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ABSTRACT: Nitrous oxide N>O reduction is a big challenge due to high global warming potential of N>O.
(~300 times higher compared with CO,). The best known catalysts, such as Rh/ceria, require relatively high
temperatures for NoO decomposition. Herein, we report that Ru/ceria catalysts with low Ru loading of
~0.25 wt% efficiently catalyze low temperature N>O reduction by CO starting at 100 °C (full N>O
conversion below 200 °C) under industrially relevant flow rates and gas concentrations. This remarkable
performance stems from maintaining isolated Ru cations even on reduced ceria surface and, simultaneously,
the propensity of Ru to affect ceria surface to form labile surface oxygen thereby creating large number of
oxygen vacancies (Ce™ cations) in the presence of CO. In contrast, for Rh/CeO catalysts with equivalent
metal loading, the activity is much lower because atomically dispersed Rh sinters into metallic clusters at
the onset reaction temperature (~200 °C): these clusters are much less effective than isolated single Ru ions,
with lower Ce** concentration maintained on reduced Rh/CeO; catalyst. Our study highlights the benefits
of gaining molecular-level insight into the dynamic nature of catalytically active sites under reaction
conditions for preparing catalysts containing low loading of precious metals with unsurpassed low

temperature activity.
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Introduction

The recent oil-based energy crisis, global environmental pollution, and accelerating climate change are
bringing the end of the current era of internal combustion engine much earlier than expected. Many
automakers around the world are scaling back the development of new diesel engines and are moving the
market in the transition period toward electric vehicles by maximizing the durability and efficiency of
advanced gasoline combustion technologies.!? Pd-, Pt-, and Rh-based modern three-way catalysts (TWC)
are the pinnacle of the aftertreatment technology and have been steadily investigated and improved over
the past several decades.’® Unburned hydrocarbons and CO are oxidized by clustered, ensemble sites of Pd
and Pt, and a dispersed small amount of Rh can reduce NOx. Dispersed cerium oxide stabilized with other
rare earth metals on thermally stable alumina supports can temporarily store oxygen, thereby broadening
the operating window of the catalysts under varying air/fuel ratios (A).”® Nevertheless, one of the several
remaining problems is the undesired formation of N>O during TWC operation, which has 300 times higher
greenhouse gas effect than carbon dioxide.”!° It is challenging to decompose N>O with the conventional

TWC catalysts.

The concept of atomically dispersed active sites, i.e., single atom catalysts (SAC) has received great
attention recently, due to their catalytic properties that are often different from clusters/particles.!! It has
been reported that monoatomic metal cations, such as Pt, Rh, and Ru, are stably dispersed on the reducible
support under oxidizing conditions due to strong M-O-Ce bonds.'>!® These systems exhibit largely different
catalytic behavior from typical metallic clusters. Unfortunately, most of the currently used ex situ analyses
to prove single active sites have limitations under reaction conditions since the metal sites exhibit dynamic
behavior affected by external variables such as reducing atmosphere and elevated temperatures. For
example, Pd(II) ions dispersed in zeolites are readily clustered to metallic ensembles once they are exposed

17-18

to water and CO even at ambient temperature. The question arises here is whether a single active site

can be retained on a reduced support even under a reducing atmosphere.

Thermal decomposition of N,O typically requires rather high temperatures (>300 °C), so
investigating a reduction route by utilizing abundant reductant contained in exhaust gas can be an efficient
way for N>O abatement.!*?! In this study we discovered that a low loading of atomically dispersed Ru sites
on the ceria support (~0.25 wt%) results in a catalyst that can reduce N,O with CO at low temperature
starting at 100 °C and with full conversion below 200°C under industrially relevant gas flows and
concentrations of N,O, outperforming previously described most efficient Rh/Ceria catalysts. We found
that both Rh and Ru exist as atomically dispersed cations on the oxidized ceria surface, but Rh readily
aggregates on the reduced ceria surface at ~200 °C (causing the onset of N>O reduction activity), whereas

