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Abstract 
 

Supported noble metal catalysts make the best utilization of noble metal atoms. Recent advances 

in nanotechnology have brought many attentions into the rational design of catalysts in the 

nanometer and subnanometer region. Recent studies showed that catalysts in the subnanometer 

regime could have extraordinary activity and selectivity. However, the structural performance 

relationships behind their unique catalytic performances are still unclear. To understand the effect 

of particle size and shape of noble metals, it is essential to understand the fundamental reaction 

mechanism. Single atoms catalysts and subnanometer clusters provide a unique opportunity for 

designing heterogeneous catalysts because of their unique geometric and electronic properties.  

CO oxidation is one of the important probe reactions. However, the reaction mechanism of noble 

single atoms is still unclear. Additionally, there is no agreement on whether the activity of 

supported single atoms is higher or lower than supported nanoparticles.  In this study, we applied 

different operando techniques including x-ray absorption fine structure (XAFS), diffuse 

reflectance infrared spectroscopy (DRIFTS), with other characterization techniques including 

calorimetry and high-resolution scanning transmission electron microscopy (STEM) to investigate 



 

 

the active and stable structure of Ir/MgAl2O4 and Pt/CeO2 single-atom catalysts during CO 

oxidation. With all these characterization techniques, we also performed a kinetic study and first 

principle calculations to understand the reaction mechanism of single atoms for CO oxidation. For 

Ir single atoms catalysts, our results indicate that instead of poisoning by CO on Ir nanoparticles, 

Ir single atoms could adsorb more than one ligand, and the Ir(CO)(O) structure was identified as 

the most stable structure under reaction condition. Though one CO was strongly adsorbed during 

the entire reaction cycle, another CO could react with the surface adsorbed O* through an Eley-

Rideal reaction mechanism. Ir single atoms also provide an interfacial site for the facile O2 

activation between Ir and Al with a low barrier, and therefore O2 activation step is feasible even at 

room temperature. For Pt single-atom catalysts, our results showed that Pt(O)3(CO) structure is 

stable in O2 and N2 at 150 °C. However, when dosing CO at 150 °C, one surface O* in Pt(O)3(CO) 

could react with CO to form CO2, and the reacted O* can be refilled when flowing O2 again at 

150 °C. This suggests that an adsorbed CO is present in the entire reaction cycle as a ligand, and 

another gas phase CO could react with surface O* to form CO2 during low-temperature CO 

oxidation.  

Supported single atoms synthesized with conventional methods usually consist of a mixture of 

single atoms and nanoparticles. It is important to quantify the surface site fraction of single atoms 

and nanoparticles when studying catalytic performances. Because of the unique reaction 

mechanism of Ir single atoms and Ir nanoparticles, we showed that kinetic measurements could be 

applied as a simple and direct method of quantifying surface site fractions. Our kinetic methods 

could also potentially be applied to quantifying other surface species when their kinetic behaviors 



 

 

are significantly different. We also benchmarked other in-situ and ex-situ methods of quantifying 

surface site fraction of single atoms and nanoparticles.  

To bridge the gap between single atoms and nanoparticles and have a better understanding of the 

effect of nuclearity on CO oxidation, we also studied supported Ir subnanometer clusters with the 

average size less than 0.7 nm (< 13 atoms) prepared by both inorganic precursor and 

organometallic complex Ir4(CO)12. Low-temperature CO adsorption indicates that CO and O2/O 

could co-adsorb on Ir subnanometer clusters, however on larger nanoparticle the particle surface 

is covered by CO only. Additional co-adsorption of CO and O2 was studied by CO and O2 

calorimetry at room temperature. CO oxidation results showed that Ir subnanometer clusters are 

more active than Ir single atoms and Ir nanoparticles at all conditions, and this could be explained 

by the competitive adsorption of CO and O2 on subnanometer clusters.  
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 General Audience Abstract 
 

CO oxidation is one of the important reactions in catalytic converters. Three-way catalysts, 

typically supported noble metals, are very efficient at high temperature but could be poisoned by 

CO at cold start. Better designed catalysts are required to improve the performance of the catalytic 

converter to lower the emissions of gasoline engines. To reach this goal, more efficient use of the 

noble metal is required. Single-atom catalysts consist of isolated noble metal atoms supported on 

different supports, which provide the best utilization of noble metal atoms and provides a new 

opportunity for a better design of heterogeneous catalysts. The unique electronic and geometric 

properties of metal single atoms catalysts could lead to a better activity and selectivity. 

Subnanometer clusters have also been shown to have unique electronic properties. With a better 

understanding of the structure of supported single atoms and subnanometer clusters, their catalytic 

performance can be optimized for better catalysts in the catalytic converter and other applications. 

In this work, we applied in-situ and operando characterization, kinetic studies and first principle 

calculations aiming to understand the active and stable structure of noble metal single atoms and 
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subnanometer clusters under reaction condition, and their reaction mechanisms during CO 

oxidations. For MgAl2O4 supported Ir single atoms, our results suggest that CO could be co-

adsorbed with O2/O under reaction conditions. These multiple ligands adsorption leads to a unique 

reaction mechanism during CO oxidation. Though one CO was adsorbed during the whole reaction 

cycle, another gas phase CO could react with the O* species co-adsorbed with CO through an 

Eley-Rideal mechanism. This suggests that Ir single atoms are no longer poisoned by CO, and on 

the other hand the O2 can be activated on an interfacial site with a low reaction barrier. Ir 

subnanometer clusters showed higher activities than Ir single atoms and nanoparticles. In-situ IR 

and high energy resolution fluorescence detected – X-ray absorption near edge spectroscopy 

(HERFD-XANES) showed that CO could co-adsorb with O2 at room temperature, and this 

competitive adsorption could explain the high activity during CO oxidation. Supported Ir single 

atoms and subnanometer clusters are not poisoned by CO and O2 could be co-adsorbed, this could 

be potentially applied to solve the poisoning of catalyst in the catalytic converter at cold start 

temperature. We also performed kinetic study on CeO2 supported Pt single atoms. Similar behavior 

was observed, and we showed that the CO and O co-adsorbed complex is stable in O2 and N2, but 

could react in CO. With the understanding of the active structure of noble metal single atoms and 

the origin of activities, better-designed catalysts can be synthesized to improve the activity and 

selectivity of low-temperature oxidation reactions.   
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Chapter 1. Background and literature review  

 Influence of metal-support interaction and particle size 

on CO oxidation reactions 

The interaction of metal and the support was recognized as strong metal support interaction (SMSI) 

in 1978 by Tauster et al.1-3. The author observed the strong binding between the noble metal and 

the titanium cations and the formation of an intermetallic compounds1. Since then, metal-support 

interaction was studied on different metals and supports4-13, especially on single crystal model 

catalysts under UHV conditions. This metal-support interaction could affect the electron transfer 

between metal/support interface to the adsorbate14. Relationship between the SMSI states and their 

catalytic properties contributes to their structure sensitivity. Usually, the structure-sensitive 

reactions will be strongly inhibited when catalysts are in SMSI states, such as during 

hydrogenation of CO and hydrolysis of hydrocarbon 15. When the reaction is structure insensitive, 

such as the hydrogenation and dehydrogenation of hydrocarbons, the catalytic activities are mildly 

suppressed by SMSI. For CO oxidation, several studies showed that it could be influenced by 

SMSI and the extent could be different depends on the atmosphere around the noble metal and the 

reaction conditions13, 16. For example, SMSI plays an important role in Au activation on Au/TiO2 

catalysts16. Interaction of noble metal and the support includes the electron transfer between the 

metal species and the support and the surface O transfer17. For the Pt/CeO2 catalyst17, O reverse 

spillover was characterized as a purely nanoscale phenomenon, i.e. it only exists on nanostructured 

ceria only. These charge and O transfer could strongly affect the structure-activity dependence of 
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supported catalysts. Charge transfer between the metal and support can be influenced by the 

particle size of the supported noble metal. Subramanian et al.18 reported a charge equilibrium 

between Au nanoparticles and the TiO2 support. Fermi level of the TiO2-Au complex system was 

determined by a C60/C60
- redox couple. The apparent Fermi level was shown to be size dependent 

in this study (20 mV for 8 nm diameter, 40 mV for 5 nm diameter and 60 mV for 3 nm diameter) 

and therefore indicates the metal support charge transfer has strong size dependence. Cargnello et 

al. 19  found that for ceria-supported group VIII metal catalysts, CO oxidation is greatly enhanced 

at the metal-ceria interface, thus the normalized reaction rate increase with the decreasing of 

nanoparticle size. However, for Al2O3 based group VIII metal catalysts, the normalized reaction 

rate of CO oxidation is almost independent of the particle size. Overbarry et al.20 showed that for 

Au nanoparticles supported on TiO2 in the range of 2-10 nm, the turn over frequency (TOF) 

decreased with particle size, and the author concluded that this activity decrease with decrease in 

the particle size is not due to the overall size-dependence on electronic properties but the change 

in the relative ratio of unsaturated sites when particle size decreases. Lopez-Acevedo et al.21 

showed that on well-characterized ligand-protected Au clusters between 1.2-2.4 nm, the quantum 

size effect (magnitude of the HOMO-LUMO gap) has a dominant role in the binding and activation 

of oxygen.  

 Single-atom catalysts 

1.2.1. Introduction of single-atom catalysts 

For a heterogeneous catalyst, the reaction proceeds at the surface of a supported noble metal or 

non-noble metal surface. Unlike a homogenous catalyst which could reach ~100% utilization of 
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the metal atoms, the heterogeneous catalyst could agglomerate into particles where only a small 

fraction of the metal atoms could be involved in the catalytic reactions. For instance, for Pt 

nanoparticles formed as a completely shelled polyhedron, 3 nm particle has 45% of the Pt atoms 

on the surface and 5.1 nm particle has 28%22. Increasing the percentage of the surface atom is 

important for the noble metal catalyst in industry, and this brought growing research interest in 

atomically dispersed noble metal catalysts23. In 1979, Yates and co-worker supported atomically 

dispersed Rh on Al2O3 and studied the structure of the CO adsorption and O2 activation on these 

catalysts with infrared spectroscopy and NMR24-25. Gates and co-worker synthesized mononuclear 

Ir, Rh, Au and Os on different supports such as MgO, Al2O3 and zeolite26-32. Tao Zhang and co-

works in 2011 showed that atomically dispersed Pt/FeOx single-atom catalysts are more active 

than their nanoparticles counterparts33. With the advancement of characterization techniques such 

as high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM or 

STEM)34-40 and the X-ray absorption spectroscopy (XAS)41-43, more detailed structural and 

catalytic performance information of single-atom catalyst can be obtained. 

1.2.2. Geometric and electronic properties of single-atom 

catalysts 

Supported single atoms are usually anchored in specific sites of the support. Different types of 

sites were reported in the literature. The first type of site is where single atoms are replacing one 

of the specific atoms of the support. For Pt/FeOx single-atom catalysts33, HAADF-STEM and DFT 

calculation revealed that Pt located at the exact position of the original Fe atom on the surface. For 

the high loading Pt/MoS2 single-atom catalysts, Pt single atoms replaced the original position of 
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Mo. Well-defined supports such as metal organic frameworks (MOFs)44 and graphene45 have also 

been shown to be ideal support to make high loading structural-defined single atoms catalysts 

where single atoms serve as metal nodes in MOF44.   The second type of site is where single atoms 

are anchored on top of the support surface. Pd single atoms could be stabilized on top of the 

graphene support46 and Ir catalysts could be supported on top of 3 or 4 surface O on MgAl2O4 

support47. The third type of single atoms is the single atom alloy, where isolated metal single atoms 

are coordinated with a different type of metal atoms. Pd-Cu single atoms alloy48 and Pt-Cu49 was 

prepared and well characterized by scanning tunneling microscopy. 

With the decreasing of particle size, the coordination number of metal atoms decreases and the 

electronic properties also dramatically change when the particle size is below 1 nm. In the quantum 

regime of metal nanoparticles, addition and subtraction of one single atom will dramatically 

change their structural, electronic and chemical properties. As shown in Figure 1, when the particle 

size decreases from 5 nm to 1 nm, the continuous metal band will be replaced by discrete molecular 

orbitals, and atomic orbitals dominate on a single atom. The smaller the nanoparticle, the larger 

the Kubo gap50. The metallic properties are replaced by the strong metal-support interaction with 

the decreasing of particle size as discussed earlier. For supported single atoms, the support serves 

as a ligand51 that could tune the electronic properties of the metal center. At the same time, the 

electronic properties are also more sensitive to the adsorbates around for the single-atom catalysts 

as characterized by operando spectroscopy 41.  

.     
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Figure 1. Geometric and electronic properties of nanoparticle, cluster and single atoms52. 

Copyright 2019 American Chemical Society. 

1.2.3. Catalytic Applications of single-atom catalysts 

Single-atom catalysts have been applied to different reactions aiming to improve the activity and 

selectivity. There are many examples in the last few years to show how single atoms can make an 

influence on designing better catalysts. 

For oxidation reactions, CO oxidation33, 43, 47, 53-59, preferential oxidation (PROX) of CO36, 60, 

methane oxidation61-62, selective oxidation of alcohols63-64 and other reactions were studied on 

supported single atoms. Among those reactions, CO oxidation was studied the most because of its 

characteristic as a probe reaction.  

For hydrogenation reactions, selective hydrogenation of 1-3 butadiene65-67, selective 

hydrogenation acetylene68-73, CO2 hydrogenation74-75, selective hydrogenation of acrolein76, 

formaldehyde hydrogenation77etc. were studied in the past decade. Single-atom catalysts have 

been used for tuning the selectivity of hydrogenation reactions.  
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Water gas shift (WGS) reaction is also one of the reactions that have been studied with single-

atom catalysts. FeOx single-atom catalysts were shown to have one order of magnitude higher 

activity than cluster and nanoparticle counterpart for WGS reactions78. Pt and Au single-atom 

metal catalysts were also prepared with different support and the active sites were identified79-80. 

 CO oxidation reactions 

1.3.1. Introduction 

CO oxidation is one of the most important prototypical reaction in heterogeneous catalysis and has 

excellent application in emission control81-82 and removing the trace amount of CO in polymer 

electrolyte membrane fuel cell (PEMFC) since CO poisoning of the catalysts remains a problem83-

85. Supported noble metal catalysts for low-temperature CO oxidation are the focus of this study. 

1.3.2. Effect of particle size and support 

Cargnello et al.19 tailored the particle size of the Ni, Pd metal particles and therefore the length of 

the metal-support interface. For the Al2O3 supported particles, there is no size dependency; for 

CeO2 support, smaller sized particle and therefore more significant metal-support interaction 

enhanced the activity of CO oxidation.  

Au nanoparticles were proved to be active for CO oxidation by Haruta et al. in 199386. Lopez et 

al.87 reported the size dependence of CO oxidation activity on the Au particle size on different 

supports. As shown in Figure 2a, the CO oxidation activity dramatically increases with the 

decreasing of particle size from 10 nm to 1 nm. The effect of particle size proved to be more 

important than the interaction with support at this size regime since different supports showed 
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similar trends as shown in Figure 2. The activity increased by two orders of magnitude when the 

particle size decreased from 20-30 nm to 2-4 nm87. This can be explained by the increase of CO 

and O binding energy as the particles get smaller as shown in Figure 2b.  

For the effect of support, Fampiou et al.88 reported the influence of support on the CO oxidation 

kinetics and showed that the strong support-metal interaction could lower the reaction barrier of 

Pt13/graphene catalyst by 0.5 eV. Comotti el al.89 studied the effect of support on gold catalysts . 

Au nanoparticles were deposited on TiO2, Al2O3, ZnO, and ZrO2 with colloidal deposition method 

and the particle sizes are almost identical on all supports. The catalytic activities are very different 

on different supports. TiO2 and Al2O3 are the most active catalysts and ZnO and ZrO2 are much 

less active. This demonstrated that the metal support interaction will strongly influence the 

catalytic properties.  
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Figure 2. Measured activities of CO oxidation at 273 K for different Au-based catalysts (top) and 

the correlation between the binding energy of CO, O2 with the coordination number of Au 

particles87. Copyright 2004 Elsevier. 

With a further decrease of particle size below 1 nm, Lee et al.90 showed the opposite trend for the 

correlation between particle size and CO oxidation activity. Au1 to Au7 were prepared by mass 

selected methods on a TiO2 substrate, and the CO oxidation study results (Figure 3a) showed that 

Au single atoms (Au1) are inactive and an activity increase with particle size was observed. 

Applying the DFT method, Liu et al. 91 calculated the reaction profile on Au1-4 and Au7 (Figure 
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3b). The reaction barrier decreases with the increase of particle size, which is consistent with the 

experimentally measured size dependency by Lee et al.90. Size and shape dependency was also 

studied on larger Au clusters (Au16-20)91, and the result showed the activity increased with particle 

size up to Au18. For Au18, the shape of the particle of plays an essential role as hollow-cage Au18 

isomers showed much higher CO oxidation activity than the pyramidal Au18. Liu et al.92 

systematically studied the behavior with a size range of 0.3-0.8 nm using density functional theory 

(DFT) calculation. A tri-molecular L-H mechanism was reported to be the most favorable 

mechanism where O2 activation can be promoted by a co-adsorbed CO structure.    
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Figure 3.  a) Size dependence of CO oxidation activity on Au-based catalyst. The number of atoms 

in clusters: 1-7.90 b) Energy profile on TiO2 supported Au1-4 and Au7. Copyright 2004, 2013 

American Chemical Society. 

1.3.3. CO oxidation on Single-atom catalysts 

CO oxidation has been reported on single-atom catalysts with different metals. For Pt single atoms, 

Qiao et al. reported Pt single atoms can be prepared with FeOx support, and Pt single atoms showed 

a 

b 
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higher activity than the Pt nanoparticle counterpart (TOF × 102: 13.6 s-1 for Pt single atoms and 

8.01 for Pt nanoparticles). Moses-DeBusk et al.93 also showed that Al2O3 supported Pt single atoms 

are active for CO oxidation. DeRita et al.55 reported that Pt/TiO2 could be active for CO oxidation 

where Pt single atoms showed much weaker adsorption energy compared with the Pt particles and 

the oxidized Pt. Pt single atoms were 4-6 time more active than the nanoparticle when considering 

the normalized activity per Pt. Also sintering of Pt single atoms during reaction condition was 

observed. Ding et al.94 showed synthesized Pt single atoms with different supports (HZSM-5, SiO2, 

TiO2, Al2O3, and ZrO2). When doing temperature programming oxidation on the CO covered Pt 

single-atom catalysts, the bands in DRIFTS assigned to Pt single atoms came off at a much higher 

temperature than the peaks assigned to nanoparticles. This suggests that single atoms are not active 

for CO oxidation. Jones et al.95 also showed that single atoms supported on CeO2 have activity 

orders of magnitude lower than the Pt nanoparticles. There are still discrepancies on whether 

single-atom catalysts are active or not for CO oxidation. Operando characterization and detailed 

kinetic measurements are required to further understand the reaction mechanism of CO oxidation 

on single-atom catalysts58, 96-99.   

 Reaction kinetics of CO oxidation  

1.4.1. CO oxidation kinetics on extended surfaces and noble 

metal nanoparticles 

For low-temperature CO oxidation, CO oxidation proceeds on the extended surface which is 

saturated with CO, and has been shown to have a kinetic rate dependence of r = k[O2]1[CO]-1 on 
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Pd, Pt and Ir single crystal surfaces100-101. The reaction follows the Langmuir-Hinshelwood 

mechanism, and the reaction steps can be written as100  

 

 CO g ↔ CO ∗ 1-1 

 O& g → 2O ∗ 1-2 

 CO ∗ +O ∗→ CO&(g) 1-3 

CO is the dominant species on the surface and the rate equation can be simplified as100:  

 d CO&
dt

= k exp −E567,9:/RT P:?/P9: 
1-4 

Where the reaction rate is first order in O2 and negative first order in CO, and the reaction limiting 

step is the desorption of CO. 

Using kinetic, isotopic, infrared spectroscopy and first-principle calculation, Allian et al.102 

identified the reaction mechanism for the low-temperature CO oxidation on Pt particles size 

between 1-20 nm. CO assisted O2 activation to form the O*-O-C*=O intermediates which lowered 

the reaction barrier for O2 dissociation. The reaction elementary steps for the CO-assisted 

Langmuir-Hinshelwood route are: 

 CO	 +	
	AB CO ∗ 1-5 

 O& 	+	
	A? O& ∗ 1-6 
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 O& ∗ +CO ∗	
	CD CO& ∗ +O ∗ 1-7 

 O ∗ +CO ∗	
	CE CO& ∗ + ∗ 1-8 

 CO& ∗ +	
	CF 	CO& +∗ 1-9 

Then the rate equation at near CO* saturation coverage is: 

 r =
k&[O&]
KK[CO]

 
1-10 

Au extended surfaces are usually considered as inert; however, when particle size was smaller than 

5 nm, gold nanoparticles become active for multiple catalytic reactions. Similar size effect was 

reported for silver nanoparticles. For CO oxidation reaction on Au nanoparticles, DFT calculation 

showed that Langmuir-Hinshelwood kinetic is competing with the Eley-Rideal mechanism on 

Au29 particles103. Norskov and co-worker104 reported that Au10 nanoparticles are much more active 

than the extended surface because 1) its very low coordination and ability to have a strong 

interaction with adsorbates and 2)  its geometry is well suited for reactions that need bond breaking 

of small molecules. When the Au particle size is even smaller, Au3, a trimolecular Langmuir 

Hinshelwood kinetic was reported where co-adsorbed CO at Au3 could promote the breaking of 

O-O bond through an OCOO* intermediate92.   

1.4.2. CO oxidation kinetics on single-atom catalysts 

Unlike nanoparticles, single atoms do not provide two adjacent sites for CO and O2 to adsorb and 

react. Several studies have reported the CO oxidation reaction mechanism on different noble metal 
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single atoms with different supports. In 2011, Qiao et al.33 proposed a two steps Langmuir-

Hinshelwood reaction mechanism for the CO oxidation on Pt/FeOx single-atom catalyst and 

calculated the reaction barrier using DFT. A similar reaction mechanism was later reported by 

Liang et al.56 on Ir/FeOx single-atom catalyst with a higher reaction barrier.  Moses-Debusk et al.93 

proposed a reaction mechanism of the CO oxidation reaction on a single atom Pt/θ-Al2O3 catalyst 

using DRIFTS and DFT. This study showed that single atom Pt/θ-Al2O3 catalyst follows a 

Langmuir-Hinshelwood kinetic where adsorbed CO and O2 form a Pt(CO3) intermediate on one 

Pt single atom. After CO2 desorption, Pt(O) react with one adsorbed CO to finish the reaction cycle. 

Nie et al. 105showed that though Pt1/CeO2 single-atom catalysts can be activated through treatment 

in steam at high temperature, and DFT theoretical study showed that steam-pretreatment creates 

an Olattice[H] site coordinated with the Pt2+ single atom (Figure 4, intermediate I). This Olattice[H] 

site could react with an adsorbed CO to create a surface vacancy (Figure 4, intermediate III) with 

a reaction barrier of 53 kJ/mol. O2 could then adsorb and fill the vacancy and a CO2 is formed and 

then desorbed. After that, the OO[H] species (Figure 4, intermediate V) react with a second 

adsorbed CO to form CO2 with an activation barrier of 38 kJ/mol. As a comparison, without steam 

treatment, the reaction will follow a similar step (Figure 4, insect, red line) with a higher reaction 

barrier of 122 kJ/mol. This work showed that single atoms could be activated by the H species 

from the support, and their electronic properties can be easily changed by a small change of their 

coordinated environment.  
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Figure 4. The proposed reaction mechanism for CO oxidation on steam-treated and non-steam-

treated Pt/CeO2 single-atom catalysts105. Copyright 2017 Science.  

Using DFT calculation, Ghosh et al.107 studied the reaction mechanism of CO oxidation on 

Rh/Al2O3 single-atom catalysts. The results showed that Rh single atom could bind with multiple 

adsorbates (Figure 5). O2 can be activated at the interface of the Rh single atom and the surface. 

One (path A) or two (path B) CO could co-adsorbed with the activated O2 for the first step of the 

reaction cycle depend on the gas phase CO concentration. The second step between the CO and 

the surface activated O was calculated as the rate-limiting step with a reaction barrier of 0.97 eV. 

