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ABSTRACT

Spectroscopic elucidation of surface reactions involved in the NO-CO reaction over

atomically dispersed Rh/alumina catalysts

by

Nicholas L. Gadinas

Over the last 50 years, the reduction of automotive emissions has been a critical
component of environmental legislation. The catalytic converter is one of the tools used by
automotive engineers to reduce emissions: it facilitates the conversion of residual fuels and CO
to CO; and the reduction of NOx to N2 over the ‘three-way catalyst’ (TWC) containing a mix
of precious metals, such as Pt, Rh, or Pd supported on high surface area y-Al.03. NOxreduction
is accomplished by Rh, and while it achieves nearly complete conversion to N at steady state
operating conditions, harmful emissions such as NHz and N2O are produced during startup.

Previous studies identified a mix of Rh particles and atoms in typical TWC
formulations, and others found that Rh atoms are responsible for NH3 production in the
presence of NO, CO, and H>O (which is present in automotive exhaust). We aim to study
aspects of the mechanism of NO reduction over atomically dispersed Rh/y-Al,O3 catalysts to
inform the design of catalysts and control systems that limit the production of harmful

emissions. We focus on the dry reduction of NO by CO (no H20), as this will serve as the base



case for future studies including water and employ a combination of in situ, temperature
programmed, and cryogenic infrared (IR) spectroscopy with UV photolysis in our study.
First, we found that the stable Rh dicarbonyl, Rh(CO),, is the most abundant Rh species
during the reaction in 0.5 kPa CO and 0.1 kPa NO (5000 ppm and 1000 ppm, respectively) at
205 °C, which models dry reaction conditions during startup of the catalytic converter. The
abundance of Rh(CO)2suggests that reactions involving this species initiate the catalytic cycle.
Experimental and theoretical study of the influence of surface *OH (* denoting species
adsorbed on y-Al>03 or Rh) on Rh(CO)2 found that high local *OH density on the support (in
excess of ~10 *OH nm-2) near Rh(CO). lowers *CO vibrational frequency and energy barriers
to *CO desorption while stabilizing a monocarbonyl intermediate, Rh(CO). At reaction
conditions, it is likely that Rh(CO)2 in *OH dense regions of y-Al.Os are the most active
species, and that Rh(CO): is directly coordinated to a *OH ligand shared with the support.
After *CO desorbs from Rh(CO)., Rh was initially assumed to interact with gaseous
NO to form a mixed Rh—(NO),—CO intermediate during NO reduction, but this could not be
verified in situ due to the presumed rapid reactivity of this intermediate and the abundance of
Rh(CO). species. Therefore, we used photolysis to induce *CO desorption from Rh(CO), at
cryogenic temperature in the presence of NO to form and kinetically trap what we believe is
Rh(CO)(NO)2, which was highly reactive below —75 °C. The assignment of this species and
its speculated participation in the reaction mechanism is supported by previous studies of NO
reduction by CO by homogeneous Rh catalysts and by density functional theory (DFT)
calculations presented in this work. Finally, we extended the boundary of Rh interactions with
support species by identifying reactions between Rh(CO), and NO-derived species on y-Al>03

at cryogenic temperature which consume Rh(CQO); and oxidize Rh.



In this work, we establish the kinetic relevance of Rh(CO). consumption to the NO-
CO reaction over atomically dispersed Rh/y-Al>Os and identify three processes that could be
involved: *CO desorption followed by formation of Rh(CO)(NO). and subsequent reaction,
reaction of Rh(CO), with NO-derived surface species on y-Al>Os, and a Rh redox cycle. We
also demonstrate the feasibility of UV photolysis for the generation and observation of reactive
intermediates. Finally, we propose further experiments to determine which of the three
processes are relevant to NO reduction over atomically dispersed Rh/y-Al,Os at TWC

conditions.
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1. Introduction

The rapid industrialization of the 19t century led to the development of many large-
scale chemical processes, and with these processes came environmental emissions that became
an increasing focus of regulators. The U.S. Clean Air Act of 1970 posed an enormous
regulatory hurdle for automotive manufacturers in particular, as centralized methods of
pollution control would not be feasible to reduce the emission of contaminants from internal
combustion engines, including hydrocarbons, carbon monoxide (CO), and nitrogen oxides
(NOy, x =1, 2). Instead, a highly efficient distributed chemistry would have to be employed to
match the scale of the automobile and meet ever stricter emissions standards. This technology
was developed in the 1960s and became standard in the market in 1975 as the catalytic
converter.t

The catalytic converter contains a high surface area ceramic monolith onto which the
three-way catalyst (TWC) is deposited. So named for its ability to catalyze three types of
reactions, the TWC contains mixtures of precious metals such as Pt, Pd, and Rh, which catalyze
the combustion of hydrocarbons, oxidation of CO, and reduction of NOxto N2. The reduction
of NOx to the desired product N2 and simultaneous oxidation of CO is often performed by Rh
supported on y-Al>0z inthe TWC due to its excellent steady state NOy reduction performance.?
At low temperature (e.g., during engine startup), however, NOx reduction over Rh produces
unwanted compounds such as the greenhouse gas N>O and pollutant NH3.> A mechanistic
understanding of NOy reduction that explains the formation of these compounds can inform
exhaust control systems and TWC design, assisting manufacturers seeking to further reduce

automotive emissions.



TWC formulations typically contain less than 0.5% Rh by weight supported on y-
Al>O3, which leads to a mix of Rh particles and atomically dispersed species.*® The structure
of y-Al>Os supported Rh is also known to change with environmental conditions: adsorbed
*CO and *NO (* denoting adsorbed species) affect the relative stability of atomically dispersed
and particle Rh structures,”4 and the high mobility of Rh on y-Al>Oz allows speciation to
proceed at nontrivial rates.!® This dynamic structural behavior makes it difficult to establish
structure-function relationships for Rh/y-Al,Os catalysts without an understanding of each Rh
structure present in the catalyst under varying reaction conditions. Past mechanistic
investigations of Rh catalysts for NOy reduction often focused on extended Rh surfaces and
oxide supported Rh particles, where NO reduction proceeds via the dissociation of *NO which
leads to the recombination of *N to form N and scavenging of *O by CO to form CO,.16
Isolated Rh atoms on y-Al.Os offer no adjacent Rh sites available for *NO dissociation and
are typically in the +1 oxidation state after reductive treatment, whereas Rh particles contain
primarily metallic Rh.11.17.18 These differences imply that the mechanism of NO reduction over
atomically dispersed Rh should be quite dissimilar from that over Rh particles.

These expected mechanistic distinctions are further motivated by differences in
reactivity and selectivity between Rh particles and atoms supported on y-Al2Os. In dry NO
reduction by CO (reaction mixture of 0.5 kPa CO, 0.1 kPa NO, balance Ar), light-off (onset of
reactivity) occurs at slightly higher temperature on Rh atoms than on Rh particles, suggesting
atoms are less reactive. Yet in the presence of water, the reactivity trend is reversed as the Rh
atom catalyzed reaction lights off 50 °C lower than the particle catalyzed reaction, and Rh
atoms selectively produce NHz while particles produce N2and N20.19 Preliminary unpublished

steady state reactivity studies of dry (in the absence of water) NO reduction suggest that Rh



particles are more selective to N2O, while Rh atoms favor N2 (205 °C, 0.5 kPa CO, 0.1 kPa
NO, isoconversion). Interestingly, the oxide support composition appears to influence the
relationship between Rh particle and atom reactivity. For example, a recent studyZ® of Rh/CeO>
found that Rh*! atoms were substantially more reactive than Rh? particles even during dry NO
reduction by CO: Rh atoms reached full conversion in this Rh/CeQO; system at 100 °C, whereas
Rh particles, generated by high temperature Hz reduction, reached only 5 % conversion at 120
°C. This distinction between Rh/Al>O3 and Rh/CeO. may originate from differences in Rh—
support interactions between the irreducible Al,O3 and reducible CeO,, which should be more
pronounced for isolated Rh atoms than for Rh particles, on which the extended Rh surfaces
may be insulated from Rh—support interactions. In the TWC, Rh is typically supported on y-
Al>Ozdue to its high surface area, which facilitates high Rh dispersion and efficient use of the
precious metal.?!

In NO reduction by CO over Rh/CeOQg, reaction of Rh(CO), with NO was proposed to
proceed via multiple adsorption of NO, *NO dimerization, and rapid decomposition of
Rh(CO)(N20>) based on IR spectroscopic observation of N2O generation with loss of Rh(CO):
and preliminary DFT calculations.?® NO probe molecule IR also indicated that reaction of
Rh(CO)2 with NO led to oxidation of Rh*! to Rh*3, suggesting the involvement of a Rh redox
cycle. This work parallels studies of NO reduction over homogeneous [RhCl>(CO)2]-, inwhich
the formation of [RhCI>(CO)(NO).]- was proposed as an intermediate species based on the
stoichiometric evolution of N2O and CO,.2223 We propose similar species in the atomically
dispersed Rh/y-Al>,Oz3 system, as discussed in this text. Other mechanisms for NO reduction
catalysis by atomically dispersed Rh/SiO> have been proposed from a combined theoretical

and spectroscopic study; they begin with mixed Rh(NO)(CO) species decomposing to form



CO. and Rh(N) which then continues to react through one of two pathways which generate
NCO or N20O, and finally N2.2* These proposed mechanisms suggest details of interactions
between Rh atoms and gas phase species and reactions between adsorbates on Rh sites. They
do not discuss interactions between atomically dispersed Rh and species present on the oxide
support, into which we provide further insight.

The agglomeration of Rh atoms into particles during light-off of NO reduction has also
been noted as an important factor in reactivity of Rh catalysts,1325 but we have focused our
study solely on the action of Rh atoms. Conversion of atoms to particles may be an important
component of the mechanism at conditions after start-up of the catalytic converter, but in the
low temperature regime (~ 200 °C) we have found the Rh atoms remain the dominant Rh
species in low loading catalysts (< 0.1 wt.% Rh). However, the well documented reconstruction
of Rh sites should be considered during synthesis and characterization of ostensibly atomically
dispersed Rh catalysts to ensure that effects of particles do not influence the study of Rh atoms.

The primary experimental tool in the current study was diffuse reflectance infrared
Fourier transform spectroscopy (DRIFTS, also abbreviated as FTIR or IR in this text) with CO
and NO as probe molecules. Infrared spectroscopy?® probes the energy and intensity of
vibrational transitions of molecules, provided that the transitions alter the dipole moment. The
frequency of molecular vibrations can be described using the harmonic oscillator model for
diatomic molecules, in which both the force constant (corresponding to bond strength) and
reduced mass of the oscillator (relating to the masses of atoms forming the bond) control the
frequency. The energy of transitions between different vibrational modes often falls in the
infrared range, so absorption of IR light can be used to probe the existence of different

molecular vibrations. Vibrations of more complex molecules (2+ atoms) include bending and



combination vibrations, allowing for observation of multiple features for the same species. IR
spectroscopy equipment is also readily available at the benchtop scale, so it is an attractive
analytical tool especially for systems that contain simple molecules or well-defined vibrations
in molecules of interest.

DRIFTS is an application of IR spectroscopy in which infrared light is reflected off a
powder sample via diffuse reflection between particles in order to probe vibrational transitions
occurring within the sample. This is suitable for characterization of heterogeneous catalyst
powders, since samples can be loaded into the DRIFTS cell and analyzed without additional
treatment, such as dispersion with solvents or the use of specialized support materials. The use
of in situ DRIFTS cells provides reasonable representations of reactor conditions, and thus
enables connections between kinetic and spectroscopic data collected in different reactors.

In this work, NO and CO are used as probe molecules for low loading Rh/y-Al.Os
catalysts. Interactions of both molecules with Rh have been studied for decades, with Yang
and Garland?’ identifying numerous Rh—CO structures in IR in 1957 which have been
confirmed in studies since.>1228-33 Specifically, the presence of Rh clusters and atoms can be
probed via the vibration of adsorbed *CO molecules: CO adsorbs to particles in linear or
bridged configurations, leading to IR peaks near 2060 and 1860 cm-1, respectively, while CO
adsorbs to Rh atoms to form the Rh gem-dicarbonyl (Rh(CO).), which exhibits two peaks near
2085 and 2015 cm-1, corresponding to the coupled symmetric and asymmetric vibrations of
both *CO molecules. NO probe molecule IR has also been used to identify types of Rh sites
and the nature of *NO adsorbates. The free valence electron of NO leads to formation of both
cationic and anionic *NO ligands, which affects the frequency of *NO vibrations.??2 More

cationic *NO exhibits IR peaks above 1900 cm-1, while anionic *NO has peaks typically below



1800 cm1,30:3334 As with *CO, the nature of the Rh site also affects *NO frequency, with Rh
particles leading to lower adsorbed *NO frequencies (~1685 cm-1) due to stronger Rh—NO
interactions and a consequently weaker N—O bond.2 The Rh dinitrosyl, Rh(NO)., has also been
observed in some studies,31% but its observation appears to vary significantly with
experimental conditions, including the composition of the support.

Our investigation of the behavior of atomically dispersed Rh/y-Al.Oz during NO
reduction by CO begins first by characterizing the primary adsorbed ligands on the Rh sites
under reaction conditions and then extends to the local environment surrounding these sites.
With in situ IR spectroscopy, we identify Rh(CO): as the primary form of Rh during catalysis,
the consumption of which is likely a kinetically relevant step in NO reduction. Using a
combination of in situ, temperature programmed, and cryogenic IR spectroscopy with UV
photolysis, we produce proposed reaction intermediates (e.g. Rh(CO)(NO).,) and also
characterize interactions between Rh(CO), and nearby *OH and NO-derived species on y-
Al>O3 that may be relevant for catalysis. These reactions also indicate that a Rh redox cycle
may be involved in catalysis. In total, the data are consistent with two potential routes of
Rh(CO). consumption: *CO desorption from Rh(CO),, followed by NO adsorption to form
Rh(CO)(NO)2 and its subsequent reaction, and reactions between Rh(CO); and surface bound
NO-derived species. We propose further experiments to determine which of these processes is

operative at TWC conditions.



2. Experimental Methods

2.1. Catalyst Synthesis

Rh/y-Al>03 catalysts (0.1 and 0.05 wt.%) were synthesized using dry impregnation of
v-Al;03 (Sasol, Puralox TH 100/150) with a solution of Rh*3 nitrate hydrate (Sigma Aldrich)
in HPLC-grade water (J.T. Baker) (1.5:1 ratio of solution to catalyst by mass) added in 200 pL
increments. The catalyst was dried overnight inan oven at 100 °C, then calcined under flowing

dry air at 350 °C for 4 hours in a tube furnace.

2.2 Infrared Spectroscopy

FTIR of the Rh/y-Al,O3 catalysts in this work was performed in a Harrick Scientific
DRIFTS cell equipped with a liquid nitrogen dewar (Praying Mantis Low Temperature
Reaction Chamber inside a Praying Mantis Diffuse Reflection Accessory) using a Nicolet iS10
FTIR spectrometer equipped with a mercury cadmium telluride (MCT) detector. The
temperature of the Harrick cell was controlled by a thermocouple in the catalyst bed and a
heater beneath the bed connected to a temperature controller (Omega CN7800) along with
liquid nitrogen to reach cryogenic temperatures. Previous studies3® of DRIFTS cells of similar
design to those used in these experiments indicate that thermal gradients within the bed can
lead to temperature differences between the bed thermocouple reading and actual average bed
temperature of up to approximately 20 °C, that is, the actual average temperature is up to 20
°C less than the thermocouple reading at relevant conditions. This uncertainty is more
important for quantitative measurements rather than describing qualitative trends, as discussed
with Redhead analysis below. Gas flow to the cell was regulated with mass flow controllers

(Teledyne Hastings Digital 300 & HFC-202). Cryogenic measurements were performed under
7



vacuum pressure in the cell. Spectra were collected by averaging between 8 and 16 scans each
with a data spacing of 0.482 cm. Prior to all experiments, catalysts were pretreated in situ
under flowing Oz (Airgas) for 30 minutes at 350 °C and reduced under flowing 10% H2/Ar
(Airgas) for 1 hour at 100 °C (IR in Chapter 3) or 190 °C (IR in Chapters 4-6). Further details
of specific experiments are provided in the text.

