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Catalysts can undergo structural changes during the reaction,
affecting the number and/or the shape of active sites. For example, Rh can
undergo interconversion between nanoparticles and single atoms when CO is
present in the reaction mixture. Therefore, calculating a turnover frequency in
such cases can be challenging as the number of active sites can change
depending on the reaction conditions. Here, we use CO oxidation kinetics to
track Rh structural changes occurring during the reaction. The apparent
activation energy, considering the nanoparticles as the active sites, was constant
in different temperature regimes. However, in a stoichiometric excess of O,,
there were observed changes in the pre-exponential factor, which we link to
changes in the number of active Rh sites. An excess of O, enhanced CO-induced
Rh nanoparticle disintegration into single atoms, affecting catalyst activity. The
temperature at which these structural changes occur depend on Rh particle size,
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with small particle sizes disintegrating at higher temperature, relative to the temperature required to break apart bigger particles. Rh
structural changes were also observed during in situ infrared spectroscopic studies. Combining CO oxidation kinetics and
spectroscopic studies allowed us to calculate the turnover frequency before and after nanoparticle redispersion into single atoms.

heterogeneous catalysis, dynamic catalysis, Rh, single atom catalysis, CO oxidation kinetics

It is becoming more recognized that catalyst structure can be
dynamic, changing with time on stream and reactor and
reaction conditions.' ® These catalyst structural changes can
alter the catalyst activity and the selectivity toward desired
products.”® Of course, they can also complicate kinetic analysis
due to site type and density changes. Therefore, studying
catalyst dynamics under reaction conditions is critical in
understanding reactions, mechanisms, and designing catalysts.

There are several literature studies that demonstrate
reductant or oxidant-induced mobility of catalytically active
sites. Structural evolution of single atoms to nanoparticles with
exposure to high temperature reducing treatments has been
widely reported for Pt and Pd supported on oxide supports and
zeolites.”~ "> These structural changes can also be reversible
with fragmentation of nanoparticles into isolated single atoms
occurring when the catalyst is exposed to oxidizing conditions
and high temperature.'>"*

In some cases, adsorbate-induced structural changes have
been observed under reaction conditions. Pt restructuring was
observed via infrared (IR) spectroscopy during CO oxidation,
where the fraction of well-coordinated and under-coordinated
sites changed.”” Operando electron microscopy was used to
track unsupported Pd nanoparticle structural changes as a
function of temperature during CO oxidation. At low
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temperature, Pd nanoparticles would present low index planes
that showed low activity toward CO oxidation, while at high
temperature, the nanoparticles assumed a rounder surface
leading to a higher CO conversion.'® Theoretical studies
combined with X-ray absorption experiments showed that in
the presence of NH;, Cu ions become solvated by NH; and
mobile, enabling them to combine and form ion pairs that
participate in the selective catalytic reduction redox cycle.'”"®
Pd nanoparticles’ disintegration into single atoms on Pd/AlL, O,
was observed during methane oxidation in an excess of O,. Pd
nanoparticle redispersion caused by the oxidative environment
led to the loss of active sites and therefore to lower activity.'
In all these cases, the number of active sites changed when the
catalysts were exposed to the reaction mixture.

Here, we focus on Rh structural changes occurring during
CO oxidation. Changes in the Rh particle distribution have
been widely reported.'"””"”*' These changes have been
characterized using diffuse reflectance infrared Fourier trans-
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form spectroscopy (DRIFTS),*******7** temperature-pro-

gramed reduction,” extended X-ray absorption spectrosco-
py, scanning tunnel microscopy (STM),*® scanning
transmission electron microscopy,‘?’9 nuclear magnetic reso-
nance,”” and X-ray photoelectron spectroscopy’ and
predicted in theoretical studies.”***’ At low temperature,
CO breaks apart Rh nanoparticles, dispersing them into single
atoms. One proposed mechanism suggests that the bond
energy between CO and Rh overcomes the Rh—Rh and Rh-
support bond energies, favoring nanoparticle disintegra-
tion.”**”** Other studies have proposed that Rh particle
disintegration involves an oxidative process where the Rh-
oxidation state changes from 0 to +1 with the assistance of OH
groups on the support.””?"*> CO-induced Rh particle
disintegration can be reversible, for example, STM imaging
and IR spectroscopy experiments show that Rh single atoms
re-aggregate into nanoparticles during CO exposure at high
temperature.”® With structural changes occurring during the
reaction, when CO is present, the number of active sites may
change, affecting the activity of the reaction. As a consequence,
counting active sites via ex situ measurements may not provide
an accurate representation of the system under study and can
lead to an incorrect calculation of the turnover frequency.
Indeed, some previous studies have used the rates of CO
oxidation as a probe reaction to estimate the active metal
surface area since its reaction kinetics on Pt-group metals
(PGM:s) is well known.***”