Ru retains its dispersed state up to 300 °C in the presence of CO reductant. Simultaneously, the presence
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of Ru cations affects ceria surface leading to more labile surface oxygen which, in the presence of CO,
forms a high concentration of surface Ce+3 sites (oxygen vacancies). Using reaction measurement,
microscopy and spectroscopy, we provide evidence that this difference between Rh and Ru supported on
ceria is the main factor determining the N>O decomposition activity at low temperatures. Our study

provides methodology to synthesize highly active ceria-based catalysts for catalytic N,O reduction.
Experimental methods

Cerium oxide was prepared by thermal decomposition of cerium (III) nitrate hexahydrate (99.9%, Sigma
Aldrich). The precursor powder was placed in an alumina crucible and heated in a static furnace at 350°C
for 5 h under ambient air with a 1°C/min ramp-up rate. The resulting yellowish solid was gently ground to
a powder in mortar and further used as ceria support for platinum-group metals. Rh/Ceria and Ru/Ceria
with 0.25 wt.% Ru or Rh loading were prepared by incipient wetness impregnation method. Ruthenium(I1I)
nitrosyl nitrate solution (1.5% metal, Alfa Aesar) and Rhodium(IIl) nitrate solution (10 wt.%, Sigma
Aldrich) was dissolved in a certain amount of evaporated water to make precursor solutions. Normally,
about 1 g of ceria powder was dried in an oven at 70°C for 1 h before impregnation. 250 pL of Rh or Ru
precursor solution was slowly added, i.e. 10uL at once by using pipet, to ceria powder with continuous
mixing and mild grinding. The resulting powder was dried in an oven at 70°C overnight, and subsequently

calcined in air at 800°C for 5 h with the ramp-up rate of 2°C/min.

The in situ diffuse reflectance infra-red experiments were conducted in a commercial Harrick
DRIFTS cell equipped with ZnSe window. The spectra were collected on Nicolet iS50 FT-IR (Thermo
Fisher Scientific Co., USA) spectrometer with a liquid nitrogen-cooled MCT detector. Each spectrum was
obtained as the average of 32 scans with 4 cm™ resolutions. A background spectrum was recorded with KBr
powder at temperatures where measurements were conducted. The space through which the IR beam passes
on both sides of the reactor window was continuously purged with nitrogen to maintain a constant
background. The sample holder inside DRIFTS cell was filled with a-alumina powder (Alfa Aesar) in every
experiment. On top of a-alumina powder, a thin layer of Rh/Ceria or Ru/Ceria catalysts were spread and
pressed firmly. Gas stream through the DRIFTS cell was controlled by mass flow controllers. Normally
0.03 g of powder was loaded in cell and the flow rate was adjusted to 50 mL/min. The outlet of the DRIFTS
cell was connected to a quadrupole mass spectrometer (Hiden Analytical). During ramping, DRIFTS
spectra were continuously collected per every 30s, while gas composition of the cell was continuously

monitored with mass spectrometer.

The direct and CO-assisted catalytic NoO decomposition was performed using a plug flow reactor

system where the concentrations of reactants and products are quantified using a FTIR gas analyzer (MKS,
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Multigas 2030). The catalyst powders were sieved (180-250 um) for the reaction, and loaded in a quartz
reactor above a porous bed. Prior to reaction tests, the catalysts were pretreated in a flowing air (200 mL/min)
for 30 min at 500°C. The temperature programed reactions were performed under 670 ppm N>O/N» and
1100 ppm CO/N; (when used) by ramping the reactor with 5°C/min at GHSV 225 L/g*hr. The kinetic
dependences of N>O decomposition were measured isothermally at 450°C by varying N>O concentration
from 200 to 670 ppm. The kinetic dependences of N>O reduction with CO were measured isothermally at
160 or 180°C by varying N>O concentration from 200 to 670 ppm or varying CO concentration from 200
to 1100 ppm. The measurements were performed under less than 20% N>O conversion without any limiting

reactants.