Temperature-programed desorption (TPD) measurements were executed by heating the
sample in Ar at a rate (f) of 20 °C mint until all *CO desorbed while taking spectra
continuously. The rate of band intensity loss was traced using the change in peak areas of
deconvoluted spectra, integrated and fit using Origin® by fixing constant peak FWHM and
positions. We estimate the CO binding energy range by solving the following form of the

Redhead analysis equation numerically in MATLAB, similarly to our prior work:>3

0 8

where E is the binding energy, Tr is the peak desorption temperature, kg is the Boltzmann
constant, £ is the temperature ramp rate (0.33 K s™1), and A is the pre-exponential factor. When
estimating the CO binding energy without an entropic barrier (AS = 0), we use a preexponential
factor (A) of 103,37 based on previous analysis of flat Rh surfaces where single molecular
desorption occurs.®® When estimating the upper limit of the CO binding energy, the pre-
exponential factor (A) used is 6x1011 s1 for a CO entropic desorption barrier of 52 J mol K1
from Rh(CO)y, as calculated in previous work.3® Uncertainty of bed temperature readings can
lead to overestimation of the peak desorption temperature Tp of up to 20 K, which is factored
into the lower limit of binding energies. From these energies, we can estimate desorption

enthalpy, AH:



AH = E — RT; )

where R is the ideal gas constant.

2.3. Photolysis of Rh/y-Al,0O3; Catalysts

The Rh—CO bond of Rh(CO), has an electronic transition near 3.9 eV which can be
excited by ultraviolet light,%0 which has been exploited in previous studies*®4! to induce *CO
desorption from Rh(CO). at cryogenic temperatures. This technique is applied in this work for
identification of Rh intermediates formed from Rh(CO).. Photolysis of the 0.1 wt% Rh/y-
Al>;O3 catalyst was performed while the catalyst was monitored with DRIFTS in the low
temperature Harrick cell using a 370 nm LED light source operated at 90 W. The LED was
positioned directly adjacent to the Harrick cell containing the catalyst and directed towards the
window above the catalyst bed. The light intensity that reached the catalyst bed was estimated
to be less than 20 mW cm-2 based on measurements taken at the window of the DRIFTS cell.
In low temperature photolysis experiments, the catalyst was cooled to between —115 and —125
°C under vacuum to collect a background spectrum after pretreatment, then heated to 150 °C
and exposed to 5000 ppm CO prior to illumination. After Rh sites were saturated with *CO in
the form of Rh(CO), the catalyst was again cooled to cryogenic temperature. Photolysis was
performed in flowing Ar or NO (under vacuum pressure) while collecting DRIFTS spectra.
After photolysis, the catalyst bed was warmed to ambient temperature in flowing Ar or 5000
ppm CO, and then heated to 400 °C at 20 °C min- in 5000 ppm CO or a mixture of 5000 ppm
CO and 1000 ppm NO. The temperature could not be controlled during warming from

cryogenic to ambient temperature, but warming in all experiments followed approximately the



same first order behavior, shown in Figure 1. Additional details pertaining to each experiment
are provided in the text.

20
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Figure 1. Temperature profile of the DRIFTS cell when warming from cryogenic to ambient

temperature.

2.4. NO reduction light-off reactions

“Light-off” experiments were performed to test the reactivity of atomically dispersed
Rh catalysts, where the reactor was heated at a constant rate under reactive environments
from ambient temperature, mimicking engine start-up conditions. Catalysts were diluted with
purified SiO; (Sigma Aldrich, CAS: 84878) to 2 mg Rh gca* in @ home-built, temperature-
controlled reactor system with mass flow controllers (Teledyne Hastings) to control CO, NO,
H>0O and Ar gas flow concentrations. After pretreatment identical to that used before FTIR
characterization (with the 100 °C reduction), catalysts were heated by 0.0833 °C st from 20
to 450 °C while 4.17 cm3 st of 0.5 kPa CO and 0.1 kPa NO in Ar gas (1 bar total) flowed
over a packed bed. Gas phase product compositions were identified by flowing reactor

effluent through a Thermo Scientific Antaris IGS 2-meter Gas Cell set in a Nicolet iS10

10



FTIR spectrometer with a Mercury Cadmium Telluride (MCT) detector and using OMNIC
Series Software to take 5 spectral scans every 10 s at high 0.5 resolution and 0.241 cm™! data
spacing. Reactants and products were calibrated with the TQ Analyst Pro Edition Software to
identify established spectral signatures of known mixtures of CO, NO, N2O, NHz, CO, and

H>0O in Ar at set pressure and temperature.
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3. Hydroxyl Interactions with Rh(CO);

Adapted from:
Hoffman, A. J.; Asokan, C.; Gadinas, N.; Schroeder, E.; Zakem, G.; Nystrom, S. v.; Getsoian, A.;

Christopher, P.; Hibbetts, D. Experimental and Theoretical Characterization of Rh Single-

Atoms Supported on y-Al203 with Varying Hydroxyl Content during NO Reduction by CO.

In Revision for publication in ACS Catalysis.

The y-Al,O3 surface has many local environments to host supported Rh species.
Undercoordinated edge sites on y-AlOz particles can be critical for some chemistries, such as
ethanol dehydration.*2-45 These edges may also border different facets that are heterogeneously
distributed on the y-Al.Oz surface; previous microscopy studies have shown that the size of y-
Al,Os facets can approach the nanometer scale.*6 Theoretical studies have suggested an *OH
ligand is bound to Rh*1(CO), species supported on y-Al.O3z;4” however, such studies did not
account for a range of possible *OH concentrations on the surface, the effects of changing Rh
oxidation states due to redox interactions with ligands, or compare calculations with
experimental characterization data. The *OH species on the surface of y-Al,Os vary in
concentration and structure with conditions according to DFT calculations of a y-Al203 model
derived from dehydrated boehmite,*®-52 and thermogravimetric and surface area analyses
suggest that average coverages can range from 8-12 *OH nm-2 at the temperatures relevant to
*CO desorption (573-673 K).5354 These 8-12 *OH nm~2 are not evenly distributed over the y-
Al;O3 surface—DFT in this work suggests that equilibrium *OH coverage is highly dependent
on surface facet, so some regions of y-Al>Os exceed the average *OH coverage while others
do not. Neighboring *OH may also form hydrogen bonding networks: at high coverage,

densely packed *OH can form ice-like regions on the support,®> and *OH gathered in surface

depressions can form nest-like structures where water can accumulate, 57 similar to hydrogen

12



bond networks of silanol nests in zeolites.58-%2 Altogether, y-Al2O3 presents a range of distinct
*OH environments to atomically dispersed Rh species on the surface.

Studies of y-Al,O3 hydroxyl groups have identified classes of *OH with different
vibrational frequencies, acidities, and coordination to the support.436364 In general, *OH with
sharp IR peaks and frequencies above 3650 cm are considered “free,” rather than part of a
larger hydrogen bonding network, which exhibits a broad absorbance band centered between
3300-3400 cmL. Distinctions between free *OH with frequencies above 3650 cm-! have been
ascribed to varying number and type of coordinating Al support atom, and the acidity of free
*OH increases with decreasing vibrational frequency (indicating a weaker O—H bond).
Interactions between *OH, CO, and Rh have been previously observed: IR bands associated
with *OH at 3679 and 3735 cm~! decrease when CO is introduced to a 2.2 wt. % Rh/y-Al>03
sample while symmetric and asymmetric Rh(CO)2 peaks grow, indicating that particular *OH
are displaced or consumed during the dispersion and oxidation of Rh clusters to Rh*1(CQO),.18.65
Interestingly, exposing the Rh/y-Al2O3 to NH3 mitigates the Rh dispersal process by bonding
to the free y-Al,03*OH groups that would otherwise be consumed during dispersion.% Clearly,
interactions involving Rh, *OH, and gas phase species are critical to the nature of active sites
under NO reduction conditions.

Rh species are likely deposited on several facets and in different *OH environments
during synthesis but can become mobile and reconstruct on y-Al.O3 depending on changing
surface environments during catalyst pre-treatment and reaction conditions. CO-induced
restructuring of atomically dispersed Rh/y-Al.Ogz relies on the migration of Rh(CO)2 across the
v-Al,03 surface to produce spatially isolated Rh species or to induce their re-

agglomeration.>11-13.156768  Consequently, sintering of atomically dispersed Rh can be

13



suppressed by anchoring organic ligands to limit Rh mobility.3%6° Rh cluster disintegration can
occur on the order of seconds when exposed to CO near ambient temperature, according to
time-resolved EXAFS, with a low 17 kJ mol~! barrier to Rh(CO), formation from initially
adjacent Rh atoms.?® These results are reasonable, considering DFT studies of Pd diffusion
that indicated an activation barrier between 15 and 72 kJ mol~! for diffusion across dehydrated
and hydrated (110) y-Al,Os surfaces, respectively.’® The high mobility of Rh atoms may allow
them to traverse the y-Al,Oz surface and sample a range of surface facets, local adsorbate
environments, and *OH coverages at relevant reaction conditions.

The construction of representative structural models of working catalytic active sites
requires first identifying the structural elements present under operando conditions. In situ
FTIR provides insights into the Rh structure during NO reduction by CO and the predominant
adsorbate that saturates the active sites. Upon exposure to conditions of realistic TWC
operation, 0.5 kPa CO and 0.1 kPa NO (5000 and 1000 ppm, respectively) at 205 °C,
atomically dispersed Rh species exist predominantly as Rh(CO). with characteristic
frequencies at 2084 and 2012 cm™! and without peaks associated with *NO on Rh expected in
the range of 1900-1700 cm! (Figure 2).51230.31.3435 Additionally, exposure of a CO-saturated
catalyst to the mixture of NO and CO at 478 K (where the catalyst is reactive) does not cause
the intensity of Rh(CO). bands to decrease (Figure 3a). These data indicate that atomically
dispersed Rh is primarily coordinated to CO, rather than NO, at conditions similar to those in
automotive exhaust treatment. This preference for *CO on Rh atoms contrasts with Rh
nanoparticles and surfaces, where NO adsorbs more strongly than CO resulting in an *NO

saturated Rh surface under similar conditions.2%71
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Figure 2. In situ IR spectra of 0.1 wt. % Rh/y-Al,03 during NO-CO reactions at 478 K for 600 s (0.5
kPa CO and 0.1 kPa NO, Ar balance, 1 bar total). Inset cartoons show the assigned species associated
with the observed bands where oxygen is red, carbon is grey, nitrogen is blue and Rh is cyan.

Other features appear at 2255 and 2235 cm™t under dry NO-CO reaction conditions,
which are assigned to adsorbed *NCO species on Al;Oz. IR spectra of a 0.05 wt. % Rh/y-Al>03
sample shows similarly shaped but shifted bands when exposed to 12CO and 3CO mixed with
NO (Figure 3b). Both the sets of symmetric and asymmetric Rh(CO). stretches and the features
near 2230-2250 redshift by ~50 cm™1, indicating that each is associated with species containing
C, which further indicates the 2230-2250 cm! bands pertain to *NCO. Prior work’"3 has
indicated that such *NCO species can spill over onto the y-Al.O3 support once formed during
NO reduction by CO on Rh/y-Al>Oz, which is confirmed by the slow growth of these features
without loss of Rh(CO)2 in IR spectra collected at 523 K (Figure 3c). Thus, we conclude that
*NCO is only adsorbed on the y-Al203 support, while atomically dispersed Rh species exist
almost exclusively as Rh(CO). species under reaction conditions, so we focus on

understanding the characteristics of Rh(CO)» as the catalyst approaches reaction conditions.
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Figure 3. IR spectra of 0.05 wt.% Rh/y-Al,O3 (a) during exposure to 0.5 kPa CO and 0.1 kPa NO (blue,
red) after saturation with 0.5 kPa CO at 463 K (black), (b) after 25 minutes in 0.5 kPa CO and 0.1 kPa
NO at 463 K (purged with Ar) (black) and after saturation with 10 kPa *CO and a pulse of 1 kPa NO
at 463 K (purged with Ar) (red), and (c) during exposure to 0.5 kPa CO and 0.1 kPa NO at 523 K after
exposure to the same mixture at 473 K. All gas mixtures were balanced with Ar.

The *CO stretching bands characteristic of the symmetric and asymmetric frequencies
of Rh(CO). species are observed at 2094 and 2020 cm™1in CO probe molecule IR in Ar at 298
K, after the 0.1 wt. % Rh/y-Al>0s catalyst was pretreated in situ for 0.5 h at 623 K in pure O
at 1 bar and subsequently in 10 kPa Ho/Ar at 373 K and saturated by flowing 1% CO (Figure
4a). The absence of CO bands in IR spectra at frequencies characteristic of linear (~2080-2040
cm™1) and bridge- or three-fold bound (~1950-1850 cm) *CO on Rh clusters confirms that
Rh exists primarily as atomically dispersed species following CO exposure in this sample.2271
Both the symmetric and asymmetric Rh(CO). vibrational bands are asymmetric in shape and
broad (> 30 cm! FWHM), suggesting the presence of multiple Rh(CO). coordination
environments.1>20.7475 Temperature programmed desorption (TPD) of *CO from the 0.1 wt. %
Rh catalyst proceeds nonuniformly across both the symmetric and asymmetric Rh(CO)2 bands,
as the asymmetry shifts to lower frequency within each peak. This suggests that there are
distinct Rh(CO). species on the y-Al>0s3, each with its own characteristics symmetric and

asymmetric frequencies; deconvolution of FTIR spectra yields good fits to the data by
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including two pairs of peaks at 2094/2020 and 2084/2010 cm™1, with full widths at half-
maximum (FWHM) of 11/12 and 22/29 cm1, respectively (Figure 4b).

As the temperature increases from 293 to 493 K, the deconvoluted bands at 2094 and
2020 cm! decrease in intensity together while the bands at 2084 and 2010 cm™ grow,
suggesting that both species are Rh(CO), and that the first converts to the second species as
temperature increases. At 493 K, the 2084 and 2010 cm~! peaks reach maximum area before
decreasing. The peak positions and widths of the 2084 and 2010 cm™ features were identified
following complete loss of the 2094 and 2020 cm-! features to enable deconvolution of the
Rh(CO)2 peaks in each spectrum during the TPD. The loss of the 2084 and 2010 cm! features
is followed by the emergence and growth of bands at ~1985-1975 cm™1, which reach a
maximum area at 603 K. Previous work on atomically dispersed Rh/TiO suggests that these
bands appear because *CO desorbed sequentially from Rh(CO). to form an Rh(CO)
intermediate when the Rh is complexed to an *OH species on the support.”®-78 Consistent with
this, we observe that *CO desorbs sequentially from atomically dispersed Rh/y-Al.Os; after
the first *CO desorbs, Rh(CO) species remains with *CO vibrational stretches of 1985-1975
cm~L. The most prominent Rh(CO) peaks appear at 1985 and 1975 cm-1 as distinct species;
however, the large FWHM of these peaks (39 and 45 cm™1, respectively) indicate that the local

environment around Rh(CO) varies significantly.

