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ABSTRACT: Atom trapping leads to catalysts with atomically
dispersed Ru;Oj sites on (100) facets of ceria, as identified by
spectroscopy and DFT calculations. This is a new class of ceria-
based materials with Ru properties drastically different from the
known M/ceria materials. They show excellent activity in catalytic
NO oxidation, a critical step that requires use of large loadings of
expensive noble metals in diesel aftertreatment systems. Ru;/CeO,
is stable during continuous cycling, ramping, and cooling as well as
the presence of moisture. Furthermore, Ru;/CeO, shows very high
NO, storage properties due to formation of stable Ru—NO
complexes as well as a high spill-over rate of NO,, onto CeO,. Only NO> o >

~0.05 wt % of Ru is required for excellent NO, storage. Ru,O; CeOQ/RU(NO)
sites exhibit much higher stability during calcination in air/steam

up to 750 °C in contrast to RuO, nanoparticles. We clarify the location of Ru(Il) ions on the ceria surface and experimentally
identify the mechanism of NO storage and oxidation using DFT calculations and in situ DRIFTS/mass spectroscopy. Moreover, we
show excellent reactivity of Ru;/CeO, for NO reduction by CO at low temperatures: only 0.1—0.5 wt % of Ru is sufficient to achieve
high activity. Modulation-excitation in situ infrared and XPS measurements reveal the individual elementary steps of NO reduction
by CO on an atomically dispersed Ru ceria catalyst, highlighting unique properties of Ru,/CeO, and its propensity to form oxygen
vacancies/Ce™ sites that are critical for NO reduction, even at low Ru loadings. Our study highlights the applicability of novel ceria-
based single-atom catalysts to NO and CO abatement.

B INTRODUCTION Bl RESULTS AND DISCUSSION

Air pollution is one of the main issues to tackle in Anchoring Pt, Pd, and Ru lons to Ceria Support. In the
environmental science and catalysis.' > Deteriorating air recent decade, the so-called single-atom materials with efficient
quality is directly related to toxic NO, emissions, the majority utilization of single metal atoms/ions have been introduced
of which are produced by vehicles exhaust. There clearly exists that may offer promising alternatives and unusual reactivities
the urgent need to decrease emissions from engines and compared to traditional nanoparticle catalysts. For example,
develop catalytic materials for NO, abatement based on less thermally stable atomically dispersed Pt materials on ceria have
expensive (noble) metals with improved atom economy.*™"’ been prepared via the atom trapping approach at 800 °C.**™*'
NO oxidation is critical for environmental catalysis in diesel We now extended this synthesis to Pd. We also turned our
aftertreatment systems because NO, formation is important in attention to another transition metal ruthenium, whose current
lean NO, reduction.”*** Furthermore, NO, facilitates price is ~500 USD per ounce and whose molecular weight is
ammonia selective catalytic reduction (SCR) (so-called “fast” similar to that of Pd and Rh (Rh, on the other hand, costs
SCR, with an ideal 1:1 ratio between NO and NO,) and lean ~15,000 USD per ounce, almost ~30 times more on molar
NO, storage (in this case, NO must first be oxidized to NO, in

order to be stored on LN traps materials). Best catalysts for Received: September 29, 2022 =JACS
NO oxidation typically contain a few wt % percent of expensive Published: February 22, 2023

Pt and Pd.**~** Pt currently costs ~1000 USD/ounce, whereas
Pd costs ~2600 USD/ounce (note that Pt is approximately ~2
times heavier, so per molar basis, the price is only ~1.3 higher
for Pd than for Pt).
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Figure 1. NO oxidation performance of (A) 0.5 wt % Ru/CeO, (3 continuous runs from 650 to 300, showing stable NO oxidation performance in
the presence of ~3% H,0, 120 mg catalyst, 470 ppm NO, 13% O,, total flow 300 sscm/min, GHSV ~150 L/g*h). (B) Comparison of wet and dry
NO oxidation on aged 0.5 wt % Ru/CeO, up to 650 °C (conditions are identical to A; dry experiments were carried out with the same NO and

oxygen concentrations).

