temperature higher than
500 °C, resulting in self-poisoning, while the recombination of surface N
readily occurs (reaction C.2) [51]. In addition, this residual O atom may
withdraw electrons of metals, which reduces electron back-donation
from the local d-band of metals to the 2p* antibonding orbital of NO.
This in turn is unfavorable for the cleavage of the N—O bond [71,73].
Thus, removal of surface-covering O by CO is essential for reutilizing
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active sites.

As described earlier, Ir-Ru/Al,O03 showed the highest CO conversion
among the catalysts employed under both standard and simple feed
(CO-05) conditions (Figs. 1 and 2), indirectly indicating the high CO-O
reactivity of the Ir-Ru alloy. However, to directly evaluate the reactivity
of CO with the dissociated oxygen from NO over the catalysts, the
following experiments were carried out. To produce surface oxygen on
the metal, first NO was flowed into the pre-reduced catalysts at 175 °C.
The catalyst surface would be covered mostly in the form of O* and
NO*, and possibly N*, since NO was adsorbed both dissociatively and
non-dissociatively at 175 °C, as described in the NO-TPD experiments
(Fig. 7). After the NO adsorption period, the catalyst was purged with
N, at 400 °C for 1h to desorb the surface NO, while keeping surface-
adsorbed oxygen. The temperature was determined on the basis of NO-
TPD (Fig. 7) where NO is completely desorbed. Finally, the temperature
was lowered to 50°C and then 0.7 % CO/N, gas was flowed while
heating up from 50 to 400 °C.

Fig. 8 presents concentrations of CO,, generated by the reaction
between CO and surface-covering O over the catalysts during the
temperature ramp-up. CO, evolution over Ir-Ru/Al,05 is gradually in-
creased from 100 °C, the peaks of which are observed at 253 and 334 °C,
respectively. The peak splitting may demonstrate the presence of at
least two sites having different reactivity, which may be affected by
either metal particle sizes or the support-metal interfacial interaction.
In addition, two phases of Ir-Ru alloys, Ir-rich and Ru-rich analogues,
might also contribute to this characteristic. Under the same experi-
mental procedures, the Ru/Al,O3 catalyst has a first peak at 324 °C,
which is about 70 °C higher than that of the Ir-Ru/Al,O3. This result
indicates that the CO—O reactivity over Ir-Ru/Al,O3 is higher than that
over Ru/Al,0s. The facile CO—O reaction over the Ir-Ru catalyst re-
moves the surface oxygen dissociated from NO more rapidly, relieving
the active site from being poisoned by oxygen, which is beneficial for
the successive NO dissociation required for the NOx removal. The lower
reactivity of surface oxygen on Ru/Al,O; with CO may be due to the
higher oxygen affinity of Ru metal than other platinum group metal
counterparts [27], which appeared to be moderated by the partial
substitution of Ru atoms with Ir, as discussed earlier.

The effect of O, affinity on the deNOx activity has become more
pronounced over each catalyst, when O, is directly added in the feed
stream. Comparing Fig. 1(a) with Fig. 2(a), oxygen drastically lowered
the lean deNOx performance of the Ru/Al,O; catalyst, while it reversed
in the case of the Ir-Ru bimetallic counterpart. To directly investigate
the effect of O, poisoning on the catalytic behavior in detail, an activity
test was further carried out by varying the feed condition while main-
taining the reaction temperature at 175°C. The first two steps in
Fig. 9(a) show the response of NO conversion to the O, addition in the
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Fig. 9. The response of NO conversion to the various feed conditions (50 ppm
NO, 0.7 % CO, 5% O, and N, balance) at 175 °C: (a) Ru/Al,03, (b) Ir-Ru/Al,0;.