Abbet et al.106 studied the reaction mechanism of CO oxidation on Pd1/MgO single-atom catalyst. 

Their experimental and DFT results suggest that two possible reactions intermediate exit under 

reaction condition: Pd(CO)2O2 and Pd(CO3)CO. 
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Figure 5. Schematic view of the proposed mechanism for CO oxidation on the Rh/g-Al2O3 

surface107. Copyright 2013 ChemPubSoc Europe. 

Mao et al.57 reported a CO-promoted O2 activation mechanism for CO oxidation on Au/h-BN 

single-atom catalysts. Applying DFT calculation, they showed that a tri-molecular Eley-Rideal (E-

R) mechanism (reaction barrier 0.47 eV) is more favorable than bimolecular Langmuir-

Hinshelwood mechanism (0.72 eV). The O2 is activated between two adsorbed CO species 

(Au(CO)2) through an (OOC)Au(COO) intermediate, with a low barrier of 0.09 eV.   

 Objectives of this work 
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Catalytic properties of low-temperature CO oxidation reactions on supported noble metal catalysts 

are affected by their particle size and metal-support interaction. Single-atom catalysts showed 

unique catalytic behaviors during low-temperature CO oxidation, however, their reaction 

mechanisms are no fully understood yet. The objectives of this work are:  

I. Control the synthesis to achieve atomically dispersed Ir catalysts. During the 

controlled synthesis, understand the important steps that could affect the ratio of 

the single atom and nanoparticles.  

II. Understand the structure of Ir single atom on the MgAl2O4 surface and understand 

how the metal support interaction could be enhanced to improve the stability of 

supported metal single stoms.  

III. Understand the adsorption behavior of different adsorbates especially CO and O2.  

IV. Identify the stable intermediate on Ir single atoms during the CO oxidation reaction. 

Understand how could these stable intermediates be affected by the metal nuclearity 

under the subnanometer regime.    

V. Understand the reaction mechanism of low-temperature oxidation reaction 

supported Ir single atoms and supported Ir subnanometer clusters. Understand the 

effect of adsorbates during the reaction conditions by combining the in-situ 

characterization techniques and the computational ab-initio modeling. 

VI. Understand the reaction mechanism of low-temperature oxidation on CeO2 

supported Pt single atoms and investigate the general reaction mechanism and 

differences between noble metal single atoms for low-temperature oxidation 

reactions. 
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 Approaches to this work 

In this work, to stabilize Ir single atoms, we chose the MgAl2O4 spinel as support based on previous 

work which showed the strong ability of MgAl2O4 spinel to stabilize noble metal nanoparticles108-

110. The MgAl2O4 spinel (111) facet was attributed to have a strong interaction with the Pt/Ir/Rh 

(111) facet with surface oxygen. Ir and Rh particles are the two metals to have the strongest 

interaction with the spinel among all the studied noble metals109.  In this work, we are trying to 

utilize this strong metal support interaction, and further minimize the particle size to achieve the 

goal of making atomically dispersed Ir single atoms. 

Incipient wetness and wet impregnation methods were applied for the synthesis. Both methods are 

simple and do not require specialized equipment. Thus, it has a high potential to be applied in 

industry to produce commercialized single atoms in the future.  With the incipient wetness 

impregnation method, all the metal precursor will be loaded on the support regardless of the metal-

support interaction. However, the uniformity of the metal during the synthesis is very difficult to 

control. The wet impregnation method could improve the uniformity of noble metal significantly. 

However, the amount of metal adsorbed and the uniformity of the metal is strongly dependent on 

the metal-support interaction and the metal precursor. Our approach is to maximize the interaction 

between the Ir precursor and the MAl2O4 by choosing proper metal precursor, optimizing the 

precursor pH and adjusting the metal loading during the synthesis. After the metal precursor is 

anchored on the MAl2O4 surface, we will optimize pretreatment conditions to enhance the metal 

support interaction further.     
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To understand the reaction mechanism of low-temperature oxidation reactions, it is very important 

to study the adsorption behavior of different adsorbates on Ir single atoms. Our approach is to 

combine in-situ characterization and computational ab-initio calculations to understand the 

adsorption of different adsorbates (CO, O2) on Ir single atoms under room temperature and reaction 

conditions. High angle annular dark-field-scanning electron microscopy (HAADF-STEM) will 

also be applied to assist the in-situ characterization in understanding the structure of the catalysts. 

Detailed kinetic measurement will be combined with the in-situ characterization to understand the 

reaction mechanism. 

The effect of nuclearity will also be studied on Ir catalysts in the subnanometer regime. Ir clusters 

with different cluster size from isolated atom to nanoparticles will be synthesized and the effect of 

nuclearity on low-temperature oxidation will be studied systemically. 
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Supported single atoms provide an opportunity to design new heterogeneous catalysts while 

optimizing the utilization of noble metals. However, identification of the active single-atom 

structure is required for understanding the reaction mechanism and guiding catalyst design. Here, 

we use in-situ infrared spectroscopy, operando x-ray adsorption spectroscopy and quantum 

chemical calculations to identify the active single-atom complex as well as the resting state of the 

Ir/MgAl2O4 catalysts during the low-temperature CO oxidation. In contrast to poisoning of iridium 

nanoparticles by CO, here we show that the formation of Ir(CO) on single atoms results in a 

different reaction mechanism and high activity for low-temperature CO oxidation. This is due to 

the ability of single atoms to coordinate with multiple ligands, where Ir(CO) provides an interfacial 

site for facile O2 activation between Ir and Al and lowers the reaction barrier between gas phase 

CO(g) and *O in Ir(CO)(O) through an Eley-Rideal mechanism.  

 Introduction 

The catalytic oxidation of carbon monoxide (CO) to carbon dioxide (CO2) is an important reaction 

for several processes, including removal of CO from H2 for fuel cell applications1, 2, and 

automotive emission control3, 4. Supported single atoms make the best utilization of noble metals 

5, offer unique electronic properties6-9 and also provide an ideal system to understand the reaction 

mechanisms on a molecular level and guide the development of optimized catalysts10. Additionally, 

single-atom catalysts (SAC) provide valuable information to bridge homogeneous and 

heterogeneous catalysis7, 9, 11.  Currently, the reaction mechanism for low-temperature CO 

oxidation on supported metal single atoms is highly debated and there is no agreement in the 

literature on whether single atoms exhibit higher intrinsic activity than their larger nanoparticles 
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(NP) counterparts, especially on non-reducible metal oxide supports. For instance, Pt single atoms 

supported on FeOx
12  and Al2O3

13, 14
 catalysts were reported to be active for low-temperature CO 

oxidation. Additionally, mononuclear Pt (and Au) coordinated with O(OH)x-(Na or K) ensembles 

were found to be active for low-temperature water gas shift15, 16. On the other hand, other reports 

indicated that isolated Pt sites on Al2O3 and CeO2 were not active for low-temperature CO 

oxidation17-19  or water gas shift17. Recently, steam treatment of Pt1/CeO2 (at 750 °C) led to a much 

higher activity for CO oxidation by activating the CeO2 surface lattice oxygen. However, using 

infrared spectroscopy, a CO band at 2096 cm-1 was observed during CO oxidation and in O2 flow 

at 180 °C 20 indicating strong CO adsorption on Pt single atoms. To resolve some of these 

discrepancies, identification of the active structure (ligand configuration) under reaction conditions 

is required. Therefore, detailed kinetic studies coupled with in situ/operando spectroscopy and 

quantum chemical calculations are critical for understanding the reaction mechanism and 

identifying the relationship between catalytic activity and ligand configuration on supported single 

atoms to help design catalysts on a molecular level.  

 In this work, we used in-situ and operando infrared and x-ray absorption spectroscopies and 

quantum chemical calculations to identify the Ir single-atom complex formed during CO oxidation 

and probed its reactivity towards CO, O2, and CO+O2, thereby providing insights on the individual 

reaction steps. Additionally, we benchmarked the low-temperature CO oxidation kinetics on 

supported Ir single atoms and Ir nanoparticles to elucidate the differences in reaction mechanisms. 

MgAl2O4 was used as a support because it has been shown to stabilize noble metal clusters and 

single atoms against sintering21-23. Ir was chosen for this study since Ir nanoparticles have similar 
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catalytic properties to Pt for CO oxidation and Ir single atoms have been more widely characterized 

using x-ray absorption spectroscopy and infrared spectroscopy of adsorbed CO5, 24-26.  

 Methods 

Synthesis and pretreatment. The 0.0025% single-atom catalyst (SAC) was prepared by wet 

impregnation. The MgAl2O4 support (Puralox MG 28, Sasol) was calcined at 500 °C for 4 hr before 

impregnation. 200 mL DI water was added to a Pyrex bottle and the pH was adjusted with nitric 

acid to 2.8. The Ir nitrate precursor (8.7 wt. % Ir, Furuya Metal CO. Ltd.) was added into the pH 

adjusted solution. The MgAl2O4 support was then added into the solution while stirring. The final 

pH of the solution was 9.5. The nominal Ir weight loading was 0.0025%. After 12 hr of stirring, 

the solution was filtered out and the solid sample was dried in air for 24 hr at room temperature. 

The sample was then dried at 80 ℃ and 100 °C before calcination at 500 °C for 4 hr. The Ir in the 

solution after filtration was measured by inductively coupled plasma atomic emission spectroscopy 

and no Ir was detected.  The 1% Ir/MgAl2O4 samples were synthesized by incipient impregnation. 

The proper amount of Ir nitrate precursor was added to the MgAl2O4 support (Puralox MG30, 

Sasol) drop by drop, and the sample was then dried at 80 °C and 100 °C (at 0.5 °C/min) for 4 hr 

respectively. The dried sample was then calcined at 500 °C in air for 4 hr. The 0.2 % Ir/MgA2O4 

nanoparticle sample was prepared by wet impregnation. Proper amount Ir(CO)2(acac) (Sigma 

Aldrich) precursor was dissolved in 8 mL of toluene (Sigma Aldrich) in a 20 ml vial while flowing 

N2 at room temperature. Then the dissolved Ir(CO)2(acac) toluene solution was injected into 

another vial containing 5g MgAl2O4 (Puralox MG 28, Sasol) under N2 flow. The sample was then 

dried under N2 flow at room temperature overnight to evaporate the toluene. No calcination was 
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performed on this catalyst. The CO and acac ligands were removed in-situ by treatment in H2 at 

500 °C which led to the formation of 1 nm nanoparticles as detailed below. 

All the in-situ characterizations and the CO oxidation reaction followed the same pretreatment 

procedure. For the Ir single-atom catalyst, the sample was calcined in 5 kPa O2 (certified grade, 

Airgas) at 100 °C for 30 min (1 °C/min ramp rate) and 400 °C for 30 min (5 °C/min ramp rate). 

The calcined sample was then pretreated in He (99.999% Airgas) at 650 °C for 30 min with 15 

°C/min ramp rate. The temperature was then cooled in He to 110 °C and purged for 10 min before 

switching to 20 kPa H2 (balance He). The sample was then reduced in H2 (99.999% Airgas) at 500 

°C (15 ℃/min ramp rate) for 2 hr. After reduction, He was used to flush the H2 at 650 °C for 30 

min then cooled down in He to 35 ℃. For the 1% Ir catalyst, after calcination at 500°C, the catalyst 

was reduced in 20 kPa H2 at 800 °C (15 °C /min) for 2 hours followed by flushing with He for 30 

min at the same temperature then cooling down in He to 35 °C. The 0.2% Ir/MgA2O4 nanoparticle 

sample (prepared with Ir(CO)2(acac) precursor) was pretreated with 20 kPa H2 at 500 °C (10 

°C/min ramp rate) for 2 hours to remove the CO and acac ligands and then cooled down in 20% 

H2 to room temperature and then purged with He for 10 min. 

DRIFTS. DRIFTS was used to characterize the interaction of the supported Ir catalysts with CO. 

The in-situ DRIFTS experiments were performed using a Thermo Scientific IS-50R FT-IR 

equipped with an MCT/A detector. Spectral resolution of 4 cm-1 was used to collect spectra which 

are reported in the Kubelka-Munk (KM) units. Approximately 50 mg sample (25-90 microns) was 

loaded in the Harrick Praying Mantis high-temperature DRIFTS reaction chamber. The chamber 

was sealed and connected to a flow system with temperature control, and gases were flown through 
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the sample at atmospheric pressure. Each reported spectrum is an average of 32 scans. The 

supported Ir samples were pretreated in-situ in the DRITS cell before collecting the spectra. The 

gas pretreatment procedure was the same as previously mentioned. The composition of the effluent 

gases was measured by an online quadrupole mass spectrometer (Pfeiffer Omni Star, QMG220). 

A secondary electron multiplier detector was used to monitor signals for CO2 (m/z = 44 and 

m/z=28), CO (m/z = 28), O2 (m/z = 32) and He (m/z = 4). The CO line connected to the IR and 

the flow reactor for kinetic measurements was equipped with a metal carbonyl purifier (Matheson, 

NanoChem Metal-X) to remove the trace amount of metal carbonyl as well as the molecular sieve 

3A (8-12 mesh) trap to remove trace (ppm) levels of CO2. No CO2 was detected in the mass 

spectrometer with the CO or O2 flowing during a blank test. The CO adsorption measurement was 

conducted at 35 °C unless otherwise stated. The samples were exposed to CO doses by varying 

the time and also increasing the partial pressure of CO (5% CO certified grade, Airgas). As a 

reference experiment, the MgAl2O4 support was pretreated with the same procedure as the 0.0025% 

Ir/MgAl2O4 (SAC), and no IR band was detected in the ν9:	region. 

HERFD-XANES. HERFD-XANES measurements were collected at Beamline 6-2 at the Stanford 

Synchrotron Radiation Light Source (SSRL) 41. A liquid-nitrogen-cooled double-crystal Si(311) 

monochromator was equipped to select the energy of the incident beam with a flux of 3 x 1012 

photons × s-1. A Rowland circle spectrometer (radius 1 m) equipped with three spherically bent Si 

(800) analyzers and a silicon drift detector was used to select the Ir Lα (9175 eV) emission line 

with a measured resolution of 1.3 eV. An iridium foil was scanned in the transmission mode for 

initial energy calibration.  
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Each sample (120 mg in mass, 25-90 microns) was loaded into a packed bed flow reactor. The in-

situ packed bed reactor consists of a Be tube (Materion; PF-60 Grade) (OD 5 mm and ID 3.8 mm) 

connected to the gas line using graphite ferrules and heated by a stainless steel heating block 

equipped with four 100 W heating cartridges (Watlow). The in-situ reactor assembly was protected 

from oxidation by an air-free box with polyimide film X-rays windows and continuous He or N2 

flow. Two type-K thermocouples were used to monitor and control the heating block and the 

catalytic bed temperature. A portable gas delivery system equipped with 5 MFCs (Brooks - 

SLA5800) was used to control the gas flow. The composition of effluent gases was measured by 

an online quadrupole mass spectrometer (Hiden HPR20). The 0.0025% Ir/MgAl2O4 (SAC) was 

first heated in a flow of 10 kPa O2, balance He (Certified grade Airgas) to 400 °C at 10 °C/min 

followed by a dwell of 20 min. Then the sample was pretreated with He (99.999% Airgas) at 650 

°C for 30 min and cooled down to room temperature, and then H2 (99.999% Airgas) 500 °C and 

He 650 °C steps as described in the previous synthesis and pretreatment section. The pretreated 

sample was then cooled down in He to room temperature. At room temperature, 5 kPa CO 

(Certified grade Airgas) was introduced into the reactor and HERFD-XANES spectra were 

collected during CO flow. After CO flow the reactor was purged with He. 5 kPa O2 was then 

introduced into the reactor and HERFD-XANES spectra were collected during O2 flow. The 

sample was then heated in 0.4 kPa CO + 2 kPa O2 to 155 °C. After CO oxidation with 1 kPa CO 

+ 8 kPa O2 at 155 °C for 1 hr the reactor was cooled down to 100 °C under He flow. At 100 °C 2 

kPa CO was pulsed into the reactor chamber multiple times. After HERFD XANES spectra were 

stabilized, 1 kPa CO + 8 kPa O2 were flowed through the sample. HERFD-XANES spectra were 
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collected the entire time at 155 and 100 °C. The total flow rate was kept at 50 sccm during 

pretreatment and measurement.    

All HERFD-XANES spectra were measured within 2 min and three to six scans were averaged to 

improve signal-to-noise ratio. The analysis of the HERFD XANES data was carried out with the 

software ATHENA of the IFEFFIT package 42, 43. The edge, determined by the first inflection point 

of the absorption edge of the Ir foil, was calibrated to the reported Ir L3 energy, 11215 eV. This 

calibration was used to calibrate a known glitch in the monochromator observed in the I0 signal of 

each scan. A least-squares Gaussian fit of the glitch, determined the error in the energy calibration 

of the samples to be 0.022 eV. Energy calibration was achieved by aligning the glitch in each scan 

to the glitch in the Ir foil reference scans. Three to six scans per sample were averaged with the 

averaged spectra being used for deglitching and normalization. The averaged spectrum was 

processed by fitting a second-order polynomial to the pre-edge region and subtracting this from 

the entire spectrum. Edge energy was determined by the first derivative of the normalized 

absorbance. The data were normalized by dividing the absorption intensity by the height of the 

absorption edge. 

Volumetric chemisorption. Volumetric O2/CO chemisorption was performed with a 

Mircromeritics 3Flex. 0.6 g of catalyst was packed in a quartz sample holder and pretreated with 

the same procedure described in the synthesis section. The total flow rate for each step was 80 

sccm. The sample with pellet size between 425 – 710 microns was evacuated at 35 °C for 1 h 

before the O2/CO (99.999%, Airgas) chemisorption analysis. Two O2/CO chemisorption isotherms 

were performed between 5 mmHg and 450 mm Hg at 35 °C with an evacuation step between the 

two isotherms to remove the physically adsorbed O2/CO. The 1st isotherm represents both the 
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chemisorbed and the physisorbed O2/CO. The 2nd isotherm indicates the amount of physisorbed 

O2/CO. The difference between the two O2/CO isotherms is reported as the amount of chemisorbed 

O2/CO. The dispersion of 1% Ir/MgAl2O4 catalyst (calcined at 500 °C and reduced at 800 °C) was 

measured as 90% with a stoichiometry of 1CO:1Ir. The stoichiometry of 1 CO:Ir was used to 

calculate the dispersion of Ir nanoparticle catalyst (0.2% Ir/MgAl2O4) (Supplementary Table 5) 44 

and 100% dispersion was used for calculating TOF on the 0.0025% Ir/MgAl2O4 (SAC) considering 

the low weight loading of Ir.  

BET surface area. The BET surface area was measured by multiple-point N2 adsorption and 

desorption cycles in a Micromeritics 3Flex at 77.35 K. All samples were degassed at 200 °C with 

N2 flow overnight before measurement. 

CO oxidation kinetic measurements. CO oxidation kinetic measurements were performed under 

differential conditions in a conventional laboratory tubular plug flow reactor (7 mm inner diameter 

quartz tube). Dilution experiments were performed according to Koros-Nowak test to determine 

the necessary dilution ratio for measurements under strict kinetic control without mass and heat 

transfer effects 45-47. The catalysts (after intraparticle dilution) were pressed into 106-250 microns 

pellets. The dilution ratio test to eliminate transport limitations was performed on 2% Pt/γ-Al2O3 

catalyst using γ-Al2O3 as the diluent. Intraparticle dilutions ratio of 1:200 and 1:1000 showed no 

difference in activity under different CO and O2 conditions between 145 °C and 170 °C, which 

indicates the measured catalytic activity were evaluated under kinetic control without any transport 

artifacts. Based on the dilution test, the 0.2% Ir/MgAl2O4 was diluted with silica at a 1:40 ratio 

and the 1% Ir/MgAl2O4 was diluted with silica at a 1:200 ratio, and the 0.0025% Ir/MgAl2O4 (SAC) 

required no dilution because of the low Ir loading. Negligible activity was measured on the 
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MgAl2O4 support compared with all the catalysts. Each catalyst pretreatment was the same as 

mentioned above, and the total flow rate during pretreatment was kept at 80 sccm. After 

pretreatment, 5% CO (certified grade Airgas) was mixed with 100% O2 (99.999% Airgas) and He 

(99.999% Airgas) at 35 °C. The catalyst temperature was measured by a K-type thermocouple 

(OMEGA) attached at the center of the catalyst bed on the outside of the tube. The reactor was 

heated from room temperature to the reaction temperature at 3 °C/min in 0.1 kPa CO and 2 kPa 

O2 balanced with He. During the steady-state kinetic measurements, the conversion of CO was 

always below 3% by varying the total flow rate between 50-100 sccm. To investigate the effect of 

CO partial pressure on reaction rate, the partial pressure of O2 was held constant at 10 kPa (Fig. 

2a, c) and the partial pressure of CO was varied between 0.1 – 1 kPa. To investigate the effect of 

O2 partial pressure, the CO partial pressure was held constant at 1 kPa (Fig. 2b) and the partial 

pressure of O2 was varied between 2 – 14 kPa, then the measurements were repeated at 0.2 kPa 

CO partial pressure (Supplementary Fig. 3). The kinetic measurements for each catalyst took 

between 12 to 18 hours for each experiment. The 0.2% Ir/MgAl2O4 (NP) catalyst stability was not 

affected by the higher CO partial pressures during the CO or O2 reaction order measurements. The 

kinetic experiments were reproduced using two different aliquots from the same batch and also 

reproduced using two different batches. Error bars of the kinetic measurements were calculated 

based on multiple points on the same catalyst at different times during one experiment and from 

experiments using different catalyst aliquots/batches. 

The composition of the effluent gases was measured by a gas chromatograph (Inficon Micro GC 

Fusion). Turn over frequencies (TOFs) were calculated by normalizing the reaction rate 
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(mol/gOPQ/s) to the number of Ir sites per gram of catalyst (molUV/gOPQ) measured by using CO 

chemisorption as discussed in the volumetric chemisorption section. 

We should note that we rigorously monitored the catalyst stability by re-measuring the catalyst 

periodically throughout the experiment under the first condition measured and the catalyst activity 

was very stable (±5%) during the entire kinetic measurement. HAADF-STEM images of the 

catalysts after CO oxidation (Supplementary Fig. 1) indicate Ir remains atomically dispersed 

during the reaction.  

Scanning transmission electron microscopy. Aberration-corrected electron microscopy images 

for Ir/MgAl2O4 samples were taken on FEI TITAN 80-300 in STEM mode using a high angle 

annular dark field (HAADF) detector. The resolution is 0.1 nm, with the CEOS GmbH double-

hexapole aberration corrector. To calculate the atomic percentage of each catalyst from multiple 

STEM images, the number of atoms per particle (N) was estimated with a spherical model48: 

N = XYDZ[\
]^_

                                                                  (1) 

where D is the nanoparticle diameter, ρ is the bulk metal density, NA is Avogadro’s number, and 

Mw is the metal molecular weight.  

DFT calculations of reaction pathways. All DFT calculations were performed by QUICKSTEP 

in CP2K package 49. The exchange-correlation potential was treated with the generalized gradient 

approximation parameterized by the spin-polarized Perdew-Burke-Ernzerh functional50. The wave 

functions were expanded in molecular optimized double-ζ valence polarized Gaussian basis sets 

(DZVP-MOLOPT-SR-GTH) for Al, Mg and Ir elements, triple-ζ valence basis sets (TZV2P-

MOLOPT-GTH) for O and C elements, with an auxiliary plane-wave basis set with a cutoff energy 
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of 480 Rydberg. Brillouin zone integration is performed with a reciprocal space mesh consisting 

of only the gamma point. The DFT-D3 van der Waals correction by Grimme51 was applied. Core 

electrons have been modeled by the scalar relativistic norm-conserving Goedecker-Teter-Hutter 

(GTH) potentials with 10, 3, 6, 4 and 17 valence electrons for Mg, Al, O, C and Ir, respectively. 

The spinel MgAl2O4 bulk structure has a face-centered cubic Bravais lattice with space group 

Fd3m. Optimized lattice constant with a = 8.146 Å is close to experimental value a = 8.086 Å37. 