Results and discussions

1. N;O decomposition over highly dispersed, ceria-supported Ru and Rh catalysts
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Figure 1. Catalytic conversion of N,O with 0.25Ru/Ceria and 0.25Rh/Ceria catalysts. The activity was
measured after dehydration at 200°C (Fresh) and reduction with CO at 200°C for 1 h (CO treated). The
activity of NoO decomposition with CO (Fresh (with CO)) was also tested. The feed gas contains 670 ppm
N20, 1100ppm CO (when used) balance with N,. GHSV ~ 225 L/g*hr.
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Catalysts with 0.25wt.% Ru and Rh on ceria support were prepared by atom trapping following previously
reported methods.?> When these Ru/Ceria or Rh/Ceria catalysts are exposed to an oxidizing atmosphere at
high temperatures, the oxidized RuOx or RhOy are located on the most stable sites on the ceria surfaces,
which is the driving force to create and stabilize atomically dispersed sites.!® First, the activities of direct
N>O decomposition over both catalysts were compared (Figure 1). Neither catalyst decompose N->O up to
350°C, and they start to decompose N>O only when the temperature exceeds 350°C. Even at 500°C,
however, both catalysts show low N>O conversion of around 20%. Although small amounts of isolated
PGM ions do not promote the reduction of N,O, they are known to help the reduction of ceria surface to
form oxygen vacancies.> 2* The question is whether these oxygen vacancies created on the ceria surface can
decompose N,O. We tested the N.O decomposition activity after reducing both catalysts in a flow of
1100ppm CO at 200°C (Figure 1). Interestingly, the 0.25Ru/Ceria catalyst shows notable transient N,O
reduction activity between 150 and 250°C. Above 300°C the activity of this catalyst was identical to that
of the non-reduced catalyst indicating that oxygen vacancies created by CO treatment were consumed by
reacting with N,O, and it was unable to sustain its activity after the oxygen vacancies were filled by the
oxygen atoms originating from the decomposition of N>O. Unlike Ru/Ceria, Rh/Ceria shows no activity
below 250°C. The transient N>O consumption induced by CO treatment begins to appear above 250°C and
continues up to 500°C. Such difference between Rh and Ru is more clearly observed when both N>O and
CO are introduced into the reactor. Under the slightly rich conditions applied reduction of N,O with CO
can take place. Over the Ru/Ceria catalyst, NoO decomposition starts above ~120°C and reaches 100% N>O
conversion ~ 200°C. In contrast, the Rh/Ceria catalyst shows activity only starting at ~180 °C and does not
reach 100% N>O conversion until 300°C. Obviously, Ru/Ceria has a significantly higher N>O reduction
activity than Rh/Ceria catalyst. This is a notable finding considering that Rh/CeO; has been regarded as the

best N>O decomposition catalyst.
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Figure 2. Catalytic conversion of N>O with 0.25Ru/Ceria pure ceria catalysts after reductive treatment at
different temperatures. The activity of 0.25Ru/Ceria was measured after pre-reduction with CO at 100-
400°C for 1 h. The activity pure ceria was measured after reduction with H, at 500°C for 1 h. The feed gas
contains 670 ppm N,O, 1100ppm CO (when used) balance with No.

To further investigate the NoO decomposition with pre-formed oxygen vacancies on Ru/Ceria catalyst, the
reaction was conducted after CO treatment at various temperatures from 100 to 400°C (Figure 2). The
amount of reacted N,O is very small after 100°C reduction since the degree of reduction is limited at this
low temperature. With increasing reduction temperature N,O conversion is expected to increase. However,
the amount of reacted N»O is maximized after 200°C reduction and then gradually decreases after 300 and
400 °C reduction. Note that there is no decrease in surface area for this sample since it has already been
oxidized at 800 °C. This is a very important observation indicating that not all oxygen vacancies on the
ceria surface can react with N,O. The decreasing amount of transient N>O consumption above 300°C can
originate from clustering of metallic Ru during CO treatment. The formation of metallic Ru after reduction
is evidenced by the increased N>O decomposition activity at 500°C with increasing pre-reduction
temperature, revealing that metallic Ru nanoparticles are the active species for direct N>O decomposition
at high temperature. Thus, even if the Ru/ceria surface is reduced by CO and oxygen vacancies are created,
single Ru or metallic Ru must exist near oxygen vacancies to react with N>O. That is, N,O does not directly
react with surface oxygen vacancies but requires Ru sites. This hypothesis explains well why the amount