17



a) 2054 2084 2920 51 1965 I‘” b) 2094 2084 2020 9959 1985 10'1
~ = .

Absorbance
Absorbance

T T T T T T =T T
2100 2000 1900 2100 2000 1900
Wavenumber / cm™ Wavenumber / cm™

Figure 4. (a) IR spectra taken of 0.1 wt. % Rh/y-Al,O3 every 10 K after sample is fully saturated with
CO, and as temperature increases 0.33 K s™* (20 K min™) from 293 K (blue) to 723 K (red). (b)
Deconvolution spectra from (a) at 293, 503, and 633 K. Deconvoluted peaks (solid gray lines) are
shown at each noted wavelength (2094, 2084, 2020, 2010, 1985, and 1975 cm™) with their sum

(dashed gray line) at each temperature.

Table 1. Vibrational frequencies and full width at half maximum (FWHM) parameters for
deconvoluted FTIR stretches associated with CO bound to atomically dispersed Rh1/y-Al,Os.

Species Temperature range / K2 Wavenumber / cm™ FWHM /cm™
293-493 K 2094/2020 11/12
Rh(CO);
493-603 K 2084/2010 22/29
Rh(CO) > 603 K 1985 and 1975 49 and 36

aThe temperature range at which the species dominates the surface based on IR bands.

Interestingly, the disappearance of peaks at 2084 and 2010 cm1 closely corresponds to
the temperature of light-off of NO reduction by CO over atomically dispersed Rh sites (Figure
5). The coincidence of *CO desorption with reactivity light-off suggests that the NO-CO
reaction on Rh (CO)2 sites begins with the desorption of *CO and that desorption is a
kinetically relevant step. This is in direct contrast to NO reduction over Rh nanoparticles,
where the Rh particle surface is NO-saturated and *NO is consumed by dissociating during

light-off (10 wt. % Rh/y-Al>03, 273-673 K, 0.5 kPa CO and 0.1 kPa NO).?® This highlights
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the first mechanistic distinction between NO reduction by CO on Rh nanoparticles and by

single atoms: the most abundant Rh species involves a different adsorbate.
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Figure 5. The total peak area loss for the sum peaks associated with the 2094 and 2020 cm™ peaks
(blue, @), 2084 and 2010 cm ! peaks (green, m), and 1985 and 1975 cm ™ peaks (purple, A)
normalized by the maximum sum of absorbance (Amax) as a function of temperature during TPD
overlaid with NO conversion (%, black line) as a function of temperature at a ramp rate of 0.083 K s*

in 0.5 kPa of CO and 0.1 kPa of NO over 200 mg of diluted 0.1% Rh/y-Al.Oj catalyst (0.2 mg Rh).

The activation energy of desorption for each *CO on Rh in the experimental system
was estimated using Redhead analysis®’ based on the temperature of maximum desorption
(Table 2). The 2094/2020 cm™! peaks associated with one type of Rh(CO)2 species disappear
at 493 K while the 2084/2010 cm peaks grow, indicating that the 2094/2020 cm~! species
reconstructs to form the second species rather than desorbing. Therefore, the CO desorption
energy for the 2094/2020 cm™ Rh(CO). species cannot be computed from the TPD.
Furthermore, our prior work found that the desorption of *CO from Rh(CO)2 had an entropic
barrier, altering the appropriate rate constant for the pre-exponential factor using in Redhead
analysis,? justifying here the use of two pre-exponential factors—6x101 s™1 (yielding an upper
limit for the adsorption energy) and the canonical 1013—to calculate a range of possible *CO

binding energies from Eq. 2. Thermal gradients in the bed up to 20 K are assumed for the lower
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(weaker) bound of binding energies. The 2084/2010 cm™1 peaks reach maximum rate of change
at 573 K, from which the desorption energy for the first *CO molecule from Rh(CO); can be
estimated as 143-161 kJ mol?, varying with the different possible pre-exponential factors and
temperature gradients in the bed. The peaks associated with Rh(CO) species at 1985 cm~t and
1975 cm! grow as the 2084/2010 cm™! peaks disappear, then reach their maximum rate of
desorption at 703 K, yielding a desorption energy of 193-199 kJ mol-! for the second CO.
These values can be compared with DFT predicted binding energies to validate a model for
Rh(CO),,although as discussed later the direct desorption of CO from Rh(CO) may more likely

involve ligand replacement steps from species bound to y-Al>Os.

Table 2. Desorption energy and enthalpy (AH) values for *CO bound to atomically dispersed Rh on y-
Al,Os.

Adsorbate Peak desorption  Desorption energy, E/ Desorption enthalpy, AH

temperature, Tp / K kJ mol™* / kJ mol™*
CO from Rh(CO), 573 143°-1612 139°-1572
CO from Rh(CO) 703 193°-199 187°-193
Difference 32-56 30-54

a Upper limit of the *CO binding energy calculated using preexponential factor (A) of 6x10'! s™ to
account for the entropic barrier of desorption from Rh(CO)s..

b Lower limit of *CO binding energy on Rh(CO); and 1% order single molecule desorption was
calculated with preexponential factor (A) of 10 s™*and peak desorption temperature 20 K less than
the measured value to account for thermal gradients.

Given the density of *OH on y-Al;,03 (8-12 *OH nm-2 on average between 300-400
°C), we investigated the effects of altering *OH environments on Rh(CQO)2 behavior. Exposing
0.1 wt. % Rh/y-Al2Os first saturated with CO to an Ar feed saturated with H,O at 293 K
increases the surface *OH coverage on y-Al20s. This increase in *OH coverage is evidenced
by the loss of free *OH groups (> 3650 cm1)4263.79 and growth of the broad hydrogen bonding

*OH band from 3600-2500 cm~1,4255 indicating the formation of *OH-dense regions on the y-
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Al,Os (Figure 6¢). The growth of the H-O-H bending band at 1650 cm™! also indicates the
presence of molecularly adsorbed water (Figure 6a).5> Water exposure noticeably tightens the
bands associated with Rh(CO), (~8 cm~! reduction of FWHM) around centers at 2087/2013
cm™t as *OH density increased (Figure 6b and Figure 7b), thus causing the peak centers to
decrease. The reduction of the FWHM is likely because physisorbed water molecules near Rh
sites homogenize the local coordination environment, indicating that the lower frequency
Rh(CO): species with peaks near 2087 and 2013 cm1formed during H2O exposure exist in a
highly hydrated environment. This is consistent with a seminal study of CO adsorption on

Rh/Al203, in which water exposure shifted Rh(CO). bands to lower frequency.?’

b) 2067 2016 2013
o o ‘ 0.05
Q [&]
C C
@ 3
0 o]
— —
o S
w w
e o
< <
H,0O-saturated Ar, 293 K
4000 3600 3200 2800 1600 1200 2200 2100 2000 1900
Wavenumber / cm™ Wavenumber / cm™’
7 2005 0088 2020 2015
c d
) = 147 K lo.m ) [ ¥ 0.05
) . @ \ _
Q [&]
c / c
®© J @
0 o]
— —_
o /K o
2 423K 2 ‘
) / = ||
No additional H,O exposure T
4000 3600 3200 2800 1600 1200 2150 2050 1950
Wavenumber / cm™ Wavenumber / cm™’

Figure 6. FTIR spectra of 0.1 wt. % Rh/y-Al,O3 (a—b) saturated with CO at 298 K and exposed to a
water-saturated Ar stream at 298 K for 1200 s and (c—d) saturated with CO at 423 K and cooled to 147
K, highlighting the O—H stretch and H-O—-H bending regions in (a) and (c) and the Rh(CO), stretch
region in (b) and (d).

21



2022

a)

2088 0

O
[m]

e e
® %0000 cattepie o

Symmetric

g &

H

-2020

2018

2016

wiseq jgjuan) yeed

2014

~

2012

Peak Center, vg,my / cm™
S
8

40

OH Area (2500-3600 cm™)

80

120

160

-0

32

FWHM / cm™

12

28

N
o
1

o M

Symmetric
p T
«o o

40

80

120 160

OH Area (2500-3600 cm™)

Figure 7. The (a) peak center and (b) FWHM of Rh(CO), peaks as the area of the hydrogen bonding
*OH band changes for symmetric (blue) and asymmetric (orange) stretches in samples brought to
cryogenic temperatures (m, hollow) and exposed to H»O at 298 K (e, filled).

Separately, 0.1 wt. % Rh/y-Al.O3 was exposed to 10 kPa CO at 423 K to form Rh(CO):
and cooled to 147 K (Figure 6¢—d). The Rh(CO). bands initially appear similar in shape and
position after CO adsorption to those at 423 K during TPD, but cooling to 147 K induces a
shift in maximum intensity from 2088/2015 to 2095/2020 cm™! for the Rh(CO), peaks—the
reverse effect of heating during TPD, indicating that the conversion between Rh(CO). species
observed during TPD prior to desorption is reversible. During cooling, the hydrogen bonding
*OH region (integrated area between 3600-2500 cm1) and the H-O-H bending peak (1650
cm-1) grow, indicating that trace water in the Ar feed molecularly adsorbs on the y-Al.Os3
during cooling. H>O adsorption does not cause a substantial loss of free *OH groups (3800—
3650 cm™1), contrary to water exposure at room temperature, which presumably consumes
most free *OH by condensing water on the surface. Assuming that molecular water exists only
in *OH-saturated areas of y-Al,O3, the persistence of free *OH during cooling suggests that
some areas of the surface are saturated with *OH while others remain drier (and contain free,
rather than hydrogen bonded, *OH). This could be due to either gaseous H,O directly
interacting with *OH or clustering of *OH or *H,O on the surface. Despite increasing
absorbance in the *OH region, the FWHM of the *CO features in Rh(CO)2 do not tighten and
the positions of maximum intensity of the *CO stretches shift to higher frequency during
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cooling (Figure 7). This can be explained by OH-OH interactions on the support: at low
temperature, densely packed *OH form ice-like layers on y-Al,Os from which Rh(CO): is
excluded by the strengthening hydrogen bonding networks. Whether this exclusion occurs by
Rh(CO). migration out of dense *OH regions or by *OH agglomeration away from Rh(CO).
is unclear. Regardless, these results suggest that *OH coverage alters *CO frequency in
Rh(CO). species and that the effects are moderated by temperature, which control interactions
between *OH species.

Our collaborators at the University of Florida (Alex Hoffman and David Hibbitts)
performed DFT calculations to explore the effects of *OH and *H>O coverage on Rh(CO)z0n
the y-Al,Oz surface derived from the (010) facet of dehydrated boehmite, while also
considering effects of Rh oxidation state, additional ligands bounds to Rh, and y-Al,Oz surface
facet. First, they confirm that Rhis likely in a +1 state for Rh(CO). species and that it is likely
directly coordinated to an *OH group, as previous studies!’-1867.8081 have found. DFT also
predicts that additional *OH species near Rh(CO)2 on y-Al20s also have an effect—increasing
local *OH coverage around HO-Rh(CO)2 can increase *CO frequencies by ~7 cm™ from
2080/2015 cm™ at 0 *OH nm2 to 2086/2020 cm™ at 6.79 *OH nm~2, after which they
significantly decrease to as low as 2071/1989 cm* at 7.92 *OH nm~2 and 10.18 *H,O nm2
(additional adsorbed molecular *H2O in addition to *OH species) (Figure 8). The redshift
occurring at higher *OH and *H.O coverages (closer to expected average coverages of 8—12
*OH nm~2) is consistent with the tightening of Rh(CO). bands at lower frequency observed in
our studies during water exposure and the 10 cm-1 redshift in Rh(CO), frequency which occurs
during TPD. The facet supporting HO—-Rh(CO). also affects *CO frequency, both directly

through Rh-support interactions and indirectly by equilibrium *OH coverage. For instance,
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HO-Rh(CO), on dehydrated (001), has frequencies of 2090 and 2020 cm™, and the (001)p
facet retains fewer *OH than the (010), or (100) facets.>52 The facet dependence of *OH
coverage and the likeliness of associative OH-OH interactions may lead to distinct patches of
high and low *OH coverage on y-Al>QOz, rather than a continuous distribution, which could
account for the appearance of the two distinct sets of Rh(CO)2 bands observed in deconvolution

of FTIR spectra.
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Figure 8. DFT predicted changes in the symmetric (blue) and asymmetric (orange) stretches of the
Rh(CO), with different surface concentrations of H*/OH* pairs and of molecular H,O on y-

Al;05(010),. The coverages within which H;0O adsorbs dissociatively to form H/OH pairs (in *OH
nm~2) and molecularly (in *H.O nm~2)are labeled along the bottom and top ordinate, respectively.

DFT also predicts that *OH density affects the adsorption/desorption characteristics of
CO from Rh(CO)2. The second *CO binding enthalpy (AHco,2, enthalpy of binding the second
*CO that forms Rh(CO)2) weakens from —167 to —116 kJ mol! as the coverage of *OH and
molecular *H,0 increase (Figure 9), suggesting that *CO desorption from HO-Rh(CO):
occurs more readily in high *OH coverage environments rather than low. When the second
*CO adsorbs to form Rh(CO),, the additional *OH groups on y-Al>Os both stabilize the
preceding state (Rh(CO)) and repel the additional *CO on the now saturated Rh; as such,

binding energies for the second *CO weaken with additional *OH on the surface. This is
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consistent with the hypothesis that the desorption of *CO from Rh(CO), to form Rh(CO)
occurs from areas on y-Al,O3 with higher hydroxyl coverage. The absolute value of the second
*CO binding enthalpy, AHco 2, from DFT of 116-167 kJ mol-! captures the experimental range
of 139-157 kJ mol-! obtained from Redhead analysis. Consistency between trends in the CO
frequency with *OH and *H>0O coverage, as well as the second *CO binding enthalpy suggest
that the DFT calculations reasonably capture the salient features of the Rh(CO)2 species
observed in experiments and the desorption of the second *CO from Rh(CO). to form Rh(CO).

Alternatively, DFT predicts that increasing *OH and *HO coverage on y-Al,Os
strengthens binding for the first *CO (to form Rh(CO) from Rh) with AHco,1 strengthening
from —260 kJ mol™ to —288 kJ mol™* over the same range of *OH and *H.O coverage
considered for the loss of *CO from Rh(CO).. The additional *OH can coordinate to Rh
without altering its oxidation state, which confers some additional stability when Rh has only
one *CO ligand. However, the absolute value of the first *CO binding enthalpy from DFT of
260-288 kJ mol- is much higher than the experimental value of 187-193 kJ mol-1. *CO
desorption from Rh(CO) to form a “bare” Rh in an unchanged oxidation state, as modeled here,
is unlikely to occur in experiments, leading to doubts in DFT-derived binding energies of the
first CO. Instead, it is likely that as *CO desorbs, new ligands (water- or surface-derived) take
its place on the resulting Rh species. This process likely alters the Rh oxidation state and will
stabilize the product of *CO desorption leading to a less exothermic desorption process. While
IR spectroscopy is silent on the nature of the CO-less Rh complex, recent XAS has
demonstrated that *CO desorption does indeed involve Rh coordination of additional oxygen

species and likely the oxidation of Rh to the +3 state.82
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Figure 9. Models of (a—f) HO-Rh;(CO), and (g—I) HO-Rh;(CO) on y-Al,03(010), with adsorbed
H,O coverages of (a,g) 0.0 *OH nm™2, (b,h) 2.26 *OH nm?, (c,i) 4.53 *OH nm?, (d,j) 6.79 *OH
nm~2, (g,k) 7.92 *OH nm~2 and 0.57 *H,O nm~2 (where H,O first adsorbs molecularly), and (f,1) 7.92
*OH nm2 and 1.70 *H,0 nm2 from additional H,O dissociated on the y-Al,Os surface. For each
structure, the *CO vibrational frequencies are shown in cm™, including symmetric (blue, 11),
asymmetric (orange, T!), and monocarbonyl (black) stretches where appropriate. The assigned formal
Rh oxidation state (purple) and partial charges from QUAMBO analysis (green) are also shown in e.
Binding enthalpies (AHco) and free energies (AGco), as well as the differences for each between the
first and second *CO (AAHco and AAGco) at 473 K are shown in k] mol™ below their corresponding
structures.

