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ABSTRACT: Rhodium plays a key role in three-way catalysts to
control NO, emissions in gasoline engines primarily through the
reduction of NO by CO. Despite extensive investigation, there
remains uncertainty about NO reduction mechanisms. Particularly, it
is unknown which sites are responsible for the unselective reduction
of NO to NH; under light-off conditions or in CO-rich feed. By
varying Rh catalyst structure from atomically dispersed species to
clusters on AlL,O; and CeO,, we provide evidence that in the
reduction of NO by CO with co-fed H,0, low-temperature NH;
formation occurs on atomically dispersed Rh sites, whereas high-
nuclearity Rh clusters are selective to N,.
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In gasoline-powered vehicles, a three-way catalyst (TWC) is different results on the latter), underscoring the need for a new
used to control the emission of criteria pollutants (NO,, look at structure—function relationships for Rh catalysts.>~"*
CO, and hydrocarbons). While oxidation of CO and Developing structure—function relationships for heteroge-
hydrocarbons results in CO, and H,O emissions, simultaneous neous Rh catalysts is complicated because Rh is known to
reduction of NO, can produce not only N, (the desired speciate between atomically dispersed species and metal
product) but also NH; and N,O. These products are clusters, depending on environmental conditions, particularly
environmentally detrimental: N,O is a potent greenhouse under environments containing QO; NO, H,, and H,0, which
gas, and atmospheric NH; is linked to particulate formation, are abundant in exhaust streams.'”?° This is important because
ecosystem eutrophication, and decreased resilience of vegeta- TWCs Rh weight loadings are commonly lower than ~0.3%,
tion to exasperation, including parasites and drought.l_4 To where a mix of Rh nanopzafticles, small clusters, and atomically
guide the formulation and operation of TWCs to minimize dispersed species coexist.” While the reduction of NO by CO
NH, and N,O formation while maintaining maximal control is well studied for Rh nanoparticles and extended Rh surfaces,
over NO, emissions, greater understanding of the mechanisms the role of atomically dispersed species in this chemistry,
of NO, reduction in TWCs is required. particularly under relevant conditions with H,O in the feed,

has not been addressed.'®**™*® This is a potential key to
understanding mechanistic pathways in TWCs because
atomically dispersed Rh species on oxide supports are known
to exhibit distinct selectivity in catalytic processes compared
with Rh clusters.”” ™

Here, we elucidate structure—function relationships for
oxide supported Rh catalysts for the reduction of NO by CO
under dry conditions and in the presence of H,O. Under dry
conditions atomically dispersed Rh species are less reactive

Although it is generally observed that richer air/fuel ratios
lead to increasing NHj; selectivity during NO, reduction,
selectivity is also sensitive to catalyst formulation.””® Rh is
generally considered to be both more active for NO, reduction
and more selective to N, than Pd.” However, Rh-only catalysts
can also generate NH; under light-off conditions or in feeds
containing excess reductant or a source of hydrogen.'’ While
pathways leading to NH; formation on Pd have been
investigated in detail, NH; formation on Rh has received little
attention.'' Many fundamental studies of NO reduction on Rh
model catalysts have been conducted under conditions that Received:  March 17, 2020
avoid NH; formation because it adds challenges to elucidating Revised:  April 15, 2020
N, production pathways."”~'* Even under simplified con- Published: April 15, 2020
ditions (e.g,, reduction of NO by CO), mechanistic under-
standing on single crystals is inconsistent with results obtained
on supported particles (and different investigators obtain
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Figure 1. (a) CO probe molecule FTIR spectra collected for Rh/y- Al,O; with varying Rh wt % after in situ 350 °C oxidation for 30 min and 100
°C reduction in H, for 60 min, followed by saturation with 10% CO at 20 °C. The spectra were normalized by the highest intensity feature in this
region and vertically separated for clarity. (b) NO conversion (%) as a function of temperature for a linear temperature ramp of S °C/min in dry
conditions (5000 ppm of CO/1000 ppm of NO, and (c) wet conditions (S °C/min in 2% H,0/5000 ppm of CO/1000 ppm of NO) for the series

of catalysts characterized in (a).

than Rh clusters. The addition of H,O to the feed significantly
promotes the reactivity of atomically dispersed Rh and results
in 100% selectivity to NH; at temperatures <200 °C on both
AlL,O; and CeO, supports. Rh clusters are less reactive than
atomically dispersed species when H,O is co-fed and the
reaction primarily leads to N, formation. This revelation
provides a basis for examining impacts of catalyst formulation
for minimizing NH; production.