feed stream (NO—CO) over Ru/Al,03. NO conversion of Ru/Al,O3
dropped sharply as soon as O, was added, and it was not recovered even
though O, addition was stopped. However, after the H, treatment (10
% Ha/N», 50 min), the catalytic activity was restored to the initial level.
This indicates that the Ru site was poisoned by oxygen during the
deNOx reaction, and once poisoned, NOx reduction by CO could not
proceed. The poisoning of O, appeared to be removed by flowing hy-
drogen at this temperature. As discussed before, Ru-based catalysts are
known to have poor O tolerance for lean NOx reduction by CO. Par-
vulescu et al. described that, although Ru catalyst showed higher ac-
tivity in the reduction of NO with CO than other noble metal-based
analogues (Pt, Pd and Rh), small amounts of O, addition were largely
detrimental to its deNOx activity [74]. Recently, a similar result was
reported by Bartley et al. [75]. They showed that the Ru-based catalyst
can reduce NOx to N, with 100 % efficiency in O,-deficient conditions,
but no activity was observed in the O,-rich condition, consistent with
our results. As discussed before, Ru-based catalysts are known to have
superior O, affinity to other noble metal-based counterparts. Again, as
the surface oxygen coverage increases, the electron density nearby
metals would decrease, which reduces the degree of nt back-bonding
from the local d-band of metals to the 2p* antibonding orbital of NO,
resulting in a higher activation barrier for the NO dissociation [71,73].
In addition, this reaction step would also be affected by the catalyst
support, particularly in the presence of strong metal support interaction
(SMSI) inducing electron donation or withdrawal from the support to
Ir-Ru alloy. Further studies are necessary to clearly understand the
support effect.

On the other hand, the Ir-Ru/Al,O3 catalyst shows high and stable
NO conversion albeit O, presence (Fig. 9(b)), indicating superior O,
tolerance of Ir-Ru/Al,0Os. After O, was excluded from the feed stream,
the NO conversion was significantly reduced, opposite to the case with
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Ru/Al,Os. This decline of the NO conversion can be explained by the
inhibiting effect of CO on metal sites. Indeed, Ir metal is known to be
easily poisoned by CO due to its high adsorption affinity with CO [33].
Once O is added again to the feed stream, the NOx removal perfor-
mance of the Ir-Ru/Al,O5 catalyst is immediately recovered to the in-
itial state. This indicates that the CO-induced decline in deNOx activity
is reversible, capable of being restored by the consumption of CO via
oxidation. The inhibiting effect of CO on the deNOx activity can also be
determined by the NO—CO reaction over Ir-Ru/Al,O3; with respect to
the inlet concentration of CO. Lowering the CO concentration from
7000 to 600 ppm turned out to enhance NO conversion of Ir-Ru/Al,O3
from 38 to 80 %, demonstrating that CO, which is supposed to be in-
volved in the NOx reduction, can also interrupt the reaction cycle at the
low temperature (Fig. S9). The deNOx activity of Ru/Al,O3 is not sig-
nificantly dependent upon the CO concentration, which might be at-
tributed to its CO adsorption property, different from Ir-Ru/Al,Os.
Further studies on this CO inhibiting effect are in progress with both
experimental and computational approaches.

The superior O, tolerance of Ir-Ru/Al,03 can be interpreted in two
respects: (1) the inherent O, resistance of the Ir-Ru site and (2) fast
removal of poisoning oxygen by CO-O reaction. To determine the in-
trinsic resistance of the Ir-Ru catalyst toward O,, the catalytic perfor-
mance was examined again after exposure to O, without NO and CO
(Fig. 9(b)). After treatment in 5% O, in N, for 50 min, no catalytic
activity was observed over Ir-Ru/Al,;Os, indicating that this catalyst
might not be fully free of O, poisoning. We can thus conclude that the
superior O, tolerance of Ir-Ru/Al,O3 can be attributed mainly to the
fast CO-O reaction, which is able to immediately remove the poisoning
oxygen on the surface. This high reactivity of the Ir-Ru catalyst may
also be reflected in the DRIFTs results (Fig. 6). As shown in Fig. 6(d),
the peak of 1780 cm ™' was clearly observed even in NO + CO + O,
flow attributed to NO adsorbed on the oxygen free surface, which
means that the chemisorbed oxygen can be removed by CO sufficiently
over the Ir-Ru catalyst under the lean deNOx condition, required for the
successive NO decomposition. As a result, the facile CO-O reaction of Ir-
Ru/Al,O3 can alleviate the inhibiting effect of CO and O, simulta-
neously, thereby enhancing the lean NOx reduction performance by CO
significantly.