Taken together, the combination of experimental and theoretical data support the

expected result that Rh(CO): is in the +1 state, coordinated to *OH species native to y-Al>Oz,
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and present on y-Al,Oz3 surfaces in areas of varying *OH coverage. At ambient conditions, the
HO-Rh(CO), exist in heterogeneous areas of the support that contain a range of *OH
coverages leading to broad *CO bands, and as temperature increases these HO-Rh(CO);
species migrate to more hydroxylated regions of y-Al>.Oz (conversion of 2094/2020 cm~ bands
to 2084/2010 cm™ bands). Sequential *CO desorption then occurs from these HO-Rh(CO)>
species in high hydroxyl coverage regions to form a Rh(CO) species with a *CO band in the
range 1985-1975 cm-1. This process is depicted in Figure 10 below. It is thus proposed that
the formed Rh(CO) species in high hydroxyl coverage regions are likely active site models for

the NO-CO reaction.

%
Rh(CO), - 08 2 08

y-AlLO;
Dense Surface OH Promote CO Desorption & Rh(CQ) Formation

Figure 10. Schematic of Rh(CO), behavior during temperature programmed desorption, in which
Rh(CO); translates on the y-Al.Os; surface into *OH dense regions. These *OH promote *CO
desorption and stabilize the Rh monocarbonyl. (Rh = blue, C = black, O = red, H = white).
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4. ldentification of a Reactive Intermediate in the NO-CO Reaction

The correspondence between light-off of NO reduction by CO and *CO desorption
from Rh(CO). during TPD suggests that *CO desorption is a required slow step of NO
reduction under dry conditions. In situ IR of 0.1 wt.% Rh/y-Al>03 (0.5 kPa CO, 0.1 kPa NO,
balance Ar, 205 °C) confirms that Rh sites are exist predominantly as Rh(CO). at reaction
conditions just prior to light-off (Figure 2). Therefore, an initial assumption of the mechanism
that follows *CO desorption may be that NO adsorbs to the unsaturated Rh(CO) species, and
a sequence of fast reactions take place between NO, CO, and derivatives thereof to yield the
products N2O, Nz, and CO». The lack of other observable Rh species in IR suggests that the
steps following *CO desorption are faster than *CO desorption itself which generates potential
Rh—(NO)x—CO intermediates, so identification of the relevant intermediate(s) cannot be
performed in situ, as its concentration is exceedingly low.

The proposed Rh—(NO)x—CO species presumably form upon interaction of NO with
unsaturated Rh(CO), so a model process of intermediate formation must produce this Rh
species and make it available for NO adsorption. This requires that the atomically dispersed
Rh/y-Al;03 catalyst be exposed to CO, which will produce Rh(CO). under most conditions.
The model process must also proceed at low enough temperatures to stabilize potential
intermediate species, which are apparently highly reactive at temperatures near 200 °C—this
eliminates thermal desorption of *CO for producing Rh(CO) to generate a Rh—(NO)x—CO
intermediate. Instead, we turn to a photolytic mechanism under recent development in our
group® which induces *CO desorption from Rh(CO). to produce Rh(CO) at cryogenic
temperatures, based on previous photolysis studies of heterogeneous Rh(CO). supported on

alumina®®4l and of homogeneous metal carbonyl complexes.8384 Photolysis at cryogenic
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conditions allows stabilization and spectroscopic characterization of the highly reactive
Rh(CO) intermediate. Previous work has demonstrated that photolysis of Rh(CO)2 could be
achieved with ultraviolet light (> 2.8 eV) to generate a highly active Rh(CO) species that could
activate stable molecules such as CO2, O, and N2.4! This makes photolysis of the Rh—CO bond
in Rh(CO)z an attractive alternative to thermally induced *CO desorption for the formation
and study of potential reaction intermediates at low temperatures.

The photolysis of Rh(CO). in 0.1 wt.% Rh/y-Al>03 was first performed in flowing Ar
under vacuum at —120 °C using 370 nm light (intensity is estimated to be less than 20 mW cm-~
2 based on measurements taken at the window of the DRIFTS cell) and monitored with in-situ
FTIR. First, the catalyst is treated in O at 350 °C for 30 minutes, reduced in 10% H at 190
°C for 1 hour, then cooled in Ar to —120 °C under vacuum. A background spectrum is taken at
—120 °C, then the catalyst is heated in 5000 ppm CO to 150 °C and held for 30 minutes to
generate Rh(CO)>. It is then cooled in Ar back to —120 °C, at which point photolysis is
performed. This leads to a decrease in the IR bands associated with Rh(CO); at 2095 and 2019
cmt and the formation of a shoulder near 1975 cm-! corresponding to Rh(CO) which is
generated upon *CO desorption (Figure 11a). There is also likely a fraction of Rh(CO), from
which both *CO ligands are lost. The continued absence of features near 2060 cm-1 or 1850
cm-1, which would correspond to linear and bridge bound *CO on Rh particles,>2’ respectively,
suggests that photolysis did not induce Rh agglomeration, though this cannot be ruled out if
*CO desorbs as part of the agglomeration process. Detailed analysis in a separate study®?
suggest that photolysis of Rh(CO)2 to generate Rh(CO) occurs primarily and most rapidly
when Rh(CO), exists in more hydroxylated areas of the support. This is consistent with

inferences here on the mechanism of thermal desorption of *CO from Rh(CO),, further
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motivating the use of cryogenic photolysis to generate reactive intermediates that are relevant

to the thermal reaction mechanism at higher temperatures.
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Figure 11. IR spectra of photolysis of Rh(CO). in 0.1 wt.% Rh/y-Al,O3 in (a) flowing Ar or (b) flowing
1000 ppm NO under vacuum at —120 °C using 370 nm light. Panel (c) shows the difference spectrum
between spectra at 25 and 0 minutes in panel (b), scaled to minimize the size of vco asym at 2016 cm,
Panel (d) contains difference spectra (subtracted with common scale) from beginning to end of
photolysis in Ar (blue) and NO (red).

The photolysis of Rh(CO), was then performed at —120 °C in flowing NO (1000 ppm

NO, balance Ar) to permit NO adsorption on the unsaturated Rh(CO) species (Figure 11b).

Photolysis in NO leads to substantial growth of multiple absorbance bands from 1500 to 1750

cm-tand one at 1876 cm1, likely corresponding to multiple adsorbed *NO vibrations (Figure

11d). The peaks at 1876 and 1741/1760 cm-! agree with features in IR spectra of 0.1 wt.%

Rh/y-Al>;03 exposed only to NO at —120 °C (Figure 12), suggesting NO adsorption occurred
30



on Rh atoms with no *CO ligands. New bands also appear between 1750 and 1650 cm! that
do not correspond to IR in Figure 12, suggesting the formation of Rh—NO species distinct from
those formed only by NO adsorption on Rh/y-Al.O3. Absorbance between 1500 and 1650 cm~
! may be attributed to the formation of nitrate species on the support,8-87 which will be further
discussed in the context of the warming of these photolyzed systems.

Similar to photolysis in Ar, peaks corresponding to Rh(CO); at 2088 and 2016 cm!
decrease during photolysis in NO, but with different rates that causes the symmetric peak of
the Rh(CO). species to become larger than the asymmetric peak. This can be examined by
subtracting spectra before and after photolysis and normalizing to the intensity of the
asymmetric stretch, which reveals deviations in shape from the original Rh(CO)2 bands (Figure
11c). From this difference spectrum, the shape change can be attributed to an increasing
absorbance band between 2080-2090 cm-, which we attribute to the formation of a new *CO
stretch. The exact position of the new feature is convoluted by the appearance of a shoulder at
2135 cm-1, suggesting formation of oxidized Rh(CO).17:8-90 The new *CO stretch (2080-2090
cm-1) and *NO stretches between 1750 and 1650 cm~* may be part of a mixed Rh—(NO),—CO
species, which will be discussed in greater detail below. Importantly, Rh(CO); is stable during
exposure to 1000 ppm NO at —115 °C without photolysis (Figure 13), confirming that the loss
of *CO and formation of Rh(CO) species that enable NO desorption at cryogenic temperature

requires photolysis of Rh(CO)..
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Figure 12. IR spectra of 0.1 wt.% Rh/y-Al,O3 saturated with 1.5 % NO under vacuum at —120 °C.
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Figure 13. IR spectra of Rh(CO); in 0.1 wt.% Rh/y-Al>Os during 25 minutes of exposure to 1000
ppm NO under vacuum at —115 °C. Spectra are nearly identical, so at most wavenumbers only the
spectrum after 25 minutes (red) is visible.

Photolysis of Rh(CO). was also performed in 1.5% NO to assess the effect of NO
concentration. The CO region of the IR spectra in Figure 14a appears qualitatively identical to
that in Figure 11b of photolysis in 1000 ppm NO. The negative peak in the initial Rh(CO)
spectrum centered at 1650 cm! suggests that there was water present in the background

spectrum (taken at —120 °C) that desorbed during heating prior to CO adsorption at 150 °C.
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With exposure to UV light and 1.5% NO, Rh(CO), peaks at 2089 and 2018 cm decrease in
intensity as the symmetric stretch becomes relatively larger than the asymmetric stretch. The
difference spectrum (normalized to the asymmetric stretch of Rh(CO)2) reveals again the
growth of the new *CO stretch near 2080-2090 cm-*. After 26 minutes of photolysis in 1.5%
NO, the ratio of the symmetric to asymmetric Rh(CO). stretch is twice as large as that after
photolysis in 1000 ppm NO, suggesting a higher yield of the species containing the new *CO
stretch than from photolysis in 1000 ppm NO. Also notable is the diminished intensity of sharp
*NO features at 1876 and 1741/1760 cm1, which correspond to Rh—NO species that do not
contain CO, and the lack of changes to the spectra below 1600 cm-L. Persistence of bands from
1750-1650 cm! is consistent with the notion that they are associated with Rh—(NO)x—CO
species that also contain the *CO stretch between 2080-2090 cm-L. Finally, no additional *NO
stretches were observed during photolysis in 1.5% NO as compared to 1000 ppm NO,
indicating that the higher NO concentration did not generate any additional species to those in
1000 ppm NO. Therefore, photolysis in 1.5% NO was performed for other tests without loss
of comparability to the 1000 ppm NO photolysis system, which is more comparable to the

representative TWC environment.
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Figure 14. (a) IR spectra of photolysis of Rh(CO), in 0.1 wt.% Rh/y-Al,Os in flowing 1.5% NO under
vacuum at —120 °C using 370 nm light. Panel (b) shows the difference spectrum (subtracted with
common scale) from beginning to end of photolysis. Panel (c) shows the difference spectrum between
spectra at 26 and 0 minutes in panel (a), scaled to minimize the size of vco,asym at 2016 cm2.,

Our collaborators at the University of Florida, Alex Hoffman and David Hibbitts,
performed DFT calculations to predict free energies of formation and frequencies of plausible
Rh complexes that could form during photolysis of Rh(CO)2 in NO environments. Upon NO
adsorption onto Rh(CO) and Rh atoms at —120 °C and barring any reactions with ligands native
to the support, Rh(CO)(NO), and Rh(NO)s; are the thermodynamically favorable
configurations with free energies of -56 and —49 kJ mol-! relative to Rh(CO): at the same
temperature (Figure 15). DFT calculated frequencies for Rh(CO)(NO)2 are 2070, 1755, and
1645 cm-! for the *CO and two *NO stretches, respectively (Table 3). Calculated frequencies
for the *NO stretches of Rh(NO)s are 1768, 1720, 1635 cm-1. These frequencies are in good
agreement with the new *CO band that appears at 2080-2090 cm-! during photolysis and the
growth of multiple *NO absorption bands between 1600 and 1750 cm-1. The corresponding
frequencies and thermodynamic favorability of Rh(CO)(NO), and Rh(NO)s suggest these
species form during photolysis of Rh(CO)2 in flowing NO, and we assign the *CO band at
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2080-2090 cm to the *CO stretch of Rh(CO)(NO)2. Further details of these calculations will

be provided in a future publication.
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Figure 15. DFT predicted free energies of different Rh adsorbate structures relative to Rh(CO) at 1
bar at 153 K (red) and 473 K (black). Adsorbates are listed next to the black curve. Structures were
modeled as HO-Rh(ads) on the (010), facet of y-Al,Os. Further details will be presented in a future
publication.

Table 3. DFT predicted vibrational frequencies and free energies of formation of different Rh—
adsorbate structures (each coordinated to OH) relative to Rh(CO)..

AGt relative to Rh(CO), / kJ mol

Species —120 °C, 1 bar 200 °C, 1 bar veo/ cm? vno/ cm?t
Rh(CO)z(NO) 5 70 2103, 2043 1559
Rh(CO) 140 79 1978 —
Rh(CO)(NO) 23 23 2043 1655
Rh(CO)(NO). 51 12 2070 1755, 1645
Rh(NO) 106 40 1844
Rh(NO), 25 -23 — 1868, 1655
Rh(NO)s 49 -1 1726, 1671, 1643
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The mixed Rh(CO)(NO). is analogous to the [RhCI>(CO)(NO).]- intermediate
proposed in a previous study of NO reduction by CO over homogeneous [RhCl2(CO)2]-
complexes.? Similar to the Rh/y-Al>Os system in which Rh—OH interactions are an important
factor in *CO desorption during catalysis, researchers found that the presence of water and
acid in the ethanol solvent accelerated the reaction rate five-fold. At NO:CO ratios of 4:3, they
propose that [RhCI2(CO)(NO)2]~ is the most abundant Rh intermediate (based on a color
change and stoichiometric production of CO2 and N2O) and that consumption of this species
is the rate limiting step. However, at low NO:CO ratios (which is relevant to our reaction
conditions of 1:5 NO:CO), they found [RhCI2(CO).]- to be most abundant (based on solution
color) and its consumption to be limiting—similar to the in situ IR spectrum in this work which
shows only the presence of the most abundant species, Rh(CO)a.