of N>,O consumption is maximum at 200°C, not 400°C. To prove this, we created oxygen vacancies on pure
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ceria without Ru by H» reduction treatment at 500°C and tested it under the same reaction conditions (Figure

2). Correspondingly, reduced ceria without Ru does not react with N>O below 400°C.

2. Observation of surface reduction by CO treatment
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Figure 3. (a) Profiles of CO and CO; concentrations during CO treatment at 200°C for 0.25Ru/Ceria and
0.25Rh/Ceria catalysts in plug flow reactor. Series of DRIFTS spectra (per 30s) obtained at 200°C while
flowing 1000ppm CO/He on (b) 0.25Ru/Ceria and (c) 0.25Rh/Ceria catalyst. Before flowing CO, the
sample was dehydrated at 500°C for 30 min under 3% O»/He.
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We have shown above (Figure 1) that mild CO treatment at 200°C enabled Ru/Ceria to decompose N,O
below 150°C, while the same reductive treatment had no such effect on the performance of Rh/Ceria
catalyst. The results in Figure 1 suggests that reduction of the CeO,-supported metal catalysts by CO at
200°C creates active sites for the decomposition of N,O. However, it is also evident from these results that
the active sites for NoO decomposition are not only the defect sites on the CeO, support, as the onset of
N>O decomposition temperature is strongly depends on the nature of the metal (~120°C for Ru/Ceria and
~200°C for Rh/Ceria). These observations are in agreement with our inference from Figure 2 that N,O
decomposition over these catalysts requires the participation of both the metal sites and Ce™ sites/oxygen
vacancies on the ceria support. The different extent of reduction of the two supported metal catalysts by
CO at 200°C is evident from the results shown in Figure 3a: the amount of CO consumed by these two
materials during the reduction is vastly different. Both catalysts consume significant amounts of CO during
the first 15 min, and the outlet CO level returns to the bypass level after 40 min CO exposure. The amount
of CO consumed by the Ru/Ceria catalyst is ~35% higher (CO/Ru~12) than that by the Rh/Ceria
(CO/Rh~9).% The larger amount of CO consumed by the Ru/Ceria catalysts, in comparison to that over the
Rh/Ceria, during this process is in line with the larger amount of N>O consumption during the temperature
programmed reaction over the CO-reduced Ru/Ceria catalyst (Figure 1). Parallel to these flow reactor
studies we also conducted in situ DRIFTS experiments to follow the changes occurring on the surfaces of
these catalysts during the CO treatment at 200 °C. The series of DRIFT spectra collected during the 20 min
CO exposure of the 0.25Ru/ceria catalyst exhibit a wealth of absorption bands with identifiable IR features
(Figure 3b). IR bands observed at the early stage of CO exposure represent mostly di- and tri-carbonyl
species bound to cationic Ru*" sites.!* The two most intense, broad IR features between 1900 and 2100 cm-
! encompass the features of both tri- and di-carbonyl species on oxidized, highly (atomically) dispersed Ru
cations. Tri-carbonyls on Ru?** ions should have three distinct vibrational bands, in the spectral series of
Figure 3b they are located at 2122, 2064 and 2054 cm™ (although, this broad high frequency band also
contains contributions from di-carbonyl species). The low frequency portion of the signature vibration of
di-carbonyl species is observed between 1950 and 2040 cm, clearly showing the formation of more than
one type of di-carbonyl species, probably associated with Ru cations in different coordination environments
on the Ceria surface. These doublets are strong evidence that Ru cations are atomically dispersed on ceria
surface, because these bands severely lose their intensities and shift to lower wavenumber after reduction
treatment under H», which removes oxygen from Ru cations and reducing them to metal (Figure S1). As
the IR features representing di- and tri-carbonyl species adsorbed onto cationic Ru sites reach saturation, a
broad band between 2200 and 2100 cm™ gradually gains intensity. This band can be assigned to the