CO oxidation is likely the most studied reaction in
heterogeneous catalysis and has been often used to answer
mechanistic and catalyst structural questions due to its relative
simplicity.**** However, in the case of CO oxidation on Rh
catalysts, due to CO-induced Rh structural changes, quantify-
ing the number of active sites and therefore turnover frequency
when CO is a reactant or intermediate is challenging.
Furthermore, a better understanding of the active site’s
dynamics during Rh restructuring under reaction conditions
and its consequences on catalyst activity would allow catalyst
design optimization, which is critical in light of the recent
volatility in Rh price.

Here, we monitored kinetic parameters, specifically the
activation energy and pre-exponential factor, to identify when
structural changes occurred during the reaction. We found that
under conditions with a stoichiometric excess of oxygen, Rh
nanoparticles are readily dispersed into single atoms and that
the temperature at which dispersion occurs depends on the
initial Rh particle size. CO-induced nanoparticle disintegration
in the presence of an excess of O, was also observed using
DRIFTS. The concentration of oxygen in the gas mixture
affects the extent of particle dispersion caused by CO.
Combining kinetic and spectroscopic studies, we were able
to quantify the extent of particle disintegration and calculate
the turnover frequency.

A series of Rh/Al,O; catalysts were synthesized using the incipient
wetness method. Rh(NO,); was used as the precursor, with the
rhodium(III) nitrate solution (10% w/w Rh in >S5 wt % HNO,
solution) purchased from Sigma-Aldrich, and was deposited onto y-
AlL,O;, also purchased from Sigma-Aldrich, to achieve 0.05 and 0.1%
Rh weight loadings. The Rh-containing catalysts were dried in a
Thermo Scientific Lindberg muffle furnace at 120 °C for 4 h in static
air, and then the temperature was ramped to 600 °C at 1 °C/min and
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held there for 4 h. To obtain different particle sizes, different samples
were placed in a quartz tube, which was put inside a Lindberg Blue M
tube furnace purchased from Thermo Scientific and exposed to 5% H,
in N, at 700 °C for 4 h, 800 °C for 4 h, or 900 °C for 72 h. Another
0.1 wt % Rh/AL,O; catalyst provided by the Ford Motor Company
was also evaluated as part of this study; to demonstrate that the
approach should be extrapolatable as different alumina supports,
including a commercial support, precursors and pretreatment
methods were used in its synthesis. This sample was synthesized by
wetness impregnation using a Rh(NO;); (10% w/w in 20—25%
HNO; solution) precursor, purchased from Acros Organics, deposited
onto y-Al,05 (Puralox Sasol). The catalyst was calcined at S00 °C for
8 h. The catalyst was then aged following Ford’s 4-mode aging
protocol® to simulate the performance of a high-mileage catalyst.
This sample is referred to as “Cycling Aged” below.

H, chemisorption was performed using a Micromeritics ASAP2020
Plus. The amount of sample used ranged from 700 to 900 mg, and the
samples were characterized after synthesis with no further treatments
prior to being placed in the chemisorption unit. Prior to the
measurements, the catalysts were reduced in H, at 500 °C for 1 h,
then evacuated for 2 h at 500 °C, cooled to 35 °C, and maintained
under vacuum for 1 h. The H, adsorption isotherms were collected at
35 °C. The dispersion was calculated assuming a H/metal ratio = 1:1.
We used the inverse of dispersion to calculate the average particle size,
assuming hemispherical clusters. Measured values are shown in Table
SI.

