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ABSTRACT: Rh active sites are critical for NOx reduction in
automotive three-way catalysts. Low Rh loadings used in industrial
catalysts lead to a mixture of small nanoparticles and single-atom
Rh species. This active-site heterogeneity complicates the
interpretation of characterization and reactivity, making the
development of structure−function relationships challenging.
Density functional theory (DFT) investigations of Rh catalysts
often employ flat, periodic surfaces, which lack the curvature of
oxide-supported Rh nanoparticle surfaces, raising questions about
the validity of periodic surface model systems. Here, we combine
DFT with probe molecule Fourier transform infrared (FTIR)
spectroscopy and high-resolution scanning transmission electron
microscopy of supported Rh catalysts synthesized to insure against
the in situ formation of single-atom Rh species to compare periodic and nanoparticle DFT models for describing the interaction of
CO and NO with supported Rh nanoparticles. We focus on comparing the behavior of model systemsRh(111) and a 201-atom
cubo-octahedral Rh nanoparticle (Rh201; ∼1.7 nm diameter)to explain the behavior of CO and NO bound to Rh nanoparticles
with an average particle diameter of ∼2.6 nm. Our DFT calculations indicate that CO* occupies a mixture of threefold and atop
modes on Rh(111), saturating at 0.56 ML CO* (473 K, 1 bar), while CO* saturates Rh201 near 1 ML. Similarly, NO* binds to
threefold sites and saturates the Rh(111) surface at 0.67 ML but saturates the Rh201 particle surface at 1.38 ML, indicating that more
NO* binds than there are Rhsurf atoms. Moreover, the adlayers on the Rh201 particle contain predominantly atop-bound CO*, with
bridge CO* possible on particle edges and predominantly threefold NO* with bridge- and atop-bound NO* bound to edges and
corners. These binding modes and higher coverages are made possible by the curvature of these nanoparticles and by the expansion
of surface metal−metal bondsneither of which can occur on Rh(111)which together permit the adlayer to laterally relax,
reducing internal strain. FTIR data for CO* on 10 wt % Rh/γ-Al2O3 show predominantly atop binding modes (2067 cm−1) with
small broad peaks near bridge (1955 cm−1) and threefold (1865 cm−1) regions. Meanwhile, NO* FTIR spectroscopy also shows a
mixture of atop (1820 cm−1) and threefold (1685 cm−1) NO* features, with similar features observed at reaction conditions (5 mbar
NO, 1 mbar CO, 478 K), indicating that NO* dominates Rh surfaces during catalysis. Frequency calculations on these adlayers of
Rh201 particles yield dominant frequencies that more closely resemble those observed in FTIR spectra and demonstrate how
coverage and dipole−dipole coupling affect vibrational frequencies with surface curvature. Taken together, these results indicate that
the Rh surface curvature alters the structure and spectral characteristics of NO* and CO* for Rh nanoparticles of ∼2.6 nm diameter,
which must be accurately reflected in DFT models.

1. INTRODUCTION

NOx species (x = 1, 2) are pollutants present in the exhaust
streams of combustion engines in automobiles.1 Three-way
catalysts (TWCs) comprising Pd, Pt, and Rh reduce NOx to
N2, as well as undesired N2O and NH3,

2−5 by reacting with
reductants in the exhaust streamprimarily CO but also H2,
NH3, and uncombusted hydrocarbons.1,6−9 TWCs have
significantly reduced pollution since their introduction in
1975, with total atmospheric pollution in the United States
decreasing by 68% since 1980.10 As targets for pollution
reduction grow more aggressive, TWCs continue to attract

significant attention.2,4,5 Unresolved challenges include poor
activity and selectivity to N2 at low temperatures (<600 K)
during engine startup and the high costs of the required
precious metals.11
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Rh is more active during NOx reduction by CO than other
Pt-group metals in TWCs, leading to its ubiquitous use in
TWC formulations.12,13 Despite extensive investigation, Rh-
catalyzed NOx reduction mechanisms remain incompletely
understood. Many reactions are plausible, with relative rates
determined by the coverages of chemisorbed NO*, CO*,
vacant sites (*), and other coreactants or intermediates. For
example, during NO reduction by CO, the direct activation of
adsorbed NO (NO*) on a surface

NO N O* + * → * + * (1)

requires the presence of both NO* on the surface and a nearby
vacancy that can accommodate O* upon dissociation.
Alternatively, NO* activation can be assisted by CO* to
form CO2

NO CO N CO (g)2* + * → * + * + (2)

or to form an isocyanate

NO CO O NCO* + * → * + * (3)

among other possibilities. Each of these reactions depends on
the relative concentrations of vacancies (*), NO*, CO*, and
other intermediates. These effects of coverage are ubiquitous in
heterogeneous catalysis but remain poorly understood for this
chemistry, in which two strongly bound reactants (NO* and
CO*) compete for sites. Therefore, a clear understanding of
the coverages of the most abundant surface intermediates
(MASI) and the saturation coverages of these catalysts (θsat) is
key to understanding catalytic behavior of Rh during NOx
reduction.
Insights into differences in intermolecular interactions

occurring in adlayers on Rh single crystals and particles can
be informed by vibrational spectroscopy. Fourier-transform
infrared (FTIR) spectroscopy can be used to infer CO*
binding geometries and relative coverages on Rh and other
metal surfaces.14 Well-defined single-crystal surfaces under
highly controlled ultrahigh vacuum conditions serve as a
benchmark for CO* stretch frequencies. On Rh(111), CO*
vibrational modes at ∼2040−2070 cm−1 corresponding to
linear atop CO* appear below 0.4 ML and modes at 1820−
1860 cm−1, indicating threefold-bound CO*, appear above 0.5
ML and up to the θsat of ∼0.7 ML (95−150 K, 10−9 to 10−5

Torr CO).15−20 The frequency of these bands increases with
increasing coverage because of a combination of electrostatic
repulsion and dipole−dipole coupling between neighboring
CO*.15,16,19,21,22 Furthermore, the areas of these bands
increase nonlinearly with coverage because of energy transfer
occurring to higher energy normal modes that dominate
surfaces at high CO* coverage and which often have lower
extinction coefficients.23,24

Similarly, NO probe-molecule vibrational spectroscopy can
be used to characterize surfaces by itself or in combination
with CO to assess these surfaces in environments more like
those relevant to automotive catalysis. Infrared (IR) spectra of
NO* on Rh(111) reveal stretching frequencies at 1479−1650
and 1816−1867 cm−1 corresponding to threefold and atop
binding geometries, with frequencies generally increasing with
coverage.25−27 Similar electron energy loss spectroscopy
(EELS) datawhich can also identify characteristic N−O
stretching frequencies for NO* and, thus, binding modes
indicate similar frequencies for threefold (1480−1630 cm−1)
and atop (1840 cm−1) NO*.28 Unlike CO*, NO* can be
activated on Rh surfaces to form N2 or N2O at low coverages,

rather than simply desorb.28−30 As such, temperature-
programmed desorption (TPD) results show NO desorbs
from NO* saturated Rh(111) near 400 K, followed by N2
desorption near 600 K and O2 desorption above 1000 K.20,28

The formation of N2 and O2 during these TPD studies
indicates that some of the NO* initially bound to the surface
reacts prior to desorption at 400 K. When exposed to equal
mixtures of CO and NO, NO* dominates the surface of
Rh(111) (1.1 kPa CO and NO, 523−673 K), but CO* can
begin to occupy more of the surface above 623 K at higher
CO/NO ratios, representative of those during automotive
catalysis (0.6 kPa CO, 0.1 kPa NO, 523−673 K).31 These
surface science studies indicate that Rh surfaces are more
selective to N2O when reacting with CO at low temperature
(<635 K);31−33 however, Rh is highly selective to the preferred
N2 product at high-temperature operating conditions in
automotive exhaust streams.12 Notably, Rh catalysts are
typically prepared in low loadings on oxide supports in
automobile industrial catalysts, and therefore, realistic Rh
active sites are on the surface of small supported nanoparticles,
or even atomically dispersed species, rather than extended
single-crystal surfaces.11,34 The influence of the Rh structure
(single crystals or small nanoparticles) on reactivity is
highlighted by the substantially different behavior of single-
crystal Rh(111) surfaces from supported Rh/Al2O3 catalysts
during NO−CO reactions, with Rh(111) forming CO2 at
higher turnover rates than Rh/Al2O3.

35 The differences
between single-crystals and supported catalysts remain largely
unexplained and require rigorous characterization prior to
detailed kinetic studies and mechanistic density functional
theory (DFT) investigations.
Spectral features observed in CO probe-molecule IR spectra

of Rh supported on Al2O3 vary with Rh weight loading. Rh
weight loadings of ∼2% or less display vibrational bands at
approximately 2020 and 2090 cm−1 that do not vary in
frequency with CO coverage.36,37 These IR bands correspond
to a Rh gem-dicarbonyl species, Rh(CO)2, formed by
coadsorbed CO* on atomically dispersed Rh (i.e., single-
atom Rh sites). Vibrational bands at 1800−1950 and 2045−
2070 cm−1 are present at high CO* coverage on larger (>4 wt
%) Rh loadings, corresponding to Rh particles, and these bands
approach frequencies observed for CO* on Rh(111),
indicating the formation of larger Rh nanoparticles with well-
defined terraces, as subsequently confirmed by X-ray
diffraction.36 Our prior work showed a mixture of atomically
dispersed Rh and Rh nanoparticles on both 0.5 wt % and 5 wt
% Rh/γ-Al2O3 samples,2,11 similar to earlier work on 10 wt %
Rh/Al2O3.

38 Kinetic and infrared studies suggest that surfaces
of SiO2-supported Rh are dominated by NO* in NO and CO
mixtures (488 K, 34 mbar CO, 9.0 mbar NO).39 Spectra for
supported Rh/γ-Al2O3 in mixed NO/CO feeds show features
at ∼1740, ∼1830, and ∼1920 cm−1, possibly attributable to
anionic, neutral, and cationic Rh(NO) species,40,41 although
different spectral features have been identified on different
samples in later studies.3,42,43 Furthermore, the mixture of Rh
nanoparticles and atomically dispersed Rh species complicates
the interpretation of these prior FTIR data because the spectral
features overlap, particularly as coverage varies. These spectral
signatures for NO* on Rh particles have not been directly
investigated in prior DFT studies that have examined single-
crystal Rh surfaces or have omitted computationally expensive
frequency calculations on large nanoparticle models.
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These characterization data indicate that single-crystal
extended surfaces, large nanoparticles, and atomically dispersed
Rh each have distinct adsorbate coverages and binding modes,
but these complexities have seldom been considered in the
development and use of DFT models of transition-metal
catalysts. Recently, adsorptions on nanoparticle models have
been studied with DFT and contrasted to single-crystal
surfaces and have shown that nanoparticles can have higher
coverages than surfaces, including supramonolayer cover-
ages.44−49 For example, our prior work shows that H*-covered
201-atom Ir and Pt particles saturate at 1.59 and 1.30 ML,
respectively, during H2 chemisorption,47 which is typically
used to probe the size of metal nanoparticles. Similarly, DFT
calculations indicate that CO* saturates Ru201 particles at > 1
ML but Ru(0001) surfaces at 0.75 ML45,48,49 and that S*
saturates Ru, Re, and Pt nanoparticles at higher coverages than
their corresponding (111) or (0001) surfaces.44 Most
relevantly, our prior work shows that Rh201 nanoparticles
saturate at 1.38 ML NO*, while Rh(111) surfaces saturate at
∼0.7 ML.46 These coverages affect relative reaction rates
directly by altering reactant surface concentrations and
indirectly by altering binding energies and barriers through
coadsorbate interactions. Moreover, rates can depend
sensitively on the density and flexibility of adlayers around
MASI and transition states. For example, rates of CO*
hydrogenation on Ru can increase by as much as 5× as the
fractional coverage of vacant sites decreases from 10−2 to 10−4