The O2(Al)-termination was shown to be the most stable for MgAl2O4
37. Therefore, the model 

system used for the DFT calculations is an O2(Al)-terminated MgAl2O4 (111) and (211) surfaces 

with periodic boundary condition along x, y and z-direction. Ir single atoms were adsorbed at 

different sites (Supplementary Table 3). Vacuum of 15 Å distance was added along z direction to 

avoid interactions with the adjacent cell. In cell and geometry optimizations, the maximum forces 

were converged to 4.5×10-4 Hartree/Bohr. The zero-point energy and entropy correction were 

obtained from the quasi-harmonic approximation. For molecules, the translational and rotational 

contributions to internal energy and entropy are taken into account using statistical 

thermodynamics. To locate the transition state, we use climbing image nudged-elastic-band 

method (CI-NEB)52. Vibrational analysis was used to further verify transition states, only one 

imaginary frequency mode indicates that the transition states are the true saddle points.  

XANES Simulations. XANES spectra calculations are performed using the plane-wave based 

PWSCF (Quantum-ESPRESSO) code. The ultrasoft Vanderbilt pseudopotential method with 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional is adopted. A cutoff energy of 

700 eV for the wave functions is used. The Monkhorst-Pack scheme is used for sampling the 

Brillouin zone. To determine Ir L3-edge spectra, we create a special pseudopotential for the Ir 
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atom, which contains an Ir 2p core hole. In the SCF calculation to obtain the converged wave 

function and charge density, spin-polarization is not considered and the total charge of the system 

is specified as +1 in order to compensate the extra electron in the empty states, i.e., the excited-

state core-hole (XCH) approximation. The spectrum is calculated using the XSpectra program 

which gives the X-ray absorption cross section as a function of excitation energy relative to the 

LUMO energy. A Lorentzian broadening factor of 1.5 eV related to the core-hole lifetime is chosen 

for all spectrum calculations. Since the absorbing Ir atoms with different ligands are nonequivalent, 

we need to obtain the absolute energy scale. To properly align spectra of different structures, the 

delta Kohn-Sham energy is calculated to represent the transition energy by lifting a core electron 

from the ground state to the first core excited state the LUMO53 using the GPAW program. To 

have a spin up core hole and an electron in the lowest unoccupied spin up state, the magnetic 

moment of the Ir atom with the hole is set to one and the total magnetic moment is fixed in spin-

polarized calculations. The absolute energy of calculated spectra is corrected using the measured 

edge energy of Ir(CO)2(Al-v) system where 2CO ligands are adsorbed at Ir/MgAl2O4 with a 

surface oxygen vacancy near the active site. 

 Results 

2.4.1. Atomic resolution characterization 

Fig. 1 shows an aberration corrected high angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) images of 1% Ir/MgAl2O4 after calcination at 500 °C before (a) and 

after reduction in H2 at 800 °C (b). It can be seen that Ir is predominantly atomically dispersed 

after calcination but agglomeration occurs during reduction and the relative amount of single atoms 
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compared with nanoparticles decreases at higher reduction temperature. Despite the high reduction 

temperature, the size of Ir nanoparticles was limited to less than 2 nm which was also observed 

when MgO was used as the support27.  By lowering the loading (0.0025 wt.%) only atomically 

dispersed Ir was detected after pretreatment and a representative image after reduction in H2 at 500 

°C is shown in Fig. 1c and no nanoparticles were detected (Supplementary Fig. 1). MgAl2O4 

resulted in the stabilization of significant fraction of Ir single atoms when iridium nitrate was used 

for the synthesis even at high Ir weight loadings and after high reduction temperatures as shown 

in Fig. 1a, b. Therefore, to obtain a reference sample without single atoms, we also synthesized a 

0.2% Ir/MgAl2O4 using Ir(CO)2(acac) as the precursor, which after removal of the ligands in H2 

at 500 °C resulted in the formation of almost exclusively ~ 1nm nanoparticles as shown in the 

HAADF-STEM image and the histogram in Fig. 1d and Supplementary Fig. 2.  
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Figure 1. High angle annular dark field – scanning transmission electron microscopy (HAADF-

STEM) images of different Ir SAC and NP samples. The inset shows the size distribution of Ir 

species from multiple STEM images. Representative HAADF-STEM images of 1% Ir/MgAl2O4 

calcined at 500 °C, before (a) and after (b) H2 reduction at 800 °C. c, 0.0025% Ir/MgAl2O4 catalyst 

(SAC) after reduction at 500 °C, the single atoms are identified by red circles, no nanoparticles 

were detected in lower magnification images for the 0.0025% Ir/MgAl2O4, see Supplementary Fig. 

4 nm 4 nm

4 nm 4 nm

a b

c d

nm
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1. d, 0.2% Ir/MgAl2O4 (NP) prepared with Ir(CO)2(acac) precursor with average particle size ~ 

1nm.  

2.4.2. CO oxidation kinetics  

The catalytic activity for the 0.0025% Ir1/MgAl2O4 single-atom catalyst (SAC) and 0.2% 

Ir/MgAl2O4 nanoparticles catalyst (NP) was evaluated for CO oxidation under strict kinetic control, 

and no deactivation or sintering was observed for the single-atom catalyst (see Supplementary Fig. 

1 and other details in supplementary information). The effect of CO (P9:) and O2 (P:?) partial 

pressures on turnover frequency (TOF) was measured at 155 °C and the results are reported in Fig. 

2 and Supplementary Fig. 3. On Ir nanoparticles (~ 1 nm), the measured CO and O2 reaction orders 

were −1.0	±	0.1 and 0.9	±	0.1, respectively. The reaction orders are consistent with the widely 

accepted CO oxidation mechanism on noble metals (Ir, Pt, Pd, and Rh) where, at low reaction 

temperatures, the reaction is limited by O2 activation on a CO-saturated surface3, 28, 29. On Ir single 

atoms, the measured CO and O2 reactions orders under the same conditions were 0.9±0.1 and 

0.1±0.05 respectively, indicating a different mechanism than on nanoparticles (Fig. 2 and 

Supplementary Fig. 3).  In contrast to nanoparticles, the positive CO order of ~1 indicates that Ir 

single atoms are not poisoned by CO during CO oxidation and the O2 order of ~0 suggests a facile 

O2 activation. More importantly, Ir single atoms are much more active at high CO partial pressure 

(~7x higher than nanoparticles) while nanoparticles are slightly more active at low CO partial 

pressure. The different CO reaction orders can be clearly seen for the CO oxidation activity of the 

catalyst containing a mixture of single atoms and nanoparticles (1% catalyst reduced at 800 °C, 

STEM image in Fig. 1c and Supplementary Fig 4) which displayed a CO reaction order that 
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changed from negative to positive as the CO partial pressure increased (Fig. 2c). The differences 

in reaction orders of CO and O2 on Ir SAC and NP show that kinetic measurements provide a 

sensitive probe for the detection of single atoms due to different reaction mechanism. Additionally, 

these results could help explain some of the disagreements in the literature on whether single atoms 

are more active than nanoparticles since the catalysts activities were reported at different reaction 

conditions.  

 

Figure 2. CO oxidation kinetic measurements on Ir SAC, Ir NP, and SAC+NP mixture. Effect 

of CO (a) and O2 (b) partial pressure on turnover frequency (TOF) respectively on supported 

0.0025% Ir/MgAl2O4 (single-atom catalyst, SAC) and 0.2% Ir/ MgAl2O4 prepared with 

Ir(CO)2(acac) precursor (nanoparticles, NP) (the MgAl2O4 support activity was negligible under 

the conditions tested). P:?= 10 kPa, P9:= 0.3-1 kPa in A; P9: = 1 kPa, P:? = 2-14 kPa in B. All 

measured at 155 °C. c, Effect of CO partial pressure on turnover frequency (TOF) on the catalyst 

containing a mixture of Ir single atoms and nanoparticles, 1% Ir/MgAl2O4 calcined at 500 °C, and 

reduced at 800 °C. In panel c, estimates of the CO reaction order based on two points at each of 

the low and high P9: are listed to show the change in order from negative to positive resulting 

a b c
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from the NPs and SAC, respectively. Error bars were calculated based on multiple measurements 

on the same catalyst at different times during one experiment and from experiments using different 

catalyst aliquots/batches.   

2.4.3. In-situ characterization at room temperature 

In-situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and high-energy 

resolution fluorescence detected (HERFD) XAS experiments provide important structural and 

chemical details to better understand the unique CO and O2 reaction orders on Ir single atoms. Fig. 

3a shows the DRIFTS spectrum after adsorption of CO on the 0.0025% Ir/MgAl2O4 catalyst (SAC) 

at -60 °C where two bands (2070, 1989 cm-1) can be seen in the C−O vibrational frequency region. 

These two bands are assigned to the symmetric (ν7) and the anti-symmetric vibrational modes (νP7) 

of the Ir gem-dicarbonyl, Ir(CO)2, respectively based on reports of atomically dispersed Ir(CO)2 

gem-dicarbonyl supported on MgO and γ-Al2O3 
25. The intensity of the anti-symmetric vibrational 

band (IP7)  is slightly higher than the symmetric vibrational (I7) band and the bond angle between 

the two CO (θ) can be estimated as 98	° based on Ufg
Ug
= 	 tan& 	 j

&
30. Upon flowing O2 (0.1 kPa) at 

-20 °C over the Ir(CO)2, a new single band was observed at a higher frequency (2092 cm-1, a shift 

of 22 cm-1 from the ν7  of Ir(CO)2) suggesting partial oxidation of the Ir single atoms, likely 

forming Ir(CO)(O). This assignment is made according to a study on Al2O3 supported Rh single 

atoms where O2 (activated by UV irradiation at -100 °C) reacted with Rh(CO)2 to form Rh(CO)(O) 

and the observed shift between the Rh(CO)(O) and the symmetric band of Rh(CO)2 was 22 cm-1 

(from 2100 (symmetric band) to 2122 cm-1) 31, 32. As a reference, almost no shift of ν9:  was 
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observed when flowing O2 on Ir nanoparticles (0.2% Ir/MgAl2O4) as shown in Supplementary Fig. 

5.  

To complement the DRIFTS results and directly probe the Ir electronic structure, a similar 

experiment was performed using in-situ high-energy resolution fluorescence detected- x-ray 

absorption near edge spectroscopy (HERFD-XANES) at the Ir L3-edge (Fig. 3b).  HERFD-

XANES has been used to identify the interaction of CO with single metal atoms and nanoparticles 

and has proved to be a sensitive probe for the detection of ligands bound to metal centers 26, 33-36, 

e.g. the detection of ethylene and CO ligands adsorbed on catalytically active iridium centers 

isolated on zeolite HY and on MgO support 26. After pretreating the sample in a similar manner to 

the DRIFTS experiment, and flowing CO at room temperature, the resulting spectrum (Fig. 3b red) 

is assigned to Ir(CO)2
 26. After flowing O2 on the carbonylated Ir single atoms (Ir(CO)2), part of 

the carbonylated feature was replaced by a higher energy feature (blue), suggesting partial 

oxidation of the Ir which is consistent with the DRIFTS results in Fig. 3a (facile O2 activation and 

partial oxidation of Ir). Additionally, CO2 was detected in the reactor effluent by mass 

spectrometry (Supplementary Fig. 6). Notably, a similar, but not as significant higher energy 

feature was also observed (Supplementary Fig. 7) on the 1% Ir sample containing a mixture of 

single atoms and nanoparticles (STEM.in Fig. 1b) when flowing O2 on the CO adsorbed saturated 

catalyst at room temperature.   



 

 
56 

 

Figure 3. In-situ IR and operando HERFD-XANES spectra (Experimental and DFT) of Ir 

single atoms. a, In-situ IR spectra in the ν9: region characterizing 0.0025% Ir/MgAl2O4 (single-

atom catalyst, SAC) with CO adsorbed at -60 °C and atmosphere pressure (red), after flowing 5 

kPa O2 on CO adsorbed surfaces at -20 °C and cooled down to -60 °C in He (blue). b, HERFD-

a

c d

b

Ir(CO)2(Al-v)
Ir(CO)(O)(Al-O)
Ir(CO)(O)(Al-O2) 
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XANES spectra of supported Ir SAC after dosing 1 kPa CO at room temperature and atmospheric 

pressure (red) and then after flowing 5 kPa O2 at room temperature (blue). c, Ir L3-edge spectra of 

0.0025% Ir/MgAl2O4 (single-atom catalyst, SAC) under He after CO reaction conditions (1 kPa 

CO and 8 kPa O2) at 100 °C (green), followed by flowing 2kPa CO at the same temperature 

(magenta), and then flowing 1 kPa CO and 8 kPa O2 again at 100 °C (blue). d, DFT simulation of 

Ir L3-edge spectra of the Ir single atoms with two CO ligands and a surface oxygen vacancy 

(magenta, Ir(CO)2-(Al-v)), and with a (CO)(O) (blue, Ir(CO)(O)), and with (CO)(O) and adsorbed 

O2 on the vacancy on nearest two Al atoms (green, Ir(CO)(O)-(Al-O2)), and with (CO)(O) and a 

vacancy on nearest two Al atoms (light blue, Ir(CO)(O)-(Al-v)). The structures in panel D are 

provided in Supplementary Fig 10. 

2.4.4. Mechanistic elucidation of the facile O2 activation  

To provide more details on the ligand (CO, O) configuration on Ir single atoms and the O2 

activation step at low temperature, we performed density functional theory (DFT) calculations of 

supported Ir single atoms at defect sites of the MgAl2O4 support. We have compared two model 

systems, including 1) Ir single atoms supported on MgAl2O4(111), and 2) Ir replacing the Al atom 

close to the step of MgAl2O4(211). The O2(Al)-termination was used because of its high 

thermodynamic stability37. We found that the second model, i.e., Ir replacing the Al atom on 

MgAl2O4(211) step surface, is more plausible to represent the structure of the active site because 

3CO ligand configuration is favorable on the (111) model, in contradiction with 2CO ligands 

observed in the experiments, see those two model structures with CO ligands in Supplementary 

Table 3. We used this as the MgAl2O4(211) model system in the following discussion (see 
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Supplementary Tables 3-6 for model systems, computational details can be found in the 

supplementary information). Our DFT calculations showed that Ir forms a dicarbonyl in a 6-

coordinate structure with 4 oxygens from the support with the differential CO adsorption energy 

of -1.98 eV. Under CO gas stream, the Ir(CO)2 structure will likely be surrounded by oxygen 

vacancies or carbonate, forming a locally stable structure. DFT calculations show that O2 would 

adsorb on a nearby vacancy with an adsorption energy of -1.05 eV relative to a gas phase O2. The 

adsorbed *CO can react with the *O2 forming CO2 with DFT-calculated kinetic barrier of ~0.58 

eV. This pathway for O2 adsorption and reaction between one *CO in Ir(CO)2 and *O2 to form 

Ir(CO)(O) (Supplementary Fig. 8) can explain the ability of Ir single atoms to activate O2 in our 

low temperature DRIFTS experiments (Fig. 3a). On the other hand, the diffusion of one of the CO 

ligands in Ir(CO)2 to a slightly further surface oxygen forming CO2 is associated with a high barrier 

of ~2 eV (Supplementary Fig. 8). We note that if the vacancy site is occupied by atomic *O instead 

of *O2, the CO ligand (in Ir(CO)2) diffusion to this surface oxygen forming CO2 has a low barrier 

of ~0.45 eV. This locally stable Ir(CO)2 structure suggests that under CO gas stream it will be 

surrounded by some oxygen vacancies. The bond angle between the two CO from DFT (θ = 90°) 

is similar to the experimentally estimated angle of 98°. We also note that the Bader charges of the 

Ir(CO)2 and Ir(CO)(O) complexes calculated by DFT (+0.8 vs. +1.4, Supplementary Table 7) are 

consistent with the partial oxidation of Ir observed in DRIFTS (Fig. 3a). Therefore, both in-situ 

techniques (DRIFTS and HERFD-XANES) and DFT calculations indicate that upon CO 

adsorption at low temperature on the reduced catalyst, Ir single atoms form Ir(CO)2, likely with 

surface oxygen vacancies. Additionally, the exposure of Ir(CO)2 to O2 results in facile O2 



 

 
59 

activation and the formation of the stable complex Ir(CO)(O) through an incomplete CO oxidation 

reaction cycle, i.e. Ir(CO)2 + O2 → Ir(CO)(O) + CO2.  

 

 

Figure 4. DFT calculated free energy diagram of CO oxidation on Ir single atoms supported 

on MgAl2O4. Adsorbed *CO and *O on Ir single atoms on O2(Al)-terminated MgAl2O4 (211) 

surface with a nearby O-vacancy (structure I, Ir(CO)(O)).  It is energetically favorable to adsorb 

oxygen forming *O2 at the vacancy site (structure I→II). Gas phase CO then reacts with the 

adsorbed O in the Ir(CO)(O) (i.e. E-R pathway, structure II→III) with free energy barrier ~1.1 eV 

(TSI). In contrast, there is 2.1 eV (TSII) free energy barrier for the reaction between adsorbed *CO 

and *O in the Ir(CO)(O), i.e., the L-H pathway which is unfavorable.  *O2 can then readily 

dissociate to heal the vacancy (structure III to IV, no barrier). To complete the reaction cycle 

(structure IV to I), gas phase CO reacts with a surface oxygen (~0 eV free energy barrier), forming 
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a vacancy, while the L-H pathway through TSIII has a ~1.6 eV barrier. The reaction cycle is limited 

by the E-R step (gas phase CO reacts with the *O in Ir(CO)(O) (structure II to III). 

2.4.5. Operando identification of resting state and active 

complex 

To determine the stability of the Ir(CO)(O) complex and identify the active complex of Ir single 

atoms during CO oxidation, we performed an operando HERFD-XANES experiment at higher 

temperatures on the 0.0025% Ir/MgAl2O4 (SAC) (Fig. 3c). After CO oxidation at 155 °C the 

temperature was lowered in pure He to 100 °C, and the spectrum at 100 °C in He is shown as the 

blue spectrum in Fig. 3c. The spectra in pure He and in CO+O2 at 100 and 155 °C were almost 

identical (Supplementary Fig. 9) and very similar to the spectrum obtained at room temperature 

after dosing O2 on Ir(CO)2 which we assigned to Ir(CO)(O) as discussed above. While Ir(CO)(O) 

is stable in He and in O2 at 100 °C, dosing CO on this Ir(CO)(O) complex resulted in the removal 

of the partially oxidized Ir carbonyl feature in the blue spectrum (CO2 was detected in the reactor 

effluent by the mass spectrometer, see Supplementary Fig. 6) and the resulting spectrum (pink 

spectrum in Fig 3c) was similar to that of Ir(CO)2 obtained at room temperature (red spectrum in 

Fig. 3a). After dosing CO, we flowed CO and O2 again at 100 °C, and the final spectrum (blue) 

shifted back and is almost identical to the original spectrum (green) before dosing CO. The changes 

in the spectra were reversible and indicate that Ir(CO)(O) is the most stable complex/intermediate 

under reaction conditions and that Ir(CO) is the active complex (i.e. CO is present as a ligand 

during the entire reaction cycle). We note that the most stable complex/intermediate for a single 

atom represents the resting state of the catalyst since this intermediate is involved in the rate 
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determining step. For nanoparticles, on the other hand, the most stable intermediate can often be a 

spectator species which blocks most of the surface sites.   

2.4.6. DFT calculated CO oxidation mechanism  

The stability of Ir(CO)(O) in He and O2 while reacting with CO (Fig. 3c and Supplementary Fig. 

9) suggests that the reaction follows an Eley-Rideal instead of Langmuir-Hinshelwood mechanism. 

To provide further insights on the reaction mechanism, we calculated the free energy diagram for 

the different possible pathways starting from Ir(CO)(O) with a surface oxygen vacancy (Fig. 4, 

Supplementary Table 8). Our DFT results show that it is energetically favorable to adsorb oxygen 

forming *O2 at the vacancy site. In the following step, the reaction between gas phase CO and 

adsorbed O in the Ir(CO)(O) (i.e. Eley-Rideal pathway, E-R) has a free energy barrier ~1.1 eV 

(TSI), suggesting that this step is forbidden at room temperature and only kinetically accessible at 

higher temperatures. In contrast, there is a 2.1 eV (TSII) activation barrier between adsorbed *CO 

and *O in the Ir(CO)(O), i.e., the Langmuir-Hinshelwood (L-H) pathway (see Fig. 4). This is 

consistent with the stability of Ir(CO)(O) in He observed experimentally at 100 °C (Supplementary 

Fig. 9) while reacting with gas phase CO to form Ir(CO)2 (Fig. 3). Our DFT calculations of the 

hypothetical pathway without CO adsorbed on Ir show that the reason for the E-R pathway being 

favorable is that the adsorption of CO weakens the O binding strength on Ir sites by ~3 eV. After 

the creation of an open coordination at Ir single atoms, the adsorbed O2 (*O2) can readily dissociate 

to heal the vacancy with a negligible barrier (structure III to IV). This step is more favorable than 

adsorption of a second CO from the gas phase which is typically associated with an entropic barrier, 

consistent with our operando HERFD-XANES where we did not observe Ir(CO)2.  In contrast, the 
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O2 dissociation on the bare support with two adjacent vacancies has a barrier of ~1.78 eV, 

indicating the promoting role of Ir single atoms in O2 activation (Supplementary Fig. 10). To 

complete the reaction cycle, gas phase CO can react with a nearby surface oxygen (~0 eV free 

energy barrier), forming a vacancy, while the L-H pathway through TSIII has a ~1.6 eV barrier. 

The full reaction is kinetically limited by the E-R step for creating an open Ir site in the Ir(CO)(O) 

structure for a facile O2 activation. This reaction mechanism is consistent with the measured CO 

order of ~1 and O2 order of ~0 on Ir single atoms (Fig. 2).  

To further validate the structure of reaction intermediates, we calculated the Ir-L3 edge XANES 

spectra of various Ir structures as shown in Fig. 3d and Supplementary Fig. 11 using DFT within 

the full core-hole approximation 38. The calculated spectrum (Fig. 3d) for Ir(CO)2 shows a sharp 

peak with a long tail, similar to the shape of the measured spectrum after dosing CO (Fig. 3b). The 

steady state spectra exhibit a shoulder at higher energies, which are assigned to a combination of 

reaction intermediates, Ir(CO)(O)-(Al-v), Ir(CO)(O) and Ir(CO)(O) with O2 adsorbed on the 

vacancy (structures I, II and IV in Fig. 4, spectra for other possible structures along the reaction 

pathway are provided in Supplementary Fig. 11). We note that all the complexes/intermediates in 

the reaction cycle have a strongly bound CO (~ -2.0 eV binding energy, see Supplementary Table 

6) which is consistent with our in-situ/operando experimental results showing that Ir(CO) is the 

active complex for CO oxidation. We also note that DFT calculations on Ir on MgAl2O4 (111) 

showed that the E-R pathway was more favorable than L-H (barrier lower by 0.6- 1 eV) and the 

XANES spectra for Ir(CO)2 and Ir(CO)(O) on this site were also very similar to those measured 

experimentally (Fig 3B and 3C), suggesting that the electronic structure and catalytic properties of 

Ir single atoms is not sensitive to the chosen model.  
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 Discussion  

The in-situ and operando spectroscopy results supported with quantum chemical calculations 

provide remarkable molecular level details on the mechanism of CO oxidation on supported Ir 

single atoms. The low temperature in-situ DRIFTS and HERFD-XANES results (Fig. 3a, b, 

respectively) show that O2 activation is a kinetically facile step (i.e. it does not affect the overall 

reaction rate) since it can proceed at and below room temperature, resulting in an incomplete 

reaction cycle Ir(CO)2 + O2 → Ir(CO)(O) + CO2. This is consistent with the ~0 reaction order 

measured for O2 (Fig. 2) and negligible barrier for O2 activation calculated by DFT. The HERFD-

XANES spectra at higher temperatures confirm that Ir(CO)(O) is the most stable complex (resting 

state) during CO oxidation (Fig. 3c and Supplementary Fig. 9). Furthermore, the stability of 

Ir(CO)(O) in helium at the reaction temperature (Supplementary Fig. 9) indicates that the surface 

reaction between *CO and *O on Ir1 is not favorable at the investigated temperatures. However, 

dosing CO on this structure resulted in the formation of Ir(CO)2 (Fig. 3c, d) indicating that at 100 

°C, gas phase CO reacts with the *O in Ir(CO)(O) to form CO2 (Supplementary Fig. 6), followed 

by CO adsorption to form Ir(CO)2. These experimental results are further supported by the DFT 

calculated reaction mechanism where O2 activation has a negligible barrier and the rate-limiting 

step is the creation of an open coordination at Ir single atoms through an E-R pathway (barrier of 

1.1 eV vs. 2.1 eV for L-H pathway). Furthermore, the apparent activation barrier estimated from 

DFT is ~0.6 eV = 58 kJ/mol (E-R intrinsic barrier of 1.1 eV corrected by the O2 free energy of 

adsorption -0.49 eV while assuming the coverage of other intermediates is small) is in agreement 

with the apparent activation energy of 62 kJ/mol measured experimentally on Ir single atoms 
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(0.0025% Ir/MgAl2O4, SAC, Supplementary Fig. 12 and Supplementary Table 9). Therefore, our 

experimental and DFT results provide strong evidence for an Eley-Rideal mechanism for CO 

oxidation on Ir single atoms supported on MgAl2O4. More importantly, the results show that Ir(CO) 

is the active supported complex and Ir(CO)(O) is the most stable intermediate (resting state) during 

the reaction.  