The catalyst was placed in a quartz tube having an internal diameter of
4 mm. The tube was placed in a Thermo Scientific Lindberg Blue M
tube furnace. The inlet and outlet temperatures were measured using
K-type thermocouples purchased from Omega. Inlet and outlet
stainless steel tubing was maintained at 150 °C to avoid water
condensation. The amount of catalyst used was S—13 mg. In order to
avoid heat transfer limitations, the catalyst was diluted with crushed
cordierite, originating from a Corning cordierite monolith, with a
catalyst/cordierite weight ratio varying between 1:18 and 50.
Cordierite is a common support material for monolith-supported
catalysts and typical in automotive catalysis.”" The cordierite inactivity
during the reaction was confirmed, with the results shown in Figure
SI. To avoid internal diffusion limitations, the catalysts were
pelletized and sieved to obtain 80—170 mesh (0.177—0.088 mm)
pellets. The flowrates used were between 500 and 750 sccm, which
according to our calculations is enough to avoid external mass transfer
limitations. The absence of these transport limitations at conversions
typically below 20% was confirmed using the Weisz—Prater number’”
and the Anderson and Mear’s criteria.”>** N,, CO, O,, and H,
flowrates were controlled with MKS mass flow controllers. Experi-
ments that included H,O were also performed, with 6% H,O, using a
Bronkhorst-controlled evaporator mixer. The catalysts were pre-
treated in 5% H, in N, at 500 °C for 30 min. CO oxidation
experiments were performed using CO concentrations between 8400
and 13,000 ppm. The O, concentration was adjusted to maintain a
target CO/O, ratio. CO, CO,, and H,0 concentrations were
measured using a MKS MG2030 Fourier transform infrared (FT-
IR) analyzer. The conversions shown in the figures were obtained
under steady-state conditions, with decreasing reaction temperature
between data points.

DRIFTS experiments were performed using a Nicolet iS50 FT-IR,
with the adsorption of CO to characterize Rh speciation. The flowrate
used for the pretreatments and experiments was 50 sccm. The
pretreatment consisted of exposure to 1% O, in He at 500 °C for 30
min, followed by a 10 min He purge, with a final exposure to 5% H, in
N, at 500 °C for 30 min. The temperature was then decreased in He
to 35 °C. The catalysts were exposed to 8400 ppm of CO in 16% N,
and 83% He until saturation, which was verified by the unchanging
spectra.
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DRIFTS experiments with the goal of simulating reactor experi-
ments were performed using the 0.1 wt % Rh/Al,O; sample that had
been treated in H, at 700 °C as described above, using a custom-made
split cell design purchased from Harrick Scientific. The cell includes
two sample holders, one for the catalyst and the other for a reference
material. The chamber is mounted on a movable stage that allows us
to switch between characterizing the catalyst and the reference. Half
of the cell was loaded with the catalyst and the other half with inert
SiC. This split cell design allowed us to subtract the gas-phase
spectrum, obtained when collecting the IR signal from the inert
material side, from the spectrum obtained when collecting from the
catalyst side, at each temperature. The catalyst underwent the
pretreatment protocol described above and was then cooled to 300
°C in He. Prior to the experiments, the background spectra for the
catalyst and SiC were taken at each temperature in He. The catalysts
were exposed to a gas mixture containing 8400 ppm CO and 9250
ppm O, diluted in 16% N, and 82% He, and the species present on
the catalyst surface were analyzed every 20 °C between 300 and 220
°C. The gas-phase subtraction was performed using absorbance as
intensity units. In the plots shown, the spectra have been converted
into Kubelka—Munk units.

Samples with a range of Rh particle sizes were synthesized by
varying the Rh loading and the H, reduction temperature, with
Table 1 listing the particle size measurements obtained using

Table 1. Average Particle Sizes Measured via H,
Chemisorption

catalyst average particle size [nm]
0.05%Rh/ALO, <1
0.1%Rh/ALO, 11
0.1%Rh/ALO, H,-700°C 16
0.1%Rh/ALO, H,-800°C 33