To facilitate the development of structure—function relation-
ships, catalysts were synthesized using Rh(NO;); at varied
weight loadings on y-ALO; (Sasol, Puralox TH100/150, 150
m?/g), Figure S1.”* The Rh weight loading was varied from
0.05 to 5 wt % to control the distribution of Rh species from
atomically dispersed to clusters and nanoparticles. Catalysts
were ex situ oxidized at 350 °C for 4 h and in situ oxidized at
350 °C for 30 min in O,, purged with inert, and in situ reduced
at 100 °C for 1 h in H, prior to characterization or reactivity
measurements.

Characterization of Rh structures present on the catalysts
was accomplished by using CO probe molecule FTIR
spectroscopy.”*”*?**7% This approach is particularly useful
for characterizing supported atomically dispersed Rh species
because of unique vibrational signatures of adsorbed CO as
compared with Rh clusters. In 1957, Garland and Yang first
hypothesized that CO adsorption on atomically dispersed Rh
resulted in the formation gem-dicarbonyl (Rh(CO),) species
with characteristic symmetric and asymmetric CO stretches at
~2090 and 2020 cm ™, respectively.”” On Rh nanoparticle and
cluster surfaces, CO adsorbs in linear and bridge bound
geometries that have characteristic stretches at ~2070—2050
and ~1950—1850 cm™’, respectively.”’~** These Rh structural
assignments based on CO FTIR have been substantiated by
nuclear magnetic resonance (NMR) measurements, X-ray
photoelectron spectroscopy (XPS), X-ray absorption spectros-
copy (XAS), and high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) imag-
ing.”>*~* For example, structure—function relationships for
Rh/TiO, based catalysts for the reduction of CO, developed
via characterization based on CO FTIR and reactivity
measurements were further supported later based on STEM
and XPS analysis.””*>** Thus, while applying a full suite of
characterization tools is necessary when studying systems
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containing new catalyst compositions and structures, CO FTIR
is a well-established approach for developing structure—
function relationships for supported Rh-based cata-
lysts, 293549/50

Figure 1a shows CO probe molecule IR spectra for 0.05, 0.1,
0.2, 2, and 5 wt % Rh/AL,O;. At low Rh wt % (0.0S, 0.1, and
0.2%), the IR spectra were dominated by CO stretches at 2094
and 2022 cm™' associated with the atomically dispersed
Rh(CO), species. The CO stretching bands associated with
the Rh(CO), species show asymmetry, suggesting the
existence of multiple coordination environments to the support
(for example, based on the proximity to hydroxyl species with
varying characteristics).39_41’51’52 Temperature-programmed
desorption (TPD) measurements of CO from the 0.1 wt %
Rh sample shows evidence of two distinct Rh(CO), species,
where CO desorbs at different temperatures, Figure S2. Thus,
while the lowest Rh loading samples contain predominantly
atomically dispersed species, these species likely reside in
various coordination environments on the support. Future
work will aim to understand the influence of atomically
dispersed Rh coordination environment on reactivity. Evidence
for linearly bound CO to small Rh clusters could also be seen
on the 0.1 and 0.2 wt % samples based on an increase in
absorbance between the Rh(CO), stretches. The prevalence of
Rh clusters increased with increasing Rh loadings, as evidenced
by the stronger absorbance associated with CO stretches at
2070 and 1850 cm™ associated with linear and bridge-bound
CO. The fraction of exposed Rh sites existing as atomically
dispersed species was estimated by integrating the peak areas
associated with CO on various adsorption sites and accounting
for adsorption stoichiometry and extinction coefficients, where
Rh(CO), species have a ~3-fold larger extinction coefficient
than linearly bound CO on Rh clusters.””*"*>>> On the basis
of this approach, it was estimated that on the 5 wt % Rh
sample only ~ 8% of the exposed Rh sites were atomically
dispersed species, while 92% of adsorption sites were at the
surface of Rh nanoparticles, see Table S1. Therefore, this series
of catalysts presents a decreasing fraction of exposed atomically
dispersed Rh species with increasing weight loading.

To develop structure—function relationships over the
various Rh catalysts relevant for the start-up regime of TWC
operation, “light off” experiments were performed where the
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Figure 2. (a) NH; production (ppm), (b) NO consumption (solid lines), and CO, production (dotted lines) during temperature-programmed
reaction at a temperature ramp rate of 5 °C/min in 5000 ppm of CO/1000 ppm of NO/2% of H,O for the series of catalysts characterized in

Figure la.

reactor was heated at a controlled linear rate from ambient
temperature. CO was chosen as reductant for NO because
light offs for CO and NO are known to be coupled on Rh
catalysts.”* In some tests, water was co-fed in order to assess
the impact of this important exhaust component on NO,
reduction selectivity. While more complex feeds could also be
considered, the CO+NO+H,O blend was sufficient to achieve
the aims of the present study. Catalysts were diluted with
purified silicon dioxide (Sigma-Aldrich 84878) to provide a
constant loading of 0.2 mg of Rh in the 1 g of total material
loaded into the reactor, Table S2. After pretreatment, catalysts
were heated at 5 °C/min in a flow of 5000 ppm of CO and
1000 ppm of NO diluted in Ar both in dry and wet conditions
(with ~2% water) at a total flow rate of 200 standard cubic
centimeters per minute (sccm).