Supported metal single atoms present tremendous opportunities for designing catalysts at the 

atomic scale. A few research groups have shown that supports7, 25, 39 and other ligands10, 40 can be 

used to modify their electronic and catalytic properties analogous to modifying the ligands in a 

homogeneous catalyst8, 27, 38. For example, CO was reported to promote the selective 

hydrogenation of 1,3-butadiene on Rh single atoms and dimers supported on MgO40 and promote 

the formation of methanol from methane oxidation on Rh1/ZSM-5 (CO was required for methanol 

formation despite not being a reactant)10. In this work, using in-situ and operando FTIR, HERFD-

XANES and DFT calculations we show that the active metal single-atom complex is formed under 

reaction conditions and contains one of the reactants as a ligand. Our results demonstrate that 

Ir(CO) is the active complex and the formation of this Ir single atom complex on MgAl2O4 

promotes CO oxidation via an Eley-Rideal mechanism where Ir(CO)(O) is the resting state of the 

catalyst. More importantly, our results show that detection of adsorbed CO on metal single atoms 

by infrared spectroscopy under reaction conditions or under O2 flow (both indicate strong CO 

adsorption)17, 18, 20 does not necessarily indicate low activity for CO oxidation. More generally, the 

results show that due to the ability of single atoms to bind to more than one ligand, strong 

adsorption by a ligand (or one of the reactants, e.g. CO) does not necessarily lead to catalyst 

poisoning. Our DFT results indicate that Ir single atoms play a crucial role in facilitating O2 
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activation, while the CO ligand lowers the barrier for the Eley-Rideal rate-limiting step. The results 

highlight the importance of combining in-situ/operando spectroscopy, together with quantum 

chemical calculations, and kinetic measurements to identify the active complex, most stable 

intermediate (resting state) and reaction mechanism. Additionally, we anticipate that due to the 

ability of supported single-atom catalysts to bind to multiple ligands, the work can be extended to 

other metals where a strongly adsorbed ligand (e.g. CO) can be an integral part of the active metal 

single-atom complex providing an avenue to promote specific reaction pathways and control the 

catalyst activity and selectivity.  
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Appendix A 

The 1%Ir/MgAl2O4 sample was calcined at 500 °C and reduced at 800 °C, and a representative 

STEM image of this sample is shown in Supplementary Fig. 3.  The STEM images for this sample 

suggest that it contains a mixture of Ir single atoms and nanoparticles.  

In-situ IR characterization (Supplementary Fig. 13) of this 1% Ir sample (STEM in Supplementary 

Fig. 4) consisting of a mixture of Ir SAC and NP was performed at room temperature. DRIFTS of 

CO adsorption at room temperature showed one main band at 2058 cm-1 in the CO stretching 

region. Additionally, a weak band at ~1980 cm-1 was also detected which can be attributed to the 

νP7 of the gem-dicarbonyl on Ir single atoms. After dosing O2, the 2058 cm-1 band decreased and 

a new shoulder appeared at 2090 cm-1. This is consistent with what we observed on pure Ir single-

atom catalyst as shown in Fig. 3a. This confirmed the existence of surface Ir single atoms as shown 

in the STEM images.  

In-situ HERFD characterization of 1% Ir sample, which consists of a mixture of Ir SAC and NP, 

was also performed at room temperature (Supplementary Fig. 7). The sample was first in-situ 

pretreated with H2 reduction at 800 XSpectra. After dosing O2 at room temperature on the 

carbonylated Ir (red), the extra feature at the higher energy of the edge maxima of the Ir L3-edge 

HERFD spectrum indicates a partial oxidation of the Ir. This oxidation state change can be 

attributed to O2 co-adsorption with CO on Ir single atoms and possibly on small clusters. The 

extent of these changes was not as significant on this sample (mixture of SAC and NP) as the ~100% 

single-atom sample (Fig. 3b), which indicates that O adsorption with CO is mostly present on Ir 

single atoms.     
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The composition of effluent gases during the HERFD-XANES measurement of 0.0025% 

Ir/MgAl2O4 (SAC) was measured by a mass spectrometer as shown in Supplementary Fig. 6. The 

in-situ pretreated sample (pretreatment details in experimental methods of HERFD-XANES) was 

first exposed to a flow of 5% CO and the HERFD-XANES spectra of the carbonylated sample 

(Ir(CO)2) was shown as red in Fig. 3b. After flowing O2 at room temperature on the carbonylated 

sample, the carbonaylated feature in the HERFD-XANES spectrum was partially replaced by a 

higher energy feature (blue in Fig. 3b), and this spectrum was assigned to the Ir(CO)(O) structure. 

A significant spike of CO2 composition was measured by mass spectroscopy during the O2 flow 

as shown in Supplementary Fig. 6a. This suggests the O2 was activated on the Ir single-atom 

catalyst at room temperature, and the activated O then reacted with one of the CO in Ir(CO)2 

structure to form CO2. After stabilization, the CO2 level was still higher than before introducing 

O2, and this can be attributed to the decomposition of surface carbonate on MgAl2O4 support. After 

CO oxidation at 155 °C, the reactor was cooled down to 100 ℃ in He. The Ir SAC still maintained 

the Ir(CO)(O) structure in He as shown in Supplementary Fig. 9. At 100 ℃ when flowing CO on 

the Ir SAC sample without O2, the Ir(CO)(O) reacted with gas phase CO and adsorbed another CO 

to form Ir(CO)2 (as shown in Fig. 3c), at the same time the CO2 level increased as detected by the 

mass spec (Supplementary Fig. 6b). This confirmed that the change in HERFD-XANES during 

CO flow was from the CO oxidation reaction. During the HERFD-XANES experiment, the 

reaction order of CO was measured as 1±0.2 at 155 °C, which is consistent with the kinetic 

measurement results (Fig. 2). 

In Supplementary Fig. 11, Ir L3-edge spectra for Ir single atoms adsorbed on the O2(Al)-terminated 

MgAl2O4 (211) surface with different ligand configurations was simulated using DFT-based 
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calculations (See Supplementary Table 4 for detailed structures). The shapes of Ir(CO)2 and 

Ir(CO)(O) are consistent with the experimentally measured HERFD-XANES spectra (Fig. 3, b, c). 

The Ir(CO)(O) was calculated with 3 different nearby structures, where one of the nearest Al to Ir 

was adsorbed with an O2 (Ir(CO)(O)-(Al-O2), adsorbed with a O* (Ir(CO)(O)-(Al-O) or have a 

vacancy (Ir(CO)(O)-(Al-v) respectively. All of these 3 Ir(CO)(O) complexes are possible during 

the experiment. Therefore, a combination of these three Ir(CO)(O) spectra is a better comparison 

with the experimentally measured spectrum after flowing O2 at room temperature ( Fig. 3b blue) 

and is in very good agreement with the experiment. We note that the Ir(CO)2 with an O vacancy 

on the nearest Al (Ir(CO)2-(Al-v)) was shifted to higher energy with a lower white line intensity 

compared with the Ir(CO)2 with O2 adsorbed on the vacancy. The Ir(CO)2-(Al-v) is more consistent 

with the experiment since it was collected under CO flow and our DFT results showed low barrier 

for vacancy formation.  especially in a flow of CO  

The stability of the Ir(CO)(O) structure is shown in Supplementary Fig. 9. The spectrum in blue 

was collected under CO oxidation condition (1 kPa CO + 8 kPa O2) at 155 °C. After CO oxidation 

at 155 °C the sample was cooled down to 100 ℃ in He. The red spectrum represents the sample at 

100 °C in He. At 100 °C 1 kPa CO + 8 kPa O2 was introduced to the reactor again and the spectrum 

under CO and O2 was shown as green. HERFD-XANES spectra of Ir SAC under He (100 °C) and 

CO+O2 (100 °C and 155 °C) are identical indicating the stability of Ir(CO)(O) and also confirming 

that it is a stable intermediate during low-temperature CO oxidation.  

Apparent activation energy (Eapp) of the 0.0025% Ir/MgAl2O4 (SAC) (Supplementary Fig. 12) was 

measured between 145 and 160 °C under two different CO partial pressures (P9:= 0.2 kPa and 1 
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kPa), with the same O2 partial pressure (P:?) kept at 10 kPa. Eapp were measured as 62 kJ/mol at 

0.2 kPa P9:  and 67 kJ/mol at 1 kPa P9: . Similar apparent activation energies at these two 

conditions suggest that the reaction pathway is independent of the CO partial pressure.  

The apparent activation energies of CO oxidation reactions of different samples were also 

summarized in Supplementary Table 9. Eapp were measured at the same condition for these 3 

samples, with 1 kPa CO and 10 kPa O2, between 145 °C and 160 °C with 5 °C increment. Eapp for 

the 0.0025% Ir/MgAl2O4 (SAC) was measured as 62 kJ/mol. Eapp for the 0.2% Ir/MgAl2O4 (NP) 

was measured as 101 kJ/mol. This further supports our results that Ir SAC and Ir NP have different 

reaction mechanisms for low-temperature CO oxidation as shown in the manuscript. Eapp of the 1% 

Ir/MgAl2O4 reduced at 800 °C sample (mixture of SAC and NP, see Supplementary Fig. 3 for 

STEM) was measured as 71 kJ/mol, which is between the Eapp of the SAC and NP samples, which 

is consistent with the composition of the sample. 

To test the effect of temperature on stability under reaction condition for the low loading single-

atom catalyst we performed the kinetic measurement and tested the reaction order of CO at two 

different temperatures with the same catalysts (0.0025% Ir/MgAl2O4), as shown on Supplementary 

Fig. 14. The reaction order of CO was first measured at 155 °C. The reaction order of CO was 

measured as +0.8 (P:?  = 10 kPa, P9: =0.3-1 kPa). After this the kinetic measurement was 

performed at a higher temperature of 200 °C from higher P9: (1 kPa) to lower P9:. P9:	was kept 

at 10 kPa. The reaction order of CO was measured as +0.7, which is slightly lower than the reaction 

order measured at 155 °C. After the entire kinetic measurement, a stability test was performed at 

the very first condition at 200 °C (P:?= 10 kPa, P9:=1 kPa). The activity was maintained very well 
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at the entire P9:	range and the deactivation is minimal (2%). The reaction order and the stability 

test at 200 °C suggest that the Ir single atom is stable for low temperature CO oxidation (less than 

200 °C). 

Due to facile O2 activation on MgAl2O4 step surface, this CO promotion effect is different from 

the tri-molecular Eley-Rideal mechanism on Au/h-BN reported by Mao et al. 1 where O2 from gas 

phase reacts with two adsorbed *CO. We calculated the reaction barrier for the tri-molecular Eley-

Rideal mechanism for Ir single atom on MgAl2O4(211) step site (~1.2 eV, Supplementary Fig. 15), 

which is unlikely to occur at room temperature and also the barrier is much higher than the pathway 

involving O2 adsorption on the vacancy and reaction with one CO from Ir(CO)2 (~0.58 eV).  
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Supplementary Figure 1 | Representative STEM images of Ir SAC. STEM images of 0.0025% 

Ir/MgAl2O4 (SAC) after reduction at 500 °C (a) high magnification and (b) low magnification, (c, 

d) after CO oxidation. Single atoms are identified by white circles. 

a b

dc
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Supplementary Figure 2 | Representative STEM images of Ir NP. a, b, STEM images of the 

0.2% Ir/MgAl2O4 sample prepared with Ir(CO)2(acac) precursor after pre-treatment in 20% H2 at 

500 °C for 2hr.   

a

b
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Supplementary Figure 3 | Effect of O2 partial pressure on TOF on Ir SAC and NP. a, Effect 

of O2 partial pressure on turnover frequency (TOF) on supported Ir single atoms and Ir 

nanoparticles. P9: = 0.2 kPa, P:?  = 2-14 kPa, T = 155 °C. b, Effect of O2 partial pressure on 

turnover frequency (TOF) on Ir single atoms at two CO partial pressures, P9: = 0.2 kPa and 1kPa 

respectively, P:? = 2-14 kPa, T = 155 °C. The difference between the two lines in b is due to the 

positive reaction order in CO. Error bars were calculated based on multiple measurements on the 

a

b



 

 
81 

same catalyst at different times during one experiment and from experiments using different 

catalyst aliquots/batches.   

 

 

Supplementary Figure 4 | Representative STEM image of sample with a mixture of Ir SAC and 

Ir NP. 1% Ir/MgAl2O4 sample was calcined at 500 °C and reduced at 800 °C. 
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Supplementary Figure 5 | In-situ IR of Ir NP at room temperature. In-situ IR spectra in the 

ν9: region characterizing samples of 0.2% Ir/MgAl2O4 (nanoparticles with average size ~ 1 nm) 

formed by CO adsorbed at room temperature (red), and flowed 5 kPa O2 on CO adsorbed Ir at 

room temperature (blue). 

2034
2037
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Supplementary Figure 6 | Mass spectrometry results during in-situ HERFD-XANES. Mass 

28 (CO), Mass 32 (O2) and Mass 44 (CO2) response during HERFD-XANES experiment on 

Ir/MgAl2O4 SAC (0.0025 wt.%) (HERFD-XANES spectra are shown in Fig. 3 b, c). a, Dose 5% 

O2 at room temperature on CO adsorbed Ir SAC. b, Dosing 2% CO at 100 ℃ after CO oxidation 

at 155 °C and cooling down in He.  

a

b
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Supplementary Figure 7 | HERFD-XANES spectra at the Ir L3-edge of Ir SAC+NP mixture. 

Supported 1% Ir/MgAl2O4 calcined at 500 °C and reduced at 800 °C after dosing 1 kPa CO 

(balance He) at room temperature (red) and then flow 5 kPa O2 (balance He) at room temperature 

(blue). 
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Supplementary Figure 8 | Proposed reaction mechanism for O2 reaction with one *CO from 

Ir(CO)2 at room temperature. On O2(Al)-terminated MgAl2O4 (211) surface, *CO from Ir(CO)2 

reacts with the *O2 forming CO2 with DFT-calculated kinetic barrier of ~0.58 eV (blue). Diffusion 

of one of the CO ligands in Ir(CO)2 to a slightly further surface oxygen to form CO2 is associated 

with a high barrier of ~2 eV (red). 
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Supplementary Figure 9 | In-situ and operando HERFD-XANES of Ir SAC.  

HERFD-XANES spectra of 0.0025% Ir/MgAl2O4 (SAC) when flowing CO (1 kPa) + O2 (8 kPa) 

at 155 °C (blue), flowing He at 100 °C (red) and CO (1 kPa) + O2 (8 kPa) at 100 °C (green). 

 

 

CO + O2 155 ˚C
He 100 ˚C
CO + O2 100 ˚C
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Supplementary Figure 10 | DFT calculated O2 dissociation on MgAl2O4(211) surface. O2 

dissociation on the clean O2(Al)-terminated MgAl2O4 (211) surface with two adjacent vacancies 

has an activation barrier of ~1.78 eV. 
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Supplementary Figure 11 | DFT simulated Ir L3-edge XANES spectra. DFT simulated XANES 

spectra for Ir single atoms adsorbed on the O2(Al)-terminated MgAl2O4 (211) surface with 

different ligand configurations. of Ir(CO)2-(Al-v) (magenta), Ir(CO)(O)-(Al-O2) (green), 

Ir(CO)(O)-(Al-O) (blue), Ir(CO)-(Al-O2) (purple), Ir(CO)2-(Al-O2) (red), Ir(CO)-(Al-v) (black). 

Ir(CO)2-(Al-v)
Ir(CO)(O)-(Al-O2)
Ir(CO)(O)-(Al-O)
Ir(CO)-(Al-O2)
Ir(CO)2-(Al-O2)
Ir(CO)(O)-(Al-v)
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Supplementary Figure 12 | Apparent activation energy of Ir SAC. Apparent activation energy 

(Eapp) of 0.0025% Ir/MgAl2O4 (SAC) measured between 145 and 160 ℃ with 5 °C temperature 

increment, P9:= 1kPa and 0.2 kPa, P:? = 10 kPa. Error bars were calculated based on multiple 

measurements on the same catalyst at different times during one experiment and from experiments 

using two different catalyst batches.   
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Supplementary Figure 13 | In-situ IR spectra of 1% Ir/MgAl2O4 sample with a mixture of Ir 

SAC and Ir NP. IR spectra in the ν9: region characterizing sample of 1% Ir/MgAl2O4 calcined at 

500 °C and reduced at 800 °C (mixture of SAC and NP) with CO adsorbed at room temperature 

(red), and dose 5 kPa O2 on the CO adsorbed catalyst at room temperature (blue). 

 

Dose CO

Dose O2
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Supplementary Figure 14 | CO oxidation kinetic measurement of the CO reaction order and 

the stability test at 155 and 200 °C. Effect of CO partial pressure on turnover frequency (TOF) 

on supported 0.0025% Ir/MgAl2O4 was firstly measured at 155 °C. P:?	= 10 kPa, P9:	= 0.26-1 kPa. 

The effect of CO partial pressure on turnover frequency (TOF) was performed at 200 °C, with 

P:?	= 10 kPa. The P9:was varied from 1 kPa to 0.3 kPa. After the kinetic measurement, a stability 

test was performed at the initial condition at 200 °C (P:?= 10 kPa, P9:	= 1 kPa) and the result 

shows the catalyst is very stable at the entire CO partial pressure range at 200 °C (2% deactivation 

compared with the initial measurement at the same condition). For the 0.0025% Ir/MgAl2O4 single-

atom catalyst, due to the low weight loading and the low Ea of ~60 kJ/mol, the conversion was 

limited to ~3% at all the conditions in our study. However, higher conversions at higher 

nCO = 0.7

nCO = 0.8

155 ˚C
200 ˚C

Stability
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temperatures (200-220 °C) on the catalyst containing a mixture of single atoms and nanoparticles 

did not affect the catalyst stability and the activity and reaction orders were reproducible after 

cooling the reactor to 155 °C. 

 

Supplementary Figure 15 | DFT calculated pathway of gas phase O2 reacting with Ir(CO)2. 

Gas phase O2 react with Ir(CO)2 adsorbed on O2(Al)-terminated MgAl2O4 (211) surface forming 

2 CO2 through Eley-Rideal (E-R) mechanism similar to the pathway reported by Mao et al. 1  
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Supplementary Table 1 | Pretreatment conditions and important physical properties of all samples. 

Catalyst 
STEM 

image 
Preparation Calcination Reduction 

BET 
surface 
area 
(m2/g) 

0.2% Ir/MgAl2O4 
Fig. 1d 

Supplementary 
Fig. 2 

wet 
impregnation 

No calcination 
step 

20% H2 at 500 
°C for 2 hr 101 

1% Ir/MgAl2O4, 
calcined at 500 °C Fig. 1a 

Incipient 
wetness 
impregnation 

Air calcination at 
500 °C for 4 hr No reduction 230 

1% Ir/MgAl2O4, 
calcined at 500 °C, 
reduced at 800 °C 

Fig. 1b 

Supplementary 
Fig. 4 

Incipient 
wetness 
impregnation 

Air calcination at 
500 °C for 4 hr 

20% H2 at 800 
°C for 2 hr 177 

0.0025% 
Ir/MgAl2O4 (SAC) 

Fig. 1c 

Supplementary 
Fig. 1 

Wet 
impregnation 
with initial pH 
2.8 and final 
pH 9.5 

Air calcination at 
500 °C for 4 hr 

20% H2 at 500 
°C for 2 hr 100 
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Supplementary Table 2 | Volumetric chemisorption. CO/O2 volumetric chemisorption on 0.2% 

Ir/MgAl2O4 nanoparticle only catalyst (NP) and the 1% Ir/MgAl2O4 calcined at 500 °C and reduced 

at 800 °C (mixture of SAC and NP). 

Catalyst Gas Qty. adsorbed 
𝛍mol/g 

Qty. 
Adsorbed 
mol/mol Ir 

Gas:Ir Dispersion 

0.2% 
Ir/MgAl2O4 

CO 15.32 0.15 CO:Ir = 1:1 90 % 

1% 
Ir/MgAl2O4 

O2 19.93 0.38    O:Ir = 1:1 77 % 

1% 
Ir/MgAl2O4 

CO 47.11 0.90 CO:Ir =1:1 90 % 
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Supplementary Table 3 | DFT optimized structures of Ir SAC on MgAl2O4 (111) and (211) 

surfaces. Side view of the of DFT optimized geometric structures of (a) three CO ligands on Ir 

single atoms supported on O2(Al)-terminated MgAl2O4(111) surface, and (b) two CO ligands on 

Ir single atoms replacing Al on O2(Al)-terminated MgAl2O4(211) surface. 

Structure Side view 

Ir1(CO)3 adsorbed on 

MgAl2O4(111) 

 

Ir1(CO)2 adsorbed on 

MgAl2O4(211) 

 

 

  



 

 
96 

Supplementary Table 4 | Side view of the DFT optimized geometric structures for Ir single atoms 

on O2(Al)-terminated MgAl2O4(211) surface with different ligand configurations. 

 
Structure/ 

Step in Fig. 4 
Side view Structure Side view 

Ir(CO)(O)-(Al-v) 

(I) 
 

Ir(CO)2-(Al-v) 

 

Ir(CO)(O)-(Al-O2) 

(II) 
 

Ir(CO)2-(Al-O) 

 

Ir(CO)-(Al-O2) 

(III) 
 

Ir(CO)2-(Al-O2) 

 

Ir(CO)(O)-(Al-O) 

(IV) 
 

Ir(CO-O)-(Al-carbonate) 

 

Ir(v)-(Al-O2) 

(V) 
 

Ir1 on MgAl2O4 (211) surface 

 

Ir(v)-(Al-O) 

(VI) 
 

MgAl2O4 (211) 
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Supplementary Table 5 | DFT calculated energies for gas phase molecules, structures II and TSI 

with entropy (-TS) and zero-point energy corrections to the free energies.  

Species 
Entropy correction at 

298.15 K (eV) 

Entropy correction at 

373 K (eV) 
Zero-point energy correction (eV) 

O2 
a -0.62 -0.78 0.1 

CO -0.62 -0.77 0.14 

CO2 -0.69 -0.86 0.31 

II -0.04 -0.05 0.10 

TSI -0.26 -0.32 0.23 

a Gas phase O2 has a DFT functional correction +0.75 eV. 
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Supplementary Table 6 | Calculated CO and surface O2 binding energies of Ir single atoms 

adsorbed on O2(Al)-terminated MgAl2O4 (211) surface with different adsorbate configurations. 

Structure CO* binding energy/eV O2# binding energy/eV 

Ir(CO)-(Al-O2) -2.11 -2.05 

Ir(CO)(O)-(Al-O) -2.12 / 

Ir(CO)(O)-(Al-O2) -2.68 -1.18 

Ir(CO)(O)-(Al-v) -2.59 / 

Ir(CO)2-(Al-O) -2.00 / 

Ir(CO)2-(Al-O2) -2.17 -1.05 

Ir(CO)2-(Al-v) -2.15 / 

* Average binding energy per CO is shown in the table 

# O2 adsorb on a nearby vacancy of Ir single atom 
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Supplementary Table 7 | DFT calculated Bader charge on Ir single atoms adsorbed on O2(Al)-

terminated MgAl2O4 (211) surface with different adsorbate configurations. 