basis than Ru; Ru is approx ~4 times cheaper on per-molar
basis than Pt and Pd). However, it is important to note that the
general noble metal prices are volatile and are subject to
supply/demand issues; the price trends generally hold within
the last decade; therefore, it is also beneficial not only to utilize
a less expensive metal but also to diversify the catalytic
portfolio. Taking advantage of the atom trapping approach, we
prepared isolated Pd, Pt, and Ru atoms on ceria in ~
equivalent molar amounts (atom loading per surface area of
ceria) with 1 wt % Pt, 0.5 wt % Ru, and 0.5 wt % Pd on ceria.
We note that ceria materials with isolated Ru(Il) have not
been prepared or characterized before as well as shown to have
advantageous catalytic properties. We observed pronounced
stabilization of the ceria surface area after heating at 800 °C,
producing atomically dispersed M/Ceria materials as opposed
to undoped ceria (Table S1), in agreement with previous
studies.*””*”? Anchoring these ions onto ceria produces stable
materials that can survive heating in air at 800 °C in agreement
with our latest ﬁndings.42 HAADF-STEM images of Pd, Pt,
and Ru-supported ceria materials (Figures S1—SS) show
crystalline ceria nanoparticles with no noble metal nano-
particles. In the case of Pt on ceria, we can identify single Pt
atoms located on the surface of ceria (Figure S1-SS).
However, in the case of Pd and Ru, although the contrast is
poor, on sufficiently thin parts of ceria nanoparticles tilted
slightly off the zone-axis (to decrease scattering from bright Ce
atom columns), we could in fact identify single Ru atoms
(shown by arrows on the surface of different ceria crystallites in
Figure SS). In all three cases, EDS maps clearly reveal the
presence of Pd, Pt, and Ru well-dispersed throughout the
sample, further confirming our suggestion of atomic dispersion
of the said metals on ceria.

NO Oxidation Performance of M,/CeO,. We tested
these model single-atom materials for NO oxidation. Pt and Pd
showed markedly lower NO oxidation activity than Ru (Figure
$6): NO oxidation activity of single-atom Pt and Pd materials
supported on redox-active supports has not been investigated
to date. Typically employed catalysts include Pt and Pd oxide
nanoparticles on different supports. We find that both Pt and
Pd single atoms have markedly lower activity for NO
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oxidation, with Pd ions outperforming the Pt. 0.5 wt % Ru/
ceria sample, in contrast, showed excellent NO oxidation
activity in the steam-containing lean NO/O,/N, stream
(Figure 1).

The sample shows stable performance with little hysteresis
going down, up, and then back down in temperature (from 650
to 300 °C). Activity maximum is observed at ~34S °C with
~75% conversion of NO. We also tested this sample in dry
NO oxidation (Figure 1) and did not observe any prominent
water influence on NO oxidation activity. Previously, only one
study reported the activity of isolated metal atoms (Pt) on
alumina for NO oxidation,”" whereas the same authors found
that Pd atoms on alumina were inactive.”” We note that the
activity of single-atom Ru, Pd, and Pt catalysts on ceria in
terms of TOF is approximately an order of magnitude higher
than the tabulated activity of Pt atoms and nanoparticles on
alumina. Comparison with representative materials in terms of
TOF can be found in Table S5. For comparison of NO
oxidation activity on supported PGM and non-PGM nano-
particles, we refer the readers to the available reviews on this
topic.76

We hypothesized that excellent NO oxidation activity only
by single-atom Ru (and not Pt and Pd) is related to the
presence of labile active lattice oxygen of ceria and the ability
of Ru ions to form ruthenium nitrosyl complexes. If Ru—NO
complexes indeed form, then, Ru ceria should be able not to
just oxidize NO but also store NO at lower temperatures: this
storage is critical during vehicle cold-start and idle operation
when the temperatures of exhaust are lower (~100—120 °C)
and no known catalyst can provide NO, removal at this
temperature. More specifically, Pd/zeolite formulations can
store NO, at low temperatures (~100 °C) and release them
continuously at >180 °C.”~*” Pd is expensive, and loadings of
~ at least 1—-2 wt % are required to achieve optimal NO
adsorption.

NO Storage Performance of M,/CeO,. We, therefore,
performed NO adsorption experiments on single-atom M/
Ceria materials. Pt and Pd store little NO, consistent with the
lack of strong bond formation between NO and Pd(II)/Pt(II)
on ceria (Figure S7).
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Figure 2. Performance and stability of 0.25 wt % Ru;/CeO, during sequential cycles of low-temperature NO, adsorption and NO oxidation. Gas
composition was 200 ppm of NO, 2000 ppm CO, and 12% O,, ~3% H,O, balanced with N,. 120 mg catalyst was used with GHSV ~150 L/g*h.
Adsorption experiments were performed at 100 °C. The temperature ramp (10 °C/min) was started at a 30 min mark; up to 550 °C. NO, storage
is shown per 120 mg catalyst. On average, the stored NO, amount is ~190 umol/g.

We would like to note that formulations with Pd and Pt
nanoparticles on ceria have been considered before for NO,,
adsorption applications.””””® These formulations had high
loadings of PGMs (>1 wt %) and were characterized by
relatively low NO, storage capacity (~20 pmol/g), whereas
Pd/Zeolite formulations had maximum storage capacity <180
pumol/g in the best formulations for 2 wt % Pd/SSZ-13.