ML because denser CO* adlayers on curved Ru nanoparticles
solvate hydrogenation transition states better.48 These small
absolute changes in coverage may similarly affect the behavior
of CO−NO reactions, and the differences in θsat between
particles and single-crystal surfaces is key to understanding the
aforementioned unexplained kinetic phenomena observed in
this chemistry.
Additionally, prior DFT studies have shown that coad-

sorbate repulsion and dipole−dipole coupling cause vibrational
frequencies to increase with increasing coverage for CO* on
transition-metal surfaces.15,50−53 Such peak shifts have been
observed for atop CO* in prior studies using vibrational
spectroscopy on both Rh single-crystal surfaces using high-
resolution EELS (HREELS; 2015−2070 cm−1, 90 K, 10−9 bar
CO)22 and reflection absorption IR spectroscopy (RAIRS)
(2026−2080 cm−1, 123 K, 10−8 to 10−6 Torr CO)15 and
supported Rh particles (2039−2067 cm−1 using FTIR
spectroscopy; 323−573 K, 0.33 bar CO, 0.68 bar He).54

However, the DFT studies examining this phenomenon only
tested single-crystal surfaces and thus featured adlayers of atop-
bound CO* that were not disrupted by the curvature of
polycrystalline nanoparticles. It is unclear how the curvature of
these nanoparticles alters the effect of coverage on vibrational
frequencies.
An accurate model of the structure of Rh nanoparticles and

their interactions with CO and NO at saturation is necessary
for investigations of the NOx reduction mechanism occurring
on TWCs. Here, we use a combination of theory and
experiment to characterize and compare a 10 wt % Rh/γ-
Al2O3 sample with an average Rh particle size of ∼2.6 nm
diameter, which is also devoid of atomically dispersed Rh
species, to DFT-predicted behavior of Rh(111) surfaces and a
201-atom cubo-octahedral Rh nanoparticle. DFT calculations
of Rh(111) surfaces show that they saturate at 0.56 and 0.67
ML for CO* and NO*, respectively, but that Rh201 particles
saturate at 1.00−1.10 and 1.38 ML of CO* and NO*. CO and

NO probe molecule FTIR spectra show dominant stretching
frequencies of CO*- and NO*-covered particles at 2067 and
1685 cm−1, which correspond to calculated frequencies for
atop-bound CO* and of threefold-bound NO* on Rh particles.
Notably, Rh(111) surfaces show a near-equal mix of atop-
bound and threefold-bound CO* at saturation coverage, while
particles prefer atop-bound CO*, which appear more intensely
in the IR spectra of the 10 wt % Rh sample examined in this
work. Similarly, DFT predicts that NO* adlayers contain
exclusively threefold NO* on Rh(111) but that adlayers on
Rh201 particles are mixed, which more closely matches FTIR
data for NO* at saturation coverage on our model Rh
nanoparticle catalyst. These changes in coverage and binding
mode preferences arise because nanoparticles are curved and
their surface metal−metal (M−M) bonds expand (up to 7%)
during optimization, which cannot occur on Rh(111) surfaces.
These two factors contribute to lateral adlayer relaxation,
altering both the saturation coverages on these surfaces and
their characteristic frequencies and binding energies. We also
show that this M−M expansion red-shifts characteristic
stretching frequencies of both NO* and CO* by reducing
adlayer strain and strengthening surface-adsorbate bonds by
artificially expanding Rh(111) surfaces. Lastly, we show that
while coverage and dipole−dipole coupling effects increase
vibrational frequencies for CO* and NO* on metal particles,
these effects approach a saturation behavior caused by the
disruption of the surfaces across corner and edge atoms, which
weakens the effects of dipole−dipole coupling. Taken together,
these data indicate that nanoparticle models and the high
coverages they predict more closely match the behavior of
supported Rh catalysts than single-crystal models.

2. MATERIALS AND METHODS
2.1. Computational Methods and Models. Periodic

DFT calculations were completed using the Vienna ab initio
simulation package (VASP)55−58 in the computational catalysis
interface (CCI).59 The revised Perdew−Burke−Ernzerhof
(RPBE) form of the generalized gradient approximation
(GGA) was used for all calculations,60,61 and plane waves
were composed of projector augmented-waves (PAWs)62,63

with an energy cutoff of 400 eV, unless otherwise noted. For
comparison purposes, additional calculations were performed
using the Perdew−Burke Ernzerhof (PBE),61 Perdew−Wang
91 (PW91),64 and Bayesian error estimation (BEEF)65 GGA
functionals with PAW plane wave basis sets and some
calculations used the PW91 functional with ultrasoft
pseudopotentials (USPP).66,67 Structures were optimized
using a multistep process implemented in the CCI. Wave
functions were converged to within 10−4 eV in the first step
with forces calculated using a fast Fourier transform (FFT)
grid of 1.5× the plane wave cutoff. Wave functions were
optimized in the second step within 10−6 eV and with an FFT
grid 2× the plane wave cutoff. Structures were optimized such
that forces on all atoms were <0.05 eV Å−1 in both steps. Gas-
phase species were modeled in 18 × 18 × 18 Å3 unit cells
surrounded by vacuum with spin polarization for species with
partially occupied orbitals in their valence shells (e.g., NO).
Two types of Rh models were used in this work: a periodic

Rh(111) surface and a cubo-octahedral Rh201 nanoparticle.
The 3 × 3 Rh(111) surface contained four layers, the bottom
two of which were fixed in their bulk crystallographic positions
during optimization, with a 10 Å vacuum above its top layer.
Calculations on periodic Rh(111) surfaces used a Γ-centered 4
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× 4 × 1 K-point mesh.68 After the two-step optimization, a
single-point calculation using an 8 × 8 × 1 K-point mesh with
the same electronic convergence criteria as the second step
(wave functions vary <10−6 eV, FFT grid 2× plane wave
cutoff) was used to determine electronic energies on Rh
surfaces.
The cubo-octahedral Rh nanoparticle model contained 201

Rh atoms (1.7 nm diameter) and was placed at the center of a
31 × 31 × 31 Å3 unit cell surrounded by ∼15 Å vacuum on
each side. The Rh nanoparticles each had eight (111) and six
(100) facets exposed, identical to that used in prior studies of
NO adsorption and reduction on Rh (Figure 1).46 Similar

nanoparticle structures were used to analyze high coverages
during H2 chemisorption on Ir and Pt,47 C−C hydrogenolysis
on Ir,69 and CO hydrogenation on Ru.48 On Rh nanoparticles,
the Brillouin zone was sampled only at the Γ-point (a 1 × 1 ×
1 mesh).
Adsorption on Rh surfaces and nanoparticles was analyzed

similarly to prior work.46,47 The NO* saturation coverages on
the Rh(111) surface and a 201-atom Rh nanoparticle were
previously found to be 0.67 and 1.38 ML, respectively.46 We
extend this work using CO as an adsorbate on the Rh surface
and particle models to assess competitive adsorption in NO−
CO reduction environments. On Rh(111), CO* coverage was
varied between 0.11 and 1 ML (1−9 CO* adsorbates on this 3
× 3 surface model). At each coverage, multiple configurations
were examined that varied the binding modes (e.g., atop and
threefold) and arrangements of CO*. A differential binding
energy (ΔEdiff,i) was calculated for each CO added to the
surface

E E E Ei i idiff, CO , CO , 1 CO(g)Δ = − −* * − (4)

where ECO*,i is the energy of the most stable configuration with
i CO* and ECO(g) is the energy of gas-phase CO. Rh201
particles have 122 surface Rh atoms, and thus, it is impractical
to consider singular sequential CO* adsorption events and to
consider all arrangements of submonolayer CO* adlayers. As
such, CO* were added to fill all locations of one unique
binding mode on the Rh particle, consistent with prior
work.46,47 For example, CO* can be added to all atop positions
on corner atoms of the Rh particle or to all bridge positions
along the edge between two adjacent (111) terraces. These
unique binding positions are shown in Figure 1. An “average

differential” binding energy (ΔE̅diff,i) is calculated for each
unique site type that is filled at each subsequent CO* addition
step

E
E E xE

xi
i i x

diff,
CO , CO , CO(g)Δ ̅ =

− −* * −

(5)

where x is the number of new CO* adsorbed.
Frequency calculations of optimized structures were used to

determine zero-point vibrational energies (ZPVE) and rota-
tional, translational, and vibrational enthalpies (H) and free
energies (G) at 473 K based on formalisms from statistical
mechanics (Section S1, Supporting Information).70 Trans-
lation and rotation of adsorbates on surfaces were treated as
frustrated motions and modeled as vibrations, while translation
and rotation of gas-phase species were treated as ideal, and
corresponding translational and rotational partition functions
were used to calculate enthalpy

H E H H HZPVE0 vib rot trans= + + + + (6)

and free energy

G E G G GZPVE0 vib rot trans= + + + + (7)

Frequencies were calculated using a fixed displacement
method (two displacements) in which all atoms in the Rh
surface or Rh nanoparticle were frozen. Low-frequency modes
(<60 cm−1) were replaced with 60 cm−1, consistent with prior
work,46,69,71 because low-frequency vibrations are inaccurately
predicted by DFT, but their exclusion would exacerbate errors
in computed adsorbate entropies. Calculated frequencies were
scaled based on the gas-phase CO stretching frequency (2143
cm−1)72 and the DFT-calculated gas-phase CO stretching
frequency for each functional tested. For example, the
calculated CO(g) frequency is 2102 cm−1 using the RPBE
functional and PAW potentials, and therefore, all calculated
frequencies using these methods were scaled by a factor of
1.019.

2.2. Experimental Methods. 2.2.1. Catalyst Synthesis.
Alumina (PURALOX TH100/150, Sasol) was dry-impreg-
nated with an aqueous solution of Rh(NO3)3 (10 wt % Rh and
20−25% HNO3, Alfa Aesar) to achieve an initial Rh loading of
6 wt %. The resulting material was dried at 373 K overnight,
followed by dry impregnation with addition of Rh(NO3)3
solution to achieve a final Rh loading of 10 wt %. The material
was then placed in an open dish (CoorsTek 60232) and set in
a horizontally oriented tube furnace in a flow of air (0.025 L
s−1). The temperature was ramped at 0.25 K s−1 to 1073 K and
held for 2 h in flowing air. Flow of air was then replaced by
flow of N2 (Airgas, 99.999%) for ∼600 s, followed by
introduction of 1.25% H2 in N2 (Airgas). Flow of H2 was
maintained, while the temperature was held at 1073 K for an
additional 2 h and then naturally cooled to 673 K. Flow of H2
was discontinued, and the sample cooled to ambient
temperature in flowing N2.

2.2.2. Probe-Molecule FTIR Spectroscopy. The catalysts
were loaded in a Harrick low-temperature reaction chamber
mounted inside a Thermo Scientific Praying Mantis diffuse
reflectance adapter set in a Nicolet iS10 FTIR spectrometer
with a mercury cadmium telluride (MCT) detector. Mass flow
controllers (Teledyne Hastings) were used to control the gas
flow rates across the reactor bed. The catalysts were pretreated
in situ for 0.5 h at 623 K in pure O2 and subsequently in 10%
H2/Ar at 373 K. After in situ pretreatment, the samples were
cooled to room temperature in flowing Ar, exposed to flowing

Figure 1. Distinct binding sites available on the Rh201 model used in
this work. Terrace (t) sites have subscripts with their corresponding
facets, edge sites can be between two (111) terraces (e11) or between
(111) and (100) terraces (e10), and bridge sites can be on edges (be)
or on the (100) terrace (bt10).
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1% CO or 0.5% NO in Ar at 1 bar until Rh sites were saturated
while taking spectra with 12 scans and 0.482 cm−1 data spacing
continuously until spectra remained unchanged, and then
purged with Ar. TPD measurements were executed by heating
the sample in Ar at a rate of 0.33 K s−1 until complete
desorption of CO or NO was observed while taking spectra
continuously during desorption every 10 s. Peak intensities and
areas were integrated using Origin.
2.2.3. CO Chemisorption. Pulse chemisorption was

performed in a Micromeritics chemisorption analyzer
(AutoChem II 2920) loaded with 1 mg of total Rh diluted
to 350 mg with plain γ-Al2O3 (PURALOX TH100/150, Sasol).
Prior to chemisorption, the samples were treated at 673 K in
flowing O2 for 1 h, then at 623 K in 10% H2/Ar for 1 h, and
degassed under Ar at 623 K for 1 h (all gasses were sourced
from Airgas and flowed at 3 L h−1). Pulse chemisorption was
performed at 303 K by dosing 0.5 mL of 10% CO/He over the
catalyst every 180 s and analyzing the effluent with a thermal
conductivity detector (TCD). The amount of chemisorbed
CO was computed as the fractional area of the TCD signal
consumed in each pulse relative to pulses with a stable area
after saturation, assuming a constant dosage of 0.5 mL per
pulse.
2.2.4. TEM Imaging of the 10 wt % Rh/γ-Al2O3 Sample.