forbidden *Fs»—?F7 electronic transition of Ce*" ions,* indicating that ceria surface is gradually being
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reduced with CO. In summary, after the 20 min exposure of the Ru/CeO; catalyst to CO, Ru is present in

highly (atomically) dispersed cationic form while the CeO, support contains oxygen vacancies.

For 0.25Rh/Ceria (Figure 3c), dicarbonyl bands centered at 2076 and 2013 cm! similarly form on the
cationic Rh!* sites in the first few minutes.” !* The broad band 2200 and 2100 cm™ arises from electronic
transition on Ce*" ions also gradually appear between showing the reduction of the ceria surface.
Interestingly, a new band gradually forms near 2050 cm™ as the ceria surface is reduced. The band is
consistent with CO adsorbed on Rh clusters. That is, as the ceria surface gets more reduced, Rh ions get
reduced and agglomerate into Rh clusters. We infer that the onset of catalytic activity for N>O reduction
with CO at this temperature (~200 °C) is consistent with metallic Rh cluster formation. Activity remains
relatively low because only a fraction of Rh gets reduced at this temperature: IR data provide evidence that
a significant fraction of Rh remains in an oxidized +1 state when coordinated with CO molecules, forming
typical Rh(I)(CO), moiety. As will be mentioned later, the clustering of reduced Rh sites can be accelerated

under the condition when CO and N,O coexist.

3. In situ DRIFTS-MS and kinetic investigation of N,O reduction with CO
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Figure 4. The N>O reduction with CO on (a-c) 0.25Ru/Ceria and (d-f) 0.25Rh/Ceria were investigated by
DRIFTS-MS. Series of DRIFTS spectra (per 25°C) obtained during heating from 25 to 200°C and 200 to
400°C while flowing 800ppm N,O + 1000ppm CO/He were plotted, respectively. Before flowing N,O+CO,
the catalyst was pretreated with 1000ppm CO/He at 200°C for 1 h. The change in various IR band intensities
and N>O conversion measured by MS with increasing temperature were also compared.

The reaction between N,O and CO over Ru and Rh on ceria was monitored with increasing temperature by
using in situ DRIFTS-MS (Figure 4). The catalysts were pretreated with CO at 200°C before starting the
reaction. Similar to the reaction results above, the decomposition of N,O on Ru/Ceria catalyst starts around
100°C. Di- (with small amount of tri-) carbonyl adsorbed on cationic Ru (2057 and 1985 cm™) also stably
present up to this temperature without any change in intensity. This shows that the reduction of N>O with
CO at this temperature (150-200°C) occurs on highly dispersed Ru sites. In the meantime, dicarbonyl starts
to shift to a lower wavenumber (2028 and 1960 cm™) above 300°C due to the reduction of cationic Ru sites
and formation of Ru clusters. Some of the reduced Ru begin to aggregate into metallic clusters, evidenced
by growing bridging monocarbonyl bands located at ~1900 cm™'. For Rh/Ceria catalyst (Figure 4d-f), the
decomposition of N>O does not occur until 200°C similar to the reaction results. Notably, the IR bands of
dicarbonyl on cationic Rh +1 (2085 and 2018 cm™) rapidly decrease above 100°C accompanied by the
gradual growth of the bridging CO band near ~1862 cm™'. Such observation suggests that dispersed Rh sites
are much easier reduced than dispersed Ru sites, and also Rh tends to aggregate on the pre-reduced ceria

surface.
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Figure 5. (a, b) Logarithm of the reaction rate of N,O decomposition on Ru/Ceria and Rh/Ceria catalysts
at 450°C as a function of logarithm of Px2o and Pco. (¢, d) Logarithm of the reaction rate of N>O reduction
with CO on Ru/Ceria (160°C) and Rh/Ceria (180°C) catalysts as a function of logarithm of Px2o and Pco.