Here, we demonstrate the use of UV photolysis to generate what could be the reactive
intermediate of NO reduction by CO over atomically dispersed Rh/y-Al>0O3: Rh(CO)(NO)s..
This intermediate (or that containing dimerized NO, Rh(CO)(N202)) has been inferred in
previous studies of analogous systems,20-22.23 hut not observed spectroscopically until now. The
correspondence of IR spectra with DFT predicted structures supports our assignment of this
species with IR peaks between 2080-2090 cm~ and 1650-1750 cmL. In situ IR suggests that
any reactive intermediates derived from Rh(CO). readily react at elevated temperatures—
therefore, photolytically generated Rh(CO)(NO). should react as it warms from cryogenic to
reaction temperature. We investigate this warming process for both photolyzed and
unphotolyzed systems treated with NO at cryogenic temperatures to elucidate possible reaction

pathways and any subsequent intermediates.
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5. Interactions between Rh(CO)2, NO and CO derived support species, and
*OH
5.1. Behavior of Rh/y-Al,O3 During Warming after Cryogenic NO Treatment

After either NO treatment of Rh(CO). in the dark (Figure 13) or photolysis of Rh(CO).
in NO (Figure 11b—d) at —115 or —120 °C, respectively, the IR cell was purged with Ar under
vacuum for at least 5 minutes and allowed to warm to ambient temperature in Ar. IR spectra
during this warming process reveal an interesting phenomenon: all Rh—CO IR peaks
(corresponding to either Rh(CO), or Rh(CO)(NO)>) disappear below —20 °C with the growth
of features at 1870 cm-! and 1750 cm1, likely corresponding to Rh—NO species, and many
features from 1620-1200 cm! corresponding to NO and CO derived species on the support
(Figure 16-Figure 20, further discussion below). Importantly, Rh(CO), that was either
photolyzed in Ar or held in Ar at cryogenic temperature (never exposed to NO) was stable
during warming (Figure 19, further discussion below). While the reactive nature of
photolytically generated Rh(CO)(NO)2species was expected, the reactivity of Rh(CO)2 species
exposed to NO in the dark was unexpected given the hypothesis of *CO desorption from
Rh(CO), being kinetically controlling.

To monitor the decay and growth of species in IR during warming, peak intensities
were tracked for each species of interest in each spectrum and plotted against the temperature
of the catalyst bed. The peaks of interest, their species assignments, and method of tracking
are listed in Table 4. The Rh(CO)(NO). species was tracked via the *CO stretch (vco) due to
significant overlap of *NO stretches from various species. The area of the *CO stretch of
Rh(CO)(NO). was computed by subtracting the area of the asymmetric stretch of Rh(CO):

from the area of the combined symmetric stretch and *CO stretch of Rh(CO)(NO): in the initial
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ratio of the symmetric to asymmetric stretch (~0.65), so as to estimate only the area
corresponding to the *CO stretch of Rh(CO)(NO)2 and not unphotolyzed Rh(CO).. Features
from 1650-1300 cm-1 were tracked by the height of each peak relative to the absorbance at
1950 cm, as a baseline. Area traces for all species should be considered qualitative at less
than ~ 20 % fractional area due to changes in the baseline over the large temperature range in
these experiments.

The warming process is broken into three phases: (1) Loss of Rh(CO)(NO). (-120 to —
75 °C), (I) Loss of Rh(CO)2and formation of Rh—NO at 1870 cm~ (-75 to -50 °C), and (l11)
Formation of Rh—NO at 1750 cm~t and NO and CO derived support species (-50 to —20 °C).
Analysis focuses on comparing the behavior of photolyzed and unphotolyzed systems that

were both exposed to 1000 ppm NO at low temperature.
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Table 4. Features monitored during warming after low temperature experiments.

Frequency Related Species Region Baseline Ref.
~2015cm™  Vcoasym. Of Rh(CO); 2050-1950 cm*t (area) 2050-1950 cm™*  5,12,27
~2085cm™  vco of Rh(CO)(NO); (2120-2050 cm-t 2120-2050 cmt  This work
area)—0.65*(2050-
1950 cm area)
2343 cmt CO; 2350-2330 cm! (area) 2350-2330 cm~!  91-93
2236 cm! N.O 2270-2200 cm (area) 2270-2200 cm~t  This work, 94
3740 cmt Free surface *OH 3800-3715cm* (area) 3800 cmt 42-44,63,64
1870 cm! Rh-NO 1920-1830 cm (area)  1920-1830cm~  30,33,34
1750 cm™ Rh—(NO") 1790-1720 cm™ (area) 1790-1720cm™  30,33,34
1620 cm NO;-, COOH, 1620 cm (height) 1950 cm 85-87,93,95,96
representative of features
at 1560 cm! and 1590
cmt
1430 cm™ NOs-, hydrated NOs-, 1430 cm? (height) 1950 cm? 85,91-93,96-98
HCOs5~
1320 cm™ NOjs-, hydrated NOs-, 1320 cm™ (height) 1950 cm™ 85,96,97,99
CO5~,COCH
1230 cm NO;, HCO3~ 1280-1200 cm* (area) 1280-1200cm~!  85,86,91,93,96,98

In Phase | of warming from —120 to —75 °C, Rh(CO)(NO). (only seen in experiments

where Rh(CO). was photolyzed in NO environments at cryogenic conditions) starts to

decompose at —118 °C while peaks appear at 2343 and 2236 cm-! (Figure 16a,c), with 5 % of

Rh(CO)(NO)2 lost when peaks at 2343 and 2236 cm- reach their maximum area. The feature

at 2236 cm-1 matches the features of *N2O on y-Al,Os at —120 °C (Figure 17). The feature at

2343 cm-tis near the center of the gas phase CO2 IR spectrum at 2349 cm-1, but similar features

have also been attributed to combination bands of nitrates.8® However, a similar feature at 2343

cm-t appears when warming Rh(CO), that had not previously seen NO, though at —100 °C

rather than —118 °C, and a small feature at 2277 cm-1is present with ~0.75% of the area of the

band at 2343 cm-1, close to the natural abundance of *CO (1.1%). Both factors suggest that
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the feature at 2343 cm! is indeed *CO; adsorbed on y-Al>Os. The appearance of *CO; and
*N,O with loss of Rh(CO)(NO): is consistent with a reaction between the *CO and two *NO
ligands, while appearance of *CO, during warming of Rh(CO), that had not seen NO could be
due to loss of a small fraction of reactive Rh(CO).. As this occurs, *OH species near 3740 cm-
1 are consumed—these *OH are considered non-hydrogen bonding, reactive *OH bound to Al
support atoms.#244s36 In general, consumption of these *OH occurs with decomposition of
Rh(CO)(NO). or Rh(CO)2, suggesting that these decomposition processes involve reactions
with *OH, consistent with our work demonstrating the importance of *OH to *CO desorption

from Rh(CO)a.
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Figure 16. IR spectra of 0.1 wt.% Rh/y-Al,Os first saturated with CO to form Rh(CO), then warmed
from —120 to —75 °C after cryogenic (a) photolysis in 2000 ppm NO at —120 °C or (b) exposure to 1000
ppm NO for 25 minutes at —115 °C. Traces of Rh(CO); (blue), free surface *OH (black), Rh(CO)(NO).
(red), CO; (navy), and N-O (dark yellow) during warming after (c) photolysis and (d) cryogenic NO
exposure. Lines in (c) and (d) are to guide the eye.

For the unphotolyzed Rh(CO). species exposed to NO at —115 °C, no Rh(CO); is lost

nor is *CO; observed until —97 °C, at which point *OH at 3740 cm! start to be consumed.

The maximum area of the *CO, peak is 35 % of that in the photolyzed sample. Interestingly,
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a small amount of N2O is formed at 2236 cm-1, but only 17% of that in the photolyzed sample.
This suggests that there could be some backspillover of *NO onto Rh sites as Rh(CO)
decomposes in the absence of photolysis. Further probe molecule IR of *CO, and *N.O on the
catalyst are needed to fully explain the behavior of these species during warming, but the
correspondence of the appearance of *CO, with the onset of decomposition of either
Rh(CO)(NO)2 (photolyzed catalyst) or Rh(CO). (unphotolyzed catalyst) suggests that the

processes are connected.
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Figure 17. IR spectra of y-Al,O3 exposed to 1000 ppm N-O under vacuum. Catalyst was first exposed
at 20 °C, then cooled to —120 °C, and warmed back to 20 °C.

From —120 to —75 °C, 45 % of Rh(CO)(NO). formed during photolysis is lost, while 3
% of Rh(CO): is in the unphotolyzed system is lost, demonstrating the significant reactivity of
the Rh(CO)(NO)2 intermediate. Phase Il of warming from —75 to —50 °C marks the start of
significant loss of Rh(CO), from the unphotolyzed system that had been exposed to NO, while

significant loss of remaining Rh(CO)z in the photolyzed material does not start until —-62 °C
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(Figure 18). After approximately 50% of Rh(CO): is lost from the unphotolyzed sample, a Rh—
NO stretch at 1870 cm! begins to form (starting at -57 °C), while in the photolyzed sample
this occurs at a similar temperature to loss of remaining Rh(CO).. The formation of the 1870
cm! peak occurs in two steps for all samples. A maximum is reached between —55 and 50 °C
as a feature at 1230 cm-1 also appears and reaches a maximum. After this, the area of the 1870
cm-! peak decreases until new features at 3620, 1620, 1590, 1560 cm! (peaks at 1590 and
1560 cm-1 behave similarly to 1620 cm1) and a series of broad bands between 1500-1300 cm-
1 begin to form and the area of the 1870 cm-! peak grows to a second maximum. Another Rh—
NO feature at 1750 cm~! grows during this time as well, with only a single maximum near the
temperature of the second maximum of the peak at 1870 cm-. The development of the 1320
cm-t feature by -50 °C in the photolyzed sample occurs at the start of the next phase of
warming in the unphotolyzed sample. The feature at 1560 cm is more pronounced in the
unphotolyzed sample, which could indicate that it originates from CO, since more *CO

remained on the unphotolyzed material.
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Figure 18. IR spectra of 0.1 wt.% Rh/y-Al,Os first saturated with CO to form Rh(CO), (a) photolyzed
at —120 °C in 1000 ppm NO or (b) exposed at —115 °C to 1000 ppm NO, during warming from —75 to
-50 °C. Traces of Rh(CO), (blue), free surface *OH (black), Rh(CO)(NO), (red), Rh—NO at 1870
(orange) and 1750 cm™ (green), and species at 1620 (pink) and 1230 cm™ (dark red) during warming
after (c) photolysis and (d) cryogenic NO exposure. Lines in (c) and (d) are to guide the eye.

The cause of the unexpected loss of Rh(CO): in the unphotolyzed system exposed to
NO is not obvious, as Rh(CO); is typically stable in Ar or vacuum at temperatures below 200

°C. In control experiments in which Rh(CO): is photolyzed in Ar at —120 °C or simply held in
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Ar at —120 °C (the material is never exposed to NO), Rh(CO), remains stable while warming
to room temperature (Figure 19). In fact, Rh(CO)2 appears to reform on the photolyzed catalyst
with the loss of Rh(CO) during warming, likely due to reverse spillover of CO-derived surface
species onto Rh in a mechanism analogous to reverse spillover of *NO onto Rh sites in the NO
experiments. It appears that NO treatment between —115 and —120 °C, even without photolysis,
conferred reactivity to all Rh(CO)z in the material. In the absence of photolysis, NO treatment
at —115 °C does not appear to alter the Rh(CO), species at —120 °C (Figure 13), though it does
lead to the appearance of a small feature at 1850 cm~! which likely corresponds to the NO
stretch of an NO-derived species. Increasing absorbance near 1650 cm-1 during NO exposure
in the dark was also seen in a control experiment while holding the catalyst at —120 °C in Ar,
so this likely corresponds to slow adsorption of trace water in the feed onto y-Al>Os. Despite
the small size of the feature at 1850 cm, likely corresponding to an NO stretch, loss of
Rh(CO). in the unphotolyzed material during warming is still followed by growth of Rh—NO
features at 1870 cm-tand 1750 cm-! and a similar mix of species between 1620 and 1200 cm-
1 It appears NO treatment at low temperature deposited significant amounts of *NO (or NO-

derived species) on the surface that was barely visible in IR, yet later reactive with Rh(CO)..
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Figure 19. IR spectra of 0.1 wt.% Rh/y-Al,Os first saturated with CO to form Rh(CO),, after either (a)

photolysis at =120 °C in Ar, followed by (b) warming to room temperature, or after (c) holding at —120
°C in Ar for 20 minutes, followed by (d) warming to room temperature.

During Phase 111 of warming (Figure 20), Rh—NO stretches at 1870 cm-tand 1750 cm-
Lare lost from —50 to —20 °C, though a small fraction of the feature at 1750 cm! remains at
room temperature. Features from 1620 to 1560 cm-! then decrease with broad growth centered
at 1430 cm-1. Previous studies of *NO. adsorption on alumina®2 have found that nitrate
formation on the support begins first with the appearance of a feature at 1230 cm (nitrite)
followed by conversion to nitrate features between 1620 and 1500 cm-. This process is
observed in both photolyzed and unphotolyzed materials exposed to NO as they warm from —
70 to —45 °C, suggesting that nitrate species are building up on Al2Os. Loss of *OH at 3740
cmt is also met with new *OH stretches at 3620, 3480, and 3350 cm~L. The lower O-H
frequency suggests a weaker, more acidic O—H bond*264 likely formed by reaction with *NO

to form acids such as HNO3z or HONOQ.#5.86
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Figure 20. IR spectra of 0.1 wt.% Rh/y-Al,Os first saturated with CO to form Rh(CO), (a) photolyzed
at —120 °C in 1000 ppm NO or (b) exposed at —115 °C to 1000 ppm NO, during warming from -50 to
—20 °C. Traces of Rh(CO); (blue), free surface *OH (black), Rh—NO at 1870 (orange) and 1750 cm
(green), and species at 1620 (pink) and 1430 cm™ (purple) during warming after (c) photolysis and (d)
cryogenic NO exposure. Lines in (c) and (d) are to guide the eye.

47



Photolysis in 1.5% NO at —120 °C was also performed on Rh(33CO), (Figure 21),
generated by exposure to pure 3CO at 150 °C for 15 minutes to identify peaks containing C
derived from Rh(CO).. Before photolysis, Rh(*3CO), peaks were present in IR at 2037 and
1967 cm~t with no visible peaks near 2090 and 2020 cm-1, indicating that no 12CO was present
on Rh. During photolysis, a similar difference in the rate of loss of the symmetric and
asymmetric *CO peaks of Rh(CO). was observed, but a peak also formed at 2084 cm! and
grew with time. The difference spectrum scaled to the size of the asymmetric stretch before
and after photolysis reveals that two peaks formed during photolysis: one at 2042 cm and
another at 2084 cm-1, similar to the peak between 2080-2090 cm-! which formed during
photolysis of natural Rh(CO)2 (Figure 21c). We attribute the peak at 2042 cm to vco of
Rh(*3CO)(NO)2, but the presence of the peak at 2084 cm-! suggests that only a fraction of
Rh(CO)(NO)2 was formed from Rh(*3CO)2. The remainder may have formed from residual C-
containing species on the support that were not removed during the oxidation and reduction
pretreatment. Photolytic generation of unsaturated Rh at low temperature may have promoted
reverse spillover of these species onto Rh sites during formation of Rh(CO)(NO)2. This clearly
shows that ligand exchange between atomically dispersed Rh species and the y-Al>Os support

can be rapid.
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Figure 21. (a) IR spectra of photolysis of Rh(**CO); in 0.1 wt.% Rh/y-Al,O3 in flowing 1.5% NO under
vacuum at —120 °C using 370 nm light. Panel (b) contains difference spectra (subtracted with common
scale) from beginning to end of photolysis. Panel (c) shows the difference spectrum between spectra at
15 and 0 minutes in panel (a), scaled to minimize the size of vco asym at 1967 cm™,

The subsequent warming of the material containing a fraction of Rh(33CO)(NO), and
Rh(*3CO); looked equivalent to the warming of 12CO systems (Figure 22). Peaks at 1870 and
1750 cm! appeared without any additional nearby peaks. Even if some 2CO was present on
the material, the absence of shifted peaks when $3CO is present indicates that these are entirely
Rh—NO species. Therefore, we assign features at 1870 cm-* and 1750 cm~ to *NO adsorbed
on Rh sites from reverse spillover NO-derived surface species to Rh (discussed in greater
detail below). Similar behavior is noted from 1650-1200 cm-1, which shows qualitatively
identical behavior to that of experiments with natural CO. Figure 23 shows the difference
spectra from —120 to —20 °C of the 1650-1200 cm-! region for comparison between the 13CO
and 2CO systems, both of which show similar changes during warming. The strong absorbance
of peaks and overlap with between nitrate and carbonate species makes it difficult to discern
whether shifted peaks are present, but this does suggest that a majority of these peaks do not

contain CO derived from Rh(CO)..
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Notably, the *CO, feature at 2343 cm~ was still quite intense in the 13CO experiment,
but the feature at 2277 (corresponding to *13CO; on y-Al203) is roughly 5 % of the area of the
peak at 2343 cm-1, compared to 0.75 % in the 12CO experiments. The fact that the 2343 cm!
peak remains dominant is likely a result of the reverse spillover of 12CO to Rh which occurred
during photolysis, but a larger *33CO, feature at 2277 cm-! in this experiment than in 2CO
experiments confirms this is indeed *CO..
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Figure 22. IR spectra of photolyzed Rh(**CO), during warming from —120 °C to —20 °C. Background
spectrum taken at 150 °C. Large positive features at 1650 and 1400 cm and the negative feature at
1550 cm™ are due to background shifts from 150 °C to —120 °C.
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Figure 23. Difference IR spectra from —120 °C to —20 °C during warming of photolyzed Rh(*CO);,
(blue) and photolyzed Rh(**CO); (red).