Based upon the experimental results, NO dissociation ability and CO
reactivity with surface oxygen, required for the high deNOx activity
under the lean condition, have been investigated over the catalysts
employed. However, it was difficult to directly evaluate reaction steps
regarding N, formation by experimental studies (reactions C.2 & C.4).
Computational calculations have thus been performed using density
functional theory (DFT) to resolve this difficulty, and further to ensure
our experimental data are reliable, as will be described in the following
section.

3.6. Reaction energetics

The above-mentioned experimental observations are the results of
comprehensive reflections of microscopic effects such as surface struc-
ture, number of active sites, metal particle size, etc. To identify the
intrinsic reaction energetics of a catalytic material, we performed a
series of DFT calculations for catalysis on ideal surfaces of the Ir, Ru,
and Ir-Ru alloy. For the alloy model, we chose L12 alloy structure where
1/4 Ir atoms in their own lattice were replaced with Ru, resulting in
Ir3Rul composition. This is based on the XRD observations (Fig. 3),
which suggested the fcc-like crystal structure of the IrRu alloy. Ac-
cording to the suggestion from experiments, four individual reactions,
NO dissociation, CO oxidation, N-N recombination, and NO dis-
proportionation, were considered to have a major effect on the catalytic
performance (Fig. 10). We note that the addition of H,O can also lar-
gely affect the reaction energetics but such effect is not considered in
the present study. As shown in Fig. S2 in the Supplementary Material,
the H,O supplied with the reactants appeared to be adsorbed
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Fig. 10. Free energies of four individual surface reactions. (a) NO dissociation, (b) CO oxidation, (c¢) N-N recombination, and (d) NO disproportionation. Free
energies were calculated assuming reaction condition of T =175°C and P = 0.1 MPa., and * denote the gas-phase and surface-bound species, respectively.

preferentially on the hydrophilic Al,O3; support rather than on the
metallic surface based on the marginal performance changes by the
H,0 addition.

Fig. 10(a) shows that the NO dissociations on all three metal sur-
faces are favored showing exergonic energetics, but Ir shows a larger
kinetic barrier (1.18 V) than Ru (0.86 eV) and Ir-Ru alloy (0.80 eV),
suggesting its slow NO dissociation. The relative low NO dissociation
ability of Ir is in accordance with the results of NO—CO reaction
(Fig. 2(a)) and NO-TPD (Fig. 7). Ru exhibits most advantageous NO
dissociation energetics among surfaces calculated due to its strong in-
teraction with oxygen. However, its activation barrier is comparable
with that of the Ir-Ru alloy, supporting similar NO—CO reaction per-
formances for both catalysts.

The DFT results also demonstrate that the Ir-Ru alloy is more ad-
vantageous for the removal of surface-bound O and CO by forming CO,
than the Ir and Ru surfaces (Fig. 10(b)). The Ir-Ru alloy shows much
smaller activation barrier for the CO oxidation (0.66 eV) than Ir (1.64)
and Ru (1.84) surfaces. Experimental results (Fig. 2(b) and Fig. 8) are
well correlated with this theoretical elucidation, showing a rapid CO
oxidation rate on the Ir-Ru catalysts. The oxygen tolerance tests (Fig. 9)
indicated that the Ru catalyst was vulnerable to the surface oxidation,
which was not easily reduced by CO. The DFT calculations explain this
phenomenon by overly strong adsorption of O and CO on the Ru sur-
face, which occupy active sites and hinder the subsequent surface re-
actions. In the case of Ir, the adsorptions of CO and O are not such
strong but its high activation barrier make the reaction slow as in
Fig. 2(b).