High-resolution scanning transmission electron microscopy
(HRSTEM) was performed in a Thermo Fisher G2 200X
operated at 200 kV. Samples were dispersed in isopropyl
alcohol and drop-cast onto ultrathin lacey-carbon films
supported on a Cu grid (Electron Microscopy Sciences).
Prior to imaging, grids were loaded onto a single tilt holder and
placed in a transmission electron microscopy (TEM) specimen
holder vacuum station for 48 h to remove contamination.
Imaging was performed under vacuum. To estimate the
particle size distribution, particles were counted manually, and
their areas were computed using ImageJ software. We report
the number average particle diameter for reference, while the
volume-area particle diameter was used to compute the Rh
dispersion by assuming equal exposure of the (111), (110),
and (100) facets (Section S3).73

2.2.5. NO Reduction Light-Off Experiment. “Light-off”
experiments were performed to test the reactivity of the 10 wt
% Rh/γ-Al2O3. The sample was heated in a glass tube reactor
at a constant rate from ambient temperature to 673 K in
reaction conditions to mimic engine startup. The catalysts were
diluted with purified silicon dioxide (Sigma-Aldrich, CAS:
84878) to 2 mg Rh per gram of total material in a home-built,

temperature-controlled reactor system with mass flow
controllers (Teledyne Hastings) to precisely control CO,
NO, H2O, and Ar gas flow concentrations. After pretreatment
identical to the CO FTIR characterization, the catalysts were
heated at 300 K h−1 (5 K min−1), while 250 sccm total flow
rate of 5000 ppm CO and 1000 ppm NO in Ar flowed over a
packed bed at 1 bar. Gas-phase product compositions were
identified by flowing outlet effluent through a Thermo
Scientific Antaris IGS 2-meter Gas Cell set in a Nicolet iS10
FTIR spectrometer with a MCT detector and using OMNIC
series software to take five spectral scans every 10 s at high 0.5
resolution and 0.241 cm−1 data spacing. The reactants and
products were calibrated with the TQ Analyst Pro Edition
software to identify established spectral signatures of known
mixtures of CO, NO, N2O, NH3, CO2, and H2O in Ar at set
pressure and temperature.

3. RESULTS AND DISCUSSION

3.1. CO Binding on Rh(111). DFT predicts that CO* is
equally stable at either an atop or threefold hcp site on
Rh(111) at 0.11 ML (RPBE, PAW; Figure 2), partially
consistent with surface science studies, which find that CO*
binds atop on Rh(111) at low coverages.15,74 We tested
alternative DFT methods to assess the relative binding energies
between different modes and methods at low coverage. PBE,
PW91, BEEF, and RPBE functionals with PAW predict that a
threefold hcp binding configuration is preferred over atop for
CO* by 10, 9, 1, and 0 kJ mol−1, respectively. PW91 with
USPP (PW/US) predicted a preference for threefold over atop
binding by 13 kJ mol−1. Binding energies from DFT
calculations are weakest for the RPBE and BEEF functionals
with values of −158 and −165 kJ mol−1, respectively, for the
threefold hcp site (Figure 2). These functionals typically
predict that adsorbates bind more weakly on metals than other
GGA functionals.75,76 PBE and PW91, in contrast, predict
binding strengths of −194 and −190 kJ mol−1, respectively,
similar to previous DFT investigations of CO binding on
Rh(111).77 Experimental ultrahigh vacuum (UHV) thermal
desorption mass spectroscopy studies have estimated CO
binding energy (ΔE) on the order of −130 to −150 kJ mol−1,
depending on initial CO* coverage and corresponding
temperature at which CO* desorbs.15,17,22,78 These data
indicate that RPBE and BEEF best predict the binding
behavior of CO on Rh(111).
DFT-calculated vibrational frequencies vary from ∼1750 to

∼2000 cm−1 as the binding mode shifts from threefold (three

Figure 2. Single CO* bound (a) at a threefold hcp site, (b) at a threefold fcc site, (c) in a bridge position, and (d) atop on Rh(111). Binding
energies (kJ mol−1), relative energies (in parentheses, kJ mol−1), and CO* stretching frequencies (νCO, cm

−1), both scaled (bold) and unadjusted
(italicized), are shown for each configuration in four exchange−correlation functionals (RPBE, PBE, BEEF, and PW91) with PAW basis sets and
with the PW91 functionals using USPP (PW/US).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c05160
J. Phys. Chem. C XXXX, XXX, XXX−XXX

E

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05160/suppl_file/jp1c05160_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05160?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05160?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05160?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05160?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


C−M bonds) to atop (a single C−M bond) for all functionals.
Surface science studies using HREELS22 (90 K) and RAIRS15

(123 K) of CO* on Rh(111) do not observe any bands below
1900 cm−1 until CO* coverage exceeds 0.5 ML, which
indicates a lack of significant CO* coverage in bridge or
threefold positions. Above 0.5 ML CO*, a feature near 1825
cm−1 appears in these HREELS and RAIRS data on Rh(111),
suggesting that some CO* is bridge-bound at high CO*
coverages based on the DFT-calculated frequencies in Figure
2;15,22 however, these frequencies are computed at 0.11 ML,
not at elevated CO* coverages, and CO* stretching
frequencies may change with coverage. The calculated
frequency for threefold CO* at 0.11 ML on Rh(111) (1749
and 1759 cm−1) is in close agreement with the observed
frequency for a single CO* bound threefold on a Rh4 cluster
(1731 cm−1),79 despite the structural differences between small
clusters and extended surfaces.
As CO* coverage increases on Rh(111) surfaces, DFT

predicts that exclusively atop modes become slightly preferred
at 0.22−0.33 ML (Figure 3a). Mixed binding modes (atop and
threefold) are preferred from 0.44 to 0.78 ML, above which all
CO* prefer to bind to threefold fcc sites. These results are
somewhat consistent with surface science experiments, which
indicate that CO forms adlayers of atop-bound CO* at low
coverage but shifts to adlayers with mixed binding modes at
higher coverages.15,80−82 The formation of threefold-domi-
nated adlayers at high coverages is not observed because such
coverages are not accessible during surface science studies.
These calculations predict that differential adsorption energies
(E0) become positive, indicating unfavorable adsorption at
coverages above 0.78 ML, which appears to match maximum
possible CO saturation coverages observed in surface science
experiments (∼0.75−0.78 ML, 90−123 K).15,80,81 Notably, the
(2 × 2)-3CO organization observed at 0.75 ML using low-
energy electron diffraction (LEED)80 cannot be replicated on
the 3 × 3 surface model used in this work. Our calculations
find ΔGdiff values remain negative up to 0.78 ML (ΔGdiff = −24
kJ mol−1) and become positive at 0.89 ML (ΔGdiff = +201 kJ
mol−1) at 95 K. These data show general agreement between
the DFT methods employed here and surface science
observations for both the adsorption energies, free energies,
and binding modes of CO*, with the exception of the 0.11 ML
binding mode. At the catalytically relevant temperature of 473
K, however, differential standard state adsorption free energies
(ΔGdiff, 473 K, 1 bar) only remain negative up to 0.56 ML
CO* (ΔGdiff = −22 kJ mol−1); the adsorption of an additional
CO*, yielding a coverage of 0.67 ML, has a ΔGdiff of +3 kJ
mol−1, indicating that CO coverage does not reach 0.67 ML on
Rh(111) under these conditions. This saturation coverage is
lower than that observed in surface science experiments
because entropic losses from adsorption counteract enthalpic
benefits at higher temperatures (473 K) more than at the low
temperatures of these surface science experiments (90−123
K).
We calculate the vibrational frequencies of CO* on

Rh(111), including the dipole moment, from which the
relative intensities of each vibrational mode and frequency can
be estimated. Previous UHV LEED,17,22,78 reflection absorp-
tion infrared spectroscopy (RAIRS),15 and EELS22 studies of
CO* on the Rh(111) surface indicate that the stretching
frequency of CO* bound atop to Rh(111) increases
(blueshifts) as coverage increases, in conjunction with the
appearance of a peak associated with threefold CO*.

Moreover, CO* stretching frequencies are dipole-coupled
such that CO* bound at identical sites and on flat surfaces
vibrate in phase, and the intensity of this vibration is stronger
than out-of-phase vibrations.15,22 Our calculations indicate that
CO* frequencies on Rh(111) surfaces increase with coverage,
and as coverage increases, the range of frequencies among
CO* stretches increases (Figure S4, Supporting Information).
Predicted intensities based on dipole-moment calculations,
however, indicate that in-phase vibrations (which have higher
frequencies) disproportionately contribute to the observed
frequencies for CO* on Rh(111) (Tables S1−S3, Supporting
Information). Therefore, we emphasize the highest calculated
frequencies in the adlayer for atop CO* and threefold CO*,
particularly for the most stable configuration at all coverages.
Because only atop CO* is observed below 0.5 ML

Figure 3. (a) Average binding free energies (473 K, 1 bar) on
Rh(111) as a function of coverage of CO on Rh(111) surfaces in atop
(●, orange), threefold (■, blue), and a mixture of binding modes (▲,
purple) and the differential binding free energy (ΔGdiff; 473 K, 1 bar)
for the best configuration (◆, green). (b) Maximum calculated CO*
stretching frequency for the best configuration with the entire adlayer
permitted to move (◆) and with only one CO* permitted to move
(■, hollow) from 0 to 0.78 ML CO* for atop (orange) and threefold
(blue) binding modes (data up to 1.0 ML are shown in Figure S4,
Supporting Information). Small dots in (b) show experimental
HREELS data (90 K) from Linke et al.22
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experimentally, we focus on atop CO* at 0.11 ML despite its
nearly identical energy to CO* at a threefold hcp site. The
maximum stretching frequency for a CO* bound atop is 2004
cm−1 at 0.11 ML, shifting to 2069 cm−1 at 0.56 ML (the
highest mixed-mode coverage possible at 473 K) and further
increasing to 2126 cm−1 at 1.0 ML when all CO* are bound
atop (a coverage and configuration that is only possible in
DFT calculations, although unfavorable). Similarly, the
maximum frequency for CO* bound threefold increases from
1749 cm−1 at 0.11 ML to 1899 cm−1 at 0.56 ML and further to
1976 cm−1 at 1.0 ML when all CO* is bound threefold;
however, these uniform binding modes do not persist at all
coverages. These calculations illustrate the possible changes in
frequencies (124 and 237 cm−1 for CO* in atop and threefold
modes) when CO* reaches coverages above those that are
realistically possible and when occupying only specific binding
modesa degree of control only possible in DFT calculations.
When CO* is permitted to occupy mixed binding modes
(which occurs preferentially above 0.33 ML), similar blue-
shifting of peaks is observed, albeit for separate atop and
threefold CO* vibrations (Figure 3b). The maximum
frequencies for atop and threefold binding modes at each
coverage correspond closely to those observed using EELS as
CO* coverage on Rh(111) increases.22 We also calculated
frequencies with only one atop-bound or threefold-bound
CO* permitted to vibrate at all coverages to estimate the role
of dipole−dipole coupling shifting frequencies for in-phase
vibrations. These frequencies similarly increase with CO*
coverage but are lower than the frequencies for in-phase
vibrations of the full adlayer (Figure 3b). Therefore, when
additional adsorbates are present, calculating the C−O
stretching frequency separates the effects of coverage from
those of dipole−dipole coupling. The trend in stretching
frequency for atop CO* as a function of coverage on Rh(111)
agrees very well between experiment (2015 to 2070 cm−1) and
theory (2004 to 2069 cm−1 for the full vibrating adlayer).
While these Rh(111) calculations match observations for
coverage-dependent binding energies and vibrational frequen-
cies from surface science studies, they are idealized models;
realistic supported catalysts are polycrystalline and expose sites
with varying coordination, such as corner and edge atoms.
3.2. HRSTEM Particle Size Assessment of the 10 wt %