0.5 wt % Ru,;/CeO,, however, showed very high NO uptake
(Figures S7) with full consumption of NO (level ~0 ppm)
even at 100 °C. Its performance is better than performance of
Pd/SSZ-13 with Pd loading of 2 wt % (Figure S8). The NO/
Ru ratio for this sample is ~2.7, showing that there must be
another avenue of NO storage in addition to the Ru—NO
complex (discussed further in the text). Hydrothermal aging at
750 °C in 10%H,0/0,/N, flow under simulated aging
conditions does not lead to any appreciable loss of NO,
storage of 0.5 wt % Ru/ceria (Figure S9), consistent with
high stability of Ru;/CeO,. This is notable considering well-
known volatility of RuO, nanoparticles that typically form at
higher Ru loading68 (see discussion of our EXFAS data) just
above ambient temperatures.”’ This hampered use of Ru/
Ceria in typical NO reduction or oxidation formulations: these
early formulations contained on the order of ~1-2 wt % Ru
and thus contained a significant amount of RuO, nanoparticles
(and significantly less isolated Ru sites; see our discussion of
EXAFS data). Thus, isolating Ru ions as atomically dispersed
species minimizes typical volatilization of extremely volatile
RuO,, observed for supported RuO,, nanoparticles,é9 and Ru,/
CeO, represents an excellent NO oxidation catalyst (in the
absence of Pt/Pd metals) with outstanding NO storage
capacity at cold-start temperatures. We wondered if we could
decrease the loading of Ru even further, while maintaining
excellent NO adsorption properties and NO oxidation
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catalysis. We find that even at loading as low as 0.25 wt %
Ru, full NO adsorption still can be achieved under simulated
cold-start conditions with excellent NO oxidation activity
(Figure 2). The sample shows stable NO adsorption, and NO
oxidation activity was evaluated continuously over 10 cycles
(Figures 2, S10). Furthermore, exposure of 0.25 wt % Ru,/
CeO, to SO, did not lead to destruction of NO adsorption and
oxidation performance (Figure S34), highlighting the potential
of single-atom materials to resist SO, poisoning typical for all
ceria-supported oxidation catalysts. The total NO storage of
0.25 wt % Ru;/CeO, is ~190 ymol/g, exceeding that of the
best reported 2 wt % Pd/SSZ-13 materials: however, these Pd/
SSZ-13 materials show degradation over cycling in the
presence of CO, whereas Ru;/CeQO, does not. CO oxidation
remains stable as well (Figures S9 and S10). This suggests that
Ru/ceria materials with low Ru loadings are active CO
oxidation catalysts even in the presence of NO and steam (NO
is a known poison). For 0.25 wt % Ru/ceria, 90% CO
conversion is achieved at 200 °C in the presence of steam and
~200 ppm NO at GHSV 150 L/g*h.

For all tested samples, ~100% of stored NO, is released
upon subsequent thermal ramp. This is underscored by the
stability of NO adsorption/desorption within 10 cycles.
Another important finding is that the NO/Ru ratio is ~2.7
for 0.5 wt % Ru,, ~4.6 for 0.25 wt % Ru,, and ~15 for 0.05 wt
% Ru,/CeO,. (See detailed discussion in the manuscript
further; Figure S30). Since spectroscopy confirms that 1 Ru
ion can adsorb 1 NO, spill-over of NO to the ceria surface
occurs and is promoted (catalyzed) by Ru presence as it does
not occur on other noble metals supported on ceria based on
the lack of NO storage. NO is initially stored as nitrites®* on
ceria after spill-over as evidenced by DRIFTS spectra in NO
flow and the prominent ~1170 cm™ nitrite band>> (Figure

https://doi.org/10.1021/jacs.2c09873
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Figure 3. (A) NO adsorption (0.5 Torr equilibrium pressure) at 298 K. (B) High vacuum after NO adsorption at 423 K. (C) Heating Ru-NO from
150 to 220 °C. (D) Introducing O, at 220 °C after heating Ru—NO. (E) Water adsorption on the Ru-NO complex at 120 °C. (F) Ru—NO heated
in the presence of O, + H,0 from 120 to 350 °C: Ru—NO diminishes and chelating nitrates form bands at 1512, 1220, and 1028 cm™.>

a-10_NO b-10_NO c-10_NO d-10_NO e-10_NO

Figure 4. Optimized RuO(NO)/Ce,,0,, structures. In the case of the e-10_NO complex, the letters denote the O centers which are removed in
order to obtain RuO(NO)/Ce,, 0, structures. Color coding of atoms: Ce — yellow, O — red, Ru — dark blue, and N — gray. Additional snapshots
of the Ce,, O, particle and its facets are shown in Figure S33.

S16). NO oxidation activity of 750 °C hydrothermally aged that for 0.5 wt % Ru on ceria, dispersion of Ru nanoparticles

0.25 wt % Ru,;/CeO, sample is comparable to the state-of-the- into isolated Ru ions changed selectivity of hydrogenation from
art industrial catalysts with ~1 wt % Pd (and 0.5 wt % Pt) methane to CO.

supported on ceria-aluminas (Figure S21). The TOF We, therefore, studied CO and NO adsorption with infrared
(normalized by total precious metal content) for this sample spectroscopy on 0.5 wt % Ru/ceria sample. CO adsorption
at 350 °C is ~50 h™" whereas it is at least ~S times lower for (Figures S8 and S9) on the sample produces no metallic CO
the state-of-the-art commercial catalyst (for which metallic or bands for Ru and reveals the presence of Ru(II)(CO), and
oxidized nanoparticles are considered to be active sites) tested Ru(I1)(CO); complexes on the surface. Adsorption of NO
under similar conditions and having >1 wt % (Pd and Pt) produces a sharp band due to NO interaction with cationic Ru
(Figure SS). at ~1850 cm™" (Figure 3A).