Structure Bader charge of Ir 

Ir(CO)-(Al-O2) +1.2 

Ir(CO)(O)-(Al-O) +1.38 

Ir(CO)(O)-(Al-O2) +1.39 

Ir(CO)(O)-(Al-v) +1.43 

Ir(CO)2-(Al-O) +0.77 

Ir(CO)2-(Al-O2) +0.79 

Ir(CO)2-(Al-v) +0.83 
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Supplementary Table 8 | DFT calculated Gibbs free energy changes for CO oxidation at 373.15 

K over Ir single atoms supported on MgAl2O4 (211) surface. All energies are relative to the 

structure I. 

Structure in Fig. 4 Gibbs free energy (eV) 

I 0 

II -0.49 

TSI 0.65 

III -2.48 

IV -2.80 

TSII 1.63 

V -0.37 

TSIII -1.16 

VI -3.48 
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Supplementary Table 9 | Apparent activation energy (Eapp) of samples with a different ratio of Ir 

SAC:NP.  

Samplea SAC:NPb Apparent activation energyc 
kJ/mol 

0.2%Ir/MgAl2O4 
d

 ~ 0:100 101  

1% Ir/MgAl2O4  mixture 71 

0.0025% Ir/MgAl2O4 (SAC) ~ 100:0 62 

a Pretreatment details in Materials and Methods  

b From HAADF-STEM images, see Supplementary Fig. 2, Supplementary Fig. 4, and 

Supplementary Fig. 1 respectively. 

c Measured at 1 kPa CO and 10 kPa O2. Between 145 °C and 160 °C with 5 °C increment. 

d Prepared with organometallic precursor Ir(CO)2(acac). 
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Supplementary Table 10 | DFT calculated CO vibration frequencies (𝛎𝐂𝐎) of Ir single atoms on 

O2(Al)-terminated MgAl2O4 (211) surface with different adsorbate configurations. 

Structure 𝛎𝐂𝐎 cm-1 

Ir(CO)(O)-(Al-O) 2094 

Ir(CO)(O)-(Al-O2) 2092 

Ir(CO)(O)-(Al-v) 2097 

Ir(CO)(O)-(Al-carbonate) 2087 

Ir(CO)2-(Al-O) 2104, 2052 

Ir(CO)2-(Al-O2) 2103, 2034 

Ir(CO)2-(Al-v) 2102, 2033 

 

 

Appendix References 

1. Mao, K.K. et al. A theoretical study of single-atom catalysis of CO oxidation using Au 

embedded 2D h-BN monolayer: a CO-promoted O2 activation. Scientific Reports 4 (2014). 

  



 

 
103 

Chapter 3. A Versatile Approach for Quantification of 

Surface Site Fractions using Reaction Kinetics: The Case of 

CO Oxidation on Supported Ir Single Atoms and 

Nanoparticles 

This article has been submitted and currently under review. Reprinted (adapted) with permission 

from Lu, Y.; Kuo,C.; Kovarik, L.; Hoffman, A.S.; Boubnov, A.; Driscoll, D.M.; Morris, J.R.; Bare, 

S.R.; Karim, A. M.; Versatile Approach for Quantification of Surface Site Fractions using 

Reaction Kinetics: The Case of CO Oxidation on Supported Ir Single Atoms and Nanoparticles. 

This article was co-authored by: Chun-Te Kuo,† Libor Kovarik,‡ Adam S. Hoffman,§ Alexey 

Boubnov,§ Darren M. Driscoll,|| John R. Morris,|| Simon R. Bare§, Ayman M. Karim*† 

Author Affiliation: 

† Department of Chemical Engineering, Virginia Polytechnic Institute and State University, 

Blacksburg, VA 24060, USA. 

‡ Pacific Northwest National Laboratory, Richland, WA 99352, USA. 

§ Stanford Synchrotron Radiation Light Source, SLAC National Accelerator Laboratory, Menlo 

Park, CA 94025, USA.  

|| Department of Chemistry, Virginia Polytechnic Institute and State University, Blacksburg, VA 

24060, USA. 

*Correspondence to: Ayman M. Karim amkarim@vt.edu. 



 

 
104 

KEYWORDS Single-atom catalysts, Kinetics, CO oxidation, X-ray absorption spectroscopy, 

infrared spectroscopy, scanning transmission electron microscopy 

 

Attribution: 

Yubing Lu performed the synthesis, characterizations and catalytic tests, data analysis, and wrote 

the first draft of the paper. Adam S. Hoffman, Alexey Boubnov and Simon R. Bare helped design 

the EXAFS experiment and contributed to writing the XAS section. Adam S. Hoffman, Alexey 

Boubnov, Yubing Lu, Chun-Te Kuo performed the EXAFS experiments. Ayman M. Karim did 

the EXAFS analysis. Chun-Te Kuo, Darren M. Driscoll, and John R. Morris helped with the IR 

experiment. Ayman M. Karim conceived the idea and planned and directed the project. Yubing Lu 

and Ayman M. Karim co-wrote the paper. All the authors discussed the results and commented on 

the paper. 

 

 Abstract 

Supported metal single-atom catalysts have shown unique activity and selectivity for several 

reactions. Investigating the reaction mechanism and unambiguous assignment of the activity and 

selectivity requires catalysts with exclusively single atoms. However, single-atom catalysts 

prepared with conventional impregnation methods typically consist of a mixture of single atoms 

and nanoparticles. Here, we show that owing to different reaction mechanisms on single atoms 

and nanoparticles, reaction kinetics can serve as a surface sensitive characterization technique for 
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quantifying their surface site fractions. As a case study, we use CO oxidation kinetics on 

Ir/MgAl2O4 to quantify the surface site fractions of single atoms and nanoparticles and the results 

are consistent with aberration-corrected scanning transmission electron microscopy, X-ray 

absorption fine structure, and infrared spectroscopies. Additionally, by varying the reaction 

conditions, we show that CO oxidation kinetics is sensitive for detecting a small fraction of single 

atoms which is difficult by other techniques. Moreover, by carefully choosing the reaction 

conditions, the activity of single atoms (or nanoparticles) can be made dominant, enabling a study 

of their reaction mechanism on a catalyst containing a mixture of single atoms and nanoparticles. 

These results are general and could be applied to other systems where two types of sites have 

different reaction mechanisms.  

 Introduction 

Supported noble metals are important for many industrial applications and supported single-atom 

catalysts (SACs) have gained significant attention because they offer an efficient use of the noble 

metals1-3. Additionally, single-atom catalysts have unique electronic properties compared with 

nanoparticles and have exhibited excellent activity and selectivity for several reactions3-7. Some 

studies showed that high loading single atoms could be prepared (e.g. Pt/CeO2
3, 8, Pt/MoS2

9, 

Pt/zeolite-templated carbon10 Pt/SiC11 and Pd/TiO2
12). However, SACs prepared on oxide supports 

with traditional methods, such as wet impregnation, require calcination and reduction. While 

exclusively single atoms have been reported after calcination, the single atoms can become mobile 

and agglomerate into nanoparticles especially during reduction and/or reaction13-18. Additionally, 

due to strong metal-support interaction, the single metal atoms are also prone to diffuse into the 
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sub-surface layer or bulk phase of the support19. Therefore, to correlate the catalytic performance 

with the metal size, it is crucial to quantify the relative amounts of single atoms and nanoparticles 

under reaction conditions.  

There are several methods that can be used to provide structural information on highly dispersed 

supported metal catalysts. Owing to the advancement of aberration-corrected electron optics20-21, 

single atoms and sub-nanometer clusters can be readily visualized by high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM or STEM)22-27. However, it is 

difficult to differentiate single atoms on the surface from those in the sub-surface layer of the 

support. Spectroscopic methods provide a powerful insight into the structure of supported noble 

metal catalysts. Fourier-transform infrared spectroscopy (FTIR) has been used to characterize the 

surface species and identify single noble metal atoms but can be difficult to interpret for 

quantitative measurements when C-O vibrational bands for single atoms and nanoparticles are 

broad and overlap8, 28-33. X-ray absorption spectroscopy (XAS) complemented by STEM1, 34-37 has 

been reported as a powerful tool to provide structural information (local structure and bonding 

with the support) of supported single atoms and sub-nanometer clusters. However, in a sample 

containing a mixture of single atoms and nanoparticles, multiple techniques are needed to provide 

sufficient information to quantify the fraction of surface single atom sites. Additionally, 

interpretation of the results from multiple techniques can be challenging due to the different, 

sometimes average, information (and bulk vs. surface as well as in-situ vs. ex-situ) provided by 

each technique.  

Owing to their different structural and electronic properties and the ability to coordinate with more 

than one adsorbate, the reaction mechanism, and consequently the catalytic performance of single 
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atoms are often different compared with metal nanoparticles28, 38-39. For example, using density 

functional theory (DFT) and microkinetic modeling, Ammal et al.40 showed that positively charged 

Pt single atoms supported on TiO2 are more active for the water-gas shift reaction compared to Pt 

nanoparticles. Their microkinetic modeling results showed that the reaction order of CO and H2O 

are different on Pt single atoms (CO: 1.00, H2O: 0.04) than on nanoparticles, specifically on edge 

interface atoms on Pt8 clusters (CO: 0.62, H2O: 0.61) and on corner interface atoms in Pt8 (CO: 

0.01, H2O: 0.01). Peterson et al.41 synthesized stable Pd single atoms on γ-Al2O3 with the addition 

of La2O3. Reaction orders on the atomically dispersed Pd (Pd/La-alumina) were reported as 0.35 

for CO and 0.15 for O2, which are different from those measured on Pd nanoparticles (Pd/alumina-

deactivated), -1.20 for CO and 0.84 for O2. Recently we reported that CO oxidation proceeds by 

different mechanisms at low temperature (< 200 °C) on Ir single atoms and nanoparticles supported 

on MgAl2O4 which were reflected in CO and O2 orders of 1 and 0, respectively, on single atoms 

and -1 and 1, respectively, on nanoparticles42.   

In this study, we exploit the difference in reaction mechanism (and reaction orders) for low-

temperature CO oxidation on Ir single atoms42 and Ir nanoparticles supported on MgAl2O4 and 

show that kinetic measurements can be used as both a facile and sensitive characterization tool for 

quantifying the number and fraction of surface sites of single atoms and nanoparticles. Using 

STEM, CO chemisorption, in-situ FTIR and XAS, we show that reaction kinetics provide a direct 

and accurate method for quantifying the surface composition of the catalyst under reaction 

conditions. Moreover, the reaction conditions can be chosen to make the activity of the single 

atoms dominant and enable investigating the reaction mechanism on catalysts with a mixture of 

single atoms and nanoparticles. The methodology can be extended to other catalysts and reactions 
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to quantify the surface composition of two different sites (e.g. single atoms and nanoparticles, or 

two different metals, metal 1 and metal 2), provided the reaction mechanism is different on the 

two types of sites. 

 Methods 

Synthesis and pretreatment. The 0.2 wt.% Ir/MgA2O4 nanoparticle sample (sample 0) was 

prepared by wet impregnation. Under a N2 flow at room temperature, an appropriate amount 

Ir(CO)2(acac) (Sigma Aldrich) precursor was dissolved in 8 mL of toluene (Sigma Aldrich) in a 

20 mL vial. Then the solution of Ir(CO)2(acac) in toluene was injected into another vial containing 

5 g MgAl2O4 (Puralox MG 28, Sasol) under N2 flow. The sample was then dried under N2 flow at 

room temperature overnight to evaporate the toluene. The CO and acetylacetonate (acac) ligands 

were removed in-situ by treatment in 20 kPa H2 (balance He, 100 sccm total flow rate) at 500 °C 

for 2 h (10 °C/min) which led to the formation of ~1 nm diameter nanoparticles, as detailed below. 

The 1 wt.% Ir/MgAl2O4 samples (samples 1, 2 and 5) were synthesized by incipient-wetness 

impregnation. The proper amount of iridium nitrate precursor (8.7 wt.%, Furuya Metal Co. Ltd.) 

was added to the MgAl2O4 support (Puralox MG30, Sasol) drop–by-drop while mixing, and the 

sample was then dried at 80 °C for 4 h and 100 °C (at 0.5 °C/min) for 12 h. After impregnation 

and drying, sample 1 was reduced in-situ with 20 kPa H2 (balance He, 80 sccm total flow rate) at 

800 °C (at 10 °C/min) for 2 h. Sample 2 was calcined at 500 °C (at 5 °C/min) in air for 4 h before 

in-situ reduction in a flow of 20 kPa H2 (balance He) at 800 °C (at 10 °C/min). Sample 4 was 

calcined at 500 °C (at 5 °C/min) in air for 4 h before in-situ reduction in a flow of 20 kPa H2 

(balance He) at 500 °C (at 10 °C/min) for 2 h. The 0.05 wt.% Ir/MgAl2O4 (sample 3) was prepared 
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by wet impregnation. The MgAl2O4 support (Puralox MG 28, Sasol) was calcined at 500 °C for 4 

h before impregnation. 1 L deionized water was added to a Pyrex flask and the pH was adjusted 

with nitric acid to 2.8. The iridium nitrate precursor was added into the pH-adjusted solution. The 

MgAl2O4 support was then added into the solution while stirring. After 4 h of stirring, the final pH 

of the solution was 9.5. The nominal Ir weight loading was 0.05 wt.%. The solution was filtered 

out and the solid sample was dried in air overnight at room temperature. The sample was then 

dried at 80 ℃ and 100 °C before calcination in air at 500 °C for 4 h. After that, the sample was 

reduced in-situ in a flow of 20 kPa H2 (balance He) at 500 °C (at 10 °C/min) for 2 h. The 0.0025 

wt.% Ir/MgAl2O4 single-atom catalyst (SAC, sample 4) was prepared by wet impregnation. The 

same steps as sample 3 were applied except that 200 mL of deionized water was added to the Pyrex 

flask, and the nominal Ir loading was 0.0025 wt.%. The calcination and reduction temperatures 

were both 500 °C. All the in-situ characterization and the CO oxidation reaction followed the same 

pretreatment procedure as mentioned above. The actual weight loadings of samples 3 and 4 

(prepared by wet impregnation method) were determined by measuring the Ir concentration of the 

solutions after wet impregnation, using inductively coupled plasma-atomic emission spectroscopy 

(ICP-AES) on a Spectro ARCOS II Multi-View ICP Model FHM22 with CETAC Autosampler 

instrument. Details about synthesis of samples 0-5 are summarized in Supporting Information 

Table S1. 

Diffuse-reflectance infrared Fourier-transform spectroscopy (DRIFTS). DRIFTS was used to 

characterize the interaction of the supported Ir catalysts with CO. The in-situ DRIFTS experiments 

were performed using a Thermo Scientific IS-50R FT-IR equipped with an MCT/A detector. A 

spectral resolution of 4 cm-1 was used to collect spectra, which are reported in the Kubelka-Munk 



 

 
110 

(KM) units. Approximately 50 mg sample (25-90 µm diameter particles) was loaded in the Harrick 

Praying Mantis high-temperature DRIFTS reaction chamber. The chamber was sealed and 

connected to a flow system with temperature control, and gases were flown through the sample at 

atmospheric pressure. Each reported spectrum is an average of 32 scans. The supported Ir samples 

were pretreated in-situ in the DRITS cell before collecting the spectra. The gas pretreatment 

procedure was the same as mentioned above. For in-situ pretreated catalyst, a spectrum under N2 

after the pretreatment was collected as the background. For samples that required ex-situ 

pretreatment, a spectrum of the MgAl2O4 support was used as the background.    

Scanning transmission electron microscopy (STEM). Aberration-corrected electron 

microscopy images for Ir/MgAl2O4 samples were taken on FEI TITAN 80-300 in STEM-mode 

using a high-angle annular dark-field (HAADF) detector. The resolution is 0.1 nm with the CEOS 

GmbH double-hexapole aberration corrector. To calculate the atomic percentage of single atoms 

and nanoparticles of different sizes in each catalyst, we measured the diameter of the nanoparticles 

(D), and counted the single atoms and particles from multiple STEM images using ImageJ43. To 

estimate the number of atoms per particle we setup a model for hemispherical nanoparticle shape, 

which is the most abundant particle shape observed by STEM (see Figure S1, Supporting 

Information). We modified a cuboctahedron model44 to represent a hemispherical particle. For a 

cuboctahedron particle, the number of total atoms NT, the number of atoms lying on an equivalent 

edge is defined as m (corner atoms included). NT can be represented by m with the equation 44: 

NT = 16m3 – 33 m2 + 24m – 2 . The number of atoms on the central cross section of the 

cuboctahedron (NC) can be calculated as: NC= 3m – 2  × m–1  + 2m – 1  × m. For a semi-

cuboctahedron particle on a support (with the same radius as the cuboctahedron), the number of 
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atoms (Nhemi) can then be calculated as Nhemi = NT+NC
2

. With the above equations, we can first 

calculate the number of atoms in a spherical particle as45, NT= πD3ρNA
6Mw

, with a diameter D measured 

by STEM, then calculate No6pq in each particle and the total number of atoms in all nanoparticles 

(Nhemi_total). The total atomic fraction of single atoms (i.e. bulk, volume fraction) was calculated 

using the number of single atoms (SA) measured by STEM (NSA) and the total atoms in all the 

nanoparticles (Nhemi_total) as NSA/(NSA+Nhemi_total). The total number of surface atoms in 

nanoparticles (Ns_total) was calculated from the total atoms in each particle using the dispersion for 

completely shelled polyhedron46 for particles ≥ 0.7 nm, while smaller ones were assumed to have 

100% dispersion. The surface fraction of single atoms can then be calculated as NSA/(NSA+Ns_total). 

For sample 0, 55 Ir single atoms and 59 nanoparticles were counted from 8 STEM images. For 

sample 1, 127 Ir single atoms and 60 Ir nanoparticles were counted from 5 STEM images. For 

sample 2, 1410 Ir single atoms and 102 Ir nanoparticles were counted from 5 STEM images. For 

sample 3, 1160 Ir single atoms and 36 Ir nanoparticles were counted from 15 STEM images. For 

sample 4, only single atoms were observed. For sample 5, 2310 Ir single atoms and 71 Ir 

nanoparticles were counted from 5 STEM images. See Supporting Information Table S1 for 

detailed size distribution.    

X-ray absorption spectroscopy (XAS). The catalysts were characterized by in-situ XAS at the Ir 

L3-edge (11215 eV) using an in-house built cell with a 4 mm ID glassy carbon tube47. The XAS 

measurements were performed at the Stanford Synchrotron Radiation Light Source (SSRL). The 

measurement for the high weight loading samples (1 wt.% Ir, samples 1, 2 and 5) was performed 

at bend-magnet beamline 2-2 in transmission mode using ion chambers (pure N2 for all ion 
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chambers). The photon energy was selected using a water cooled, double-crystal, Si (220) f = 90° 

monochromator. The measurements on the 0.05 wt.% Ir catalyst (sample 3) were performed at 

beamline 9-3 in fluorescence mode. Beamline 9-3 is a 16-pole, 2-Tesla wiggler side station with 

vertically collimating mirror for harmonic rejection and a cylindrically bend mirror for focusing. 

The photon energy was selected using a liquid-nitrogen-cooled, double-crystal Si (220) f = 90° 

monochromator. Samples were scanned simultaneously in transmission and fluorescence detection 

modes using ion chambers (see above) and a 100-element solid-state Ge monolith detector 

(Canberra). An Ir standard (Ir black powder) was scanned simultaneously with each sample for 

energy calibration. Step-scanning X-ray absorption spectra were measured from 10965 eV to 

12610 eV, corresponding to photoelectron wave number k = 19 Å-1. The catalysts were pretreated 

similar to before the catalytic measurements, then cooled to room temperature in pure H2 flow (50 

sccm) and the EXAFS spectra were collected at room temperature under pure H2 flow. XANES 

and EXAFS data processing and analysis were performed using Athena and Artemis programs of 

the Demeter data analysis package48-49. For each catalyst, four scans were collected and merged 

after alignment. χ(k) was obtained by subtracting smooth atomic background from the normalized 

absorption coefficient using the AUTOBK code. The theoretical EXAFS signal was constructed 

using the FEFF6 code50 and fitted to the data in R-space using the Artemis program. For modeling 

the Ir, an fcc crystal structure with a lattice constant of 3.92 Å was used. The Ir-Al and Ir-Mg and 

Ir-O scattering paths were simulated from density functional theory calculated structures where an 

Ir atom was adsorbed on the three-fold hollow Al or Mg sites (for Ir-Al and Ir-Mg respectively) of 

O2(Al)-terminated MgAl2O4(111)42. The theoretical EXAFS scattering paths were fit to the data 

in R-space using the Artemis program of the Demeter package. The spectra were fit by varying the 
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coordination number of the single scattering Ir-Ir, Ir-O, and Ir-Al/Mg paths, the bond length 

disorder (s2), and the effective scattering lengths for each path and the correction to the threshold 

energy, ΔE0. S0
2 (the passive electron reduction factor) was obtained by first analyzing the 

spectrum for an Ir black, and the best fit value (0.83) was fixed during the fitting. The k-range used 

for Fourier-transform of the χ(k) was 2.5-16 Å-1 for 1 wt.% Ir samples and 2.5-13 Å-1 for 0.05 wt.% 

Ir sample and the R-range for fitting was 1.3-3.0 Å.  

CO volumetric chemisorption. Volumetric CO chemisorption was performed with a Micromeritics 

3Flex surface characterization analyzer. 0.3-1.0 g of catalyst (particle size between 425 – 710 µm) 

was packed in a quartz sample holder and pretreated with the same procedure described in the 

synthesis section. The total flow rate for each step was 80 sccm. The sample was evacuated at 35 

°C for 1 h before the chemisorption analysis using CO (Airgas, 99.997%, semiconductor grade, in 

an aluminum cylinder, Fe(CO)5 content <0.1 ppmw). Two CO chemisorption isotherms were 

performed between 5 mm Hg and 450 mm Hg at 35 °C with an evacuation step between the two 

isotherms to remove the physically adsorbed CO. The 1st isotherm represents both the 

chemisorbed and the physisorbed CO. The 2nd isotherm indicates the amount of physisorbed CO. 

The difference of the two CO isotherms is reported as the amount of chemisorbed CO. 