Kinetic studies were conducted to confirm whether this different phenomenon of Rh and Ru on reduced
ceria surface can affect the reaction pathway (Figure 5). Under direct NoO decomposition conditions
without CO, both catalysts have a similar reaction order to N>,O of about 0.6. This is because the reaction
rate increases in proportion to the N>O partial pressure due to the weak interaction between N>O and the
catalyst surface.?! During N>O reduction with CO at low temperatures, Ru and Rh catalysts show largely
different kinetic behavior. The reaction order of both N,O and CO on the Ru catalyst is close to zero,
indicating that the reaction proceeds in a similar pathway to the Langmuir-Hinshelwood kinetics. In other
words, surface oxygen vacancies induced by reduction with CO react with weakly adsorbed N>O on the
surface. On the other hand, the reaction order of CO on Rh catalyst has been measured to be a negative
value while the reaction order of N>O has a positive value. It is known that such phenomenon is observed
when CO adsorbs too strongly on metallic clusters preventing other reactants from accessing the active

sites.?’-28 Unlike Ru sites that are maintained as isolated sites under reaction conditions, Rh easily forms
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clusters on the reduced ceria surface. Furthermore, what we can learn from this observation is that
atomically dispersed sites are required for N>O to react with oxygen vacancy at low temperatures because
they still catalyze reaction as CO-coordinated states unlike rhodium clusters.”®* Both Ru and Rh can be
atomically dispersed on the oxidized ceria surface, but the fact that Ru can retain dispersed state even on
reduced ceria surface helps the reaction to occur at much lower temperature. Simultaneously, the presence
of Ru*? ions affects ceria surface leading to more labile oxygen that can react with CO, forming a significant
fraction of oxygen vacancies on the surface of ceria. Furthermore, the isolated Ru ions are maintained on
the reduced ceria surface, ensuring effective reaction with N,O, restoring Ru-O-Ce and completing the

catalytic cycle.
Conclusions

We synthesized and investigated atomically dispersed Rh and Ru cations on ceria catalysts for catalytic
N>O decomposition. Excellent low temperature activity was observed for N>O reduction for Ru/Ceria
catalyst even at low Ru loading. Ru/Ceria exhibits activity already at ~100 °C and fully converts N,O at
~200 °C whereas Rh/Ceria starts to convert N>O only at ~ 200 °C achieving full conversion at 300 °C. This
results in dramatically higher TOF per metal atom for Ru/ceria catalyst, e.g. at 200 °C TOF per Ru atom is
240 hr!, whereas it is ~ 20 hr! per Rh atom at this temperature, resulting in an order of magnitude higher

catalytic efficiency for Ru catalysts.

Both metals are able to induce the reduction of ceria surface at a mild temperature ~ 200 °C, with Ru being
~35% more efficient at that, but the oxygen vacancy formed in this process could react with N,O only on
reduced Ru/Ceria. This is due to unstable nature of single Rh sites on reduced ceria surface that agglomerate
into partially CO covered metallic clusters at low temperature inhibiting the reaction of N>O with oxygen
vacancy on the ceria surface. In contrast, single Ru site remained stable up to 300 °C in an isolated state

even after ceria was reduced, which was found to be critical for N>O reduction at low temperature.
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Figure S1. Series of DRIFTS spectra (per 1min) obtained at 25°C while flowing 1000ppm CO/He on pre-
reduced 0.25Ru/Ceria catalyst. Before flowing CO, the sample was reduced at 500°C for 1 h under 5%
Hz/He.
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Figure S1. Series of DRIFTS spectra (per 1min) obtained at 25°C while flowing 1000ppm CO/He on pre-
reduced 0.25Ru/Ceria catalyst. Before flowing CO, the sample was reduced at 500°C for 1 h under 5%

Hz/ He.
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