Infrared Spectroscopy Studies on NO Interaction This clearly indicates the formation of a Ru—NO complex,
with Ru,/Ce0,. Ru-containing materials were studied for stable even under high vacuum of ~107® Torr (Figure 3B).
various catalytic processes”"”” in the past, yet no spectroscopic Modeling of Ru;/CeO, and Infrared Data. Recent
investigation of single-atom Ru materials**~*° was reported. A advances in modeling ceria surface and metal-ceria interactions
recent study”™ on catalytic CO, hydrogenation has reported using state-of-the-art DFT methods can provide a molecular
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level insight into the precise nature and location of metal ions
on ceria surfaces.”*”® Therefore, we modeled NO complexes
of Ru cations adsorbed in different locations on ceria. Five
different RuO(NO)/Ce,;0,, complexes were modeled (Figure
4, Table S2).

The most stable one, e-10_NO, is obtained after adsorption
of NO to the most stable RuO/Ce, O,, complex, e-10
(notation of the structures is as in ref 63).

In this complex, where the Ru center is in octahedral
coordination at the small (100) facet of the Ce,;O,,
nanoparticle (Figure $33), NO donates an electron to a Ce**
center; thus, the NO* ligand and a Ce*" center are formed,
while the formal charge of Ru remains +2. The other structures
modeled are less stable by 1.42—2.91 eV, as the formal charge
of Ru is +1, since the unpaired electron is transferred from NO
to the Ru center. In the structures a-10_NO and d-10_NO,
Ru is in triangular planar coordination, interacting with two O
centers and the N atom from NO. The lowest N-O
vibrational frequencies were calculated for these two structures,
1733 and 1763 cm™". Ru is in square-planar coordination in
the structures b-10_NO and ¢-10_NO, which leads to higher
N-O frequencies, 1799 and 1824 cm™". The highest frequency
was calculated for the most stable structure, e-10_NO, 1840
cm™!, where Ru is in octahedral coordination (5 O and 1 N).
This value is in excellent agreement with the experimental
band at 1850 cm™". Thus, FTIR with the probe molecule NO
combined with state-of-the-art DFT calculations precisely
identify location of active isolated Ru** cations at the small
(100) facets of ceria nanoparticles.
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Upon temperature increase in the absence of oxygen (Figure
3C), this band begins to decline with a new band growing at
~1790 cm™! and a clear isosbestic point, indicating the simple
stoichiometric transition of one Ru—NO complex into other.
We suggest that this occurs due to oxygen-vacancy formation
in the vicinity of the Ru atom: ON-Ru(vac)Ce. DFT
calculations further corroborate this finding. To understand
this process, we modeled structures with created O vacancy
from RuO(NO)/Ce,,0,, complexes (Table S2).

The most stable structure is e-10_NO_vac_a, where an O
center was removed from the first coordination sphere of the
Ru cation. The creation of such O vacancy led to decrease of
the N—O vibrational frequency from 1840 to 1788 cm™' in
excellent agreement with our experimental results. This is the
first direct spectroscopic observation of the formation of an
oxygen vacancy on ceria in the direct vicinity of the metal ion
next to ceria. Further, as soon as we add oxygen to this system,
the vacancy is healed and the NO adsorbed on Ru—O—-Ce
fully restores, further confirming our suggestion (Figure 3E).
This NO band is robust under high vacuum at 150 °C and
does not completely disappear even at 350 °C. In the presence
of water, the NO band shifts to lower wavenumbers (Figure
3E), the phenomenon that has been previously described for
Pd/SSZ-13 and Pd/ZSM-5 and due to co-coordination of
water and NO to the same Pd ion.*’~* We note, for example,
that coordination of water to isoelectronic Rh(I)(CO), and
Rh(I)(NO), complexes shifts the CO and NO bands to the
lower wavenumbers. Simultaneously, in the presence of O,/
NO/H,0 in the IR cell, infrared spectra emerge after running
this under PNA relevant temperatures (~from 120 to 350 °C),
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Figure 6. NO reduction performance of 0.5 wt % Ru/CeO, (A) and 0.1 wt % Ru/CeO, (B). 120 mg catalyst, 300 sscm/min total flow, GHSV
~150 L/G*h, 470 ppm NO, 1850 ppm CO, ~3% H,O balanced in N,. Performance of the 0.5 wt % Ru/CeO, sample under dry conditions is
shown in Figure S16. Excellent performance of 0.5 and 0.1 wt % Ru/Ceria is comparable to recently reported state-of-the-art catalyst with 1 wt %

Pd on Fe-doped ceria.”’

showing the decrease of ruthenium nitrosyl complex and
increase in chelating nitrate bands on the ceria surface (Figure
3F) as shown by studies of Hadjiivanov, Vayssilov, and co-
workers.”® Thus, ruthenium helps store NO both as a nitrosyl
complex and allows NO, to be stored on the ceria surface due
to oxidation ability (as nitrites at low temperature and nitrates
at higher temperatures in O, presence), explaining the high
NO/Ru ratio which exceeds that of the NO/Pd ratio of Pd in
zeolites.