CO oxidation kinetic measurements. CO oxidation kinetic measurements were performed under 

differential conditions (<3% conversion) in a conventional laboratory tubular plug flow reactor (7 

mm ID quartz tube). Dilution experiments were performed according to Koros-Nowak test to 

determine the necessary dilution ratio for measurements under strict kinetic control without mass 

and heat transfer effects51-53. The catalysts (after intraparticle dilution) were pressed and sieved 

into a 106-250 µm diameter fraction. The dilution ratio test to eliminate transport limitations was 
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performed on 1 wt.% Ir/MgAl2O4 catalyst using SiO2 as the diluent. Intraparticle dilutions ratio of 

1:40, 1:200 and 1:1000 showed no difference in activity under different CO and O2 conditions 

between 145 °C and 170 °C, which indicates the measured catalytic activity was evaluated under 

kinetic control without transport artifacts. Based on the dilution test, the 0.2 wt.% Ir/MgAl2O4 

(sample 0) was diluted with silica at a 1:20 ratio, and the 1% Ir/MgAl2O4 (samples 1, 2, 5) were 

diluted with silica (Silica gel, for chromatography, 0.075-0.250 mm (150 Å pore size), calcined at 

850 °C) at a 1:40 ratio, and the 0.0025 wt.% Ir/MgAl2O4 (SAC, sample 4) and the 0.05% 

Ir/MgAl2O4 (sample 3) required no dilution because of the low Ir loading. Negligible activity 

(~1/10 activity of the lowest loading catalyst, 0.0025 wt.%, sample 4) was measured on the 

MgAl2O4 support compared with that from all of the catalysts. Each catalyst pretreatment was the 

same as mentioned above, and the total flow rate during pretreatment was kept at 80 sccm. The 

catalyst temperature was measured by a K-type thermocouple (OMEGA) attached at the center of 

the catalyst bed on the outside of the tube. After pretreatment, CO (5%, balance N2, certified grade 

Airgas) was mixed with pure O2 (99.999% Airgas) and He (99.999% Airgas, equipped with 

moisture/O2 trap, Agilent OT3-2) at 35 °C to control the partial pressures of CO and O2 (by varying 

their flowrates using Brooks mass flow controllers SLA5800 series). The CO gas line was 

equipped with a metal carbonyl purifier (Matheson, NanoChem Metal-X) to remove the trace 

amount of metal carbonyl and a molecular sieve 3A (8–12 mesh) trap to remove trace (ppm) levels 

of CO2. No CO2 was detected in the mass spectrometer with the CO or O2 flowing during a blank 

test. The reactor was heated from room temperature to the reaction temperature at 3 °C/min in 0.5 

kPa CO and 10 kPa O2 balanced with He. During the steady-state kinetic measurements, the 

conversion of CO was always below 3% by varying the total flow rate between 50-100 sccm. To 
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investigate the effect of CO partial pressure on reaction rate, the partial pressure of O2 was held 

constant at 10 (or 2) kPa and the partial pressure of CO was varied between 0.2 – 1.0 kPa. To 

investigate the effect of O2 partial pressure, the CO partial pressure was held constant at 1.0 kPa 

and the partial pressure of O2 was varied between 2 – 14 kPa, then the measurements were repeated 

at 0.2 kPa CO partial pressure. The kinetic experiments were reproduced using two different 

aliquots from the same batch and also reproduced using two different batches of the catalyst. We 

note that we rigorously monitored the catalyst stability by re-measuring the catalyst activity 

periodically throughout the experiment under the first condition measured. The activity was stable 

(< 10% deactivation) for each catalyst tested during the entire kinetic measurement. The 

composition of the effluent gases was measured by a gas chromatograph (Inficon Micro GC Fusion 

with two modules each with a separate carrier gas, injector, column and thermal conductivity 

detector (TCD). Column A: Rt-Molsieve 5A, 0.25 mm ID (10m) using Ar as the carrier gas. 

Column B: Rt-Q-Bond 0.25 mm ID (12m) using He as the carrier gas. With the exception of 

sample 0, the reaction rates were normalized by the total moles of Ir, not the amount of adsorbed 

CO from chemisorption measurements. Normalizing the activity using CO chemisorption requires 

knowledge of the CO:Ir stoichiometry to calculate the number of Ir surface sites. For the catalysts 

containing a mixture of single atoms (CO:Ir = 2:1) and nanoparticles (CO:Ir = 1:1), the CO:Ir 

stoichiometry will be different depending on their composition (fraction of single atoms vs. 

nanoparticles). Moreover, measurements of the site fraction of single atoms and nanoparticles 

using a different technique (e.g. STEM, EXAFS or DRIFTS) is required to calculate the CO:Ir 

stoichiometry in each sample. Therefore, normalizing the activity using the calculated CO:Ir 
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stoichiometry will be biased by the technique used to estimate the fraction of single atoms and 

nanoparticles. 

 Results 

3.4.1. Structural characterization using STEM and XAS 

Five Ir/MgAl2O4 catalysts were synthesized (with different precursors, loadings and pretreatment, 

see Methods and Supporting Information Table S1 for details) to vary the percentage of single 

atoms and nanoparticles, denoted as SA and NP from herein, respectively. The catalysts were 

characterized by HAADF-STEM to determine the Ir cluster size distributions and the fraction of 

single atoms. The particle sizes were measured across multiple STEM images and for each particle, 

a semi-cuboctahedron model (see Methods section and Supporting Information Figure S1 for 

details) was used to calculate the number of atoms within each particle. The atomic percentage 

(based on total atoms) for single atoms and different size nanoparticles was then calculated to 

generate the size distribution for each sample. Representative STEM images, the size distributions 

and fraction of single atoms for samples 0-4 are shown in Figure 1. As shown in Figure 1f, the five 

catalysts have a different fraction of single atoms (total atom basis), namely, 2% (sample 0), 16% 

(sample 1), 35% (sample 2), 61% (sample 3) and ~ 100% (sample 4). Most nanoparticles were 

0.7-2 nm in diameter (detailed size distributions and surface site fractions are shown in Supporting 

Information Table S2). We note that the fraction of single atoms obtained on total atoms basis was 

similar (only slightly lower) to that obtained on surface atoms basis (Supporting Information Table 

S2), due to the small nanoparticle size (high dispersion) in the three samples. Two more batches 

of sample 3, where one was after CO oxidation, were also measured to determine the variations 
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between batches of the same sample which was approximately ± 9% for the percentage of single 

atoms (Supporting Information Figure S2) indicating reproducibility and negligible agglomeration 

during the reaction.  

Figure 1. High angle annular dark field – scanning transmission electron microscopy images of Ir 

samples with different SA: NP ratios (sample 0-4). The insets (red bars) show the size distribution 

(atomic percentage on total atoms basis) of Ir species from multiple STEM images. Representative 

STEM images of (a) 1 wt.% Ir on MgAl2O4 without calcination and reduced at 800 °C in H2 

(sample 1). SA : NP = 15% : 85%. (b) 1 wt.% Ir on MgAl2O4 calcined at 500 °C in air and reduced 

at 800 °C in H2 (sample 2). SA : NP = 35% : 65%. (c) 0.05 wt.% Ir on MgAl2O4 calcined at 500 

°C in air and reduced at 500 °C in H2 (sample 3). SA : NP = 61% : 39%. (d) 0.2 wt.% Ir on 

cb
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MgAl2O4 prepared with Ir(CO)2(acac) precursor and reduced at 500 °C in H2 (sample 0). SA : NP 

= 2% : 98%. (e) 0.0025 wt.% Ir on MgAl2O4 calcined at 500 °C in air and reduced at 500 °C in H2 

(sample 4) with Ir single atoms ~ 100 %. (f) Atomic percentage (total atoms basis) of single atoms 

(blue) and nanoparticles (red) of samples 0-4. 

Figure 2a shows the XANES spectra at the Ir L3-edge of samples 1-3 after pretreatment. Sample 3 

(61% SA from STEM) has the highest white line intensity followed by sample 2 (35% SA from 

STEM) and sample 1 (16% SA from STEM). The white line intensity increased with an increase 

in the percentage of the single atoms in each sample. This is expected because Ir single atoms are 

bound to O from the support and therefore are more electron deficient compared with Ir atoms in 

nanoparticles33. The corresponding EXAFS spectra of samples 1-3 are shown in Figure 2b (spectra 

and fits are provided in the Supporting Information Figure S4-9) and modeling results of the 

catalysts are summarized in Table 1. The average first shell Ir-Ir coordination number decreased 

with the increase in SA% from STEM (6.6, 6.0 and 2.4 for samples 1-3). On the other hand, the 

Ir-O coordination number increased with the increase in SA% from STEM (0.2, 0.9, and 2.2). The 

decrease in Ir-Ir coordination and increase in Ir-O coordination is in agreement with the higher 

contribution from single atoms. It has been shown that the MgAl2O4 exposed mostly (111) facets19, 

42, 54-55. On an  O-terminated (highly stable thermodynamically)56 MgAl2O4 (111) surface, an Ir 

single atom is bonded with 3 surface O, and on an O- terminated MgAl2O4 (211) surface, Ir is 

bonded with 4 surface O42. Based on these Ir-O coordination numbers, the percentage of Ir single 

atoms on samples 1-3 can be estimated as 5-7%, 23-30% and 55-73% which are in agreement with 

those estimated from STEM (total atoms basis, Figure 1f, Supporting Information Table S2). 
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Figure 2. Ir L3-edge X-ray absorption spectroscopy of samples 1-3. (a) XANES, and EXAFS 

magnitude (b) and (c) imaginary part of the of the Fourier transformed k2-weighted χ(k) data, Dk 

= 2.7-13 Å-1. 

Table 1. Summary of EXAFS modeling of samples 1-3 after reduction. 

Sample Sample 1 Sample 2 Sample 3 

Atomic SA% 
(STEM)  16% 35% 61% 

NIr-Ir 6.6±0.4 6.0±0.6 2.4±1.2 

NIr-O 0.2±0.1 0.9±0.3 2.2±0.4 

NIr-Al/Mg 0.2±0.1 1.0±0.3 2.3±0.4 

RIr-Ir (Å) 2.689±0.002 2.661±0.004 2.65±0.02 

RIr-O (Å) 2.06±0.04 2.070±0.015 2.040±0.010 

RIr-Al/Mg (Å) 2.93±0.04 2.974±0.020 2.973±0.018 

σ2
Ir-Ir ×103 (Å2) 5.8±0.3 5.2±0.3 3±2 

σ2
Ir-O × 103 (Å2) 1±7 3±3 1±1 

σ2
Ir-Al/Mg × 103 (Å2) 0±5 2±4 1±4 

∆E0 Ir-Ir (eV) 7.0±0.7 8.5±1.3 3±4 

a b c
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∆E0 Ir-O (eV) 10±5 12±4 11+3 

∆E0 Ir-Al/Mg (eV) 10±5 12±4 10a 

Reduced χ2 16 154 122 

R-factor 0.0003 0.0027 0.0064 
a fixed during the fit 

Notation: N, coordination number of absorber-backscatterer pair; R, radial absorber-backscatterer 

distance; σ2, the mean square displacement of the half-path length and represents the stiffness of 

the bond for a single scattering path, ∆E0, correction to the threshold energy. 

3.4.2. Identification and quantification of surface SA and NP 

using DRIFTS  

CO chemisorption in DRIFTS was used to characterize the surface Ir species. In the CO vibrational 

region, the bands at ~2061 cm-1 and 2000 cm-1 are assigned to the symmetric and anti-symmetric 

vibrational modes of the Ir gem-dicarbonyl (Ir(CO)2) of Ir single atoms57-58. Vibrational bands for 

linearly adsorbed CO on Ir nanoparticles are located between 2030-2090 cm-1 depending on the 

particle size and support59-60. The linear band of sample 3 (0.05 wt.%, 61% SA from STEM) is 

centered at 2042 cm-1 while it was at a higher frequency, around 2050-2060 cm-1, on samples 1 

and 2 (1 wt.%) which is consistent with their larger average particle size. The relative intensity of 

the gem-dicarbonyl anti-symmetric band at 2000 cm-1 compared to the linear vibrational band 

increases from sample 1-3, which indicates an increase in the percentage of single atoms. This is 

consistent with the percentage of single atoms observed from STEM and EXAFS. Estimation of 

the percentage of surface single atoms and nanoparticles of a mixture sample using DRIFTS has 
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been performed when the extinction coefficients are known or can be measured as was shown for 

Rh and Pt 28, 61. We estimated the extinction coefficients of the Ir single atoms and nanoparticles 

using the spectra for MgAl2O4 supported single atoms only catalyst (sample 4) and nanoparticles 

only catalyst (sample 0) 42. The DRIFTS spectra of these two catalysts are shown in Supporting 

Information Figure S3. Kubelka-Munk (K-M) theory has been used for quantitative analysis of 

DRIFTS spectra, but we acknowledge that DRIFTS inherently could have error due to differences 

in powder particle size and packing density between samples 62-64. Based on the integrated band 

area (K-M unit) and mol of Ir in each sample (30 mg of sample in the chamber), the extinction 

coefficients of the Ir single atoms (εtu) and Ir nanoparticles (εNP) were estimated as 24 ± 4 and 54 

± 11 (×105 cm-1/mol, using spectra from 3 different measurements of each sample) respectively. 

For comparison, extinction coefficient for gem-dicarbonyl and linear CO on Rh for Rh/Al2O3 were 

reported as 74 and 26 (× 108 cm-1/mol), respectively28, 61.  The Ir single atoms site fraction XSA can 

be calculated with the following equation28: 

 XSA=
ASA/ εSA×( CO

Ir )
SA

ASA/ εSA×( CO
Ir )

SA
+ANP/ εNP×( CO

Ir )
NP

 (1) 

where XSA (and XNP = 1 - XSA) is calculated on the basis of the areas of the gem-dicarbonyl per CO 

(Atu) and linear CO bands (ANP), extinction coefficient (εtu and ε[w) and the stoichiometry of CO 

adsorbed per Ir atoms (CO/Ir =1 for NP and 2 for SA). Deconvolution of the single atoms and 

nanoparticles IR bands for sample 3 is shown in Figure 3b. Bands centered at 2066 and 1997 cm-

1 are assigned to the gem-dicarbonyl on Ir single atoms. The band centered at 2042 cm-1 is assigned 

to the linear stretching CO on Ir nanoparticles. The integrated band areas of the symmetric and 
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anti-symmetric CO stretching bands, and the linear CO stretching band, are determined to be 0.17, 

0.15 and 0.26 cm-1, respectively. Applying equation (1), the site fraction of single atoms (XSA) was 

58 ± 9%, which is slightly lower than the 66% surface single atoms observed from STEM 

(Supporting Information Table S2). We note that the actual surface SA% is expected to be lower 

than 58% estimated from DRIFTS since we used symmetric peaks for all the CO bands, including 

the linearly adsorbed CO on nanoparticles, which typically has asymmetry because nanoparticles 

contain a distribution of different adsorption sites65. This results in an overestimation of the areas 

for the gem-dicarbonyl bands. Deconvolution of the bands for samples 1 and 2 was not possible 

(attempted fitting resulted in non-singular results with large variation) due to the non-symmetric 

shape of the linear band and its overlap with the symmetric stretching CO band of the gem-

dicarbonyl (on nanoparticles and single atoms, respectively). The results show that the estimatiotn 

of site fractions is challenging when the CO IR bands of single atoms and nanoparticles overlap. 

Additionally, the error in band deconvolution is expected to increase significantly for low 

percentage of single atoms or nanoparticles.   
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Figure 3. In-situ infrared spectroscopy (IR) spectra of CO adsorption in the ν CO region 

characterizing samples 1-3 and the deconvolution of bands for sample 3.  (a) IR spectra of sample 

1-3. Spectra are normalized by the Ir weight loading. Samples 1 and 2 (1 wt.% Ir) were reduced 

ex-situ at 800 °C in H2 and then covered with CO at room temperature. After that samples were 

transferred to the DRIFTS cell, reduced in-situ with CO at 80 °C and the IR spectra were collected 

at -40 °C. Sample 3 (0.05 wt.% Ir) was pretreated in-situ at 500 °C in H2, saturated with CO at 

room temperature and the spectra were collected at -40 °C. (b) Deconvolution of bands 

representing single atoms (Ir(CO)2) and nanoparticles (Ir(CO)) for the IR spectrum of sample 3.  

2061 2042
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a b
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2066 2042
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In summary, the site fraction of single atoms estimated by STEM and XAS were similar (Table 2) 

and the DRIFTS results were in qualitative agreement in terms of ranking the samples based on 

the fraction of single atoms. However, the site fraction estimated using DRIFTS is reliable only 

when extinction coefficients are accurately measured and the dicarbonyl and linear bands do not 

significantly overlap.    

Table 2. Percentage of single atoms estimated from EXAFS, STEM and CO oxidation kinetic 

measurements. 

Sample EXAFS STEM (total atoms) STEM (surface atoms) CO oxidation 

SA% in sample 1 5-7% 16% 19% 18 ± 5% 

SA% in sample 2 23-30% 35% 39% 32 ± 2% 

SA% in sample 3 55-73% 61% 66% 42 ± 5% 

 

3.4.3. Quantification of the surface fraction of SA and NP using 

reaction kinetics 

A previous study42 in our group showed that supported Ir single atoms have a different reaction 

mechanism than Ir nanoparticles for low-temperature CO oxidation (100- 220 °C). Gas phase O2 

can be readily activated (even at room temperature) on the CO-adsorbed Ir single atoms. 

Additionally, Ir(CO)(O) was identified as the most stable complex (resting-state) and the rate-

limiting step is the reaction of gas phase CO with O from Ir(CO)(O) through an Eley-Rideal 
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mechanism to complete the cycle. A consequence of this mechanism is different CO and O2 

reaction orders which were determined to be 1 and 0, respectively, i.e. r(IrSA)∝ PCO . This is in 

contrast to CO and O2 orders of -1 and 1 on Ir nanoparticles, i.e.  r(IrNP) ∝ 
PO2
PCO

 . Therefore, as the 

reaction condition is varied (e.g. PCO  or PO2 ), single atoms and nanoparticles will contribute 

differently to the overall activity when they co-exist in the same catalyst. For example, as the CO 

partial pressure (PCO ) increases, the contribution from single atoms increases and that from 

nanoparticles decreases, resulting in a gradual increase in the local CO reaction order. The CO 

reaction order was measured on samples 1-3 at the same condition as the standard samples of pure 

single atoms and pure nanoparticles (Figure 4). The CO reaction orders changed from negative at 

lower PCO to positive at higher PCO, which is consistent with the contribution from both single 

atoms and nanoparticles as discussed above. Additionally, a more positive CO order indicates a 

higher contribution of single atoms. Therefore, the results in Figure 4 indicate that the percentage 

of single atoms increases in the following order, sample 1 < sample 2 < sample 3 which is 

consistent with the STEM, XAS and FTIR results.  

To estimate the percentage of single atoms and nanoparticles, two assumptions were made: 1) on 

the support surface there is no interaction between single atoms and nanoparticles during CO 

oxidation (i.e. no synergistic effect between single atoms and nanoparticles) and 2) the activity of 

supported nanoparticles is structure insensitive (no dependence on size). Structure insensitivity is 

a reasonable assumption as the non-uniformity and reconstruction of cluster surfaces when the 

surface is saturated with CO was shown to result in only a small effect of on activity for Pt 

nanoparticles 66-67.  Using the reaction rate (per mol Ir) of pure Ir single atoms and pure 

nanoparticles (samples 0 and 4, respectively), the mixture sample (single atoms and nanoparticles) 
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can be estimated by a linear combination. The reaction rate of the mixture sample, ri Irmix fit 

(mol · molIr
-1 · s-1) at each condition can be represented by equation (2): 

 ri Irmix fit = ri IrSA  × 
nSA

nIr
 + ri IrNP  × 

nNP

nIr
 (2) 

where ri IrSA  and ri IrNP  represent the rate of Ir single atoms per mol and rate of Ir nanoparticles 

per mol at condition (i), respectively (mol · molIr
-1 · s-1) and nSA, nNP and nIr denote the number of 

moles of single atoms, moles of nanoparticles, and total number of moles in the reactor, 

respectively. nIr is known for each experiment based on the amount of catalyst and Ir loading. The 

number of moles of single atoms (nSA) and nanoparticles (nNP) are two unknown variables which 

were fit by minimizing the normalized residual sum of squared errors (RSS) as defined in equation 

(3) where ri(Irmix)exp (mol · molIr
-1 · s-1) denotes the experimentally measured reaction rate of the 

mixture sample. The fraction of single atoms and nanoparticles, XSA  and XSA  can then be 

calculated as  nSA/(nSA + nNP) and nNP/(nSA + nNP), respectively. 

 RSS= (
ri Irmix fit – ri Irmix exp

 ri Irmix exp
)
2

 (3) 

 The fitting results (dashed lines) along with the individual contributions from single atoms and 

nanoparticles (blue and red lines in bottom figures, respectively) are shown in Figure 4 (see 

Supporting Information Figures S11 and S12 for the quantification results using the O2 order 

measurements). The fits are in excellent agreement with experimental data and the estimated XSA 

in samples 1-3 from the fits were 18 ± 5%, 32 ± 2%, and 42 ± 5% respectively (errors were obtained 

from uncertainty analysis of the fit). The fitted percentages of SA and NP for the 1 wt.% Ir catalysts 
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(samples 1 and 2) are consistent with those estimated from STEM (Table 2). In contrast, the 

percentage of single atoms (42 ± 5%) for sample 3 was significantly lower than estimated from 

STEM (61% atomic and 66% surface), DRIFTS (58 ± 9%) and EXAFS (55-73%). While multiple 

factors can contribute to the lower single atoms site fraction for sample 3 estimated from CO 

oxidation compared with other techniques, we will show that it is most likely due to inaccessibility 

of a significant fraction of the single atoms (i.e. in the sub-surface). An important parameter 

generated from the fit, the total number of Ir moles (nSA + nNP), can be used to estimate the Ir 

loading and compare it to the nominal loading (see Supporting Information Table S3 for nSA + nNP 

normalized per gram catalyst). The estimated Ir loading from the fit for samples 1 and 2 was similar 

but higher than the nominal loading of 1% (1.33% and 1.39%, respectively) while it was 

significantly lower than the nominal loading for sample 3 (0.035% vs. 0.05%).  While a deviation 

between the fit and the nominal loading should be expected due to experimental errors and small 

variations in the activity of different size Ir nanoparticles, it is noteworthy that sample 3 showed a 

lower value while samples 1 and 2 showed a higher value than the nominal loading. Additionally, 

the measured (CO/total Ir) ratio from chemisorption for sample 3 (0.96, Supporting Information 

Table S3) was much lower than expected and lower than that calculated based on the percentage 

of single atoms from STEM (1.54, see calculation details below Supporting Information Table S3). 

On the other hand, the measured and calculated (CO/total Ir) ratios were consistent for samples 1 

(1.0 vs. 1.03) and 2 (1.4 vs. 1.24). Therefore, the results suggest that some of the Ir single atoms 

in sample 3 are not accessible (i.e. in the sub-surface layer or bulk of MgAl2O4) and using the 

measured CO/Ir and loading, we estimate that 45-55% of the single atoms are in the sub-surface 

layer or bulk. From a structural perspective, Ir sits in an octahedral position in pure IrO2 (rutile68-
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69) and we suspect that during calcination Ir single atoms can diffuse and fill Al vacancy sites (also 

octahedral) in the spinel and become stable in the sub-surface of MgAl2O4. A similar dissolution 

in the bulk was observed for Pt single atoms on MgAl2O4
19. It is likely that Ir single atoms diffuse 

in the sub-surface/bulk of MgAl2O4 during calcination and only a fraction is pulled to the surface 

after reduction at 500 °C (sample 3), while the higher temperature reduction of 800 °C (samples 1 

and 2) results in pulling all the Ir single atoms to the surface.  

 

Figure 4. CO oxidation kinetic measurements (effect of CO partial pressure on reaction rate) on 

samples 1-3, which contain mixtures of Ir single atoms (SA) and nanoparticles (NP) and the results 

of fitting the reaction rate with a linear combination of single atoms and nanoparticles. All samples 

were measured at 155 °C with PCO between 0.2-1 kPa and PO2 at 10 kPa and T = 155 °C. The 

results were reproducible when the measurements were conducted from low to high PCO  or high 
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to low PCO and the catalysts were stable during the entire experiment (<10% deactivation). Top 

figures are experiments (filled circles) and fits (dashed lines). Bottom figures are the individual 

contributions of SA and NP. (a) 1 wt.% Ir on MgAl2O4 without calcination and reduced at 800 °C 

in H2 (sample 1); (b) 1 wt.% Ir on MgAl2O4 calcined at 500 °C and reduced at 800 °C (sample 2); 

(c) 0.05 wt.% Ir on MgAl2O4 calcined at 500 °C and reduced at 500 °C (sample 3). Reaction rates 

of samples 1-3 were normalized by the total moles of Ir in each sample. The percentage of SA and 

NP from fitting the reaction rates of samples 1-3 were (a) 18% SA + 82% NP, (b) 32% SA + 68% 

NP (c) 42% SA + 58% NP, respectively. 

To test this hypothesis, we measured the 1 wt.% catalyst after reduction at 500 °C (sample 5, 

details in Methods) instead of 800 °C (sample 2) and a large discrepancy between STEM and CO 

oxidation results was observed. Figure 5 shows that sample 5 contains a large fraction of single 

atoms (65% from STEM based on total atoms), but the CO oxidation kinetics showed a constant -

1 CO order indicating negligible contribution from single atoms to the catalyst activity. Consistent 

with the CO oxidation on sample 5, the CO chemisorption results also showed (CO/total Ir) was 

only 0.2 (Supporting Information Table S3) and the DRIFTS of adsorbed CO showed no 

identifiable dicarbonyl bands (Figure 5b), indicating that most of the single atoms are in the sub-

surface. To estimate if a small fraction of Ir single atoms is on the surface, we measured the CO 

order at a lower O2 partial pressure (2 kPa) where single atoms have a higher contribution to the 

activity (r(IrSA)∝ PCO while r(IrNP) ∝ 
PO2
PCO

 ). A surface site fraction of 5% single atoms and 95% 

NPs was estimated at this condition. While these results confirm that most of the single atoms in 

sample 5 are in the sub-surface, they also indicate that a small fraction (<10%) of single atoms can 
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be detected with kinetic measurements by tailoring the reaction conditions to maximize their 

contribution. 