The substantial growth of nitrates and/or N-acids on the support during warming of the
material that had seen NO but not been photolyzed requires that substantial *NO was present
on the material prior to reaction with Rh(CO)., yet the only spectral change attributable to NO
during NO adsorption is the appearance of a very small feature at 1850 cm-! (Figure 13). This
phenomenon has been observed previously in cryogenic CO oxidation over Au/TiO:
catalysts,190 in which CO deposited at 120 K disappears from IR spectra after purging of the
sample cell but reacts to form CO. upon introduction of O to the catalyst. Disappearance of
adsorbed *CO from IR spectra during evacuation was not discussed. The cause of the near
invisible NO in our system could be configurational, in which configurations of adsorbed *NO
at low temperature diminish the intensity of absorbance bands. Parallel adsorption does
decrease absorbance in methods such as reflection adsorption infrared spectroscopy (RAIRS),
in which IR light is reflected off a uniform surface and the orientation of absorbers affects
absorbance.1%t This cannot be directly applied to DRIFTS, which does not rely on specular
reflection of IR light, but it suggests that adsorption configuration, which is expectedly related

to temperature, may play a role in this phenomenon.
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5.2. Discussion of Low Temperature Reactions

In both photolyzed and unphotolyzed samples that were exposed to NO at low
temperature and warmed to room temperature (during which time all observable *CO on Rh
reacted), Rh(CO): is not regenerated by admission of CO at room temperature. Instead, a small
feature between 2150-2155 cm-t is formed, which is indicative of CO adsorption on Rh*3,0
(Figure 24). This indicates that Rh was oxidized from Rh*1, as it exists in Rh(CO)2, to Rh*3

during the surface reactions that occurred during warming from —120 °C to room temperature.

a) |—— Photolyzed in 1.5% NO b)
Photolyzed in 1000ppm NO

—— Unphotolyzed, exposed to NO 0.02
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Figure 24. IR spectra of 0.1 wt.% Rh/y-Al,O3 at 20 °C after saturation with CO, then cryogenic
exposure to 1000 ppm NO (blue), photolysis in 1000 ppm NO (gray), or photolysis in 1.5% NO (red)
under vacuum, followed by resaturation with CO at 20 °C. Panel (b) shows the 2200—2000 cm region
in panel (a) in greater detail.

The formation of Rh*3(CO) upon exposure of the reacted Rh species to CO at room
temperature suggested that both decomposition of Rh(CO)(NO). and Rh(CO): (by reaction
with NO-derived surface species) resulted in Rh oxidation. While the mechanism of Rh
oxidation is unclear, it is possible that additional Rh—OH bonds form upon loss of *NO and
*CO ligands from Rh which may oxidize Rh. EXAFS of Rh(CO), during temperature
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programmed desorption shows an increase in Rh—O coordination number, indicating that Rh
oxidation can also occur during loss of *CO from Rh(CO): at high temperature.82 While the
precise structure of Rh after *CO desorption is not clear from these experiments, an oxidized
Rh*2 site is likely in an octahedral coordination environment.1%2 This environment could
include association of H.O and *OH with Rh, the latter being derived from dissociation of
multiple H.O molecules and subsequent Hz evolution and Rh oxidation from +1 to +3. In our
system, some of these ligands may instead be derived from *NO, though again the precise
structure of this Rh*3 species is not further evaluated in this work.

At this point, we will assign peaks that have been noted thus far in IR and make
tentative hypotheses about what occurs during these low temperature reactions. Peaks at 1870
and 1750 cm are likely Rh—NO species, based on previous studies of NO adsorption on
Rh.30.3334 These features also align with the low temperature IR of NO adsorption on 0.1 wt.%
Rh/y-Al2Os (Figure 12)—a catalyst in which Rh is atomically dispersed under reaction
conditions (Figure 2). This suggests that Rh—NO features at 1870 and 1750 cm-! correspond
to atomically dispersed Rh species, but this is not confirmed as there may be a small fraction
of Rh clusters present after reduction that are dispersed by CO in situ (which would not have
occurred prior to collection of the spectrum in Figure 12). We do not focus on possible
structural rearrangement of Rh during these processes, but this should be a consideration of
future studies. The peak at 1870 cm-1 is near the frequency of NO gas at 1876 cm-1, suggesting
that this is a weakly interacting Rh—NO species. The free electron of NO allows it to adopt
either a cationic (linear) or anionic (bent) configuration upon adsorption onto metals, leading
to either electron transfer to or from the metal to NO, respectively.?? Linear bound *NO can

have frequencies above 1900 cm1, while bent *NO on Rh typically exhibits frequencies below
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1800 cm-1. Therefore, we assign the Rh—NO feature at 1750 cm-t to bent *NO ligands
(Rh(NO-))—consistent with oxidation of Rh that was observed during the warming process.

The formation and decay of the feature at 1230 cm! in favor of higher frequency
features is often observed in the adsorption of NO; to alumina and is indicative of a nitrite to
nitrate conversion.8>8 Peaks near 1640, 1460, 1430, 1230, and 3610 cm! are associated with
bicarbonate formation upon reaction of CO2 with surface *OH,%293.9%.98 peaks near 1560, 1510,
and 1300 cmt are associated with carbonates,?6:99 peaks near 1590, 1390, and 1320 cm-1 have
been associated with formates on alumina,® and peaks near 1620, 1590, 1560, 1430, and 1320
cm-1 have been associated with nitrates.858.97 The significant overlap of these features makes
it difficult to assign these features to specific species in all spectra. Thus, changes in these
regions are taken to be indicative of surface reactions involving *NO, *CO, *OH, or a
combination thereof, unless precluded by other factors.

The loss of Rh(CO): after photolysis in NO or NO treatment in the dark is not preceded
by meaningful changes in the IR spectra that would indicate a reactive NO-derived surface
species, likely because *NO is still tightly bound to the surface and unavailable for both
reaction and observation in IR. In the unphotolyzed material, initiation of Rh(CO)2 loss is
followed by loss of *OH between 3700-3800 cm-1 on the support and generation of the nitrite
band at 1230 cm-! (Figure 18b,d), showing the connection between all three species. In the
photolyzed material, substantial loss of *OH on the support precedes loss of Rh(CO)2 by ~10
°C, though Rh(CO)(NO)2 may be interacting with *OH during this time as it reacts (Figure
18a,c). The second maximum and first maximum of Rh—NO peaks at 1870 and 1750 cm!
coincide with loss of *OH, loss of nitrites, and growth of nitrates, suggesting that this

conversion process is involved with *NO population of Rh sites (Figure 20).
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Hydroxyls likely play multiple roles in the decomposition of Rh(CO),, and three
primary roles seem reasonable: by coordinating to and oxidizing Rh, by reacting with *CO in
a reactive spillover process, or by reaction with NO. The first route would require either
negatively charged *OH groups that swap support Al counterions for Rh, oxidizing Rh in the
process, or dissociation of multiple H.O and evolution of Hz to produce two *OH species
bound to Rh. Temperature programmed desorption of *CO has also been observed to cause an
increase Rh-O coordination, suggesting the involvement of surface *OH or H2O in
replacement of *CO ligands and Rh oxidation.82 The latter two routes of *OH interaction are
evidenced by the appearance of IR peaks at 3620, 3480, and 3350 cm-! (Figure 18), suggesting
the formation of new *OH containing species (bicarbonates, formates, acids, etc. containing
stretches between 1620 and 1200 cm-1). Previous studies have noted the formation of these
species upon adsorption of CO, CO., and NO> onto y-Al20s.

Whether loss of *CO concerts with *NO population of Rh is unclear—*CO could be
reacting with *OH to form formates and bicarbonates, but the use of 13CO during photolysis
suggested that only a small fraction of features between 1620 and 1200 cm-! contained CO
from Rh(CO),, so the fate of *CO from Rh(CO): in these reactions at low temperature is not
clear. Reaction of Rh(CO). with *OH alone is unlikely, as this does not occur in catalysts that
were not exposed to NO at cryogenic temperatures, so we conclude that there are NO-derived
surface species accessible to Rh(CO), that facilitate reactive desorption of CO. A simple bond
order conservation model would suggest that loss of *CO from Rh(CO), requires to additional
bonds to Rh to form; *NO support species may fulfill this role at low temperature in a way
*OH alone cannot. Rh oxidation is also observed during this process—it may also occur

concurrently with *CO desorption and may be an important role of *NO in the process.
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The role of OH and acid in NO reduction catalysis over Rh atoms was also noted in the
homogeneous [RhCI2(CO)2]- system.?® There, both water and acid were found to increase the
NO reduction reaction rate, which was rationalized by a proposed mechanism that includes
water and acid in the catalytic cycle to mediate CO oxidation and NO reduction. In this
mechanism, consumption of [RhCI2(CO)(NO)2]-began first with CO insertion, followed by
reaction with H* to protonate NO ligands and reaction with H.O to form a carboxyl ligand, and
ended with decomposition to yield N2O, COy, and reform H>O and H*. No alternative
mechanisms in the absence of water and acid were provided. Interestingly, the presence of acid
also affected the most abundant Rh species even for the same initial NO:CO ratio of 4:3. In the
absence of acid, [RhCl2(CO)2]-was the dominant Rh species and its conversion to a Rhn—NO—
CO species was limiting. However, in the presence of acid, conversion of [RhCIz(CO).]- to a
mixed intermediate was facile such that the most abundant Rh species became the proposed
[RhCI>(CO)(NO)2]- intermediate similar to what we identified via photolysis. It is possible,
then, that acidic —OH groups generated by reaction of NO and *OH in our heterogeneous
system could be a key factor in the reactivity of Rh(CO). at low temperature.

It is worth noting that the onset of Rh(CO). decomposition in the unphotolyzed system
occurs after (at higher temperature during warming from cryogenic temperature) the onset of
Rh(CO)(NO), decomposition but before loss of residual Rh(CO), remaining after photolysis
(Figure 18c—d). This suggests that there are populations of Rh(CO). that are more reactive than
the rest; these Rh(CO); are preferentially consumed during photolysis or are the first to react
with surface *NO species during warming. Our study of *OH interactions with Rh(CO), found
that *OH dense regions of alumina facilitate *CO desorption from Rh(CO). by stabilizing

Rh(CO), and that the heterogeneity of Al>Os and its hydroxyl distribution can generate
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relatively distinct populations of Rh(CO).. Multiple phases of formation of Rh—NO at 1870
cm-t and differences between photolyzed and unphotolyzed Rh(CO), suggest that there are
different populations of Rh(CO), that react differently.

Surface *H>O and *OH are also implicated in the formation of nitrates during warming
due to coincidence in changes in the IR spectra. Around —25 °C, peaks at 1320 and 1430 cm!
grow at the expense of other features from 1200-1650 cm! (trace of 1430 cm is
representative of both peaks, Figure 20c—d), which is consistent with solvation of nitrate
species in water.8597 As these nitrates become solvated, a broad absorbance band from 3500 to
2600 cm-1 begins to grow (not shown in Figure 20), indicating a growing hydrogen bonding
network of surface *OH. This is likely due to a combination of trace water in the Ar feed and
reorganization of surface water and *OH with increasing temperature, and it reinforces
interactions between water (and *OH) and NO-derived support species. It also supports the
notion that Rh(CO)2 is not solvated in *OH dense regions at cryogenic temperature, only
solvating as the catalyst approaches room temperature (Figure 6).

We aim to interpret the low temperature reactivity of Rh(CO)(NO). and of Rh(CO):
with NO-derived surface species in the context of the high temperature (~ 200 °C) reduction
of NO—for instance, determining if the formation of Rh(CO)(NO), and/or the reaction of
Rh(CO). with surface derived NO species is operative at normal reaction conditions. At 200
°C, DFT predicts that Rh(CO)(NO)2 is no longer in a significant free energy well among
possible substitution products on Rh(CO)., but it is still more energetically favorable than
Rh(CO) or Rh(CO)(NO) (Figure 15), though these calculations do not consider kinetics of
formation or reactions of these intermediates. Therefore, we consider the transient formation

of Rh(CO)(NO): at reaction conditions to be a reasonable possibility, though we do not confirm
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it here. There are two factors of the low temperature experiments that must be studied further
in the context of high temperature reactions, which we start to address with the remainder of
this work: the feasibility of a Rh redox process during a turnover of the reaction, and reactive

*CO desorption with NO-derived surface species.

5.3. Regeneration of Rh(CO). after Low Temperature Reactions

If Rh oxidation occurs in the course of a single turnover of NO reduction, then re-
reduction of Rh would be required to replenish the most abundant Rh(CO)2 species, in which
Rh is in the +1 oxidation state. To investigate the re-reduction of Rh, catalysts were heated
from room temperature to 380 °C after low temperature NO treatment (with and without
photolysis) in either 5000 ppm CO or a mixture of 5000 ppm CO and 1000 ppm NO (the same
mixture used in reactions) and monitored in IR. Note that these heating treatments were
performed under vacuum, as required by the low temperature treatment. Heating of photolyzed
systems was performed on catalysts that had been photolyzed in 1.5% NO, rather than 1000
ppm, but the spectra of the catalysts at room temperature appear similar between catalysts
photolyzed in 1000 ppm or 1.5% NO or exposed to 1000 ppm NO at low temperature (Figure
24).