EXAFS Studies on Ru/CeO, with Various Ru Loadings.
Ru K-edge X-ray absorption spectroscopy (XAS) was
performed on selected samples to probe the nuclearity,
coordination environment, and electronic state of Ru. Figure
Sa shows the k*-weighted EXAFS in R-space magnitude (best
fittings shown as dashed curves in the same colors). The
EXAFS of 2% (blue) and 1.5% (purple) Ru/CeO, highly
resembles that of RuO, (yellow), with strong scattering
between 2 and 4 A besides first-shell Ru—O scattering at ~1.5
A. The data can be appropriately modeled by the combination
of first-shell Ru—O, second-shell Ru—Ru, Ru—0O, third-shell
Ru—0, and Ru—O—Ru multiple scattering paths (Table S4) in
the RuO, structure. Meanwhile, spectra in the XANES region
is presented in Figure Sb, in which the two samples exhibit
similar white-line intensity with RuO,, indicating an Ru
oxidation state close to +4. In addition, there is no pre-edge
peak at ~22,120 eV in neither samples. This peak represents 1s
— 4 electron transition, which is forbidden on 6-coordinated
Ru, but is partially allowed with broken symmetry, that is, one
missing ligand, as Sp components are mixed into 4d orbitals.
Therefore, the absence of this peak suggests that the absolute
majority of Ru on the two samples are 6-coordinated,
consistent with the best EXAFS fitting model (Table S4)
showing N(Ru—0O) = 6.4 + 0.8 and 6.3 + 0.7 as well as the
crystal structure of RuO,. Overall, XAS suggests that on 2 and
1.5% Ru/CeO,, Ru exist mainly as RuO, particles.

In contrast, the EXAFS of fresh 0.25% Ru/CeO, (green) has
very low-intensity scattering between 2 and 4 A. The response
of the features in this range to changes in k-weight is similar
with first-shell Ru—O scattering at ~1.5 A, and much less
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sensitive than features in this range in 2%, 1.5% samples, and
RuO, which have significant Ru—Ru contribution (Figures S28
and S29). This fact indicates that such features in 0.25% Ru/
CeO, have much less high-k contribution than Ru—Ru
scattering; that is, the main contributors are scatterers much
lighter than Ru, in this case, O (see Figure S29b for potential
paths).

The absence of Ru—Ru contribution to the EXAFS strongly
indicates that Ru atoms on 0.25% Ru/CeO, are atomically
dispersed. In the XANES region, the white-line intensity of the
sample is between that of RuO, and Ru foil (black), implying
the Ru oxidation state between +4 and 0, consistent with
Ru(II) from DFT results. Furthermore, 0.25% Ru/CeO, shows
an obvious ~22,120 eV pre-edge peak, indicating that a
significant fraction of Ru is 5-coordinated, aligned well with the
best model for its first-shell EXAFS having N(Ru—0) = 4.5 +
0.8 (Table S4), and also consistent with DFT results. In fact,
when using two first-shell Ru—O paths of different distance in
the model, the bond length and coordination number (“2 O”
models in Table S4) of both types of Ru—O perfectly match
structures determined by DFT. We note that after fitting the
EXAFS of 0.25% Ru/CeO, with only first-shell Ru—0O, the
residual oscillation is mostly in the low-k (<6 A™') range
(Figure S28a), further confirming that the scattering beyond
the first shell has no Ru—Ru contribution. After using in PNA,
neither the EXAFS nor the white-line intensity of 0.25% Ru/
CeO, visibly changes (Figure 6, red compared to green), and
the EXAFS still has no Ru—Ru contribution (Figures S28a, $29
and Table S4); that is, Ru remain as atomically dispersed
Ru(Il) post-PNA. The pre-edge peak in the XANES region
diminishes slightly, suggesting that fewer Ru atoms are S-
coordinated, likely as a result of residual NO adsorption on Ru.
In summary, XAS indicates that Ru on fresh 0.25% Ru/CeO,
are single Ru(1I) atoms, many of which are S-coordinated, and
they are stable after PNA. Thus, the coordination environment
of Ru on ceria represents a new type of environment not
observed for typically employed metal ions on ceria such as Rh,
Pd, and Pt that are found on step edges and in the square-
planar environment of oxygen, which is exemplified by
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significantly different performance of Ru,/CeO, for NO
storage and oxidation compared to the typical M,/CeO, and
M noparticle/ Ceria catalysts that store >10 times less NO and
that catalyze NO oxidation only when significant amounts of
oxide nanoparticles are present.