Rh/γ-Al2O3 Sample. Small Pt-group metal particles can
restructure and redisperse when interacting with probe
molecules such as CO and NO.37,83−85 These metal clusters
can fragment into single atoms because the binding energy
between the probe molecule and dispersed species coordinated
to the support is greater than the binding energy between
adjacent Rh atoms within nanoparticles.85−87 Small Rh
particles (<2 nm diameter) interacting with CO in particular
separate into atomically dispersed Rh(CO)2 species, where the
oxidative fragmentation process is accompanied by the
reduction of protons on the oxide support.88,89 Therefore,
cycling the catalyst through harsh reducing pretreatment
conditions to form large Rh particles and stripping the oxide
surface of hydroxyl ligands that facilitate mobility is key to
obtaining a catalyst with exclusively Rh nanoparticles and
without atomically dispersed Rh. Notably, while prior
investigations have analyzed supported Rh clusters exper-
imentally,37−39 few have rigorously insured against the
existence of atomically dispersed species and compared these
samples to DFT-calculated CO* and NO* frequencies.54,90,91

Removal of the atomically dispersed Rh species is critical for

such analysis because the CO* stretching bands of Rh(CO)2
partially overlap with CO* on Rh nanoparticles, particularly
because of coverage-dependent vibrational frequency shifts for
atop CO* on Rh nanoparticles. As such, the sample used to
characterize CO and NO binding to γ-Al2O3-supported Rh
nanoparticles required a high weight loading (10 wt %) and
high-temperature pretreatment and ageing. The combination
of elevated temperature, high mass loading, and reducing
conditions was used to avoid the formation of atomically
dispersed Rh species.
HRSTEM was used to quantify Rh particle sizes in the 10 wt

% Rh/γ-Al2O3 sample and examine particle geometries. A
count of 250 particles in the peripheral regions of the image,
where particles are discernible, indicates that the number
average particle diameter is 2.6 nm ± 1.1 nm (Figure 4; see

Section S3 for details of particle size estimations). Notably,
particles of this size exhibit curvature which induces differences
in the characteristics of adsorbates as compared to single-
crystal surfaces because of differing surface structures,
intermolecular interactions among adsorbates, and surface
relaxation, among others. Therefore, we employ CO as a probe
molecule to characterize these samples and compare the results
to previous analyses on single-crystal Rh surfaces and DFT
calculations on both curved nanoparticle and (111) surface
models.

3.3. Characterization of γ-Al2O3-Supported Rh Nano-
particles Using Probe Molecule CO FTIR Spectroscopy.
Figure 5 provides spectral signatures of CO* on 10 wt % Rh/γ-
Al2O3 after the sample had been saturated with CO* while Ar
flowed over the catalyst as temperature increased 0.33 K s−1.
The absence of bands at 2090 and 2020 cm−1 (the symmetric
and asymmetric stretches associated with Rh(CO)2)

37,38,92

indicates that no atomically dispersed Rh is present. Instead,
stretches associated solely with CO* on Rh nanoparticle
surfaces are found at saturation coverage and room temper-
ature, as indicated by features at 2067, 1955, and 1865 cm−1.
The 2067 cm−1 feature is assigned to CO* at atop adsorption
sites, while the 1955 and 1865 cm−1 stretches have been
previously assigned to CO* on bridge sites on (100) facets,
and CO* at threefold sites on (111)-like facets, respec-
tively.22,93 Variations in the frequency and relative intensity of
CO* bands on Rh nanoparticles as a function of temperature

Figure 4. (a) Bright field-HRSTEM (BF-HRSTEM, 185k×
magnification) of 10 wt % Rh/γ-Al2O3 and (b) corresponding
particle size distribution computed from a count of 250 particles in
the peripheral regions of the image. Values of dispersions (%) and
number of atoms as a function of particle size are presented for cubo-
octahedral particle models for comparison.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c05160
J. Phys. Chem. C XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05160/suppl_file/jp1c05160_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05160?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05160?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05160?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05160?fig=fig4&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c05160?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(and thus coverage) shown in Figure 5 provide comparisons to
previous similar measurements on Rh(111),17,22 Rh(100),93,94

and stepped Rh(553) surfaces.21

The vibrational frequencies for all three CO* species red-
shift with increasing temperature during TPD, with disappear-
ance of the bands at different temperatures: threefold-bound
CO* (1865 cm−1 at saturation coverage) disappears by ∼623
K, atop-bound CO* (2067 cm−1 at saturation coverage)
disappears by 723 K, and bridge-bound CO* (1955 cm−1 at
saturation coverage) disappears by ∼573 K. Disappearance of
the bridge and threefold CO* prior to atop CO* is consistent
with the preference of CO* for atop adsorption at lower
coverages and rapid CO* diffusion between atop and threefold
or bridge sites. The relatively high temperature at which atop
CO* are observed in these studies, as compared to previous
analysis on single crystals, likely stems from the slower ramp
rate during the TPD in this work (0.33 K s−1 compared to ∼5
K s−1 common in single-crystal studies) and the existence of
undercoordinated surface sites on small Rh nanoparticles that
bind CO* strongly.95 We note that the in situ cell used here
exhibits temperature gradients,96 although we calibrated the
surface temperature using an optical pyrometer and in-bed
thermocouple.
The atop CO* frequency redshifts from 2067 cm−1 at

saturation coverage to 1989 cm−1 at the lowest observed
coverage, the latter of which matches closely to atop
monocarbonyl stretches on small Rh clusters (1959−1962
cm−1 on Rhn(CO), n = 5−15).79 The atop CO* stretching
frequency at saturation coverage observed here is consistent
with measurements on single-crystal surfaces at ∼300 K
(2064−2070 cm−1 depending on surface facet), suggesting a
similar primary normal mode of the coupled vibrating CO*
species. The shift in CO* frequency observed during TPD
from Rh nanoparticles shows a ∼78 cm−1 total shift to a final
frequency of 1989 cm−1, larger than the span of atop CO*
vibrational frequencies observed on the single-crystal surfaces
(∼50−55 cm−1), which exhibit atop CO* frequencies >2000
cm−1 at the lowest coverage. The distinct behavior of atop
CO* on Rh particles (frequency span at changing coverage
and frequency at lowest coverage) suggests that there exist
highly undercoordinated sites, which do not exist on Rh single
crystals, and further that dipole−dipole coupling occurs
between CO* on the various adsorption sites on Rh particles

despite their curvature and, therefore, the imperfect alignment
of CO*.
The feature assigned to threefold CO*1865 cm−1 at

saturation coverageis consistent with the observed frequency
of threefold CO* at saturation coverage on Rh(111) (1861
cm−1).22 Similarly, the frequency of the band assigned at 1955
cm−1 to bridge-bound CO* observed at saturation coverage on
Rh nanoparticles is consistent with similar observations on
(100) and (553) surfaces of a band at ∼1940 cm−1. The
∼1955 cm−1 peak associated with bridge-bound CO* redshifts
by ∼15 cm−1 during the TPD to 1938 cm−1 at 563 K,
indicating that the CO* frequency and intensity decrease with
decreasing CO* coverage similarly to atop CO* but with
smaller changes in the frequency.
The change in relative CO* band intensity during the TPD

also provides a basis for comparing the behavior of CO*
adlayers on Rh nanoparticles to single-crystal surfaces (Figure
5c). The atop CO* relative band intensity stays consistent up
to 550 K, even with decreasing vibrational frequency, and then
increases in intensity by ∼20% at 650 K, followed by a sharp
decrease. The increase in atop CO* band intensity occurs after
the bridge CO* band has depleted and is accompanied by a
sharp decrease in the threefold CO* band intensity, which
suggests that CO* only occupies bridge and threefold sites at
very high coverages and that any vacancies in atop sites are
readily filled by the diffusion of CO* from bridge and threefold
sites. The steady intensity of the atop CO* band up to 550 K,
even with a shift in vibrational frequency, could be explained
by an increasing extinction coefficient of the primary normal
mode at lower coverage.23 Qualitatively, these results are
consistent with previous experiments on single-crystal surfaces;
however, when CO* coverage on supported Rh particles
decreases with rising temperature, the absolute value of the
increase in the intensity of the atop CO* band is less than what
is observed for Rh(111) surfaces. On Rh(111), the absolute
value of the intensity change between 0.75 and 0.5 ML for the
atop CO* band is >50% of the maximum intensity at 0.5 ML.
While we do not have a direct measure of CO* coverage
during TPD from Rh nanoparticles, the trend in atop, bridge,
and threefold CO* intensities during the TPD indicates
differences in relative site preference on single-crystal and Rh
nanoparticle surfaces. The Rh(100) and Rh(111) studies
suggest significant changes in the preferred binding modes of
CO* with coverage, while smaller changes are observed for Rh

Figure 5. IR spectra of 10 wt % Rh/γ-Al2O3 (a) taken every 10 K as the temperature increases 0.33 K s−1 from 293 to 723 K after the sample is fully
saturated with CO and (b) shown in detail at 293 and 723 K, identifying linear-bound CO* (2067−1989 cm−1), bridge-bound CO* (1955 cm−1),
and threefold-bound CO* (1865 cm−1). (c) Change in the relative peak area (A·A0

−1, ●) for the 2067−1989 cm−1 (orange), 1955 cm−1 (blue),
and 1865 cm−1 (purple) peaks and the shift in the peak center for the 2067−1989 cm−1 peak (green, ■) as a function of temperature.
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nanoparticles at higher coverage. This is interpreted from the
20% increase in atop CO* band intensity from the maximum
CO* coverage at 293 K and to the maximum intensity during
the TPD at 653 K in contrast to 40 and 50% changes for CO*
adlayers on Rh(100) and Rh(111),22 respectively.
Direct comparisons between the IR signatures of CO* on

Rh nanoparticles from a model Rh/γ-Al2O3 catalyst devoid of
atomically dispersed Rh and Rh single crystals show distinct
behavior of CO* adlayers on Rh nanoparticles. CO* adlayers
on Rh nanoparticles contain a wider variety of surface site
coordination environments (from the larger CO* frequency
span with changing coverage) and decreased magnitude of site
preference at saturation coverage (from the smaller change in

atop CO* band intensity vs coverage) as compared to Rh
single-crystal surfaces.