The results show that using STEM or EXAFS to estimate /quantify the fraction of single atoms 

could be misleading since the surface and sub-surface single atoms cannot be readily differentiated. 

Kinetic measurements, and in this case reaction order of CO, can be a better and more sensitive 

surface method to quantify the number of surface metal single atoms and their fraction of the total 

surface sites.  We note that due to the difference in both CO and O2 reaction orders on SA and NP 

(r(IrSA)∝ PCO  while (IrNP) ∝ 
PO2
PCO

 ), one can choose conditions to have the kinetics either be 

dominated by one of the sites or have both contribute with similar extents. This can be used to 

extract the orders for each type of site separately or to estimate their site fraction even when their 

fraction is small. For example, by increasing the CO partial pressure while decreasing that of O2, 

the contribution of single atoms to the catalyst activity will increase and can be dominant. 

Therefore, measuring the CO order at low (high) PO2 and a high (low) range of PCO would allow 

maximizing the contribution of single atoms (nanoparticles) in a sample containing a mixture of 

single atoms and nanoparticle (a similar argument can be made for O2 order measurements). This 

effect is illustrated in the estimation of a small fraction of single atom sites for sample 5 by 

maximizing the contribution of the single atoms using low PO2 (see Figure 5). Similarly, the 

reaction conditions can be chosen to extract the intrinsic kinetics on single atoms or nanoparticles 

when a catalyst containing exclusively one of them is not available. To illustrate this effect, we 

attempted to maximize the contribution of nanoparticles in a sample containing a significant 

fraction of single atoms (32% ± 2%, sample 2). We measured the reaction rate at PO2= 50 kPa (5 
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times higher than PO2 in Figure 4) to maximize the activity of the nanoparticles and the results 

show a CO reaction order of -1 (Supporting Information Fig S13), indicating the activity is 

dominated by nanoparticles as we expected. The results show that the correct reaction orders can 

be measured for one type of sites by tailoring the reaction conditions. We note that the effect of 

temperature on kinetics could also be used to differentiate single atoms and nanoparticle if there 

is a large difference in apparent activation energy on each site.  

 

Figure 5. Representative HAADF-STEM image and size distribution (a), DRIFTS after CO 

adsorption (b), and the CO reaction order and fitting of the SA and NP site fractions (c-d) of sample 

5, 1 wt.% Ir supported on MgAl2O4, calcined at 500 °C in air, and reduced at 500 °C in H2. (a) The 

size distribution obtained from the STEM images showed that single atoms represent about 65% 

(total atoms basis) of the Ir in the sample, while the DRIFTS results (b) showed a negligible 
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contribution from single atoms as evidenced by the absence of CO bands corresponding to Ir(CO)2. 

(c, d) CO oxidation measurements showing the effect of CO partial pressure on reaction rate on 

sample 5 (top figures) at PO2 = 10 kPa (c) and 2 kPa (d) and T = 155 °C. Top figures in panels c-

d are experiments (filled circles) and fits (dashed lines). Bottom figures are the individual 

contributions of SA and NP. Reaction order of CO was -1 at PO2= 10 kPa, panel (c), indicating a 

negligible contribution of single atoms at these conditions while the local CO order showed an 

increase with PCO  at PO2 = 2 kPa, panel (d) and the fit show that 5% of the surface site are single 

atoms. The results indicate that less than 10% of the Ir single atoms detected by STEM are on the 

surface.  

In this work, different in-situ and ex-situ techniques were used to quantify the fraction of single 

atoms and nanoparticles of multiple samples. Similar percentage of single atoms were obtained 

using STEM, XAS, FTIR and CO oxidation kinetic measurement (Table 2) except for samples 

having a significant fraction of single atoms in the sub-surface layer of the support. For such 

samples, FTIR and CO oxidation measurements, being surface techniques, were shown to be more 

accurate. Additionally, FTIR and CO oxidation measurements have the advantage of being low-

cost and not requiring sophisticated facilities. However, FTIR spectroscopy is not sensitive to a 

small site fraction of single atoms or nanoparticles. We show that of all the techniques, CO 

oxidation is the most sensitive and versatile surface characterization tool for quantifying the single 

atom and nanoparticle site fractions. Specifically, by tailoring the reaction conditions, even a small 

site fraction (single atom or nanoparticle) can be measured and the results have the advantage of 

being performed under reaction conditions. The methodology of using kinetics as a 

characterization tool, while we developed it for Ir single atoms and nanoparticles, can also be 



 

 
133 

generalized to other metals or two types of sites, provided they have different reaction orders. 

Lastly, the methodology can also be used to extract the intrinsic kinetics of one of the sites using 

a sample containing a mixture. 

 Conclusions 

We have combined the strengths of multiple techniques (STEM, XAS and FTIR) to characterize 

and compare the site fractions of iridium in catalyst samples containing a mixture of single atoms 

and nanoparticles. Because of the unique reaction mechanism of CO oxidation on supported Ir 

single atoms, we identified kinetic measurements as a unique, facile and effective method to 

quantify the site distribution of iridium as single atoms and nanoparticles under reaction conditions. 

STEM and XAS can provide structural information of the catalysts however, differentiation 

between single atoms on the surface and in the sub-surface is challenging especially for a mixture 

of single atoms and nanoparticles. Infrared spectroscopy, on the other hand, is surface-sensitive 

and can differentiate and estimate the site fractions of nanoparticles and single atoms based on the 

gem dicarbonyl and linearly bound CO bands. However, quantification becomes challenging when 

the peaks are overlapping, or the site fraction is small. We show that the site fractions estimated 

from kinetic measurements on different catalysts are consistent with STEM, XAS, and FTIR. More 

importantly, CO oxidation measurements directly measure the number of sites, allowing the 

determination of the catalyst dispersion and whether single atoms are on the surface or in the sub-

surface. Additionally, the sensitivity of the kinetic measurements can be tailored by the reaction 

conditions to increase the contribution of single atoms or nanoparticles, making it very sensitive 

to small fraction of either site or to measure the intrinsic kinetics in a sample containing a mixture. 
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This methodology is not limited to iridium and can potentially be used as a facile and sensitive 

tool for other reactions/metal catalysts to differentiate between two types of sites, provided they 

have different reaction orders.   
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Appendix B 

Table S1 Synthesis and pretreatment details of Ir/MgAl2O4 samples 0-5 

Sample Weight 
loading 

Preparation 
method a 

Precursor Calcination 
temperature b 

Reduction 
temperature c 

0 0.2 % Wet 
impregnation 

Ir(CO)2(acac) Dried at room 
temperature 

500 °C 

1 1% IWI Ir(NO3)2 110 °C 800 °C 

2 1% IWI Ir(NO3)2 500 °C 800 °C 

3 0.05% Wet 
impregnation 

Ir(NO3)2 500 °C 500 °C 

4 0.0025% Wet 
impregnation 

Ir(NO3)2 500 °C 500 °C 

5 1% IWI Ir(NO3)2 500 °C 500 °C 

 

a. IWI: incipient wetness impregnation. 

b. Calcined in air for 4 h. 

c. Reduced in 20 kPa H2 (balance He, 100 sccm total flow rate) for 2 h. 
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Table S2 Size distribution (atomic percentage) of the Ir/MgAl2O4 catalysts obtained from multiple 

STEM images. See below for details on the calculations of surface and total atomic percentages. 

Catalyst Single 
atoms 0.5-0.7 nm 0.7-1.0 nm 1-1.5 nm 1.5-2 nm 

Sample 0 (total atoms) 2% 0% 22% 62% 14% 

Sample 1 (total atoms) 16 % 0% 7% 45% 32% 

Sample 2 (total atoms) 35 % 3% 18% 37% 8% 

Sample 3 (total atoms) 61 % 1% 14% 24% 0% 

Sample 5 (total atoms) 65% 2% 7% 25% 1% 

Sample 0 (surface atoms) 3% 0% 26% 61% 10% 

Sample 1 (surface atoms) 19 % 0% 8% 47% 25% 

Sample 2 (surface atoms) 39 % 3% 18% 33% 6% 

Sample 3 (surface atoms) 66 % 1% 14% 19% 0% 

Sample 5 (surface atoms) 71% 2% 7% 20% 1% 

 

To estimate the number of atoms per particle we setup a model for hemispherical nanoparticle 

shape, which is the most abundant particle shape observed by STEM (see Figure S1, Supporting 

Information). We modified a cuboctahedron model1 to represent a hemispherical particle. For a 

cuboctahedron particle, the number of total atoms NT, the number of atoms lying on an equivalent 

edge is defined as m (corner atom included). NT can be represented by m with the equation 1: 

NT = 16m3 – 33 m2 + 24m – 2 . The number of atoms on the central cross-section of the 

cuboctahedron (NC) can be calculated as: NC= 3m – 2  × m – 1  + 2m – 1  × m. For a semi-

cuboctahedron particle on a support (with the same radius as the cuboctahedron), the number of 
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atoms (Nhemi) can then be calculated as Nhemi=
NT + NC

2
. With the above equations, we can first 

calculate the number of atoms in a spherical particle as2, NT= πD3ρNA
6Mw

, with a diameter D measured 

by STEM, then calculate No6pq in each particle and the total number of atoms in all nanoparticles 

(Nhemi_total). The total atomic fraction of single atoms (i.e. bulk, volume fraction) was calculated 

using the number of single atoms (SA) measured by STEM (NSA) and the total atoms in all the 

nanoparticles (Nhemi_total) as NSA/(NSA + Nhemi_total). The total number of surface atoms in 

nanoparticles (Ns_total) was calculated from the total atoms in each particle using the dispersion for 

completely shelled polyhedron3 for particles ≥ 0.7 nm, while smaller ones were assumed to have 

100% dispersion. The surface fraction of single atoms can then be calculated as NSA/(NSA + Ns_total). 
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Table S3 Volumetric CO chemisorption results of Ir/MgAl2O4 catalysts after pretreatment 

Sample Qty. 
adsorbed 
mmol/g 

mol CO/total 
mol Ir a 

mol CO/total 
mol Ir 
estimated 
from STEM b 

Ir weight 
loading from 
synthesis and 
ICP 
measurement 
c   

Ir weight loading 
from kinetic 
measurement d 

Sample 0 0.0094 0.90 0.95 - - 

Sample 1 0.053 1.00 1.03 1%  1.33 % 

Sample 2 0.073 1.40 1.24 1% 1.39 %  

Sample 3 0.0025 0.96 1.54 0.05% 0.034% 

Sample 5 0.010 0.20 1.67 1% 0.24% 
a based on the Ir weight percent of each sample 

b The (CO/total Ir) ratios were calculated using the number of surface sites for SA and NP from 

STEM (assuming all Ir is accessible) and 2CO per SA and 1CO per surface site on NP. For example, 

as an illustration if we have 50% SA and 50% NP of 0.8 nm in diameter, the (CO/total Ir) would 

be (2 × 0.5 + 1 × 0.92 × 0.5 = 1.46) where 0.92 represent the fraction of surface sites in the 0.8 nm 

nanoparticles that can adsorb CO.    

c Ir weight loading calculated based on the weight percentage of Ir added during incipient wetness 

impregnation experiment for sample 1,2 and 5. For sample 3 Ir weight loading was also confirmed 

by ICP-AES measurement of the filtered solution after wet impregnation. 
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d Ir weight loading calculated based on the total weight of Ir single atoms and Ir nanoparticles 

estimated from the fit of the kinetic measurements, i.e. ((nSA + nNP) × MWIr)/(gram catalyst in the 

reactor).   
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Fig. S1 STEM image and analysis showing an example of a hemispherical nanoparticle on the 

MgAl2O4 support (sample 2). The intensity measurements (line profiles in (b) and (c)) show that 

the nanoparticle is 2 atoms thick (2 rows of atoms directly above each other) and the nanoparticle 

is oriented in the [110] direction. The schematic of the nanoparticle in (d) (side view) shows that 

the nanoparticle thickness is ~half the diameter which suggests that the nanoparticle shape is 

hemispherical.   
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Fig. S2 STEM image and histogram of sample 3. Error bars were obtained by analysis (see SI 

Table S3 on page S4) of STEM images from 3 batches, two after reduction and one after reduction 

and CO oxidation.  
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Fig. S3 In-situ infrared spectroscopy (FTIR) spectra in the νCO region characterizing MgAl2O4 

supported 0.0025 wt.% Ir single atoms catalyst, sample 4 (red) and the 0.2 wt.% Ir nanoparticles 

catalyst, sample 0 (blue) with average particle size ~ 1 nm. The band intensities are normalized 

with the surface Ir in each sample (measured by chemisorption for sample 0 and assuming 100% 

Ir dispersion for sample 4). 
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Fig. S4 k2-weighted EXAFS data in k-space for samples 1-3.  
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Fig. S5 Sample 2 Ir L3-edge EXAFS spectra and fit in (a) q space and in r-space (b) magnitude 

and (c) imaginary part of the Fourier transformed k2-weighted χ(k) data (Dk= 2.5-16 Å-1). The r-

range for the fit was 1.3-3.0 Å. 

a

b

Sample 2

Sample 2
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Sample 2
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Fig. S6 EXAFS fit to sample 2. Contribution of different scattering paths. (Ir path = Ir-Ir; O path 

= Ir-O; Al path = Ir-Al) (a) q and (b) R space.  
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b
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Fig. S7 Sample 3 Ir L3-edge EXAFS spectra and fit in (a) q space and in r space (b) magnitude 

and (c) imaginary part of the Fourier transformed k2-weighted χ(k) data (Dk= 2.5-12.5 Å-1). The r-

range for the fit was 1.3-3.0 Å. 
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Fig. S8 EXAFS fit to sample 3. Contribution of different paths. (a)  q and (b) R space.  
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Fig. S9 Sample 1 Ir L3-edge EXAFS spectra and fit in r-space. (a) magnitude and (b) imaginary 

part of the Fourier transformed k2-weighted χ(k) data (Dk= 2.5-12 Å-1) (Dk = 2.7-16 Å-1). The r-

range for the fit was 1.3-3.0 Å. 
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Fig. S10 X-ray absorption near edge (XANES) spectra of samples 1-3 with different ratio of single 

atoms and nanoparticles compared to Ir foil and IrO2 standards. 
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An accurate estimation of the site fraction of single atoms and nanoparticles obtained by fitting 

the CO reaction order (Figure 4 in the manuscript) was feasible because of the large difference in 

reaction order on NP and single atoms, namely -1 and 1. To determine the sensitivity to the 

difference in the orders on SA and NP (e.g. for other systems) we also performed similar fitting 

with the O2 reaction order which is not as different (compared to CO order) on SA and NP, namely 

0 (sample 4) and 1 (sample 0, reported in earlier work from our group 4) , respectively. PO2 was 

varied between 2-14 kPa at two different PCO	 (1 kPa and 0.2 kPa) to measure the O2 order at 155 

°C (Figure S11). The site fractions of single atoms and nanoparticles were obtained by minimizing 

RSS (equation 3) and the results are shown in Figure S12. The results were dependent on the CO 

partial pressure. At 1 kPa P9:, the percentage of single atoms in samples 1-3 were 19%, 21% and 

35%, while at 0.2 kPa P9:, they were 31%, 37% and 62% respectively (Figure S12). The results 

show that while the accuracy of estimating the fraction of single atoms using the O2 reaction order 

is lower than using the CO reaction order, the results are still in qualitative agreement with those 

obtained using the CO order and other techniques.  
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Fig. S11 Reaction O2 order of samples 1, 2, 3 and 5 measured at 155 °C, with P:? between 2-14 

kPa and P9: at 1 kPa (top) and 0.2 kPa (bottom) respectively. Reaction rate of sample 1-5 were 

normalized with total mol of Ir during synthesis. At 1 kPa CO, the reaction order of O2 of samples 

1-4 decreased from 0.37 to 0.07 consistent with the increasing percentage of single atoms. At 0.2 

kPa CO, the reaction order of O2 of sample 1-3 decreased from 0.71 to 0.45 also consistent with 

the increasing percentage of single atoms. The lower orders measured for all the sample at 1 kPa 

P9: compared with 0.2 kPa is due to the higher contribution of single atoms (+1 order in CO while 

NP have -1 order in CO). Reaction order of O2 on sample 5 was 0.51 at 1 kPa CO and 1 at 0.2 kPa 
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CO, which is higher than sample 1 indicating that only a small percentage (<10 %) of the single 

atoms observed by STEM is on the surface (consistent with the results in Figure 5 in the 

manuscript). 
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Fig. S12 Effect of O2 partial pressure on reaction rate on sample 1-3. Sample 1-3 was measured 

with 2-14 kPa O2, and 1 kPa CO (a-c) and 0.2 kPa CO (d-f) respectively at 155 °C. Log-log scale. 

All measured at 155 °C. Reaction rate of sample 1-3 was normalized with the total mol of Ir during 

synthesis. Reaction rate of samples 1-3 was fit with a linear combination of the activity of SA and 

the activity of NP.  Experiments are shown as solid dots and fits are shown as dotted lines. At 1 % 

CO and 2-14 % O2, activities were fitted with (a) 19% SA + 81% NP, (b) 21% SA + 72% NP (c) 

35% SA + 65% NP, respectively. At 0.2 % CO and 2-14 % O2, activities were fitted with (d) 31% 

SA + 68% NP, (e) 37% SA + 63% NP (f) 62% SA + 38% NP, respectively.  
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Fig. S13 Effect of CO partial pressure on reaction rate on sample 2. Measured at 155 °C, P:? = 50 

kPa and P9: at between 0.3-1 kPa. Reaction order of CO was measured as -1. 
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Chapter 4. Operando and Kinetic study of atomically 

dispersed Pt-on-CeO2 catalysts for low-temperature CO 

oxidation 

This manuscript is still in preparation. 
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 Abstract 

Supported single-atom catalysts lead to more efficient use of noble metal atoms, and also provide 

opportunities for the design of catalysts with better activity and selectivity. CO oxidation on Pt 

single-atom catalysts has been reported on different supports. During CO oxidation, the Pt single 
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atoms are reported to be more or less active than their nanoparticle counterparts depending on the 

support, and the reaction mechanism is still unclear. in this work, we applied operando infrared 

spectroscopy, X-ray absorption fine structure (XAFS), calorimetry and kinetic measurement 

aiming to understand the CO oxidation reaction mechanism of atomically dispersed Pt/CeO2 

catalysts. Our XAFS result indicates that each Pt is bonded with 4 O and calorimetry showed that 

this Pt(O)4 structure interacts weekly with both CO and O2 at low temperature. When flowing CO 

and O2 at 150 °C, CO could replace one of the lattice O to form Pt(O)3(CO). Pt(O)3(CO) structure 

is relatively stable in O2 and N2. However, when dosing CO, gas phase CO can react with one of 

the surface O in Pt(O)3(CO) structure to form Pt(O)2(CO) with an Eley-Rideal mechanism.  The 

oxygen vacancy in this Pt(O)2(CO) vacancy can be filled with one lattice O to form Pt(O)3(CO) 

when flowing O2 to complete the reaction cycle. This suggests that a CO spectator was involved 

during the whole reaction cycle. Though this spectator CO is stable in O2, another CO could react 

with the surface lattice O to complete the reaction cycle.   

 

 Introduction 

CO oxidation is an important reaction for emission control1-3 and polymer electrolyte fuel cell 

application4-6. Pt is very active for such low-temperature oxidation reactions7-9 and is widely used. 

However, on Pt single crystals and nanoparticles, Pt could be easily poisoned by CO during CO 

oxidation, and the activity is limited by the activation of O2
10-13. In catalytic converters, CO 

poisoning of catalysts leads to low conversion, especially at cold start temperature14. Pt/Pd 

supported on CeO2 and Al2O3 are the commonly commercial used catalysts in the catalytic 



 

 
169 

converter14-16. To enhance the CO oxidation catalytic performance of Pt/Pd catalysts, better 

designed Pt/Pd catalysts are required.  

Size and shape of the Pt particles have been proved to be essential for optimizing the catalyst 

activity. Cargnello et al.12 showed that smaller particle size of Pt on CeO2 leads to higher activity 

during CO oxidation because of the high activity at the Pt-CeO2 interface. However, this size-

dependence was not observed on Al2O3 supported Pt catalysts. Single-atom catalysts provided a 

new opportunity for further optimizing the catalytic performance of noble metal catalysts because 

of their unique geometric and electronic properties17-24. In 2011, Qiao et al.25 synthesized 

atomically dispersed Pt/FeOx catalysts and showed that Pt single atoms were slightly more active 

than their nanoparticle counterparts. Pt/Al2O3 single atoms were also shown to be more (or similar) 

active than Pt/Al2O3 nanoparticles for CO oxidation26. However, temperature programmed 

oxidation (TPO) on CO covered Pt single-atom catalysts on different supports (H-ZSM5, Al2O3, 

ZrO2, SiO2, TiO2) indicates that Pt is not active during CO oxidation until a high temperature 

(>200 °C) because their band in infrared spectroscopy (> 2090 cm-1) stays during TPO 

experiment27. Lu et al.17 reported the reaction mechanism of CO oxidation on Ir single atoms,  and 

showed that the strongly adsorbed CO was part of the active complex.  This suggests that strongly 

adsorbed CO should not be an indicator of low activity. To solve the discrepancies when comparing 

the activity of Pt single atoms and Pt nanoparticles and understand the origin of activity on Pt 

single atoms, a better understanding of the detailed reaction mechanism and the active structure of 

Pt single atoms during CO oxidation is required.  

Recent progress in stabilizing Pt single atoms paves the ways for mechanism studies. Zhang et 

al.28 prepared stable single atoms on Al2O3 which can be maintained as atomically dispersed after 
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60 cycles of CO oxidation between 100 and 400 °C. Polyhedral and nanorods CeO2 has been 

reported to be a very effective support for anchoring the platinum. Jones et al.29 showed stable Pt 

single atoms on CeO2 support could be prepared via atomic trapping where Pt with polyhedral 

CeO2 was aged at 800 °C in air to ensure only the strongest bond stays. 3% Pt high-loading single 

atoms can be made through this atomic trapping method to form a stable Pt square planar 

structure30. In-situ infrared spectroscopy showed that the band assigned to the single atoms 

(centered at 2095 cm-1) is stable in O2 at 180 °C for Pt single-atom catalysts29. CO oxidation 

activity can be measured on Pt single-atom catalysts. However, the origin of activity could not be 

explained with the traditional Langmuir-Hinshelwood kinetic mechanism because the adsorbed 

CO is stable at 180 °C. To solve these discrepancies and further understand the reaction mechanism 

of Pt single atoms catalysts for CO oxidation, more detailed structural and kinetic studies are 

required.  

In this work, we combined operando spectroscopy, micro-calorimetry and the reaction kinetic 

measurement to understand the structure and detailed reaction mechanism of the thermally stable 

Pt/CeO2 single-atom catalysts for CO oxidation.  

 Methods 

Catalyst preparation and pretreatment. Synthesis of different shapes of CeO2 was performed 

using methods described in the literature30. High surface area ceria powder (obtained from Solvay, 

grade HSA 5) was used as support . Pt/CeO2 catalysts (1 wt. %Pt, nominal) were prepared by 

incipient wetness impregnation using method. The pore volume of ceria (0.6 ml/g) was determined 

by first wetting the dry ceria powder with water. Impregnation of the platinum precursor was done 
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to fill the pores of ceria. The tetraamine platinum nitrate solution was loaded on ceria in multiple 

aliquots and dried at 110 °C for 4 hours until all the water evaporated in air after each impregnation. 

The samples were then calcined in a tube furnace with 100 ml/min of air for 10 h in air at 800 °C. 

The furnace temperature was ramped up at 1°C per minute.  