Since we discovered that there are two mechanistic pathways
of NO storage, we put vanishingly small amounts of Ru (0.05
wt %) on ceria and tested NO storage performance.
Remarkably, this sample showed facile and excellent NO
adsorption under industrially relevant conditions with the
NO,/Ru ratio approaching 15 (Figure S30; compared with 1
wt % Ru/Ceria in Figure S31). This, of course, means that
NO, is stored on the ceria surface, and the spill-over is
facilitated even by the smallest amounts of Ru ions on the
surface, revealing a new phenomenon in metal-ceria chemistry
to improve interaction of ceria with NO species: this
unprecedentedly high ability of Ru ions to function as a
shuttle for NO, molecules is believed to be important for
various sensing, adsorption, and catalytic applications. This
also allows us to disentangle the support-related storage and
Ru-related storage: for 0.25 wt % Ru/ceria material,
subtracting the baseline storage of NO, on 0.05 wt % Ru/
ceria yields approximately ~1.4 molecules of NO per Ru atom
(obviously, higher amounts of Ru facilitate even more spill-
over of NO, in addition to each Ru atom storing ~1 NO
molecule).

Understanding Mechanism of NO Oxidation on Ru,/
Ce0O, Using Spectroscopy and Modeling. We further
investigated the NO oxidation mechanism of Ru,/CeO, using
combined DRIFTS and mass spectrometry. Figures S15—S520
shows sequential in situ DRIFTS and mass spectroscopy
experiments that were performed.

We first performed NO adsorption in the DRIFTS flow-
through cell, and the result agrees with static IR experiment:
upon NO adsorption, the Ru—NO complex forms and surface
nitrites form in great amounts. In the presence of oxygen,
surface nitrites turn to surface nitrates at elevated temper-
atures. Only when the nitrates begin to decompose, mass
spectroscopy TPD with in situ DRIFTS reveals that NO,
begins to form (this holds true for a few continuous IR/TPD
MS cycles performed) (Figures S18 and S19). We considered
the NO oxidation on RuO/Ce,,0,4, complexes (Table S3 and
Figure S27), considering the most stable positions for RuO
species on both types of facets (100 and 111) on the Ce,, Oy,
nanoparticle, e-10 and c-10 structures, respectively. This
process includes four reaction steps: (1) oxidation of Ru
species to RuOj; (2) adsorption of NO to RuO/Ce,,0,4,; (3)
NO oxidation to NO, on Ru, as in the case of the ¢-10_NO
complex; the oxidation was considered from that additionally
adsorbed in the first reaction step O center, while in the e-
10_NO complex, the oxidation was done by a O center from
the (100) facet; and (4) NO, desorption from Ru/Ce,;0,,.
The first two adsorption steps are strongly exothermic, while
the oxidation and desorption are strongly endothermic. The
rate-limiting step appears to be NO oxidation, as the barriers
are as high as 182 and 249 kJ/mol, respectively, on c-10 and e-
10 sites. However, if all contributions to the enthalpy as well
as the entropy are taken into account at a temperature of 623
K, the corresponding Gibbs free barriers become 154 and 200
kJ/mol. The former barrier seems to be operative at 623 K, as
the calculated kinetic constant is 1.58 s™' (pre-exponential
factor of the Eyring equation was taken to be 1), which
corresponds to a half-life T1/2 of ~0.44 s. The NO,
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desorption is strongly endothermic, but when the entropy
contribution is considered, the endothermicity of the process is
reduced by ~150 kJ/mol; as in the case of the e-10 complex, it
becomes even exothermic. This corresponds very well with our
DRIFTS/mass spectroscopy data showing that NO association
with interfacial Ru—O—Ce oxygen as well as nitrate
decomposition steps are the legitimate pathways of NO,
formation. The real rate constant at 623 K corresponds to
~0.015 s~ per Ru site (~50 h™"). The significantly lower
number actually also suggests that not all sites participate in
catalysis. Furthermore, it exceeds the TOF estimated for the
most effective bimetallic and monometallic Pt and PtPd
catalysts by at least ~5 times.”® For active catalytic
formulations tested under similar industrially relevant con-
ditions, normalization of the TOF frequencies in the desired
temperature range per total precious metal amount yields TOF
frequencies on the order of ~6 h™'. It is important to note that
the industrial formulations always include significant amounts
of Pd and Pt (total loading ~1.5—2 wt % typically). Therefore,
Ru—O—Ce sites of single-atom Ru/ceria catalysts are very
active for NO oxidation. However, the corresponding single-
atom Pt(Pd)—O—Ce is a poor NO (and CO, for P>’
oxidation catalyst due to its inability to make Pt and Pd form a
stable metal-NO bond that would ensure coverage of NO,
when the interfacial O removal from M—O—Ce sites becomes
favorable, as well as a spill-over of NO species onto the ceria
support as nitrates. Thus, Ru;/CeO, stands out as the only
known ceria-supported material able to form thermally stable
Ru—NO complexes.