In addition to the O* removal, another reaction that maintains the
number of active sites is N* removal by forming N,. Two possible
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pathways, N-N recombination and NO disproportionation, are con-
sidered in the present study. For three catalyst surfaces, the NO dis-
proportionation is calculated to be slightly more favorable than the N-N
recombination. The activation barriers for the NO disproportionation
are ranged between 1.32 and 1.91 eV, while those of the N-N re-
combination are ranged between 2.17 and 2.30 eV. The two paths will
be competitive in realistic condition because the energy differences are
not significant but, this reminds the importance of the surface oxygen
removal because the surface oxygen is also produced even in the N,
formation step.

Based upon the obtained experimental and calculated results, the
excellent deNOx activity of the Ir-Ru bimetallic catalyst may be un-
derstood as shown in Fig. 11. NOx reduction by CO over all catalysts
employed is likely to proceed via the “NO dissociative model” without
involving reaction intermediates induced by CO such as NCO. NO is
first dissociated into N and O atoms readily on Ir-Ru alloys (reaction
C.1), while the Ir monometallic phase turned out to be much less effi-
cient for breaking the N—O bond. The surface-covering oxygen atom
can give rise to “self-poisoning” interrupting successive NO decom-
position, which would be effectively alleviated over Ir-Ru/Al,O3 by the
facile CO—O surface reaction (reaction C.3). This catalytic property of
the Ir-Ru bimetallic catalyst appeared to be highly beneficial for the
NOx reduction in the presence of O,, whereas Ru/Al,05 having strong
affinity toward O, was nearly inactive under the condition by O, poi-
soning. It is also noteworthy that various in-depth studies, such as the
influence of the support and the identification of active sites, are re-
quired to understand the promotional effect of the Ir-Ru catalyst pro-
posed in the present study.
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Ir-Ru/Al,03 has been systematically compared to those of mono-
metallic catalysts, Ir/ and Ru/Al,O3, in terms of catalytic activity and
properties for lean NOx reduction by CO to unravel the origin of the
synergistic effect between Ir and Ru. Ir-Ru/Al,03 showed superior NOx
reduction activity by CO under lean conditions, compared to the
monometallic catalysts. NOx conversion of 91 % was achieved over Ir-
Ru/Al,03 at 175 °C, while the Ir and Ru monometallic catalysts have no
deNOx activity at the identical temperature. The Ir-Ru alloy appeared
to be the main phases in Ir-Ru/Al,03, as confirmed by XRD and EXAFS
measurements. The formation of this alloy structure was likely to result
in alterations of the adsorption property and the surface chemistry of
reactants on each catalyst. DRIFTs results demonstrated that the lean
NOx reduction by CO over all catalysts employed may proceed via the
“NO dissociative model”. The NO-TPD results revealed that NO could
be effectively dissociated on the Ir-Ru alloy and Ru monometallic sites
at 175°C, whereas it was mostly adsorbed molecularly on Ir site
without its dissociation. Although the Ru monometallic catalyst showed
comparable NO—CO reactivity to Ir-Ru/Al,;03, the deNOx performance
was greatly decreased when O, was added, possibly due to O, poi-
soning, opposite to the bimetallic catalyst. The CO-O surface reactivity
turned out to be higher over the Ir-Ru catalyst than over the Ru catalyst.
This is highly beneficial for the removal of poisoning CO and oxygen
dissociated from NO/O, on the catalyst surface, allowing the active
sites to dissociate NO continuously.

DFT calculations also demonstrated consistent results with experi-
mental data revealing that the Ir-Ru alloy has desirable energetics for
NO dissociation and CO*-O* reactions, whereas Ir and Ru surfaces are
less favorable for the former and latter steps, respectively. In addition,
DFT results indicated that N, formation may occur more easily through
NO disproportionation reaction than the N-N recombination pathway,
the rate of which may not significantly vary with the metal types em-
ployed.

Consequently, the Ir-Ru catalyst may effectively dissociate NO into
N* and O* on the alloy phase even at low temperature, and then pro-
duce N, predominately by NO* + N* reaction, while this active site is
successively reutilized by the facile CO-O reaction, which is believed to
be the primary cause of its high NOx reduction activity.
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