In dry reaction conditions, all catalysts started converting
NO into N, at ~210 °C, but samples with a higher fraction of
Rh clusters, 2 and 5 wt % Rh, exhibited increased conversion at
lower temperature as compared to samples that contained
predominantly atomically dispersed Rh, 0.0S, 0.1, and 0.2 wt %
Rh, Figure 1b. All catalysts produced 1:1 stoichiometric
amounts of CO, and N, with high selectivity, although a small
amount of N,O was observed at low temperatures, which was
independent of Rh loading, see Figure S3. Differences in the
light-off curve shapes suggests different rate laws for NO
reduction over Rh clusters compared with atomically dispersed
Rh species.”” However, future steady-state measurements are
necessary to unravel the underlying kinetics. It is clear that Rh
clusters on Al,O; are more effective at catalyzing the reduction
of NO by CO under dry conditions, although only by a small
amount.

Light-off curves acquired in the presence of H,O exhibited
distinct differences as a function of Rh weight loading, see
Figure lc. The addition of H,O to the feed promoted the
reactivity of lower wt % Rh catalysts, for example, decreasing
the onset of measurable NO conversion by ~50 °C for the
0.05 and 0.1 wt % Rh catalysts. While the 0.2 wt % Rh catalyst
exhibited higher light-oft temperatures as compared with the
0.05 and 0.1 wt % catalysts, the shape of the light-off curve was
similar, suggesting similar kinetic behavior with a fewer
number of active sites. For the higher Rh wt % catalysts (2
and 5%), the addition of H,O to the feed inhibited the onset of
NO conversion by ~10 °C. Thus, while the behavior of all
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catalysts was similar under dry conditions, stark differences
were observed upon the introduction of H,O to the feed.

Most interestingly, the concentration of NH; produced
during the wet light-off experiments increased with decreasing
Rh wt % and thus with an increase in the relative fraction of
atomically dispersed Rh species, Figure 2a. The lowest tested
Rh weight loading, 0.05%, exhibited ~100% NHj; selectivity
with complete NO conversion by ~210 °C. The 0.1 wt % Rh
catalyst converted NO to NH; with close to 100% selectivity
during the light off, but once 100% NO conversion was
reached, NH; selectivity declined and N, production increased.
As the Rh wt % in the catalyst was increased, the selectivity
toward N, increased and NH; production decreased. The
amounts of N, and N,O produced during the light off are
shown in Figure S4.

We compared NO conversion and CO, production to
elucidate the stoichiometry of the reactions taking place, see
Figure 2b. For the 0.05 and 0.1 Rh wt % catalysts, at the
temperature where 100% conversion of NO to NH; was
reached, 2.5 times more CO, was produced than NO
consumed. For the 5 Rh wt % catalyst, less than 50 ppm of
NH,; was produced and at the temperature where NO
conversion reaches 100%, quantitative selectivity toward N,
was observed, thus CO, production occurred at a 1:1 ratio
with NO and CO consumption. We can derive site-specific
overall reactions for NO reduction by CO in wet environ-
ments, where in the case of Rh clusters 2NO + 2CO — N, +
2CO, occurs, whereas for atomically dispersed Rh 2NO +
3H,0 + SCO — 2NH; + SCO, occurs.

For the 0.05 and 0.1 Rh wt % cases, there was an excess of
CO, formed after complete NO conversion that was not
accounted for by the reactions proposed above. A plausible
source of CO, production is through the water—gas shift
reaction (H,0 + CO — H, + CO,, WGS) occurring over
atomically dispersed Rh species. To test this hypothesis, light-
off curves were obtained with 2% H,O and at CO levels
equivalent to the balance of CO after complete NO
consumption, Figure SS. For the 0.05 Rh wt % catalyst, CO,
started forming at ~275 °C and gradually increased to ~1000
ppm by the end of the run, Figure SS. This is consistent with
the excess CO, formed over atomically dispersed Rh samples
at temperatures where NO conversion was complete. This
behavior is also consistent with previous work showing that
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various atomically dispersed metal catalysts, and specifically
Rh, are highly active for WGS.*>****™® The 5 wt % Rh
catalyst did not light off WGS until >300 °C, accounting for
the lack of excess CO, on catalysts consisting primarily of Rh
clusters.