0.1%Rh/Al,O3-Cycling Aged S
0.1%Rh/ALO; H,-900°C-72 h 9.2

H, chemisorption and Table S1 listing the dispersion values.
The values obtained from the H, chemisorption experiments
correspond to average values. A separate sample was
synthesized and aged at high temgerature with exposure to
oxidizing and reducing conditions,”® which is labeled “Cycling
Aged” in later results and is included to demonstrate that the
trends observed extrapolate beyond those samples exposed to
simpler conditions and synthesized with a different alumina
and precursor. CO DRIFTS has been used to characterize Rh
speciation, enabling the identification of Rh-oxidation states as
well as distinguishing between single atoms, via the presence of
Rh gem-dicarbonyls, and Rh nanoparticles.””"**3%35¢ T¢
characterize our samples, CO adsorption spectra were obtained
after reducing the catalysts in H, at 500 °C, Figure 1. The
spectra contain three main features at 2030, 2060, and 2100
cm™". The features at 2100 and 2030 cm™' correspond to the
IR symmetric and asymmetric stretches of a single atom Rh as
a gem-dicarbonyl [Rh*(CO),], respectively. The feature
between 2040 and 2070 cm™' corresponds to CO linearly
bound to Rh nanoparticles,””*>>> displayed as Rh*—CO. The
Rh°—CO peak position depends on the particle size, CO
coverage, and local coordination environment.”>>”~° For the
catalysts with particle sizes 3.3 nm or larger, as was calculated
from the H, chemisorption results, there was also a small
feature in the 1800—1900 cm™* range, indicating the presence
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Figure 1. DRIFTS spectra obtained after a He purge, which followed
CO adsorption at 35 °C on 0.05%Rh/AlL,O;, 0.1%Rh/AL,O;, 0.1%
Rh/ALO,H,-700 °C, 0.1%Rh/ALO,H,-800 °C, 0.1%Rh/ALO;-
Cycling-Aged, and 0.1%Rh/AlL,O; H,-900 °C—plotted in rank of
dispersion as measured by H, chemisorption. The CO concentration
during the exposure was 8400 ppm. Prior to CO adsorption, the
catalysts were reduced at 500 °C in 5% H, for 30 min. The Kubelka—
Munk intensity of the largest peak in each spectrum was normalized
to 1. For the 0.1%Rh/AlL,O; H,-900 °C sample, the KM intensity
between 1950 and 1840 cm™' was multiplied by 10 and displayed in
the inset red-bordered box.

of bridge-bound CO on Rh nanoparticles (Rh,—CO). An
example is shown in the inset for the 0.1% Rh sample aged at
900 °C for 72 h. Overall, with increasing dispersion, there are
more Rh(CO), single atoms relative to nanoparticles. This
increased Rh(CO), amount relative to nanoparticles might
simply be due to the lower reduction temperature used in
synthesis or the lower Rh loading, both of which would
normally lead to less metal agglomeration. However, it is
widely reported that at low temperature, CO is able to break
apart Rh particles, dispersing them into single atoms, and that
the relative fraction of Rh single atoms and nanoparticles
formed during CO exposure at low temperature changes as a
function of particle size.”"”>**?%%°5°¢ ‘We hypothesize that
CO exposure at 35 °C during the DRIFTS experiment led to
an increase in the Rh(CO), amount relative to nanoparticles.

CO oxidation is one of the most studied reactions in
heterogeneous catalysis, and the generally accepted active
site for PGM on irreducible oxide supports is the metallic
phase, when the reaction is performed under stoichiometric or
slightly oxidizing conditions.”*®' ™" Since it is so well studied,
and often used as a probe reaction, calculating turnover
frequencies is needed, and to do so for Rh-supported catalysts,
we need to understand how the number of active sites changes
under reaction conditions. Here, we use CO oxidation rates to
understand when the number of active sites changes under
reaction conditions and, ultimately, in combination with
spectroscopy to calculate turnover frequencies.

Figure 2 shows the Arrhenius plots originating from the
experiments using the 0.05%Rh/AlL,O;, 0.1%Rh/Al,O; H,-700
°C, and 0.1%Rh/AlL,O; H,-900 °C catalysts. Results from the
rest of the samples are shown in Figure S2. These catalysts
have initial average Rh particle sizes that span from <1 to 9.2
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Figure 2. CO oxidation Arrhenius plots obtained from the 0.05%Rh/
ALO,, 0.1%Rh/ALO; H,-700 °C, and 0.1%Rh/ALO; H,-900 °C
samples. CO = 8400—13,000 ppm, CO/O, = 0.9, total flowrate =
500—750 sccm. The catalysts were pretreated in 5% H, at 500 °C for
30 min. The results shown were obtained after reaching steady state,
with the experiment run from high to low temperature.

nm. Results are shown from an experiment with decreasing
temperature; however, similar results were obtained with
increasing temperature. In the Arrhenius plots in Figure 2, we
expressed the rate in mol/s of CO, formed. We refrained from
normalizing them by the moles of surface Rh measured via H,
chemisorption, due to the redistribution of Rh speciation and/
or structure that occurs in the presence of CO, as hinted at
from the CO DRIFTS spectra in Figure 1 and the literature
discussed in the Introduction section. CO-induced particle
restructuring makes the number of active sites unknown under
reaction conditions as the number of active sites will be
different from that obtained from H, chemisorption or other
ex situ measurements.