Activity of Ru;/CeO, in NO Reduction by Carbon
Monoxide. To confirm the versatility of Ru/ceria materials
for NO, abatement catalysis, we now turn our attention to
another challenging reaction for gasoline engines called NO
reduction. TWC materials should perform catalytic removal of
NO, in the presence of CO and water vapor under
stoichiometric conditions.””~* We recently discovered that
isolated Rh(I) ions on ceria can perform low temperature NO
reduction with CO** effectively. We, therefore, wondered if
isolated Ru(II) ions could also perform NO reduction with
CO.77" 0.5 wt % Ru/ceria sample is excellent for NO
reduction by CO under dry conditions.”” Addition of water to
the stream, in fact, does not lead to activity deterioration
(Figures 6, S21): in this case, ammonia production is observed
in significant amounts due to Ru/ceria being an excellent
water-gas-shift catalyst."” Decreasing Ru loading to 0.1 wt %
also produces an active NO reduction catalyst, with excellent
activity and full NO conversion ~185 °C (Figure 6). Thus,
Ru,/CeO, is an active catalyst for NO reduction by CO even
at low Ru loading. TOF per Ru atoms ~370 h™ at 185 °C. In
our recent paper,’” we showed the first example of the single-
atom Rh ceria-supported catalyst for NO reduction by CO,
very active at low temperatures. Under similar GHSV and
testing conditions, Rh single atoms were active catalysts with
TOF ~300 h™' at ~130 °C. Although Ru(II) ions are
marginally less active than Rh, the impressive catalytic
performance is still achieved at low temperature with a
significantly cheaper metal. In fact, its performance is
comparable with recent reports for state-of-the-art 1 wt % Pd
catalyst on Fe-doped ceria’’ but on undoped ceria with less
PGM (2 to 10 times) and significantly less expensive PGM.
Based on our preliminary data,* we previously suggested a
possible catalytic mechanism for Rh;/CeO,.

https://doi.org/10.1021/jacs.2c09873
J. Am. Chem. Soc. 2023, 145, 5029-5040


https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09873/suppl_file/ja2c09873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09873/suppl_file/ja2c09873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09873/suppl_file/ja2c09873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09873/suppl_file/ja2c09873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09873/suppl_file/ja2c09873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09873/suppl_file/ja2c09873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.2c09873/suppl_file/ja2c09873_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.2c09873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS
06 : y 06 /. 06 )
CO flowing on adsorbed NO at 150 °C NO flowing on adsorbed CO at 150 °C —— Reductive phase (CO)
A | =——0min B | =—0min C | —Oxidative phase (NO)
5 044 1154 5 044 1857 5 044
g 15min 1857 ° A 154 ) © 8 4
: ¢ : | : |
g RU(CO)2 g 1 —15min g
e Ru(CO), W 2 2
% 02 ' % 02- 9 02-
2 2 179 2
i
0.0 0.0 0.0 -JN
7 W
JL JL JL
T T T 1’ T T T T T 1 T T T T 1 T
2400 2200 2000 1800 1200 2400 2200 2000 1800 1200 2400 2200 2000 1800 1200
Wavenumber/cm’ Wavenumber/cm’ Wavenumber/cm’

Figure 7. In situ DRIFTS on 0.25 wt % Ru,/CeO,. (A) Exposure to CO (2500 ppm) of NO-saturated sample (saturated with S00 ppm NO flow
for 30 min and then purged with He at 150 °C before exposure to CO). (B) Subsequent exposure to NO flow after CO at 150 °C. (C)
Comparison of the Ru,/CeO, during exposure to 2500 ppm CO in the flow (“reductive phase”), S00 ppm exposure to NO in the flow (“oxidative
phase”), and (500 ppm NO + 25,000 ppm CO) exposure in the flow (steady state reaction; in the DRIFTS cell NO conversion ~30% under these

conditions) at 150 °C.

The mechanistic aspects of NO reduction by CO have
always been elusive because the typical materials used for this
reaction contain poorly defined structures (nanoparticles): this
made direct correlation of reactivity to structure for NO
reduction very problematic. With well-defined single Ru(II)
ions on ceria that are present as uniform isolated sites on the
redox-active surface, we have a unique opportunity to identify
the mechanism of NO reduction by CO using in situ and
modulation-excitation infrared spectroscopy under the real
flow-through conditions.

Pinpointing the Mechanism of NO Reduction by CO
on Ru;/Ce0,. In order to do so, we employed the
modulation-excitation DRIFTS approach”™*" in our infrared
measurements: in short, at a temperature where (NO + CO)
conversion occurs (150 °C), NO or CO flow pulses were
applied to the system in antiphase for three consecutive cycles.
The bands that appear/disappear in the antiphase during these
treatments indicate the appearance/consumption of the true
catalytically active intermediates. Additionally, we performed in
situ DRIFTS with (NO + CO) flow at the same temperature
(Figures 7, $22—825).