Including WGS over atomically dispersed Rh closes the mass
balance for all products over the tested temperature range.
However, in the cases of 0.1, 0.2, and 2 wt % Rh, there was an
apparent spike of excess N, produced during the initial NO
conversion light off, Figure S4a. The amount of N, produced
was calculated by mass balance assuming N,, NO, N,0O, and
NHj; are the only N-containing species. It was hypothesized
that NH; formed during initial light off adsorbs to acidic sites
inherent to the Al,O; support, so there was a delay in formed
NH; exiting the reactor while NO was being consumed until
all acidic sites were titrated.””®" To test this hypothesis, a
steady-state experiment was performed where a feed consisting
of 1000 ppm of NO, 5000 ppm of CO, and 2% water was
introduced to the 0.1 Rh wt % catalyst for extended time at
185, 195, 205, and 215 °C (Figure S6). The steady-state
amount of NH; reached 2.5:1 stochiometric balance with CO,
at all temperatures in agreement with the proposed reaction,
demonstrating that NH; adsorption to the catalyst surface
likely was occurring during initial light off.

We also explored whether the structure—function relation-
ship developed for Rh/Al,O; would apply to CeO, supports
(US-Nano stock #US3037, 70 m?*/g), which are also of
relevance to catalytic converters (Figure $7).*” At 0.2 wt % Rh
on CeO,, where CO FTIR suggested Rh is predominantly
atomically dispersed, the catalyst was 100% selective toward
NH; during the wet light-off experiment. The reaction lights
off at a lower temperature on atomically dispersed Rh on CeO,
as compared with AL,O; by ~25 °C, suggesting inherently
higher reactivity on the reducible support. At 2 wt % Rh
loading, where the presence of Rh clusters is evidenced in the
CO FTIR, selectivity toward N, increased suggesting Rh
clusters are selective for N, on either support.

The strong correlation between the fraction of exposed sites
existing as atomically dispersed Rh species in initial character-
ization and the amount of NH; produced during reactivity
measurements with co-fed H,O provide strong evidence that
atomically dispersed Rh species on Al,O; and CeO, are active
at low temperature for NH; formation, suggesting this is a
critical active site in TWC. Recent reports of analysis of
atomically dispersed Rh and Pt species in TWCs did not
identify this active site relationship either due to focus on
oxidation reactions, the lack of inclusion of H,O in the feed, or
focus on trends in conversion and stability.”*'~%* Within a
~50 °C window, we found that NH; formation and WGS over
atomically dispersed Rh occurred simultaneously with N,
formation over Rh clusters, making it challenging to under-
stand the catalytic behavior of materials containing a mix of
active site types, as portrayed in Figure 3.

The present work demonstrates that even for a simple feed
containing only NO, CO, and H,0, dramatic differences in
rate and selectivity on active sites of differing Rh nuclearity are
observed. Additional species present in combustion exhaust,
including oxygen and hydrocarbons, may also alter selectivity
not only by introducing competing reaction pathways or
inhibiting kinetically relevant steps in NO reduction, but also
potentially by altering the distribution of active site nuclearity.
Thus, while it is not reasonable to hypothesize a complete
mechanistic pathway for NH; formation over atomically
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Figure 3. Depiction of product formation during NO reduction over
different Rh structures on oxide supports at increasing temperature
between 150 to 300 °C. 2NO + 3H,0 + SCO — 2NH; + 5CO,
occurs over atomically dispersed Rh at ~180 °C, H,0 + CO — H, +
CO, (WGS) occurs over atomically dispersed Rh at ~250 °C, and
2NO + 2CO = N, + 2CO, occurs over Rh clusters at ~250 °C.

dispersed species, it is likely that the mechanism is distinct
from NO reduction pathways on extended Rh surfaces, which
proceed through NO dissociation. It is hypothesized that NH;
formation on atomically dispersed Rh shares mechanistic steps
with the water gas shift reaction, which occurs at lower
temperatures on atomically dispersed Rh as compared to Rh
clusters and is promoted by reducible supports.”* Further, it is
expected that Rh structure and coordination to the support
may be quite dynamic under the complex feed conditions of
TWC, a consideration that will be critical for future
mechanistic analyses.

In conclusion, we provide evidence that atomically dispersed
Rh species selectively produce NH; at low temperature in the
reduction of NO by CO when H,O is present. These
conclusions indicate that reformulating the TWC in catalytic
converters to prevent the formation of atomically dispersed Rh
could reduce NH; emissions from gasoline burning automo-
biles. This study also clearly identifies the important role of
minimizing the distribution of active site types in catalytic
materials to facilitate structure—function relationship elucida-
tion.
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