All the three Arrhenius plots in Figure 2 show the presence
of multiple regimes. At low temperature, for all the three
catalysts described in Figure 2, and for all the catalysts tested
(Figure S2), the apparent activation energies are 100—110 kJ/
mol. This is consistent with Langmuir—Hinshelwood-type
kinetics previously reported, which involves the adsorption of
CO and O,, the dissociation of O,, and a surface reaction
forming CO,.°*""> At low temperature, the metal surface is
covered by CO, resulting in reaction inhibition. CO has to
desorb in order to allow O, to adsorb and dissociate.””>”* As
a consequence, the step limiting the reaction is the desorption
of CO from the metal. The CO oxidation activation energy is
similar to the CO desorption energy, consistent with our
results.”

In the middle temperature range, for all but the smallest
particle sizes, there is an observed increase in Arrhenius plot
slopes as the measured reaction rates deviate from the linear
fitting extrapolated from the low-temperature regime. The
reason for this slope change is discussed below. At high
temperature, the calculated apparent activation energies are
once again 100—110 kJ/mol, similar to the values calculated in
the low-temperature regime. These results suggest that the
rate-limiting step at high and low temperature is the same and
that the apparent activation energies in both temperature
ranges correspond to the CO desorption energy from a Rh
metal particle.® It is worth emphasizing that the heat and mass
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transfer phenomena were negligible under these conditions—
as mentioned in the Materials and Methods section, the
absence of heat and mass transfer limitations was confirmed by
calculating the Mear’s and Anderson criteria and the Weisz—
Prater number, all of which are further described in the
Supporting Information, Section 4. The increase in the slope in
the mid-temperature range for most of the samples or
consistency between the low- and high-temperature ranges
further excludes the presence of mass transfer limitations.

Although the apparent activation energies obtained for all
the catalysts in the low- and high-temperature regimes are
similar, the derived linear fitting for each pair of temperature
regimes do not show the same y-intercept. Therefore, the pre-
exponential factor differs between the high- and low-temper-
ature regimes and is higher in the high-temperature regime.
With the pre-exponential factor being a function of the number
of active sites, these data suggest that the number of active sites
changed between the low- and high-temperature regimes. As
previously mentioned, at low temperature, CO is able to
disperse Rh nanoparticles into single atoms, which leads to a
decrease in the number of active sites for CO oxidation.”* This
is consistent with our results as the catalysts show lower pre-
exponential factors at low temperature. However, with
increasing temperature, the isolated single atoms reaggregate
into nanoparticles in the presence of CO,***® increasing the
number of active sites for CO oxidation and thus the pre-
exponential factor.

For the samples with average particle sizes of 1.6 and 9.2 nm,
there are data points in the transition, or mid-temperature
regime, between the low- and high-temperature regimes where
the activation energies are consistent with known CO
oxidation kinetics. In this transition temperature region, the
Arrhenius plot slopes cannot be used to calculate an activation
energy because the number of active sites is different for each
data point. Therefore, a calculated higher “activation energy” in
this transition does not represent a different rate-liming step
but simply reflects changes in rate due to changes in the
number of active sites as we move to higher temperature. It is
possible to use these data to identify the pre-exponential factor
and thus the number of, or change in, active sites. If the
activation energy calculated from the low- and high-temper-
ature regimes are assumed to be constant, then a similar
Arrhenius-type line can be drawn through the rate point in the
intermediate temperature regime and its y-intercept used to
estimate the pre-exponential factor. The presence of a
transition regime suggests that there might be a particle size
distribution, with the smaller particles dispersing to single
atoms before the larger as we decrease temperature, resulting
in a decreased rate, until all the particles that will break apart
do. However, the 0.05%Rh/Al,O; catalyst does not show this
intermediate/transition regime. Based on our interpretation of
particle disruption or agglomeration being a function of
particle size, this lack of a transition regime we speculate is due
to particle sizes being relatively uniform such that they all
disperse into single atoms between two experimental temper-
ature points.