During NO flow (~500 ppm) at the 150 °C Ru—NO band
at ~1850 cm™' appears, as well as nitrite bands associated with
ceria at ~1160 cm™. NO was then stopped, and CO flow
started (2500 ppm) (Figure 7). Very notable changes were
observed: nitrite band quickly decreased; simultaneously, the
Ce—O—Ru—NO band (1860 cm™') decreased with the
concomitant evolution of the Ce-vacancy-Ru—NO band
(1790 cm™). Furthermore, the carbonate bands, easily
attributable to poly- and monodentate carbonates, appeared
(due to CO, evolution; some of which re-adsorbs on the
surface at 150 °C).

We then followed with NO treatment: NO treatment leads
to the fast restoration of the Ru—NO band with the
simultaneous healing of oxygen vacancy; at the same time,
nitrite bands re-appear at 1160 cm™". Repetition of these NO-
CO modulation-excitation cycles three times allows to observe
the phases that appear/disappear (respond dynamically during
each cycle; Figures S16—520). The ones that are in the anti-
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phase correspond to the active catalytic intermediates of the
NO reduction by CO: indeed, during CO reduction: nitrites
bands and Ru—NO bands are consumed with the formation of
the oxygen vacancy between Ru(vacancy)Ce and CO,
(carbonates). Treatment with NO leads to re-filling of the
oxygen vacancy with oxygen from NO and restoration of
nitrite bands. We previously suggested based on ex-situ
measurements that for Rh;/CeQ,, CO reduces Rh(III) to
Rh(I) (which we suggested to be the rate-limiting step of this
reaction) with the following re-oxidation of Rh(I) with NO to
Rh(III). Now, we show generally that we observe similar
chemistry in situ: but in this case, we prove the importance and
direct participation of the oxygen vacancy between Ru and Ce
in catalysis: this vacancy is created by the process (R1—RS):

CO — Ru — O — Ce - CO, + Ru(vac) Ce (R1)
Ru(vac) Ce + 2NO — NO — Ru(vac) Ce — NO

— Ru(N,0,)Ce — Ru — O — Ce + N,0 (R2)
NO — Ru — O — Ce — Ru(vac) Ce — NO, (R3)

CO + Ru(vac) Ce — NO, —» CO — Ru Ce — NO,
— CO, + Ru(vac)Ce — NO + NO — Ru (N,0,) Ce

— Ru — O — Ce + N,O (R4)
Ru(vac)Ce + N,O

— O=N=N - Ru(vac)Ce

= N, +Ru—-0 — Ce (RS)

The observation of the surface species during (NO + CO)
flow over the Ru/ceria sample in the DRIFTS cell (~30% NO
conversion based on Mass-Spec data) and comparison with the
states during NO and CO flows (Figure 7) allow us to
conclude that during the reaction, the surface remains mostly
“oxidized”. This can be rationalized by the fact that the rate-
limiting step of NO reduction is the removal of O between
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Ru—0O—Ce by CO with the formation of CO,: the subsequent
steps (re-filling of the oxygen vacancy by NO) occur much
faster and during NO + CO flow, we find basically mostly
oxidized surface. We emphasized earlier in the manuscript the
remarkable lability of oxygens of ceria in Ru;/CeO,. This holds
even for ultra-low Ru loadings of 0.05 wt %, which we further
prove with XPS (Figure S32; the presence of only 0.05 wt %
Ru is sufficient to observe the greatly increased surface
reducibility of Ce after CO or H, treatments under mild
conditions.

To further show the benefit of ultra-low Ru amounts on
TWC, we performed NO reduction catalysis on 0.2 wt % Rh
materials supported on ceria in the presence and absence of
0.05 wt % Ru (Figure S35). We tested these catalysts fresh and
after harsh aging (950 °C, 10% H,O/N, flow, S h). Addition of
such small amounts of Ru resulted in shift of NO and CO
conversion curves to lower temperatures both for fresh and
aged catalysts by at least 25 °C, highlighting benefits of ultra-
low Ru amounts for a typical Rh TWC catalyst.

Thus, the in situ dynamic NO/CO experiment allowed us to
clarify the mechanism as well as slow/fast steps of NO/CO
reaction on atomically dispersed metal catalysts for the first
time.

B CONCLUSIONS

In summary, we show brand new aspects of adsorptive and
catalytic chemistry of ceria on the basis of well-defined Ru,/
CeO, catalysts. They show promising performance for
challenging NO, pollutant abatement even at low metal
loadings. We elucidate the location of active Ru(II) cations on
the surface of ceria and provide molecular level understanding
of the mechanism of NO oxidation, low-temperature NO
storage, and NO reduction by CO on these materials, paving
the way for further developments in the important field of
ceria-supported noble metals.
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