While heating the photolyzed catalyst at 20 °C min-! in 5000 ppm CO, the Rh*3(CO)
peak at 2155 cm~ grew in intensity and shifted to 2125 cm! by 320 °C (Figure 25a), though
it should be noted that the reported temperature reading may exceed the actual bed temperature
by up to 20 °C. The latter frequency of 2125 cm- is still high enough to suggest *CO is
adsorbed to an oxidized Rh site, and some researchers have assigned this feature to an

Rh*2(CO), but the assignment has not been rigorously verified.178% Alternatively, features at
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2155 and 2125 cm-! could correspond to Rh*3(CO) in different local environments (e.g. low
and high local *OH density, respectively). Either way, this suggests that the re-reduction of
Rh*3 to Rh*! may be a multistep process. At the same time, a feature emerged at 1938 cm-!
and shifted to 1905 cm-! as it continued to grow. Above 320 °C, the *CO feature at 2125 cm-
1 and feature at 1905 cm! decayed as Rh(CO), peaks at 2089 and 2020 cm-* appeared.
Appearance of Rh(CO), was met with rapid development of a doublet at 2250 and 2232 cm-?
corresponding to isocyanate (*NCO) on the support, which is also observed at reaction
conditions with in situ IR. This suggests that formation of Rh(CO): is required to turn over the
reaction, and that residual *NO species were either on or adjacent to Rh, since NO was not
flowing during heating. While this occurred more than 100 °C above which *NCO formation
is observed in situ, the temperature was ramped at 20 °C min-1, so appreciable rates of Rh
reduction and Rh(CO), formation at 200 °C cannot be excluded.

The behavior of the unphotolyzed catalyst exposed to 1000 ppm NO at —115 °C during
a 20 °C min- temperature ramp in 5000 ppm CO began similarly to the photolyzed catalyst.
Upon CO introduction at room temperature, a peak at 2155 cm! appeared indicating the
formation of Rh*3(CO), as well as a shoulder at 2120 cm* (Figure 25b). While warming the
peak at 2155 cm-1 slowly shifted to 2125 cm-1, and peaks at 2101 and 2034 cm~! appeared by
155 °C. These likely correspond to Rh(CO)., but the frequencies are higher than those observed
at similar temperatures during CO adsorption prior to low temperature treatment (2087 and
2013 cm1). This is also far below the temperature at which Rh(CO), reformed in the
photolyzed sample. Altogether this suggests that these Rh(CO), were formed from a population

of more reducible Rh species that were not present after photolysis. These Rh(CO). peaks
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decreased in intensity and slowly redshifted before growing again at 2090 and 2022 cm! at

315 °C, at which point *NCO also began to form.
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Figure 25. IR spectra of 0.1 wt.% Rh/y-Al,O3 in flowing 5000 ppm CO under vacuum during heating
from 20 °C to 380 °C at 20 °C min! after (a) photolysis in 1.5% NO and (b) after cryogenic exposure
to 1000 ppm NO.

Heating the photolyzed sample in 5000 ppm CO and 1000 ppm NO produced very
similar results to heating the unphotolyzed catalyst in 5000 ppm CO alone, noted by a similar
formation and shift of the *CO feature starting at 2155 cm-! and by the formation and decay
of a high frequency Rh(CO). species at 165 °C (Figure 26). The cause of the appearance of
these high frequency bands in the unphotolyzed sample and photolyzed sample heated in NO
and CO is unclear, but the lack of stability of this Rh(CO). species in either CO or the NO/CO
mixture is notable as this has not been observed in any other in situ IR studies in this work.

Also notable is the absence of the peaks corresponding to *NCO at 2250 and 2232 cm-
1 even when the high frequency Rh(CO): is present in flowing NO and CO at and above 200

°C. Under similar conditions (but at ambient pressure) for a catalyst that had not been taken to
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low temperature, *NCO peaks were observed (Figure 2). This suggests either that this unstable
high frequency Rh(CO): is not reactive, or that it is reactive but does not proceed through a
mechanism that produces *NCO. While the mechanism of *NCO production from Rh(CO)z is
not known, it suggests that the high frequency Rh(CO)2 are mechanistically distinct from other
active Rh(CO)2 that do produce *NCO. This is consistent with our previous work suggesting
that Rh—OH interactions may be an important factor in determining the mechanism of NO
reduction, since *OH can stabilize Rh monocarbony!l species and promote *CO desorption,
and that Rh(CO)2 in *OH dense regions of alumina tend to have lower vibrational frequencies.
This high frequency Rh(CO)2 species is likely not in an *OH dense region of y-Al>O3, and so

does not follow the same mechanism (if it catalyzes NO reduction at all).
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Figure 26. IR spectra of 0.1 wt.% Rh/y-Al>O3 in flowing 5000 ppm CO and 1000 ppm NO under
vacuum during heating from 20 °C to 380 °C at 20 °C min after photolysis in 1.5% NO at —120 °C.

Heating of the photolyzed Rh(*3CO), was also performed in flowing 3CO to identify

*CO species that form from the gas phase during heating (Figure 27). As expected, a band at
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2100 cm! corresponding to Rh*3(33CO) appeared instead of at 2155 cm-! upon 33CO
adsorption. The following heating process in 13CO proceeded similarly to that in 2CO. The
peak at 2100 cm-?! shifted to 2080 cm while a peak at 1940 cm-! formed. This is the same
frequency seen in 12CO, indicating that this peak either corresponds to an *NO species or a
*CO species formed by spillover of residual 12C species from the support to Rh sites, which
also occurred during low temperature photolysis. Loss of Rh*3(CO) and the peak at 1940 (now
shifted to 1920 cm-1) is met with the growth of peaks at 2048 and 1980 cm- corresponding to
Rh(*3C0O)2at 275 °C. These peaks shift to 2044 and 1977 cm-1 by 350 °C, at which point *NCO
is formed at 2189 and 2170 cm-1. This is consistent with the previous result that high frequency

Rh(*2C0); do not produce *NCO.
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Figure 27. IR spectra of 0.1 wt.% Rh/y-Al,Os in flowing **CO under vacuum during heating from 20
°C to 380 °C at 20 °C min* after photolysis of Rh(**CO), in 1.5% NO at —120 °C.
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5.4. Mechanistic Insights from Photolysis and Low Temperature Experiments

The low temperature experiments suggest three aspects of a potential NO reduction
mechanism, which are summarized below and depicted in Figure 28:

First, Rh(CO)(NO). forms when NO interacts with an unsaturated Rh(CO) species.
Unsaturated Rh(CO) was generated via photolysis of Rh(CO), at low temperature, but this may
be achieved with a thermal or reactive *CO desorption process at high temperature. Both
photolysis and thermal desorption of *CO to generate Rh(CO) require local *OH species to
stabilize Rh(CO). The formation of Rh(CO)(NO). at 200 °C is consistent with DFT that
suggests it is more stable than either Rh(CO) or Rh(CO)(NO) species, and its high reactivity
while warming in inert atmosphere at cryogenic temperature is consistent with in situ IR at
elevated temperature in NO reduction reaction conditions that show only the presence of
Rh(CO),. Similar intermediates have also been proposed in the homogeneous NO reduction
chemistry ([RhCI2(CO)(NO)2])?22 and in the atomically dispersed Rh/CeO; system?0
(Rh(CO)(N202), in which two NO ligands have dimerized).

Second, Rh(CO): interacts with *OH and NO-derived surface species. The complete
reaction of Rh(CO), below —20 °C caused by *NO (even in the unphotolyzed system exposed
to NO at cryogenic temperature, where the nature of the adsorbed NO-derived species could
not be determined by IR) suggests a very low energy barrier to this process, and the question
remains whether the same type and amount of *NO surface species form at high temperature.
It is possible that such a reactive desorption process could be involved in either the unsaturation
of Rh sites for interaction with NO gas or the NO reduction pathway itself.

Third, interaction of Rh(CO). with *NO surface species at low temperature and

decomposition of Rh(CO)(NO). oxidize Rh*! to Rh*3, suggesting a Rh redox cycle may be
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involved in NO reduction catalysis. The oxidizing species are likely a combination of *NO
and/or *OH/H-0 derived species, with Figure 28 qualitatively depicting this scenario. Metal
oxidation by NO is a common aspect of NO coordination chemistry, and is reversible by CO
treatment. Both intermediates in the homogeneous?222 ([RhCI2(CO)(NO)2]") and atomically
dispersed Rh/Ce0,2° (Rh(CO)(N20z)) chemistries also implicate Rh oxidation from +1 to +3.
The conversion of Rh*! to Rh*3 could stabilize additional ligands via conversion from 4-
coordinate (square planar) to 5- or 6-coordinate (square pyramidal or octahedral)
geometries.12 Two *NO ligands would likely be required to oxidize Rhto +3, and a variety of
reaction pathways involving additional *CO ligands could be conceived. An oxidative NO
adsorption process is also consistent with the lack of reactivity of Rh*3 before reduction and
formation of Rh*1(C0O)>—NO may not be able to displace other oxidizing ligands from Rh*3,
but it can oxidize a square planar Rh(CO). complex and stabilize a complex with multiple *NO
and *CO ligands in situ. Subsequent reactions could conceivably involve the re-reduction of

Rh*3 to Rh*1 in the form of Rh(CO)., allowing the catalytic cycle to turn over.
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Figure 28. Proposed reaction pathways for Rh(CO), during low temperature experiments. *CO
desorption from Rh(CO), (induced by photolysis) leads to formation of highly reactive Rh(CO)(NO)..
Alternatively, NO adsorption on y-Al,O3 leads to surface reactions between Rh(CO),, *NO, and *OH
that consumes Rh(CO).. In both processes, Rh is oxidized from +1 to +3, but heating in CO leads to
reduction of Rh and formation of Rh(CO),. (Rh = blue, N = blue, C = black, O = red, H = white).
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While these hypothetical mechanistic steps provide insight to the mechanism of the
catalytic reaction at 200 °C, they are not definitive as the types of surface species that form at
high temperature could be different in identity and amount from those formed at low
temperature. However, the reactivity of Rh(CO), with *NO surface species at low temperature
and the higher reactivity of the identified Rh(CO)(NO)2 species are instructive: if conditions
at high temperature dictate that these processes can occur, then their low energetic barrier
suggests that they will. Therefore, we turn to investigating the catalytic system at high
temperature to determine whether these processes occur at TWC conditions and propose a

series of follow up experiments to address gaps in the present work.
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6. IR of Atomically Dispersed Rh/y-Al.Oz at or near Reaction Conditions

The reactivity of Rh(CO). after exposure to NO at —115 °C motivates the question of
whether Rh(CO): is stable in NO at any temperature and whether the reactive NO-derived
species is on the surface or in the gas phase. To test this, Rh(CO)2 was generated by exposure
of a previously oxidized Rh/y-Al,Oz to 5000 ppm CO at 205 °C for 30 minutes on the same
0.1 wt.% Rh/y-Al>0s catalyst used for low temperature experiments. It was then exposed to
1000 ppm NO at ambient pressure (whereas low temperature experiments were conducted
under vacuum) at various temperatures to provide the most liberal conditions for NO
adsorption and potential reaction with Rh(CO). (Figure 29). At 30 °C, Rh(CO): is stable in
both Ar and 1000 ppm NO, with less than 1 % loss of the symmetric *CO stretch after 2
minutes in either gas. There is a negative feature at 2032 cm-1, but this is attributed to
displacement of *CO on a small fraction of Rh clusters in the sample by *NO, which then leads
to a peak at 1815 cm-! that may correspond to *NO on Rh clusters.2® There is no change in
the region between 1650 and 1200 cm-1, though the low temperature experiments demonstrated
that NO and CO derived species on the support should be observable at this temperature if
formed in large amounts.

After NO exposure at 30 °C, the catalyst was heated in Ar back to 205 °C. Re-exposure
to CO was performed for 20 minutes until a similar level of Rh(CO), saturation was achieved
as in the initial state of this experiment. The catalyst was then cooled to 100 °C and again
exposed to 1000 ppm NO. At this temperature Rh(CO)2 remains stable in Ar, but is not stable
in NO, with an 8 % loss in Rh(CO) area in the first 2 minutes of NO exposure. The same

process of heating in Ar, CO re-exposure at 205 °C, and exposure to NO at 205 °C and 150 °C
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was performed. The rate of Rh(CO). consumption in NO increased with increased temperature
of NO exposure, while in Ar the species remained stable. These rates are shown in Figure 29¢
as the fraction of initial area of the symmetric stretch lost per minute (over a 2 minute period
of maximum rate of loss) in either Ar or 1000 ppm NO as a function of temperature. There are
two points in Figure 29c corresponding to low temperature experiments in which Rh(CO), was
cooled to —120 °C and held in Ar or exposed to NO. The rate of Rh(CO) loss in those
experiments was computed as the fractional area lost per minute over a 2 minute range centered

at the temperature of maximum Rh(CO): loss in the NO exposed catalyst, —56 °C.
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Figure 29. (a) IR spectra of 0.1 wt.% Rh/y-Al,O3 during exposure to 0.1 kPa NO at 30, 100, 150, and
205 °C. The catalyst was first saturated with 0.5 kPa CO at 205 °C to form Rh(CQ), then cooled to
treatment temperature in Ar. Spectra were taken after 1 minute (blue dash) and 3 minutes in NO (red
line). (b) Difference spectra after 3 minutes in NO at 30, 100, 150, and 205 °C and after 3 minutes in
CO at 205 °C following each treatment (except after 150 °C). Treatments were performed in the
following order: 30, 100, 205, 150 °C. (c) Rate of loss of Rh(CO), area at different temperatures,
computed by loss of the symmetric stretch from 1 to 3 minutes in NO (black square) or in Ar (red circle)
prior to NO treatment. Points at —56 °C correspond to the 2 minute average (about the maximum) rate
of loss during warming in Ar after cryogenic treatment in NO (black square) or Ar (red circle).

At all temperatures, loss of Rh(CO)2 in NO was met with generation of peaks near
1810, 1710, and 1615 cm, likely corresponding to *NO adsorbed to Rh sites. These differ

from the Rh—NO peaks observed during warming from low temperature at 1870 and 1750 cm-
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1 suggesting that distinct species form in each temperature regime. The features formed at high
temperature may correspond to *NO on small Rh clusters, based on the replacement of *CO
on clusters at 30 °C and the typical frequencies of *NO on clusters of 1820 and 1685 cm1.2°
A clustering mechanism has been proposed for reactions of atomically dispersed Rh for NO
reduction by CO, but this mechanism is often invoked to explain the rapid increase of
conversion during light-off as the catalyst approaches and exceeds 300 °C.2

The distinction between high and low temperature behavior is also evident by the rapid
regeneration of Rh(CO). in the experiments depicted in Figure 29 (which had previously been
consumed by reaction with NO at 205 °C) by exposure to CO at 205 °C. After low temperature
reaction of Rh(CO) with surface-bound *NO species, Rh(CO), regeneration proceeded first
by formation of Rh*3(CO) followed by reduction to Rh*! and formation of Rh(CO); at 320 °C
(ina 20 °C min-t ramp). However, Rh*3(CO) was not observed during CO exposure following
reaction with NO at 205 °C, and Rh(CO), formation began immediately upon CO admission.
In fact, the rate of increase in Rh(CO). peak area was 2.5 times higher upon CO admission
than the rate of loss upon NO admission at the same temperature. The lack of Rh*3(CO)
observation in these high temperature experiments and rapid Rh(CO). regeneration could mean
that either Rh was not oxidized to Rh*3, or that its oxidizing ligands were more susceptible to
reaction with CO. The lability of *NO ligands to act as oxidizers or neutral ligands in metal
coordination chemistry could explain differences between low temperature and high
temperature behavior even if Rh is oxidized to Rh*3 in both reactions. At low temperature,
*OH is consumed during loss of Rh(CO)2, whereas no *OH is consumed by interaction with
NO at high temperature. *OH consumption at low temperature can be attributed to formation

of acidic NO—OH species on the support, but also to Rh oxidation by adjacent *OH (or *H.0)
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groups. It may be that there is a higher barrier to the removal of these oxidizing ligands, derived
from either *OH (*H20) or *NO, by reaction with CO than the removal of *NO present on Rh
at and above 100 °C.