The temperatures at which the Arrhenius plot slopes change
in Figure 2 show a particle size dependence. Figure 3
summarizes the temperatures at which we start to see a
deviation from the linear fitting in the high-temperature region
of the Arrhenius plots, which we here refer to as T change, for
all the catalysts we studied. This T change value initially
decreases with increasing particle size, reaching a plateau for
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Figure 3. Summary of the temperature at which the change in CO
oxidation kinetics occurs for 0.05%Rh/Al,O; (<1 nm), 0.1%Rh/
ALO,; (1.1 nm), 0.1%Rh/ALO,H,-700 °C (1.6 nm), 0.1%Rh/
ALL,O;H,-800 °C (3.3 nm), and 0.1%Rh/Al,0;H,-900 °C (9.2 nm).
CO = 8400—13,000 ppm, CO/O, = 0.9, flowrate = S00—750 sccm.
The catalysts were pretreated in 5% H, at 500 °C for 30 min. The
cycle-aged sample result is included in Figure S7.

samples with initial Rh particle sizes larger than S nm. Going
from high to low temperature, smaller particles break apart into
single atoms before larger particles. A particle size dependence
is consistent with previously reported computationally
predicted behavior of CO-induced disruption of Rh particles,
where small particles in the presence of CO have a lower free
energy of disintegration, leading to fragmentation to single
atoms, while larger particles are more difficult to disinte-
grate.“’43

The inclusion of water, which is commonly present in many
reactions, either as a reactant or a product, was investigated
during CO oxidation to evaluate if similar phenomena can be
observed. As shown and discussed in the Supporting
Information (Section S), water does not affect the CO
oxidation mechanism because the measured apparent
activation energies again correspond to the CO desorption
energy, similar to the case without water. In addition, the
presence of water did not alter the observed changes in the
slope and the T change remained unchanged, see Figure S5 for
example, suggesting that the interconversion between single
atoms and nanoparticles is not affected.

Once the T change temperature is reached, CO-induced Rh
particle disintegration occurs and the pre-exponential factor
decreases due to the formation of inactive single atoms. When
the initial average particle size is small, disintegration occurs at
higher temperatures because the particles are not stable, due to
their high surface energy and the formation of Rh(CO), single
atom complexes is more favorable—the adsorbate/Rh single
atom, Rh(CO),, free energy is lower than that of CO bound to
the Rh nanoparticle structure.”” At larger particle sizes, the
temperature has to be lower for CO-induced disintegration to
occur because the larger particles are more stable.

In characterizing the more traditional sintering process, the
cohesive energy of a small particle is weaker than that of a large
particle, which means that a lower temperature would lead to
sintering for small nanoparticles compared to that required for
larger particles. The trend with particle size via the adsorbate-
induced disintegration observed here is opposite of the
traditional sintering trend.

Since this CO adsorbate-induced process is reversible, one
can also consider the nanoparticles-single atoms dynamics
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from low to high temperature. As temperature increases, for
these CO-induced changes, bigger particles with their greater
cohesive energy remain intact. Smaller particles will not form
until higher temperature since CO-induced nanoparticle
disintegration free energy of the smaller particles more easily
overcomes the lesser cohesive energy needed to maintain their
agglomerated state. This is consistent with theoretical studies*”
wherefirst-principle calculations on Rh/TiO, showed that the
driving force that leads to the particle disintegration increases
with a decrease in particle size as the free energy of
disintegration shows substantially more exergonic values.

In order to further investigate the structural dynamics
occurring during the reaction, DRIFTS spectra were collected
while exposing the 0.1%Rh/Al,O; H,-700 °C sample,
characterized by a 1.6 nm particle size, to a CO and O,
mixture with CO/O, = 0.9, a similar ratio used in the kinetic
experiments described above. The spectra collected in the
temperature range between 220 and 300 °C are shown in
Figure 4. All the spectra were normalized by the intensity of

2090 pco
Rh(CO),

2020

2120 RA(CO),

Rh(CO)(O)
300°C

280°C

260°C
240°C

LIS\ 220°C

Normalized intensity (a.u.)