3.4. CO Binding to Rh Nanoparticles. Cubo-octahedral
cluster models have been used to address the effects of
coverage and particle size on metal-catalyzed NO−H2,

46 CO−
H2,

48 and alkane−H2 reactions,
69 as well as H2

47 and S* (from
H2S) chemisorption.44 These prior studies all demonstrate that
the saturation coverages predicted for the abundant surface
intermediates (NO*, CO*, H*, and S*) are higher for particle
models than for periodic single-crystal surfaces. These
adsorbates bind more strongly to particles at high coverages
than to flat surfaces because particles allow the metal catalyst
to expand as coverage increases and allow the surface adlayer
to laterally relax to minimize coadsorbate repulsions. Here, we

Figure 6. (a) Overall average CO binding energies on the Rh201 nanoparticle (■) with the most likely configurations to fill the particle (blue) and
all other configurations tested that were optimized without adlayer reorganization (orange). (b) Average differential (●) electronic binding
energies for CO as a function of coverage on the Rh(111) surface (green) and on the Rh201 particle model for the path leading to the c,e,t-covered
particle (blue, filled with dashed lines) and leading to the be10,be11,t-covered particle (blue, hollow with dotted lines). The configurations of CO*
for only atop filling at (c) 0.20, (d) 0.49, (e) 1.00, and (f) 1.20 ML on the Rh201 particle and the configurations with CO* bound on bridge-edge
sites during filling at (g) 0.39, (h) 0.59, (i) 1.10, and (j) 1.20 ML.
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examine CO* adsorption on 201-atom Rh clusters that
primarily expose its most stable facets(111) and
(100)97and the CO* adsorption energies and vibrational
frequencies on these particle models are contrasted to those
calculated on Rh(111) surfaces.
CO* can bind atop metal atoms with six distinct

environments and varying coordination numbers (CNs) on
the Rh201 particle (Figure 1): corner atoms (c, CN = 6), edge
atoms (e10 and e11, CN = 7), (100) terrace atoms (t100, CN =
8), and at two positions on the (111) terrace (t111, CN = 9).
The CO* binding energies for adsorption to these six atoms
become more exothermic as the CN of the metal atom
decreases from −146 kJ mol−1 on the central (111) terrace
atom to −172 kJ mol−1 on a corner atom (Figures S5−S6,
Supporting Information), as expected from bond-order
conservation models98 and prior CO adsorption stud-
ies.49,99,100 CO* can also bind to six distinct threefold sites
with binding energies ranging from −163 to −147 kJ mol−1

with a much weaker dependence on the average CN of the
metal atom ensemble (Figure S6, Supporting Information).
CO* binds most strongly to bridging sites on the edge
between adjacent (111) and (100) terraces at these low
coverages with an adsorption energy of −176 kJ mol−1, almost
20 kJ mol−1 more negative than on any site of the Rh(111)
surface at low coverage.
Multiple CO* were added to all sites for a specific binding

mode on the Rh201 model (e.g., atop on all corner atoms and
atop on all (111) and (100) terrace atoms) to simulate filling
of the surface, as described in Section 2.1 and shown in Figure
6. The average differential binding energies (ΔE̅diff) for each
addition describe the binding energies of added CO* between
adlayers. Computing the vibrational entropies of all CO* on
these models at high coverage is computationally intractable;
therefore, we estimate a ΔE̅diff at which surfaces saturate with
CO* by assuming that entropy loss upon adsorption to Rh
particles is similar to that for adsorption on Rh(111) surfaces.
Entropy losses near saturation coverages on Rh(111) surfaces
suggest that a ΔEdiff near −85 kJ mol−1 will result in a ΔGdiff
near 0. Filling calculations on Rh201 suggest that CO* first
binds to corner sites (ΔE̅diff = −169 kJ mol−1; Figure 6c), on
edge sites (ΔE̅diff = −167 kJ mol−1), or be10 sites (ΔE̅diff =
−167 kJ mol−1; Figure 6g) as all have binding energies
indistinguishable to DFT methods. Following adsorption in
one of these motifs, CO* will continue to adsorb to these
undercoordinated sites, with the most likely being an
arrangement in which CO* is bound atop to all corner and
edge atoms (0.49 ML, Figure 6d), or at a slightly higher
coverage (0.59 ML, Figure 6h) in which CO* bind to bridge
sites between all corner and edge atoms. Once these
undercoordinated sites are occupied, terrace sites fill with
atop CO*, added here in three stages, first covering part of the
(111) terraces, then the (100) terraces, and finally filling the
remainder of the (111) terrace (Figures S8−S9, Supporting
Information). The final structures have coverages of 1.00 ML
with a final ΔE̅diff of −99 kJ mol−1 (−118 kJ mol−1 for all
terrace sites on average; Figure 6e) or 1.10 ML with a final
ΔE̅diff of −70 kJ mol−1 (−103 kJ mol−1 for all terrace sites on
average; Figure 6i). These final binding energies bracket the
critical ΔE̅diff (−85 kJ mol−1) estimated from the entropy
losses on the Rh(111) surface. Adsorption above these 1.00
ML or 1.10 ML configurations (e.g., to form Figure 6f from 6e)
occurs with a much higher ΔE̅diff (≥0 kJ mol−1). In both the
1.00 and 1.10 ML adlayers, the (111) terraces of the particle

are occupied by atop CO*, in contrast to high coverage
calculations on Rh(111) single-crystal surfaces where a mixture
of CO* bound to threefold and atop sites is observed. CO*
binding to fcc modes on particles results in significantly higher
binding energies than atop modes at comparable coverages
(Figure 6a). This is consistent with the experimental
comparison discussed above, where Rh nanoparticles exhibited
reduced preference for threefold sites at high coverage as
compared to Rh single crystals, although the band at ∼1865
cm−1 indicates that some CO* is bound threefold. These
results suggest that on larger Rh nanoparticles, which certainly
exist within the particle size distribution of the experimentally
examined system, CO* in the center of (111) terraces may
bind threefold similarly to flat Rh(111) surfaces, but that atop
modes are preferred near edges and corners because particle
curvature relieves the adlayer strain that encourages threefold
binding. Based on these data, CO* saturates Rh201 nano-
particles at coverages near 1.00 ML, far above those predicted
on Rh(111) surfaces (0.56 ML) and consistent with
conclusions of prior studies of NO* on Rh,46 H* on Ir and
Pt,47 CO* on Ru,48,49 and S* on Pt, Ru, and Re particles.44

CO pulse chemisorption measurements,101 in combination
with HRSTEM images, were used to assess CO* saturation
coverage on Rh particles in the 10 wt % Rh/γ-Al2O3 sample.
Chemisorption quantified the CO uptake on the 10 wt % Rh/
γ-Al2O3 sample, from which saturation coverage was obtained
by comparison to the dispersion estimated from HRSTEM
measurements. Hydrogen chemisorption is often employed for
estimating dispersion by assuming one H* per Rh surface
atom, but comparisons of hydrogen chemisorption with
extended X-ray absorption fine structure (EXAFS)102 and
STEM103 have indicated that the H/Rhsurface stoichiometry can
exceed unity for small Rh particles (<1 nm up to 5 nm)102,103

and varies with particle size, similar to DFT studies showing
similar results for small Ir and Pt particles.47 Therefore,
hydrogen chemisorption is an unreliable technique for
estimating dispersion in nonuniform particle systems; instead,
we rely on HRSTEM to assess the particle size distribution in
the 10 wt % Rh sample.
Because of the high Rh weight loading of the sample, a

particle count was only feasible for the peripheral regions of
the imaged catalyst particle (Figure 4). A count of 250 particles
yielded a number average particle diameter of 2.6 nm and
dispersion of 31%. During pulse chemisorption at 303 K, the
ratio of chemisorbed CO* to Rh atoms in the sample was 0.26,
suggesting a CO* coverage of 0.84 ML. The precise dispersion
is very sensitive to the particles imagedfor example, the
addition of two 9 nm particles to a count of 250 particles,
which could be easily obscured in the central region of the
HRSTEM image, lowers the dispersion from 31 to 27% and
raises the calculated CO* coverage to 0.95 ML. Similarly,
counts of 37−150 particles in separate regions of the image
yielded dispersions between 36 and 26%. Dispersions in this
range (26−36%) would place the CO* saturation coverage
between 0.72 MLonly slightly higher than an expected value
for extended Rh surfaces17and 1.0 ML, similar to the values
suggested by DFT calculations on the Rh201 particle models in
this work. In the absence of conclusive experimental methods
for estimating saturation coverage of catalysts with nonuniform
particle sizes, we propose the tandem use of DFT particle
models and FTIR spectroscopy to predict adsorbate behavior
on particle surfaces.
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The higher-saturation CO* coverages on Rh nanoparticles,
as predicted by DFT, are caused by a combination of lateral
adlayer relaxation and the expansion of M−M bonds that also
increase the distance between adsorbates, as observed in prior
work.47 M−M bonds expand as Rh atoms bond to CO*,
transferring electrons from the metal to the adsorbate, thus
weakening M−M bonds. M−M bond lengths between surface
atomswhere this expansion is most pronouncedincrease
up to 3% at higher coverages on the CO*-saturated Rh201
particle (Figure 7a,b). We also optimized Rh201 particles
covered in CO* with all Rh atoms frozen to remove the effects
of M−M expansion on CO* binding energies, thus mimicking
Rh(111), whose surface cannot expand because of the
constrained periodicity of single-crystal calculations. Here,
the average differential binding energy of CO* becomes less
negative by 5−20 kJ mol−1 relative to the fully relaxed particle
(Figure 7c). For example, ΔE̅diff values increase from −171,
−154, and −118 kJ mol−1 to form the 1.0 ML c,e,t adlayer on a
relaxed Rh201 particle to −164, −144, and −108 kJ mol−1 with
the particle frozenan average increase of 9 kJ mol−1with
similar increases to form the 1.10 ML be10,be11,t adlayer
(Figure 7c). While these frozen particles have less exothermic
ΔE̅diff values, binding on frozen particles is still significantly
more exothermic than on Rh(111) surfaces at similar
coverages, where the ΔEdiff to reach 1 ML is +44 kJ mol−1.

We further examine the role of M−M expansion during
adsorption by calculating CO* binding energies to Rh(111)
surfaces stretched by 2−10%, which introduces strain in the
surface and alters the catalytic behavior of Pt-group
catalysts.104−106 As the Rh(111) surface expands, CO* binds
more strongly and this stronger binding becomes more
pronounced at higher coverages (Figure 8a). Surface expansion
has a larger effect on atop-bound CO* than on CO* bound to
threefold sites, making binding energies more negative at 1.0
ML for atop modes by 129 kJ mol−1 but only 89 kJ mol−1 for
threefoldthe preferred configuration without expansion
(Figure 8b). These calculations partly illustrate why atop
modes are more strongly preferred on particles than on
Rh(111) surfaces: M−M expansion reduces coadsorbate
repulsion more for atop-bound CO* than threefold CO*.
These calculations on expanded surfaces show that, even at
10% expansion, binding energies do not reach those observed
on the Rh201 particles at identical coverages (1.00 ML), while
the expansion that occurs on Rh201 particles is just over 2% at
1.00 ML on Rh201. These data show that the predominant
decrease in differential binding energies as a function of
coverage on particles compared to flat periodic surfaces is not
caused by M−M expansion but instead by the ability of the
adlayer to laterally relax because of the curvature of the surface,
which allows CO* to “fan out” and maximize distances

Figure 7. (a) Absolute values of and (b) percent increase in average length of Rh−Rh bonds on the surface of Rh201 (▲, purple) with increasing
CO* coverage. (c) Average differential binding energies to fill the c,e,t sites (filled) and be10,be11,t sites (hollow) with the atoms of the underlying
particle permitted to relax (▲, solid lines) and frozen in their original positions (▼, dashed lines).

Figure 8. Differential CO* binding energies (ΔEdiff) on the Rh(111) surface as the unit cell was expanded 0−10% in 2% increments (light to dark
with increasing expansion) for (a) the most stable CO* configuration overall and (b) the most stable configuration where all CO* are bound atop.
(c) Highest calculated frequency for the atop-only configurations shown in (b) from 0.11 ML (light purple) to 1.0 ML (dark purple) as the unit cell
expands.
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between adjacent C and O atoms such that adsorbates are
further spaced than the M−M bonds.
We determine the degree of curvature in the adlayer by

calculating the average distance between vicinal Rh atoms
(described above) as well as between C and O atoms in
neighboring CO*. These average C−C (xC) and O−O (xO)
distances represent the diameters of available space surround-
ing these atoms for their respective positions in the adlayer.
The C atoms, because they are closer to the surface, form an
approximate sphere of a smaller radius than the O atoms; as
such, the average distance between neighboring C atoms is
always smaller on these curved particle models, and the
difference between these two distances reflects the degree of
curvature of the underlying surface that extends through the
adlayer. The c,e,0.6×t111 (0.75 ML), c,e,0.6×t111,t100 (0.80
ML), and c,e,t (1.00 ML) adlayers on the Rh201 particle are
compared to the Rh(111) surface with 1.0 ML of atop-bound
CO* from Figure 8b. The average binding energy (ΔEavg) to
form a given CO* adlayer on the Rh(111) surface becomes
stronger (i.e., more negative) as the surface is stretched, but
these surfaces have no curvature and thus a xO − xC difference
of zero. For the Rh201 nanoparticle, the curved surfaces lead to
xO − xC differences near 0.4 and thus significantly stronger
ΔEavg (Figure 9). The xO − xC differences decrease with

increasing coverage, as shown by the data at 0.75 and 0.80 ML
on Rh201, and this leads, in part, to the lower ΔEavg at higher
coverages. Figure 9 shows that M−M stretching alone cannot
account for the significantly lower ΔEavg values on particles
than on surfaces by comparing stretched Rh(111) surfaces and
Rh201 particles in which the metal cluster is frozen (and thus
cannot expand). Instead, we suggest that the curvature is the
dominant factor in controlling ΔEavg at high coverages. While
curvature decreases with particle size, large particles may
restructure to roughen their surfaces so as to increase their

curvature and reduce the size of flat regions, as shown in prior
work studying CO* on Pt nanoparticles83,84 and other metal
surfaces.107−111