The apparent negative activation barrier between —56 and 30 °C in Figure 29c is similar
to observations of CO oxidation catalysis over Au/Ti0,,1% in which particular TiO2 sites
stabilized CO adsorption at low temperature, where it could react with O2 on Au. We attribute
the low temperature behavior in our study to a surface reaction between Rh(CO). and surface
bound NO-derived species, in which both the reaction kinetics and surface concentration of
*NO species are temperature dependent. At —56 °C, the surface concentration of reactive NO-
derived species is high enough such that even with low thermal energy, the reaction proceeds
quickly. At room temperature and above, it may be that a similar surface reaction can occur
kinetically, but that the surface concentration of reactive NO-derived species is too low. At
temperatures of 100 °C and above, Rh(CO). could be reacting through the same surface
mediated mechanism, now with the coverage of NO-derived surface species limiting the rate
but with sufficient thermal energy to turn over the majority of attempts. Alternatively, an
entirely different mechanism could be operative, such as transient formation of a reactive 3+
ligand Rh species (such as Rh(CO)(NO)2) that seemed likely based on the photolysis
experiments.

At 205 °C, the rate of regeneration of Rh(CO). (after reaction of Rh(CO), with NO at
205 °C) upon introduction of 5000 ppm CO is 2.5 times higher than the rate of loss in 1000
ppm NO at the same temperature. These are the same concentrations used during reactions and
insitu IR at similar temperatures, so one may interpret this result as indicative of the following

process during reaction: NO reacts with Rh(CO). at the rates observed in Figure 29 during
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reaction, but Rh(CO): is regenerated as soon as it is consumed during reaction, so the in situ
IR spectra show only the presence of Rh(CO)2. The rate of loss of Rh(CO).in NO at 205 °C
corresponds to a turnover frequency of approximately 4 minutes, similar to the steady state
reaction rate in 0.5 kPa CO and 0.1 kPa NO at the same temperature in preliminary kinetic
studies. This suggests that the mechanism by which NO reacts with Rh(CO) in the absence of
gaseous CO may be that which occurs during reaction.

Consumption of Rh(CO)2 by reaction with NO should be a favorable condition for the
generation of NO-derived surface species, rather than CO-derived species (since there is no
gaseous CO), and regeneration of Rh(CO). should generate the latter. Figure 29b shows the
difference spectra after 3 minutes in either 5000 ppm CO at 205 °C or 1000 ppm NO at 30,
100, 150, and 205 °C. During each NO exposure at or above 100 °C, negative features appear
near 2090 and 2020 cm-1, indicating consumption of Rh(CO),, and positive features at 1815
and 1713 cm! are indicative of Rh—NO species (Figure 29b). At 205 °C, the same peaks are
also visible with an additional positive feature at 1617 cm-1, which may be attributed to nitrate
formation on the support. This indicates that as temperature increases, *NO spillover occurs to
form more surface nitrates. At 30 °C, negative Rh(CO). features are very small while a single
negative feature at 2032 cm~! is more prominent, indicating loss of linear bound *CO on Rh
clusters. This is likely due to dispersion of Rh clusters into atoms, as intensity at this frequency
remained low following CO and NO exposures. Each CO exposure at 205 °C generated
positive features at 2250, 2230, 2089, and 2015 cm-! indicating the formation of *NCO and
Rh(CO), respectively (Figure 29b). A negative feature at 1640 cm-! and positive feature at
1560 cm-! indicate interactions with surface species, possibly a change in binding modes of a

nitrate or carbonate. It is worth noting that the overall coverage of surface species is likely to
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be lower than during low temperature treatment, so it is not surprising that surface reactions
are not well resolved in IR at these conditions.

The absence of *NCO generation during NO exposure to Rh(CO)2, during which
Rh(CO): reacts, indicates that NO reaction with Rh(CO)2 alone either does not follow the same
mechanism or does not produce a full turnover of the reaction that occurs in mixtures of NO
and CO. Reintroduction of CO does produce *NCO, suggesting that *NCO production may
originate from regeneration of Rh(CO)2 in the catalytic cycle.

The final indication of reaction between Rh(CO), and NO-derived surface species in
situ is an apparent (though small) decrease in stability of Rh(CO). after exposure to the reaction
mixture of 5000 ppm CO and 1000 ppm NO (1 bar) at 190 °C. IR spectra of Rh(CO). in 0.05
wt.% Rh/y-Al;Os after 3 and 5 minutes in Ar (following CO adsorption) are nearly
indistinguishable, and the difference spectrum shows only 2 % loss of Rh(CO). area during
this time (Figure 30). Peaks at 1650, 1590, 1560, 1470, 1435, and 1240 cmare visible after
CO adsorption, indicating formation of a mix of carbonates, bicarbonates, and formates. Note
that previous studies of residence time distributions of gases in similar Harrick DRIFTS cells
have found that 90% of gas in the cell can be purged out in 66 seconds at a flow rate of 45 cm3
min-1at 25 °C.193 Qur cells are purged with Ar at 70 cm3 min- (20 °C reference) when the cell
is at 190 °C, so well over 90% of the 5000 ppm CO gas mixture should be purged after 180
seconds in Ar and indicates that Rh(CO). stability in IR is not simply due to equilibrium with
gas phase CO.

When Rh(CO): is then exposed to a mixture of 5000 ppm CO and 1000 ppm NO (1
bar), *NCO bands appear at 2250 and 2230 cm-! and absorbance increases at 1612, 1590, 1560,

and 1460 cm-1, which could indicate carbonate and/or nitrate formation. Importantly, when the
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NO/CO mixture is purged for 3 minutes in Ar, Rh(CO): intensity decreases by 5 % in the
following 2 minutes (Figure 30b). This is 2.5 times more Rh(CO)2 loss than after exposure to
only CO, suggesting that exposure to NO and CO conferred a small degree of reactivity to
Rh(CO)., potentially through the formation of nearby NO-derived surface species that react
with Rh(CO),. Again, it is likely that more than 90% of the gas mixture (which contains CO
and NO in a 5:1 ratio) was purged by Ar prior to collection of these spectra, suggesting this is
due to reactions on the surface. The difference spectrum during this 2 minute loss does not
indicate consumption of surface *NO species between 1650 and 1200 cm-1, but this could be

due to relatively low extinction coefficients and coverages of these species relative to Rh(CO)a.

a) I 0.02 :--------]Rh{CO)Q 15660 1435 _2m|n
@ ! 1Loss 1612 , 1470 min
(&) ] H
% - 1650 post-NO/CO
o :
(@]

w
<
M
2200 2000 1800 1600 1400 1200
b) post-CO

post-NO/CO
I 0.002

2200 2150 2100 2050 2000 1950 1900
R
Wavenumber / cm

Absorbance

Figure 30. (a) IR spectra of 0.05 wt.% Rh/y-Al,Os following exposure to 0.5 kPa CO for 20 minutes
then after exposure to 0.5 kPa CO and 0.1 kPa NO for 25 minutes, after purging in Ar for 3 minutes
(blue dash) and 5 minutes (red line). (b) Difference spectra from 3 to 5 minutes in Ar after exposure to

CO (blue) and after exposure to NO and CO (red).

The reactivity of Rh(CO), after exposure to NO and CO is consistent with a surface

reaction mechanism between Rh(CO). and NO-derived surface species observed at cryogenic
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temperatures, while the negative apparent activation barrier of Rh(CO)2 reactions with NO
from cryogenic to ambient temperature suggests a possible shift from a surface- to desorption-
mediated reaction. Next, we outline experiments aimed at clarifying the operative mechanism

of Rh(CO). reactivity at TWC startup conditions.
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7. Conclusions and Suggested Experiments

We first established that interactions between Rh(CO). and *OH on y-Al,O3 affect
Rh(CO). reactivity by lowering the energy barrier for *CO desorption from Rh(CO). and
stabilizing the Rh(CO) product. These interactions likely occur through Rh(CO), migration to
*OH dense regions of y-Al>03, from which *CO desorption occurs (Figure 31) and are relevant
at reaction temperature. The remainder of the work expanded on this notion of Rh(CO):
interactions with support-bound species by identifying reactions between Rh(CO), and NO-
derived species on the support. We also employed photolysis to generate observable amounts
of a potential reactive intermediate in the reduction of NO by CO, Rh(CO)(NO)2. These
conclusions are described below and depicted in Figure 32, and subsequent experiments to

explore their mechanistic relevance at high temperature are proposed.

Rh(CO), o - o 0@

y-Al,0;

Dense Surface OH Promote CO Desorption & Rh(CO) Formation

Figure 31. Schematic of Rh(CO), behavior during temperature programmed desorption, in which
Rh(CO); translates on the y-Al.Os; surface into *OH dense regions. These *OH promote *CO
desorption and stabilize the Rh monocarbonyl. (Rh = blue, C =black, O = red, H = white).
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NO Adsorption

Rh(CO)(NO), Reaction w\
(CONNO): Reduction by CO 9) 2 +1 2 < 5

Rh(CO), on y-ALO, \..’

NO Adsorption
on y-AlLQO,

Rh(CQO),~NO-OH Surface Reactions

Figure 32. Proposed (simplified) reaction pathways for Rh(CO), during low temperature experiments.
*CO desorption from Rh(CO), (induced by photolysis) leads to formation of highly reactive
Rh(CO)(NO),. Alternatively, NO adsorption on y-Al,O3 leads to surface reactions between Rh(CO),
*NO, and *OH that consumes Rh(CO),. In both processes, Rh is oxidized from +1 to +3, but heating
in CO leads to reduction of Rh and formation of Rh(CO).. (Rh = blue, N = blue, C =black, O =red, H
= white).

First, Rh(CO)(NO):z is a reasonable candidate for the Rh intermediate formed during
reaction. This intermediate was formed upon NO adsorption to unsaturated Rh(CO) generated
by photolysis at low temperature, where it was observed in IR to have vibrations at
approximately 2080-2090 cm-! and between 1750-1650 cm-L. This species is highly reactive
and appeared to generate CO2 and N2O upon decomposition which was complete below —50
°C. It also aligns with similar species proposed, but not spectroscopically identified, in
previous studies of NO reduction by CO over Rh atoms: Rh(CO)(N202) in Rh/Ce02%° and
[Rh(CO)(NO).Cl2]- in the homogeneous chemistry.?223 UV-vis spectroscopy in the
homogeneous chemistry was used to identify [RhCI>(CO)]-, but experimental limitations
precluded its use to identify [Rh(CO)(NO)2Cl2]- in situ—though researchers noted that the
intermediate was green. This motivates in situ UV-vis for the Rh/y-Al,Oz system: cryogenic
photolysis of Rh(CO)2 in the presence of NO could be performed under observation with UV-
vis. Rh—CO absorption bands of Rh(CO). near 260 and 325 nm should decrease during
photolysis® as a new band, potentially near 500 nm according to studies of the homogeneous

chemistry,2223 should appear as Rh(CO)(NO). forms. Importantly, this technique could also be
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used to monitor the oxidation state of Rh during warming, as fully oxidized Rh/y-Al,Os (via
reaction with O2) has a broad absorbance band around 440 nm.82

We consider the formation of the Rh(CO)(NO). intermediate to be reasonable at
reaction conditions based on the formation of Rh(CO) by thermal desorption of *CO, and DFT
suggests that Rh(CO)(NO): is the most stable intermediate at the experimental conditions and
has similar vibrational frequencies to those observed by IR. However, in our study it is unclear
whether this species is formed by adsorption of gaseous NO to Rh(CO) or by reverse spillover
of *NO from NO-derived surface species—we only attempted to form this intermediate in the
presence of gaseous NO. An experiment to interrogate the formation mechanism of
Rh(CO)(NO)2 could involve the generation of Rh(CO)», then exposure of the catalyst to NO at
cryogenic temperature, followed by photolysis in Ar. NO exposure should generate surface-
bound NO-derived species and photolysis should generate unsaturated Rh(CO) species. If
Rh(CO)(NO)2 does not form during photolysis, then it would suggest that reactions of surface
bound NO-derived species with Rh(CO). (observed when Rh(CO). was exposed to NO at
cryogenic temperatures, followed by warming to room temperature) proceed through a
different mechanism than NO adsorption onto unsaturated Rh(CO) sites to form Rh(CO)(NO)z..

The second conclusion of this work is that Rh can be oxidized from +1 to +3 by surface
interactions of Rh(CO). with NO-derived species and/or after formation and decomposition of
Rh(CO)(NO)2. This hypothesis parallels redox cycles described in homogeneous NO reduction
by [RhCI2(CO).]- and proposed pathways of NO reduction over atomically dispersed Rh/CeQOx,
and it could conceivably occur during reaction here. While we do not know the coordination
environment of Rh*3 generated in low temperature reactions, if CO can reduce this species

back to Rh*}(CO). on a faster timescale than the overall reaction, then it is eligible for
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continued consideration in reaction mechanisms. This can be tested by performing the low
temperature reaction of Rh(CO). with surface bound NO-derived species, then exposing to CO
at various temperatures (held constant, rather than the temperature programmed experiment
that was performed already) and monitoring the rate of Rh(CO), formation in IR.

The last, most interesting conclusion of this work is that Rh(CO)2 can readily react with
surface-bound NO-derived species below -50 °C, despite being stable in NO at room
temperature. This likely proceeds by reaction of Rh(CO), with both *OH and *NO surface
species; IR spectra and previous studies of the homogeneous catalytic system suggest that
acidic NO-derived species generated by reaction with *OH may be relevant to the reactivity.
To investigate whether surface reactions between Rh(CO). and NO-derived surface species on
Al>O3 are relevant at high temperature, the following experiment can be performed. First,
isotopically labeled nitrates can be generated by exposure of the catalyst (already containing
Rh(CO),) to a mixture of ®NO and O, at room temperature (or above). Assuming that these
nitrates are not sufficiently concentrated to immediately react with Rh(CQO), at room
temperature, heating the catalyst in CO and “NO after labeled nitrate deposition would be
useful. If labeled reaction products (**N20 or °N) are observed (either by mass spectrometry
or gas phase FTIR) before 14N> or 14N>0, then it is likely that surface reactions of nitrates with
Rh(CO). occurred before interaction with gas phase NO, and that such a surface mechanism
could be operative at typical reaction conditions. Another potential experiment for
discriminating between these pathways could involve the generation of nitrates by flowing NO
and O; at Rh(CO); at a variety of temperatures. If a promotional effect to Rh(CO) reactivity

is afforded by generating nitrates at ambient temperature (at which Rh(CO) is stable in NO)
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but not at elevated temperature (~200 °C), then it is likely that surface reactions indeed cease
to be relevant at reaction temperature.

This work highlights many potential complexities of NO reduction by CO over
atomically dispersed Rh and that future studies must consider more than simply the species on
Rh. Interactions with *OH and NO-derived surface species on y-Al>O3, and resulting Rh
oxidation, have been demonstrated here, but future study is needed to confirm their importance
under typical reaction conditions. Finally, the identification of Rh(CO)(NO): as the potential
intermediate was performed with a photolysis technique that may prove useful for similar
chemistries. This intermediate may also inform subsequent theoretical studies of possible
reaction paths. Importantly, we do not identify possible routes for the production of N2, which
is observed in dry NO reduction over atomically dispersed Rh. This is the desired product of
the reaction, so future studies should also be aimed at connecting the processes described here
to that of N2 production. In total, clarifying mechanistic aspects of dry NO reduction will
ultimately provide a framework for study of NO reduction in the presence of water, the reaction

of interest to manufacturers seeking to reduce harmful emissions.
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