2200 2150 2100 2050 2000 1950 1900
Wavenumber (cm™)

Figure 4. DRIFTS spectra of 0.1%Rh/Al,O; H,-700 °C during CO
oxidation at 220 (lower spectrum), 240, 260, 280, and 300 °C
(uppermost spectrum). CO = 8400 ppm; O, = 9250 ppm. The
catalyst was first exposed to 1% O, at 500 °C for 30 min, followed by
He purge for 10 min and 5% H, at 500 °C for 30 min. The spectra
were normalized by the intensity of the peak at 2026 cm™, after
applying the gas phase subtraction.

the asymmetric Rh gem-dicarbonyl peak, centered at ~2020
cm™". The spectra contain four peaks: 2070 cm™, assigned to
the linear-bound CO on Rh° 2090 and 2026 cm™,
corresponding to the symmetric and asymmetric gem-
dicarbonyl species, respectively, and 2120 cm™, corresponding
to Rh(CO)(0),” previously identified as a precursor to CO,
on a Rh particle.sg’ * Overall, it is evident that with a decrease
in temperature, the peak assigned to CO bound to the Rh
nanoparticle decreased in intensity, while the relative
intensities of the single atom features increased, providing
additional evidence that CO induces particle disintegration
with decreasing temperature.

To evaluate relative changes in the sites, the features in this
region of each spectrum were deconvoluted and the areas
under each peak were integrated. See Figure S8 and Section 6
of the Supporting Information deconvolution examples. Figure
S shows the peak area ratios for the symmetric gem-
dicarbonyls, indicated as 2090/2026, and the linear CO—Rh,
indicated as 2070/2026. The ratio of the area of the two gem-
dicarbonyl species is equal to 1, consistent with findings in the
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Figure 5. Normalized areas of symmetric and asymmetric gem-
dicarbonyl features (2090/2026) and linear Rh—CO nanoparticle and
asymmetric gem-dicarbonyl species (2070/2026) for each temper-
ature investigated in the range between 220 and 300 °C.

literature,” and this ratio remains 1 throughout the experi-
ment, within the temperature range studied here. The ratios
between the nanoparticle and the asymmetric gem-dicarbonyl
are similar at 220 and 240 °C but increase with a further
increase in temperature. In comparing the transition temper-
atures shown here and that in Figure 3, they are similar—the
0.1%Rh/Al,O; H,-700 °C sample is characterized by an
average initial particle size of 1.6 nm and its T change during
the CO oxidation kinetic study was 260 °C. The normalized
Rh—CO area at 300 °C is 2-fold the initial area at 220—240
°C. These results are consistent with our kinetic data and
provide additional evidence that the fractions of Rh particles
and single atoms are changing during CO oxidation, and
therefore, the fraction of active sites increases with an increase
in temperature.

The single atoms—nanoparticle interconversion during CO
oxidation was observed only under conditions with an excess of
oxygen, relative to stoichiometric CO oxidation. In fact, CO
oxidation performed under oxygen-deficient and stoichiometric
conditions showed a continuously linear Arrhenius plot,
resulting in an activation energy of 110 kJ/mol. This suggests
that oxygen enhances the oxidative process of CO-induced
nanoparticle disruption. The effect of O, amount during CO
adsorption/oxidation on 0.1% Rh/AL,O; H,-700 °C was
investigated spectroscopically at 260 °C, which based on the
results shown in Figure 3 is the single atom—nanoparticle
transition region for this sample. The following concentrations
were investigated: 2000, 4200, 6500, and 9250 ppm. The
spectra in Figure 6 show that under stoichiometric conditions
and conditions where there is excess CO, Rh speciation is not
altered, as the only features present were the linear- and
bridge-bound CO on Rh particles. However, when the O,
concentration increased past the stoichiometric point, there
was an increase in single atom fraction. Simultaneously, as
shown in Figure S9, as the O, concentration increased, the
negative feature in the 3600—3800 cm™" OH region became
more pronounced, suggesting that the OH groups on the
Al,O; surface were consumed. The increase in single atom
formation and depletion of the OH groups with an increase in
O, concentration is consistent with previous reports which
postulated that the OH groups are involved in the Rh
nanoparticle dispersion.””’®”” These spectra indicate that
oxygen favors the CO-induced oxidative disruption of Rh
nanoparticles (Rh’) into Rh'(CO),. This is consistent with our
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Figure 6. DRIFTS spectra during CO + O, exposure at 260 °C on
0.1%Rh/ALO; H,-700 °C. CO = 8400 ppm; O, = 2000, 4200, 6250,
or 9250 ppm. The spectra were normalized by the highest intensity
peak for comparison.

kinetic experiments performed under similar conditions where
a deviation from the typical linear regime of an Arrhenius plot
was not detected unless there was an excess of oxygen.