Next, we examine how frequencies are affected by coverage,
dipole−dipole coupling, and metal expansion. Surface
expansion also decreases the maximum calculated frequency
for CO* for all CO* coverages (Figure 8c). When the surface
expands, the distance between coadsorbates increases;
simultaneously, M−M bonds weaken, which should also
cause M−C bonds to become stronger and possibly further
decrease C−O stretching frequency. Notably, frequencies
decrease by 16−25 cm−1 between the original Rh(111) and
the surface expanded by 10% at all coverages from 0.11 to 1.0
ML and do not vary systematically with coverage for a given
surface expansion. This indicates that such surface expansion
alters the electronic properties of adsorbates to decrease
frequencies more so than reducing adlayer strain. Such changes
are akin to the catalytic changes induced by surface strain,
which alters the electronic properties of metal catalysts,104,106

in this case reflected in the stronger binding of CO* and its
decreased stretching frequency with surface expansion.
Next, we turn to frequencies calculated for CO* on Rh

nanoparticles to provide direct comparisons between these
saturated adlayers and those examined by FTIR studies
(Section 3.2). First, we calculate the individual frequencies of
CO* in unique binding configurations at low coverages and
within saturated adlayers (at 1.00 and 1.10 ML CO*) to
examine how coordination and coverage affect individual
adsorbates. For single CO* on the otherwise bare particle,
vibrational frequencies vary from 1965 to 1996 cm−1 for atop-
bound CO*, with larger frequencies when bound to metal
atoms with a higher CN (Figure 10), correlating with the
binding energy (Figure S7, Supporting Information). These
values are in agreement with the observed vibrational
frequencies of ∼1989 cm−1 for the atop CO* species in the
experimental system at 723 K. For CO* bridge-bound to
edges, the frequencies are 1814 and 1821 cm−1 on the be11 and
be10 sites, again closely matching observed frequencies for
bridge-bound CO* on small Rh clusters (1810−1838 cm−1 for
Rhn(CO), n = 7−12).79 However, no high-temperature bridge
or threefold features are seen in the FTIR data, suggesting that
the surface may prefer the atop sites at low coverages and high
temperatures on the 10 wt % sample studied in this work. CO*
vibrational frequencies increase as coverage increases on Rh201
particles. At saturation coverages, the vibration of a single CO*
in frozen adlayers in these same sites range from 2001 to 2019
cm−1 for atop-bound CO*, an average frequency increase of 30
cm−1, and for bridge-bound CO*, the frequencies both
increased to 1908 cm−1, an average increase of 91 cm−1

(Figure 10). However, these results lack the dipole−dipole
coupling associated with the coordinated vibrations that can
only be estimated when the frequencies of multiple CO*
within the adlayer are calculated. Therefore, we turn to
frequencies with more of the adlayer permitted to vibrate to
compare these models to experimental results.
We also computed frequencies with varying fractions of the

adlayer permitted to vibrate centered around a (111) terrace
for the two possible CO*-saturated particles at three coverages.
CO* frequencies increase from 2012 cm−1 for a single
vibrating CO* on the (111) terrace on the 1.00 ML (c,e,t)
adlayer to 2067 cm−1 with 70 vibrating CO* arranged centrally
around a single (111) terrace, which represents the 57% of the
adlayer, and to 2078 cm−1 when all CO* are in motion (Figure

Figure 9. Average CO* binding energy (ΔEavg) as a function of the
difference between the average O−O distances (xO) and average C−
C distances (xC) of neighboring CO* on differently sized Rh(111)
surfaces at 1.0 ML with all CO* bound atop (●, purple) and the
Rh201 particle with the metal atoms allowed to relax (▲, blue) and
frozen (▼, green) for the three highest coverages tested with all CO*
bound atop: c,e,0.6×t111 (0.75 ML), c,e,0.6×t111,t100 (0.80 ML), and
c,e,t (1.00 ML).
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11). These high frequencies are remarkably consistent with the
frequency observed experimentally at low-temperature (high-
coverage frequency of 2067 cm−1; Figure 5). Similar increases
are observed for atop-only modes with part of the (111)
terraces filled (the c,e,0.6×t111 and c,e,0.6×t111,t100 adlayers,
with coverages of 0.75 and 0.80 ML, respectively), albeit with
lower frequencies because coverages remain lower. These data
indicate that for these atop-only CO* adlayers, frequencies
increase nonlinearly because the dipole−dipole coupling is
disrupted (but not eliminated) by the curvature of the adlayer
and incomplete alignment of the CO*.
Similar increases occur for CO* on the be10,be11,t adlayer,

which has a slightly higher saturation coverage (1.10 ML), but
not all CO* occupy atop modes. In this case, the frequency
increases from 2011 cm−1 for a single CO* vibration to 2054
cm−1 when the seven CO* in the same (111) terrace are

allowed to vibrate (∼6% of the adlayer). However, the
frequencies do not continue to increase significantly above this
point, increasing only to 2057 cm−1 with 55 vibrating CO*
(41% of the adlayer) and to 2063 cm−1 with all CO* vibrating
(Figure 11b). Notably, the highest calculated frequency when
100% of the adlayer is in motion (2063 cm−1) is closer to the
experimentally observed value (2067 cm−1) than for the full
vibrating c,e,t adlayer (2078 cm−1). This further indicates that
adlayers are comprised of mixed binding modes. The same
behavior is observed when the terraces are partly filled in the
be10,be11,0.6×t111,t100 and be10,be11,0.6×t111 configurations,
although with lower frequencies of 2048 and 2045 cm−1 with
42 and 41% of the adlayers vibrating, respectively. These data
indicate that dipole−dipole coupling of vibrational modes is
disrupted by the bridge-bound CO* that occupy the corners
and edges of the particles in this adlayer arrangement. Notably,

Figure 10. (a) Individual stretching frequencies (●) and the maximum calculated frequency with ∼42% of CO* permitted to vibrate (■; see
Figure 11), and for 100% of CO* permitted to vibrate (▲) calculated for the 1.00 and 1.10 ML configurations (filled) and linearly extrapolated to
full vibration for lower coverages (empty) for each adlayer configuration in cm−1 as a function of coverage Rh201 nanoparticles for atop binding
modes (blue) and bridge-edge binding modes (purple). Frequencies of (b) atop-only (c,e,t) and (c) mixed bridge-edge and atop (be10,be11,t) CO*
on the Rh201 particle at their saturation coverages. Frequencies are shown for an isolated CO* in the labeled binding location absent other
adsorbates and on the saturated particle. Dashed lines in (a) are to guide the eye.

Figure 11. Highest frequencies calculated as the number of CO* permitted to vibrate on Rh201 increases for (a) atop-only adlayer configurations,
(b) atop mode for the adlayer configurations with bridge-edge and atop modes, and (c) bridge mode for the adlayer configurations with bridge-
edge and atop modes with all terrace atoms occupied (purple), the (100) terraces and part of the (111) terraces occupied, and with only part of the
(111) terraces occupied. Lines are guides to the eye.
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increasing the number of vibrating CO* also leads to higher
frequencies (near 1945 cm−1) for CO* bound in the bridge
sites along the edges of the particle, although the increase is
slightly weaker than that for atop-bound CO*. This value for
CO* bound in bridging modes (1949 cm−1 for all CO*
vibrating at 1.10 ML) is also similar to the experimental value
(1955 cm−1). The peak observed at 1865 cm−1, typically
attributed to threefold-bound CO*, is within the range of
values observed for bridge-bound CO* (1814 cm−1 at low-
coverage to 1949 cm−1 at high coverage) but may also reflect
CO* bound in threefold sites at high coverages that are
present because of disorder in the CO* adlayer or because of
the existence of a small number of very large Rh particles in the
experimental system that contain extended (111) domains.
This entropy-driven disorder is absent from the idealized
models used in DFT studies but may persist even at high
coverages, leading to adlayers in which the majority of CO*
occupy atop sites with a small fraction of threefold-bound
CO*. These calculated CO* vibrational frequencies and site
preferences at different coverages on Rh201 match experimental
data on Rh nanoparticles and deviate from previous
experimental results and our calculations for CO* on
Rh(111). Thus, while we could not experimentally assess
saturation CO* coverage accurately on Rh nanoparticles, the
trends observed during TPD strongly support the assertion
that Rh nanoparticle DFT models capture the experimental
system that mimics industrial catalysts better than flat surfaces.
3.5. DFT-Calculated NO Binding on Rh(111) Surfaces.

NO adsorption energies on Rh(111) surfaces and Rh201
particles have been reported in our recent work.46 In brief,
NO* prefers to bind in threefold hcp sites at low coverages in
all functionals tested, although threefold fcc sites are only 1−2
kJ mol−1 less stable (Figure 12). Notably, when an isolated
NO* is bound atop to Rh(111), it is linear (Figure 12d) rather
than bent, and optimizations of bent configurations caused
them to become linear, indicating that the bent state is not a
local minimum in the potential energy surface at these
coverages. As NO* coverage increases, NO* remains in
threefold sites, with similar binding energies for the threefold
hcp and threefold fcc binding modes and occupying a mixture
of hcp and fcc binding modes from 0.33 to 0.78 ML (Figure
S11, Supporting Information). Rh(111) saturates with NO* at
0.67 ML at 473 K, as differential NO binding free energies
(ΔGdiff) remain negative up to this coverage, consistent with
surface science experiments (Figure 13a).28

Previous surface science studies showed that the vibrational
frequency of NO* at 0.1 ML was 1512 cm−1 and attributed
this to threefold-bound NO* on Rh(111);28 this observed
frequency is similar to the frequency estimated here (1531 and
1532 cm−1 for NO* in threefold fcc and hcp sites, respectively,
using RPBE, PAW). Similar to CO* frequencies, those for
NO* also increase as NO* coverage increases (Figure 13b).
Frequencies calculated with their dipole moments show that
the maximum computed frequency has an estimated intensity
larger than that of all other frequencies such that it should be
the dominant feature in IR spectra at all coverages, as for CO*
(Table S4, Supporting Information); therefore, we again focus
on the maximum calculated frequency for NO* on Rh(111), as
with CO*. This maximum frequency increases with coverage
from 1532 cm−1 at 0.11 ML to 1696 cm−1 at 0.67 MLthe
NO* saturation coverage on Rh(111)and to 1742 cm−1 at
1.00 ML (Figure S12, Supporting Information). This increase
is similar to the increase in observed frequencies in ultrahigh
vacuum experiments of NO adsorption to Rh(111), where
observed frequencies increased from 1513 cm−1 at 0.1 ML to
1633 cm−1 near 0.68 ML.28 The gap between the measured
and calculated frequencies increases with NO* coverage, such
that DFT overpredicts the increase in NO* frequencies with
coverage; however, the NO* adlayers in the EELS data include
a mixture of NO* bound to bridge, atop, and threefold sites,
albeit primarily threefold. The effects of vibrational coupling
are only observed for adsorbates within the same binding
modes, so the shift in threefold NO* frequencies is smaller in
the EELS data for the adlayers with mixed binding modes. As
with CO*, differences are expected between a Rh(111) single-
crystal surface and a supported particle, and as such, we
approximate the latter using Rh201 particles.