As mentioned above, the Arrhenius plots in Figure 2 show the
CO, formation rates expressed in mol/s due to the challenge in
counting Rh active sites with their dynamics during the
reaction. However, a quantitative interpretation of the
spectroscopic data showed that at high temperature, the
fraction of CO bound to the surface of the nanoparticles,
proportional to the number of active sites, is 2 times higher
than the fraction at low temperature. This information can be,
and here was, used to normalize the reaction rates and obtain
the CO oxidation turnover frequency.

The black squares in Figure 7 display the CO oxidation rate
measured at high and low temperature on 0.1%Rh/Al,O; H,-
700 °C, normalized by the amount of surface Rh sites
calculated via H, chemisorption. As previously shown, from
the linear fitting derived from the low and high temperature,
the activation energies are similar and equal to 100—110 kJ/
mol, but the pre-exponential factors are different depending on

2.5+ R ® H, chemisorption normalized
B, * |R normalized
2.0 L
e
= 157 s T R2=0999
2 ~
= 1.0 -~ ~
w
£ %% R
. o
0.0 .
.\
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Figure 7. Normalized CO oxidation rates obtained on 0.1%Rh/Al,O;
H,-700 °C. CO = 8400 ppm O, = 9250 ppm; total flowrate = 750
sccm. The catalyst was pre-reduced in 5% H, at 500 °C for 30 min.
The black squares represent the reaction rates normalized by the
number of Rh surface sites obtained from the H, chemisorption
measurement and the red circles are the reaction rates normalized by
the number of Rh surface sites obtained from the H, chemisorption at
high temperature and the half that amount at low temperature based
on the changes observed in the DRIFTS spectra.
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the temperature region used. However, based on the DRIFTS
results, the low-temperature regime has more single atoms and
less particles, with a factor of 2 calculated when comparing
relative peak intensities at 220—300 °C. We can therefore
renormalize the pre-exponential factor by dividing the amount
of Rh surface atoms obtained from H, chemisorption by 2 and
use this quantity to normalize the rate measurements in the
low-temperature regime. The red circles display the rate
measurements normalized by two different active Rh amounts
at low and high temperature. The resulting line fitting the red
squares still gives an activation energy of 100 kJ/mol,
consistent with our previous measurements.

This combined in situ spectroscopy and kinetic measure-
ment method allows the quantification of the extent of particle
disintegration and active site loss. The estimation of the active
sites at all temperatures during the reaction allows the
calculation a true turn over frequency that otherwise was not
possible with just the reactor-based approach and ex situ active
site measurements, which do not track the dynamics of
nanoparticle—single atom interconversion.

CO oxidation structure insensitivity is an important tool that
can be, and has been, used to identify and estimate the number
of catalytically active sites. In this study, a combination of IR
spectroscopy and CO oxidation kinetics was used to track the
structural changes occurring on Rh/ALO; catalysts. We
showed that the ability of CO to break Rh nanoparticles
reduces the number of active sites during CO oxidation and
the temperature where this occurs depends on the Rh particle
size. With decreasing temperature, smaller particles broke apart
to single atoms first, and the temperature required to break the
particles decreased with increasing particle size up to 5 nm,
after which the catalysts showed similar behavior. While H,O
does not affect the temperature at which the structural
dynamics occur during the reaction, O, present in excess of the
stoichiometric amount enhances CO-induced particle dis-
persion into single atoms. Spectroscopic studies were
consistent with this behavior in the presence of excess O,.
Rh nanoparticle features were more intense at higher
temperature compared to the IR features associated with
single atoms, while at low temperature, the opposite was
observed, implying that Rh nanoparticles were broken into
single atoms at low temperature. In addition, semi-quantitative
analysis of the DRIFTS spectra was consistent with the kinetic
experiments, demonstrating that at low temperature only half
of the original number of Rh active sites are present on the
catalyst surface, compared to that at high temperature.
Combining the relative changes in the DRIFTS spectra with
the reactor-based kinetic experiments allowed the turnover
frequency to be calculated on an exposed surface Rh basis.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.2c00595.

H, chemisorption results, cordierite CO oxidation
activity, CO oxidation Arrhenius plots, with and without
H,O, deconvolution of IR spectra examples, and mass
and heat transfer calculations (PDF)
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