3.6. NO Binding to Rh201 Nanoparticle Models.
Adsorption energies for NO* on Rh201 particles have been
published in our recent work.46 NO first binds atop to corner
(c) sites (ΔE̅diff = −239 kJ mol−1), followed by bridge sites
along the edges (be10 and be11, ΔE̅diff = −202 kJ mol−1) before
adsorbing to hcp sites on (111) terraces (hcp) and to bridge
sites between (100) terrace and edge atoms (bt10) (ΔE̅diff =
−101 kJ mol−1), saturating at 1.38 ML (Figure 14b−f). Similar
to CO*-filling calculations on Rh201, we investigated additional
NO* binding configurations that were less favorable than the
pathway outlined above (orange dots in Figure 14a).
Differential binding energies for NO* on the particles are
∼30−200 kJ mol−1 more exothermic for NO* adsorption onto
the Rh201 particle than the Rh(111) single-crystal surface at

Figure 12. Single NO* bound (a) at a threefold hcp site, (b) at a threefold fcc site, (c) in a bridge position, and (d) atop Rh(111). Binding
energies (kJ mol−1), relative energies (in parentheses, kJ mol−1), and NO* stretching frequencies (νNO, cm

−1), both scaled (bold) and unadjusted
(italicized), are shown for each configuration in four exchange−correlation functionals (RPBE, PBE, BEEF, and PW91) with PAW basis sets and
with the PW91 functionals using USPP (PW/US).
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similar coverages. As described for CO*, this difference arises
because of a combination of M−M bond extension (up to
7.4% increase at 1.38 ML for Rh201)most significantly
between surface metal atomsand because of the ability of the
adlayer to laterally expandmost prominently for NO* bound
to corner and edge sitesin a manner that is impossible on a
periodic single-crystal model, leading to longer N−N and O−
O distances in the adlayer and reduced adsorbate−adsorbate
repulsion.
Next, we evaluate the effect of expanding the Rh(111)

surface on NO* binding energies and frequencies to separate
the effects of the model geometry and the M−M expansion.
Surface expansion reduces NO* differential binding energies
by more than it does for CO* (Figure 15a). Given a 10%
expansion of the metal surface, ΔEdiff becomes more negative

(strengthens) by 36 kJ mol−1 for CO* and 49 kJ mol−1 for
NO* at 0.11 ML, and they strengthen by 89 and 129 kJ mol−1,
respectively, at 1.00 ML. The greater effect of M−M expansion
on the binding energies of NO* than CO* suggests stronger
coadsorbate repulsions among NO* and is consistent with the
larger M−M expansion observed for NO* adsorption on Rh201
(7.4%) than for CO* on Rh201 (3.0%) at saturation. The
stronger coadsorbate repulsions between NO* may arise from
its binding mode in threefold sites rather than atop sites, the
latter of which yields less coadsorbate repulsion because metal-
atom sharing among coadsorbates does not occur.
When examining NO* frequencies on stretched surfaces, we

omit adlayers that contain bridge-bound NO* to focus on how
the frequencies of threefold-bound NO* change with coverage
and metal expansion. The highest calculated stretching
frequencies decrease by 50−80 cm−1 with 10% surface
expansion, with a general linear decrease with expansion that
is consistent at different coverages, leading to the nearly
parallel lines in Figure 15b. The effects of M−M expansion on
NO* frequencies are greater than on CO* frequencies,
concomitant with the larger changes in adsorption energies.
At 1.0 ML, this highest NO* frequency decreases by 57 cm−1

from 1744 cm−1 with no expansion to 1687 cm−1 with 10%
expansion, while for CO* bound only atop, the highest
frequency decreases by 25 cm−1 from 2126 to 2101 cm−1.
These results indicate that frequencies on unexpanded
Rh(111) surfaces at high coverages are potentially over-
estimated compared to those expected on Rh particleswhich
expand upon NO* adsorptionat similar coverages.
We also calculate frequencies for NO* in its unique binding

positions on the saturated (1.38 ML adlayer) Rh201 particle. At
low coverages (single NO*), adsorption frequencies range
from 1499 to 1811 cm−1, with frequencies generally increasing
for NO* bound to smaller metal ensembles (i.e., atop vs
threefold). NO* bound to three distinct threefold hcp sites on
the (111) terrace vibrate at frequencies from 1499 to 1513
cm−1 with NO* frequencies decreasing as their threefold
ensembles incorporate more edge atoms which have a lower
coordination number (7) than those in the (111) terrace (9).
NO* bound in bridge sites vibrate at 1619 cm−1 (bt10) and
1653 cm−1 (be11). NO* bound linearly atop corner atoms
vibrate with the highest frequencies of 1811 cm−1. Similar to
CO*, NO* frequencies generally increase as coverages increase
on the particles and as the number of NO* vibrating in the
adlayer increases. For a single NO* vibrating within the 1.38
ML adlayer, frequencies increase by ∼80 cm−1 for bridge- and
threefold-bound NO* (Figure 16). Notably, the frequency of
atop-bound NO* on the corner of the saturated particle
decreases from 1811 to 1756 cm−1 as coverage increases from
0.01 to 1.38 ML, and the NO* shifts from a linear binding
mode to a bent mode; such a change indicates that NO* might
possess partial negative charge characteristic of bent atop NO*.
This is also in contrast to atop-bound NO* on the Rh(111)
surface, which did not adopt bent configurations at any
coverage, indicating that such bent NO* configurations are
primarily accessible on undercoordinated Rh. These high-
coverage frequencies (near 1580, 1680, and 1800 cm−1) are
from a single NO* vibrating within an otherwise fixed adlayer
and thus are underestimates of true values because they omit
the effects of coupled vibrations.
The majority of the 1.38 ML NO* adlayer consists of NO*

bound to threefold hcp sites on the (111) terraces: these
comprise 96 NO* (57%) of the total 168 NO*, with another

Figure 13. (a) Average binding free energies (473 K, 1 bar) of NO on
Rh(111) surfaces in threefold (■, blue) binding modes (which are
always preferred) and the differential binding free energy (ΔGdiff; 473
K, 1 bar) for the best configuration (◆, green), the full set of data up
to 1.0 ML is shown in Figure S12 of Supporting Information. (b)
Maximum calculated NO* stretching frequency for best configuration
with the entire adlayer permitted to move (◆) and with only one
NO* permitted to move (■, hollow) from 0 to 0.67 ML NO*
threefold (blue) binding modes. Pale dots in (b) show experimental
EELS data from Root et al. (95 K, 10−8 to 10−6 Torr NO).28
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24 NO* bound to corner sites, bt10 sites, and be10 sites each
(14% each). The vibrational frequency of the center-most hcp
NO* on an otherwise bare surface is 1513 cm−1, which
increases to 1595 cm−1 in a frozen adlayer at 1.38 ML. Here,
we increase the number of NO* allowed to vibrate in these
frequency calculations from 1 to 168 (the entire adlayer)
centered around a single (111) terrace to estimate the
vibrational frequencies at saturation on Rh particles, similar

to our approach for CO* (Figure 10). The highest frequency
increases from 1595 cm−1 (1 NO* vibrating) to 1664 cm−1

when all 12 NO* bound in hcp sites on the (111) terrace
vibrate (Figure 17). Including vibrations of NO* bridge-bound
on (100) terraces (bt10) does not affect the threefold hcp
maximum frequency because these NO* vibrational modes do
not couple despite having similar frequencies (both near 1670
cm−1). Similar effects are observed for the inclusion of NO*

Figure 14. (a) Overall average NO binding energies on the Rh201 nanoparticle (■) with the most likely configurations to fill the particle (blue) and
all other configurations tested that optimized without adlayer reorganization (orange). (b) Average differential (●) electronic binding energies for
NO as a function of coverage on the Rh(111) surface (green) and on the Rh201 particle model (blue). Configuration of NO* at (d) 0.20, (e) 0.59,
(f) 1.38, and (g) 1.43 ML on the Rh201 particle.

Figure 15. (a) Differential NO* binding energies (ΔEdiff) on the Rh(111) surface as the unit cell was expanded 0−10% in 2% increments (light to
dark blue with increasing expansion) for the most stable NO* configuration and (b) highest calculated frequency for the configurations shown in
(a) from 0.11 ML (light blue) to 1.0 ML (dark blue) as the unit cell expands.
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binding to be11 sites or to corner sites, with negligible effects
on the frequency of hcp-bound NO*, indicating that little
dipole−dipole coupling is observed between NO* bound on
distinct binding modes, even if these modes have similar
frequencies. The inclusion of additional NO* in threefold
modes on other terraces also does not influence the maximum
frequencies, which reach 1665 cm−1 when the entire adlayer
vibrates because NO* do not vibrationally couple between
distinct terraces. This behavior differs from CO* in the 1.00
ML adlayer in which all CO* are bound in atop sites (Figure
10), where some dipole−dipole coupling does occur between
distinct facets despite the changes in CO* orientation. Similar
behavior occurs for bridge-bound NO* on the edges between
(111) terraces on the particle: permitting more NO* to vibrate
does not significantly change their frequencies as the fraction
of the adlayer allowed to vibrate increases from 16% (1698
cm−1) to 100% (1701 cm−1; Figure 17). In contrast,
frequencies for atop-bound NO* on corner sites and bridge-
bound NO* on bt10 sites do continue to increase as more of
the adlayer vibrates in these calculations, reaching 1798 cm−1

for corner-bound NO* and 1684 cm−1 for bt10 NO* with
100% of the adlayer in motion.

3.7. NO and NO−CO Probe Molecule FTIR Spectros-
copy. The NO* and CO* adsorption energies on both the
Rh(111) and Rh201 catalyst models suggest that NO* should
dominate surfaces of Rh catalysts at CO/NO ratios of 3−30
that are typical of automotive exhaust conditions. Here, this is
probed experimentally by comparing FTIR spectra for CO−
NO mixtures at reaction conditions (5000 ppm CO, 1000 ppm
NO, 478 K) to the catalyst saturated in CO or NO at room
temperature (298 K) on 10 wt % Rh/γ-Al2O3 (Figure 18).
Both the CO−NO mixture and NO-saturated spectra contain a
peak at 1685 cm−1, with a prominent shoulder at 1640 cm−1

and a smaller peak at 1820 cm−1. These features have been

Figure 16. (a) Individual stretching frequencies (●) and the
maximum calculated frequency with the largest number of NO*
permitted to vibrate calculated in this work for each adlayer
configuration (■; see Figure 17) in cm−1 as a function of coverage
Rh201 nanoparticles for atop binding modes on c sites (blue), bridge
binding modes on be11 and bt10 sites (purple), and hcp binding modes
at different locations on the (111) terrace (green). (b) Frequencies of
individual NO* on the saturated Rh201 particle (c,be11,hcp,bt10).
Frequencies are shown for an isolated NO* in the labeled binding
location absent other adsorbates and on the saturated particle. Dashed
lines in (a) are to guide the eye.

Figure 17. Highest calculated frequencies as the number of NO*
permitted to vibrate on Rh201 increases in the c,be11,hcp,bt10 adlayer
configuration (1.38 ML NO*) for NO* bound in hcp (●, blue), bt10
(■, green), be11 (▲, orange), and atop (▼, purple) binding modes.
Lines are guides to the eye.

Figure 18. IR spectra of 10 wt % Rh/γ-Al2O3 in 5000 ppm of CO/
1000 ppm NO at 478 K (blue), at 293 K after saturation with CO
before TPD (green; also in Figure 5), and at 293 K after saturation
with NO before TPD (purple; also in Figure 20).
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observed previously for NO* on supported Rh catalysts (1.0
wt % Rh/Al2O3, 6 kPa NO, 300 K)

112 but are inconsistent with
the 1512 cm−1 observed at low coverage and the dominant
peak near 1630 cm−1 at saturation coverage on Rh(111) single-
crystal surfaces (0.67 ML).28 Conversely, the peak at 2067
cm−1 observed in the spectra associated with CO* saturated
Rh particles, corresponding to atop-bound CO*, does not
appear in the spectrum for the CO−NO mixture. The
similarities between the NO-saturated and CO−NO mixture
spectra suggest that NO* dominates the surfaces of Rh
catalysts at a 5:1 ratio, consistent with DFT predictions.
Furthermore, the spectral features at 1640 and 1685 cm−1 are
very similar to calculated vibrational frequencies of NO* at
high coverage for NO* bound to threefold and bridging sites,
which range from 1660 to 1700 cm−1 (Figure 17). The feature
at 1820 cm−1 is in qualitative agreement with the prediction for
NO* bound atop corner atoms on Rh201 particles (1780
cm−1). An additional peak at 2260 cm−1 is only present in the
spectrum of the CO−NO mixture at reaction conditions (478
K); thus, it is likely associated with a byproduct of CO−NO
reactions, among which NCO* species are likely as NCO* has
been reported to spillover onto γ-Al2O3 supports and have
frequencies near 2260 cm−1.4

These spectra suggest that NO* dominates Rh surfaces in
mixed NO−CO feeds. DFT exchange energies of CO* with
NO* directly on CO* or NO* covered surfaces are consistent
with this observation. The first CO* and NO* bind with ΔGdiff
of −53 and −105 kJ mol−1, respectively, at 473 K and 1 bar;
this can be shown as an NO−CO exchange energy of +52 kJ
mol−1 (Figure 19). These exchange energies are >30 kJ mol−1

at all NO* coverages on Rh(111), indicating that NO* always
outcompetes CO* for adsorption sites at equal pressures
(Figure 19). The exchange probability can be computed as
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where ΔΔGNO−CO is the coverage-dependent NO−CO
exchange free energy. Given the large positive values of this
exchange energy, very large CO/NO ratios (>104) would be

required for a favorable displacement of NO* by CO* on
Rh(111) if exchange is quasi-equilibrated, and these ratios are
much greater than NO−CO reduction conditions (≤102).
Similarly, we compute NO−CO exchange electronic energies
(ΔΔENO−CO) on Rh201 particles by replacing one adsorbate on
the NO*-saturated Rh201 with CO*. These ΔΔENO−CO range
from +21 kJ mol−1 on corner sites to +55 kJ mol−1 on hcp sites
(Figure S17, Supporting Information). Conversely, replacing
CO* with NO* on CO*-covered surfaces (1.0 ML) have
ΔΔENO−CO ranging from −24 kJ mol−1 (on terrace sites) to
−78 kJ mol−1 on corners (Figure S18, Supporting
Information).

3.8. NO Probe Molecule FTIR-TPD Behavior. NO*-
saturated 10 wt % Rh/γ-Al2O3 spectral signatures were
collected in flowing Ar while temperature increased by 0.33
K s−1 from 293 to 613 K (Figure 20a). As temperature
increases, the ∼1820 cm−1 peak disappears and a ∼1790 cm−1

peak appears near 473 K before also disappearing by 593 K.
The main feature (∼1685 cm−1, assigned to NO* on threefold
and bridging sites) shows no significant shift in peak intensity
or position up to 473 K, followed by a decrease in intensity and
a small shift of the peak to near 1650 cm−1 as the peak
disappears by 573 K. This rapid change in the NO* peak
behavior (over a range of 473−573 K) is in stark contrast to
the gradual changes observed in CO* peak positions and
intensities over the range of 293−723 K. This suggests that
while the CO* adlayer is continuously undergoing desorption
and rearrangement from 293 to 723 K, the NO* adlayer is
essentially static from 273 to 473 K and rapidly rearranges and
disappears by 573 K. Further, the NO* peak begins to
disappear at 473 K, while the main CO* peak (2067 cm−1)
begins to disappear near 650 K; this would typically suggest
that NO* binds more weakly to Rh than CO*, in direct
contrast with DFT-predicted binding energies that are
consistently 50 kJ mol−1 more exothermic for NO* than for
CO* across all DFT methods examined in this work. This
inconsistency suggests that the NO* peak disappearance at
473 K is not related to desorption. TPD of NO*-saturated Rh
combined with mass spectrometry showed that N2 evolves
above 473 K,25,113−117 suggesting that this low-temperature
peak disappearance indicates the activation of NO* rather than
its molecular desorption. This is also supported by the
coincidence between change in the peak area with increasing
temperature and the NO conversion light-off observed from
CO−NO reactions on 10 wt % Rh/γ-Al2O3 catalysts from our
prior work (Figure 20c).
These spectroscopic, reaction, and theoretical data suggest

that Rh particles are dominated by NO* under NO−CO
reaction conditions and that these NO* adlayers are less
responsive to temperature changes than CO* until 473 K
when they react to form vacant sites (without NO*
desorption) and gas-phase products, leading to rapid light-
off. This could, for example, occur via reaction of two vicinal
NO* to form O*, N2O gas, and a surface vacancy. Once
vacancies are formed, NO* may then dissociate into N* and
O*. While many reaction pathways are possible once surface
vacancies are formed, the data presented here suggest that
initial formation of surface vacancies must occur via reactions
of coadsorbed NO* rather than by the desorption of NO*.
The mechanism of this reaction will be examined in future
work, using Rh particle DFT models, which were shown here
to more accurately capture the behavior of Rh nanoparticle
experimental systems compared to periodic models.

Figure 19. Free energy to exchange NO for CO at a range of
spectating NO coverages on Rh(111) (473 K, 1 bar).
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4. CONCLUSIONS

DFT predicts that CO* occupies a mixture of atop and
threefold binding modes on Rh(111), saturating at 0.56 ML at
473 K, with vibrational frequencies for both atop and threefold
CO* increasing by 45 and 91 cm−1, respectively, with
increasing coverage from 0.11 to 0.56 ML. DFT predicts
that NO*, on the other hand, occupies only threefold binding
modes at all coverages on Rh(111) surfaces, saturating near
0.67 ML, and its vibrational frequencies also increase with
coverage (by ∼170 cm−1) from 0.11 to 0.67 ML. These site
preferences, maximum coverages, and vibrational frequencies
agree well with previous experimental data on Rh single
crystals. However, FTIR spectra indicate that CO* and NO*
can bind in multiple configurations on a 10 wt % Rh/γ-Al2O3
sample consisting of only Rh nanoparticles (i.e., without any
atomically dispersed Rh species) with an average diameter of
2.6 nm. In CO environments, FTIR spectra have a large peak
at 2067 cm−1, indicating mostly atop-bound CO*, with smaller
peaks at 1955 and 1850 cm−1 at 293 K, consistent with bridge
and threefold-bound CO*. TPD studies of this adlayer show
that the atop-bound CO* frequencies shift by 78 cm−1 as CO*
desorb from the surface, which is much more than the shift of
∼55 cm−1 observed from 0 to 0.78 ML in HREELS data on
Rh(111) and the shift of 70 cm−1 from DFT data on Rh(111)
for the same coverages.22 FTIR spectra of the 10 wt % Rh/γ-
Al2O3 sample in NO have a predominant peak at 1685 cm−1

and a smaller peak at 1820 cm−1, corresponding to threefold
and atop-bound NO*. In TPD studies of the NO* adlayer,
spectra are unchanged until 473 K and then rapidly disappear
(by 573 K) by activation and formation of N2 and N2O rather
than by NO* desorption. The FTIR data on a sample
containing exclusively Rh nanoparticles show numerous
differences from prior single-crystal and DFT studies on
Rh(111) surfaces.
Our previous work showed that supramonolayer coverages

are possible on metal nanoparticle models because interactions
between adsorbates across periodic boundaries are absent,
particle curvature permits the adlayer to laterally relax and
reduce strain, and surface M−M bonds can expand on
nanoparticle models.44,46−49,69 Here, we show the same is
true for CO* and NO* on 201-atom Rh nanoparticles and that
the curvature of the particle is the predominant cause of the
more exothermic binding energies of these adsorbates, which
leads to higher coverages than those achievable on flat

Rh(111) surfaces. CO* prefers to bind in atop modes on
Rh201 particles, with some CO* binding in bridge binding
modes and saturating near 1 ML, while NO* occupies a
mixture of threefold, bridge, and atop sites on Rh201 with a
saturation coverage of 1.38 ML.
Calculated CO* and NO* frequencies at various coverages

and with varying numbers of adlayers permitted to vibrate
during frequency calculations are used to compare these CO*
and NO* adlayers to FTIR spectra. As more adsorbates are
included in these frequency calculations, frequencies increase
because of dipole−dipole-coupled in-phase vibrations of
adsorbates in the same binding modes and because of
repulsion between coadsorbates in crowded adlayers. The
maximum vibrational frequency for the atop-only CO* on
Rh201 increases from 1996 cm−1 at 0.01 ML to 2078 cm−1 with
100% of the adlayer simultaneously vibrating at 1.00 ML.
These frequencies and their shift from 1996 to 2078 cm−1 with
increasing coverage are remarkably close to those observed in
the FTIR spectra for the 10 wt % Rh/γ-Al2O3 sample (shift
from 1989 to 2067 cm−1). These data illustrate how these
nanoparticle models more accurately capture the preference for
atop CO* binding on supported Rh particles in contrast to flat
surfaces where more threefold binding occurs.
At high coverages, calculated NO* frequencies on Rh201

surfaces are near 1660 cm−1 for threefold-bound NO*, 1670
and 1700 cm−1 for bridge-bound NO*, and 1780 for NO*
atop corner atoms. These frequencies are in good agreement
with the broad band near 1685 cm−1 in NO* adlayer FTIR
spectra at 293 K for the 10 wt % Rh/γ-Al2O3 sample, as well as
a sharp peak at 1820 cm−1. DFT underpredicts the atop-bound
NO* frequency by ∼30 cm−1 when the full adlayer was
permitted to vibrate; however, the band at 1820 cm−1

disappears during TPD near 473 K, with the concomitant
appearance of a peak at 1790 cm−1, which matches more
closely with DFT-calculated frequencies. Such changes may
indicate that atop-bound NO* frequencies are sensitive to
particle size, adlayer arrangement, and any reaction-derived
coadsorbates on the surface and that DFT estimates of these
frequencies may not fully capture their behavior.
Varying the number of adsorbates in these particle adlayer

calculations shows that in-phase vibrations continue to increase
frequencies even between facets with distinct orientations (i.e.,
even as the adlayer curves across the nanoparticle) but only
when adsorbates are in identical modes in uninterrupted

Figure 20. IR spectra of 10 wt % Rh/γ-Al2O3 (a) taken every 10 K as the temperature increases 0.33 K s−1 from 293 to 613 K after the sample is
fully saturated with NO and (b) shown in detail at 293 and 593 K, identifying atop NO* (1820−1790 cm−1) and threefold NO* (1685 cm−1). (c)
Fraction of deconvoluted 1685 cm−1 IR peak area loss normalized to the largest respective peak area (1 − A·A0

−1) on 10% Rh/γ-Al2O3 (●) and
NO conversion (blue line) over 2 mg of diluted 10 wt % Rh/γ-Al2O3 catalyst (0.2 mg Rh) as a function of temperature at a ramp rate of 0.33 K s−1

in 5000 ppm of CO/1000 ppm NO.2
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adlayers. The atop-only CO* adlayer (1.00 ML), for example,
has maximum frequencies that linearly increase from 2055
cm−1 (19 vicinal CO* vibrating, 16% of the adlayer) to 2078
cm−1 (122 CO*, 100% of the adlayer), showing that in-phase
vibrations can extend across multiple facets. However, when
these atop CO* regions are interrupted by bridge-bound CO*,
there is no coupling between CO* on different (111) facets, as
shown by vibrational frequencies that remain nearly constant,
changing from 2054 to 2063 cm−1 as the number of CO*
vibrating changes from 19 to 134 CO* (14−100% of the
adlayer) by including CO* on adjacent terraces. Similarly,
NO* frequencies bound in threefold hcp sites remain constant
at ∼1658 cm−1 as the number of NO* vibrating was changed
from 12 to 168 NO* (7−100% of the 1.38 ML adlayer).
FTIR spectra at reaction conditions (5000 ppm CO, 1000

ppm NO, 478 K) resemble those in pure NO environments,
indicating that NO* dominates the surfaces of the 10 wt %
Rh/γ-Al2O3 sample under conditions similar to those of
automotive exhaust, with an additional peak at 2260 cm−1,
showing that byproducts form (e.g., NCO*). These data are
consistent with the more exothermic adsorption energies for
NO* compared to CO* for both Rh(111) and Rh201 catalyst
models and for NO*−CO* exchange energies, showing that
replacing NO* with CO* is endothermic on all catalyst models
and at all NO* coverages.
This combined computational and experimental approach

rigorously characterizes supported Rh nanoparticle catalysts
and illustrates how particle curvature and metal expansion can
alter binding behavior of these adsorbates. Such considerations
are necessary because the binding modes and saturation
coverages on metal catalysts can in turn alter their kinetic
behavior. Achieving an accurate understanding of the under-
lying causes of these different adlayer configurations must
precede computational studies of these supported catalysts.
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