Diffuse-reflectance infrared Fourier-transform spectroscopy (DRIFTS).  DRIFTS was used 

to characterize the interaction of the supported Pt catalysts with CO, O2 and the support. The in-

situ DRIFTS experiments were performed using a Thermo Scientific IS-50R FT-IR equipped with 

an MCT/A detector. A spectral resolution of 4 cm-1 was used to collect spectra, which are reported 

in the Kubelka-Munk (KM) units. Approximately 50 mg sample (25-90 µm diameter particles) 

was loaded in the Harrick Praying Mantis high-temperature DRIFTS reaction chamber. The 

chamber was sealed and connected to a flow system with temperature control, and gases were 

flown through the sample at atmospheric pressure. Each reported spectrum is an average of 32 

scans. The supported Ir samples were pretreated in-situ in the DRITS cell before collecting the 

spectra. The gas pretreatment procedure was the same as mentioned above. For in-situ pretreated 

catalyst, a spectrum under N2 after the pretreatment was collected as the background.  

X-ray absorption spectroscopy (XAS). The catalysts were characterized by in-situ XAS at the Pt 

L3-edge (11564 eV) using an in-house built cell with a 4 mm ID glassy carbon tube31. The XAS 

measurements were performed at the Stanford Synchrotron Radiation Light Source (SSRL) at 

beamline 9-3 in fluorescence mode. Beamline 9-3 is a 16-pole, 2-Tesla wiggler side station with 

vertically collimating mirror for harmonic rejection and a cylindrically bend mirror for focusing. 

The photon energy was selected using a liquid-nitrogen-cooled, double-crystal Si (220) f = 90° 
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monochromator. Samples were scanned simultaneously in transmission and fluorescence detection 

modes using ion chambers (see above) and a 100-element solid-state Ge monolith detector 

(Canberra). A Pt standard (Pt foil) was scanned simultaneously with each sample for energy 

calibration. Step-scanning X-ray absorption spectra were measured from 11334 eV to 12554 eV, 

corresponding to photoelectron wave number k = 14.5 Å-1. The catalysts were pretreated similar 

to before the catalytic measurements, then cooled to room temperature in pure H2 flow (50 sccm) 

and the EXAFS spectra were collected at room temperature under pure H2 flow. XANES and 

EXAFS data processing and analysis were performed using Athena and Artemis programs of the 

Demeter data analysis package32-33. For each catalyst, four scans were collected and merged after 

alignment. χ(k) was obtained by subtracting smooth atomic background from the normalized 

absorption coefficient using the AUTOBK code. The theoretical EXAFS signal was constructed 

using the FEFF6 code34 and fitted to the data in R-space using the Artemis program.  

Micro-calorimetry. Micro-calorimetry was performed on a Setaram SENSYS Evo DSC 

calorimeter with a self-built U-shape sample tube. The U-shape sample tube was connected to a 

Micromeritics 3Flex for the adsorption quantity measurement and temperature control. 70 mg 

catalyst was loaded in the U-shape reactor for each experiment. The gas pretreatment procedure 

was the same as mentioned above in a soaking mode with 760 mmHg O2. After pretreatment 

samples were exposed to ultra-high vacuum (UHV) with pressure below 10-5 mmHg. For the first 

set of doses, adsorption heat of both chemisorption and physisorption CO/O2 was measured. After 

the first set of doses, samples were exposed to ultra-high vacuum (unrestricted vacuum < 10-4 

mmHg for 1hr) at 30 °C to remove the physisorbed CO/O2. The second set of doses measured the 
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adsorption heat of the physisorbed CO/O2. O2 adsorption experiment was measured at 30 °C with 

pressure between 0-300 mm Hg for O2 calorimetry and 0-20 mmHg for CO calorimetry.  

CO oxidation kinetic measurements. CO oxidation kinetic measurements were performed under 

differential conditions (<4% conversion) in a conventional laboratory tubular plug flow reactor (7 

mm ID quartz tube). Dilution experiments were performed according to Koros-Nowak test to 

determine the necessary dilution ratio for measurements under strict kinetic control without mass 

and heat transfer effects35-37. The catalysts (after intraparticle dilution) were pressed and sieved 

into a 106-250 µm diameter fraction. The dilution ratio test to eliminate transport limitations was 

performed on 1% Pt/Al2O3 catalyst using SiO2 as the diluent. Intraparticle dilutions ratio of 1:40, 

1:200 and 1:1000 showed no difference in activity under different CO and O2 conditions between 

145 °C and 170 °C, which indicates the measured catalytic activity was evaluated under kinetic 

control without transport artifacts. 1:10 dilution ratio with SiO2 was applied for the 1% Pt/CeO2 

single-atom catalysts based on its activity. Each catalyst pretreatment was the same as mentioned 

above, and the total flow rate during pretreatment was kept at 50 sccm. The catalyst temperature 

was measured by a K-type thermocouple (OMEGA) attached at the center of the catalyst bed on 

the outside of the tube. After pretreatment, CO (5%, balance N2, certified grade Airgas) was mixed 

with pure O2 (99.999% Airgas) and He (99.999% Airgas, equipped with moisture/O2 trap, Agilent 

OT3-2) at 35 °C to control the partial pressures of CO and O2 (by varying their flowrates using 

Brooks mass flow controllers SLA5800 series). The CO gas line was equipped with a metal 

carbonyl purifier (Matheson, NanoChem Metal-X) to remove the trace amount of metal carbonyl 

and a molecular sieve 3A (8–12 mesh) trap to remove trace (ppm) levels of CO2. No CO2 was 

detected in the mass spectrometer with the CO or O2 flowing during a blank test. The reactor was 
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heated from room temperature to the reaction temperature at 3 °C/min in 0.5 kPa CO and 10 kPa 

O2 balanced with He. During the steady-state kinetic measurements, the conversion of CO was 

always below 4% by varying the total flow rate between 50-100 sccm. To investigate the effect of 

CO partial pressure on reaction rate, the partial pressure of O2 was held constant at 10 kPa, and the 

partial pressure of CO was varied between 0.3 – 1.0 kPa. To investigate the effect of O2 partial 

pressure, the CO partial pressure was held constant at 1.0 kPa, and the partial pressure of O2 was 

varied between 2 – 14 kPa, then the measurements were repeated at the initial condition at 1 kPa 

CO partial pressure. We note that we rigorously monitored the catalyst stability by re-measuring 

the catalyst activity periodically throughout the experiment under the first condition measured. 

The activity was stable (< 10% deactivation) for each catalyst tested during the entire kinetic 

measurement. The composition of the effluent gases was measured by a gas chromatograph 

(Inficon Micro GC Fusion with two modules each with a separate carrier gas, injector, column and 

thermal conductivity detector (TCD). Column A: Rt-Molsieve 5A, 0.25 mm ID (10m) using Ar as 

the carrier gas. Column B: Rt-Q-Bond 0.25 mm ID (12m) using He as the carrier gas. The reaction 

rates were normalized by the total moles of Pt, assuming that all Pt is on the surface. 

 Results and Discussion 

4.4.1. Synthesis and surface characterization using STEM 

Pt/CeO2 was prepared with atomic trapping method as reported earlier by Jones et al.29 and Kunwar 

et al.30 Majority of the sample was detected as atomically dispersed Pt atoms in high annular dark 

field –scanning transmission electron microscopy (HAADF-STEM)29, 30.  
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4.4.2. Structural Characterization of Pt/CeO2 single-atom 

catalysts  

EXAFS was applied to characterize the structure of Pt/CeO2 single-atom catalysts. To clean the 

surface and remove the weakly bonded species, the sample was pretreated in O2 and then He at 

400 °C. EXAFS was collected at 150 °C after cooling down in He. EXAFS results (Table 1) 

showed that Pt in average coordinated with 3.5 oxygen and this is consistent with the square 

planner structure where each Pt was bonded with 4 surface oxygen. The Pt-O bond distance was 

fitted as 2.02 Å. Pt was coordinated with 3 Ce on average, and the Pt-Ce bond distance is 3.11 Å. 

This is consistent with the square planar structure on a (111) step site30.       

Table 1. EXAFS parameters characterizing CeO2 supported Pt single-atom catalysts after oxygen 

and He pretreatment at 400 °C. 

 After oxidation 

NPt-O 3.5 ± 0.4 

NPt-Ce 3 ± 1.0 

NPt-O_long 4 ± 1.2 

RPt-O (Å) 2.02 ± 0.01 

RPt-Ce (Å) 3.11 ± 0.03 

RPt-O_long (Å) 3.56 ± 0.03 
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σ2
Pt-O (Å2) 0.000 ± 0.001 

σ2
Pt-Ce (Å2) 0.004 

σ2
Pt-O_long (Å2) 0.004 

DE0 Pt-O (eV) 12 ± 3 

N, coordination number; 

R distance between adsorber and backscatter atom; 

σ2, Debye-Waller factor to account for both thermal and structural disorders; 

E0, inner potential correction 

4.4.3. In-situ and operando characterization using DRIFTS 

The CO adsorbed on atomically dispersed Pt single atoms was reported to be relatively stable in 

O2 after CO oxidation at 125 °C29  and also 180 °C38, and the DRIFTS spectra of Pt single atoms 

only decreased by <~10% after flowing O2 for 10 min. We performed the stability test first at 

150 °C on the same catalyst. After CO oxidation, when flowing O2 after He stabilization, the CO 

on Pt single atoms maintained almost the same intensity (Figure 1a). This showed that after 

removing small proportion of weakly bonded CO (Figure S1), the CO bonded to Pt single atoms 

is stable under O2 flow. CO has been reported 39 to have very low binding energy of 7 kJ/mol with 

Pt(O)4 square spanner structure on CeO2 (100) surface. This suggests that CO could not adsorb on 

Pt(O)4 at the reaction temperature. Band located centered between 2095-2100 cm-1 in Figure 1 are 

assigned to the square planar Pt(O)3(CO) structure, where one CO replaced a lattice O in the 



 

 
177 

original Pt(O)4 structure when flowing CO+O2 at 150 °C. To test the stability and CO oxidation 

activities at different temperatures, DRIFTS was then measured from 150 to 250 °C in CO + O2. 

Only one peak centered at ~2096 cm-1 was observed during this temperature range, which indicates 

the majority of Pt atoms stayed atomically dispersed. We note that a significant CO2 peak (2361 

and 2341 cm-1) was observed at 150 °C (Figure 1b), which indicates that this catalyst is active for 

CO oxidation though TPO experiment in IR showed no decrease in the single atom band (2095-

2100 cm-1) at this temperature. The intensity of the Pt single atom band (2096 cm-1) decreases with 

the increase of temperature, and the CO2 peak increases, which showed that adsorbed CO can react 

with O2 at temperatures above 150 °C.  

 

Figure 1. DRIFTS spectra in the υCO region characterizing the stability of the 1 wt.% Pt/CeO2 

single-atom catalysts under N2 and O2 at 150 °C and at different temperatures in CO + O2. (a) 

DRIFTS Spectra was collected at different times in O2 (50 sccm) after flowing 3 kPa CO and 2 
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kPa O2 and then stabilized in He for 10 min. (b) DRIFTS spectra were collected at different 

temperatures between 150 °C and 250 °C in 3 kPa CO and 2 kPa O2. CO2 was observed at 150 °C, 

and the intensity of the CO2 spectrum increased with temperature from 150 to 250 °C.        

      

After testing the stability in O2, the stability in CO was also tested on 1 wt.% Pt/CeO2 single-atom 

catalysts. After CO oxidation at 150 °C, only one band was detected in DRIFTS centered between 

2095-2100 cm-1 (Figure 2a, b, red). To minimize the possibility for structural change, a small 

concentration of CO (0.25%) was dosed into the chamber for 10 s (each dose). After 13 CO doses 

(Figure 2a, blue, Figure S2 for detailed changes), The intensity of the original 2095 cm-1 

significantly decreased, and two new peaks at 2073 and 2038 cm-1 appeared. This indicates that 

part of the Pt(O)3(CO) species was replaced by new species with higher electron density on the 

metal center. When flowing O2 after dosing CO, the intensity of the 2095 cm-1 increased to its 

original intensity, with small shoulder bands at lower wavenumbers. The DRIFTS spectrum 

changed back to its original position before dosing CO (Figure 2), and the isosbestic points present 

during CO dosing in both DRIFTS (Figure S2a) and XAFS (Figure 5a), which suggests that there 

is a reaction cycle in the process of dosing CO and flowing O2. The shoulder bands at lower 

wavenumber (centered at 2038 cm-1) can be assigned to Pt clusters, which suggest that small 

portion Pt agglomerates during CO dosing. After the above steps in Figure 2a, another set of longer 

CO doses (26 doses) were conducted (Figure 2b). After longer doses of CO, the 2095 cm-1 band 

was completely replaced by the lower frequency bands at 2073 and 2038 cm-1. Then O2 flowed 

through the sample, and the spectrum moved back to its original 2095 cm-1 with a shoulder band 

higher than the original shoulder band. The higher doses also presented a complete reaction cycle 
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between dosing CO (2095 cm-1) and flowing O2 (2073 cm-1). Possible agglomeration was observed 

during CO dosing when there are no oxygen presents in the flow, which is understandable since 

CO could interact strongly and move with the metal atoms40-41. After the reaction cycle between 

CO and O2, as shown in Figure 1a-b, CO and O2 were introduced together to test the stability of 

the catalyst during these cycles. The spectrum in CO+O2 after two cycles (Figure 2c, blue) contains 

one main band centered at 2099 cm-1. When compared with the spectrum before two cycles 

(Figures 2c, red) there is only a slight increase in the lower frequency shoulder bands. This suggests 

after the reaction cycle between CO and O2 when considering all Pt single atoms on the surface, 

the majority of the Pt stayed as atomically dispersed. With the reaction cycle between CO and O2 

observed in DRIFTS, we propose that Pt(O)3(CO) is the stable intermediate (υCO centered at ~2095 

cm-1) formed during CO+O2 flow and it could react with a gas CO molecule to form Pt(O)2(CO) 

structure ( υCO  centered at 2073 cm-1). The Pt(O)2(CO) could then react with O2 to form 

Pt(O)2(CO)(O2),  and another CO react will the extra O in the adsorbed O2 to form Pt(O)3(CO) and 

complete the reaction cycle.   
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Figure 2. DRIFTS spectra in the υCO region characterizing 1 wt.% Pt/CeO2 single atoms (Pt SA) 

when dosing CO, flowing O2 and then CO+O2; and the Pt clusters (reduced in CO at 300 °C) when 

flowing CO and O2. (a) At 150 °C, 3% CO+ 2%O2 flowed through the 1wt.% Pt/CeO2 single-atom 
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2038
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2038

a b
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catalysts until the DRIFTS are stable. Then the sample was flushed with N2 for 2 min before 

collecting a spectrum (red spectrum). After that, 0.25 kPa CO was dosed on this catalysts with 0.1 

kPa CO, 10 s for each dose and 10 s between doses. 13 doses in total before collecting the second 

spectrum in N2 (blue spectrum). After the CO dosing, 1 kPa O2 flowed through the sample followed 

by N2 flush and spectrum (orange) was collected. (b) After steps in (a) (red spectrum), added 26 

CO same doses (blue spectrum) and then flowed O2. All at 150 °C.  

4.4.4. Kinetic measurements 

Kinect measurements were performed to further understand the reaction mechanism. As a 

reference sample, reaction kinetic was first performed on a sample contains mostly clusters (1% 

Pt/CeO2 reduced in CO at 300 °C, see Methods for detailed pretreatment). The CO reduced clusters 

showed much higher activity which has been discussed. Reaction order of CO and O2 on Pt clusters 

were measured as 0.08 and 0.22 respectively at 70 °C at O2 rich condition (Figure S3). Cargnello 

et al. 12 measured similar reaction order on Pt/CeO2 particles with average particle size 1.7 nm. 

The ~0 order in CO and O2 on CeO2 supported Pt clusters/particles is a result of the reaction 

between adsorbed CO on Pt and the O2 provided by the ceria. CO and O2 are adsorbed on different 

sites so that CO on the Pt is unable to suppress the activation of O2
12. For the 1 wt.% Pt/CeO2 

single-atom catalyst in this work, reaction order of CO was measured as 0.46 and reaction order 

of O2 was measured as 0.01 at 150 °C with the same gas partial pressure as Pt clusters (Figure 3). 

The different reaction orders suggest that CeO2 supported Pt single atoms follows a different 

reaction mechanism with CeO2 supported Pt clusters. We also measured the CO order on Pt single 

atoms after dosing CO (26 doses). As shown in Figure S4, the reaction order of CO and activity 



 

 
182 

stays almost identical after CO dosing which suggests the Pt single atoms stay as atomically 

dispersed after CO dosing. The positive order in CO is consistent with the reaction mechanism 

observed in DRIFTS, where gas-phase CO react with the O on CeO2 is the rate-limiting step. There 

is likely some contribution from Langmuir-Hinshelwood since the reaction order is not exactly +1 

and kinetic measurement and DRIFTS results suggest that Pt(O)3(CO) is the stable intermediate 

where the adsorbed CO (2095-2100 cm-1) is a spectator species. CO could react with the surface 

O* in the Pt(O)3(CO) instead of O2 react with the surface CO* in the Pt(O)3(CO).   

 

Figure 3. CO oxidation kinetic measurements (effect of CO and O2 partial pressure on TOF) on 1 

wt.% Pt/CeO2 single-atom catalysts. Measured at 150 °C. PCO = 0.3 -1 kPa and PO2 = 10 kPa for 

CO order and PCO = 1 kPa and PO2 = 2-14 kPa for O2 order.  

4.4.5. Calorimetric study of the surface properties 

Micro-calorimetry of CO and O2 adsorption was performed at 30 °C on 1 wt.% Pt/CeO2 single-

atom catalysts after pretreatment. O2 micro-calorimetry (Figure 4a) showed an initial heat of 15 

CO order: 0.46

O2 order: 0.01

a b
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kJ/mol at ~0 coverage and gradually decreased to ~0 kJ/mol at 0.15 mol O2/mol Pt. This low 

adsorption heat suggests that O2 bind very weakly, and confirmed the Pt(O)4 structure which has 

been proven to be the most stable structure for Pt single atoms39. CO calorimetry showed an 

adsorption energy of 168 kJ/mol at ~0 coverage and gradually decreased to ~10 kJ/mol at ~0.15 

mol CO/mol Pt. As a reference, the CO adsorption energy of Pt single atom on CeO2 (100) facets 

with the Pt(O)4 square planar structure was calculated as 7 k/mol39. The initial high adsorption 

energy suggests this sample contains Pt(O)4 and a small proportion of Pt(O)3. CO could and adsorb 

on the Pt(O)3 to form Pt(O)3(CO) at room temperature. The low adsorption energy is related to the 

CO adsorption on Pt(O)4, which is consistent with the calculated CO adsorption energy on Pt(O)4 

structure for Pt single atoms on CeO2 (100).  

 

Figure 4. Micro-calorimetry of CO (a) and O2 (b) adsorption on 1% Pt/CeO2 single-atom catalysts 

at 30 °C in ultra-high vacuum condition. The first dose measured the heat of chemisorption and 

physisorption. The second dose measured the heat of physisorption.   

a b
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4.4.6. Reaction mechanism and activation of Pt single atoms 

during CO dosing  

Pt/CeO2 single-atom catalyst showed a unique reaction mechanism as discussed in the previous 

section. Eley-Rideal and Mars Van-Krevelen mechanism are likely the most favorable pathways. 

To further understand the reaction mechanism and the structure, we conducted EXAFS under 

reaction conditions. We first dosed 13 and 26 doses of CO the same as the condition in IR (Figure 

2). EXAFS and DRIFTS result indicates that not all Pt was accessible by CO after CO oxidation 

at 150 °C. This suggests that some of the Pt is bonded with less than 4 O or has one weakly bonded 

O initially, which can be accessed by CO when flowing CO and O2 at 150 °C. When dosing CO 

at 150 °C for a larger dose (0.33 kPa CO balanced with He at 60 sccm, 40 s each dose and 40 doses 

in total for all 3 set of doses), in the DRIFTS (Figure 5b) the 2095 cm-1 band was further replaced 

by the lower frequency peaks centered at ~2072, ~2047, and ~2029 cm-1. The 1st set of doses was 

similar to the doses in Figure 2b. The 2nd and two doses showed similar band intensity, and band 

shapes suggest that the species has been almost stabilized after the 2nd and 3rd doses. The XANES 

spectra of the 3 sets of CO doses are shown in Figure 5 a. The decrease of white line intensity 

during CO dosing suggests the Pt single atoms got reduced. We note that there are isosbestic points 

during CO dosing for both XANES (Figure 5a) and DRIFTS (Figure 5b and Figure S1a). The 

isosbestic points suggest that the majority of the Pt is still atomically dispersed because once 

agglomeration happens, different size of clusters is expected to be present and have different CO 

bands leading to a change in the center and asymmetry of the CO bands13, 42. EXAFS fitting of the 

sample after CO dosing and flow CO+O2 after CO dosing are shown in Table 2. Pt-Pt coordination 
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could not be fitted for both after CO dosing and in CO+O2, which suggests that the majority of Pt 

remains atomically dispersed even after large CO dosing. The Pt-C coordination was fitted as 1.1, 

and Pt-O coordination was fitted as 2.2. This indicates a Pt(CO)(O)2 structure after CO dosing, 

where Pt was bonded with 1 CO and 2 O from the surface and one O vacancy present. After flowing 

CO+O2 again, The Pt-C coordination was fitted as 1.2, and Pt-O coordination was fitted as 3.0. 

This indicates that after flowing CO+O2, the O vacancy was filled by the gas phase O2, and a 

Pt(O)3(CO) or Pt(O)2(CO)(O2) structure was formed. The structure obtained from EXAFS under 

reaction condition is consistent with the proposed Eley-Rideal/Mars Van-Krevelen mechanism.  

When dosing CO, gas phase CO reacts with one of the surface O in the Pt(O)3(CO) structure to 

form Pt(O)2(CO) and creates a O vacancy. When flowing CO and O2, the O vacancy will be filled 

and the stable intermediate Pt(O)3(O) will again dominate the surface. We note that compared with 

the CO2 level when flowing CO+O2 before CO dosing experiment, the CO2 level after dosing 

increased by two orders of magnitude (Figure S5). This shows that after CO dosing the activity 

increased dramatically while most of the Pt stays as atomically dispersed. The increase of activity 

can be attributed to the slightly changing of local environment of Pt single atoms during CO dosing 

since CO could have a strong interaction with the noble metal center. The change of Pt position 

could affect the reducibility of the surface O atom and therefore affect the reaction barrier in the 

rate-limiting step, in this case, is the reaction between the gas phase CO and the surface O.  
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Table 2. EXAFS parameters characterizing CeO2 supported Pt single-atom catalysts under reaction 

temperature when dosing CO and flowing CO+O2. 

 After CO dosing in CO+O2 

NPt-C (CO) 1.1 ± 0.4 1.2 ± 0.3 

NPt-O 2.2 ± 0.2 3.0 ± 0.6 

RPt-C (Å) 1.83 ± 0.02 1.83 ± 0.02 

RPt-O (Å) 2.01 ± 0.01 2.01 ± 0.01 

σ2
Pt-C (Å2) 0.000 ± 0.002 0.000 ± 0.002 

σ2
Pt-O (Å2) 0.000 ± 0.001 0.000 ± 0.001 

DE0 Pt-O (eV) 12 ± 6 11 ± 5 

N, coordination number; 

R distance between adsorber and backscatter atom; 

σ2, Debye-Waller factor to account for both thermal and structural disorders; 

E0, inner potential correction; 
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Figure 5. XANES and DRIFTS results of the Pt/CeO2 catalysts when dosing large CO (~30 doses 

for each spectrum, with 10). 

 Conclusions 

Pt single atoms were prepared with atomic trapping method. Infrared spectroscopy showed that 

most of the Pt single atoms are stable in O2 and N2 at the reaction temperature (150 °C). However, 

significant activity was measured in DRIFTS and catalytic performance test, so that the origin of 

activity could not be explained by Langmuir-Hinshelwood pathways where adsorbed CO react 

with the activated O2 on the same Pt atom.  EXAFS identified the surface structure after 

pretreatment as Pt(O)4 square planar structure. Our operando DRIFTS and EXAFS results showed 

that while Pt(O)3(CO) structure is stable in O2, gas phase CO could react with the surface O to 

form CO2. The lattice O can be filled by O2. Positive order in CO (~0.5) and 0 order in O2 is 

consistent with the Mars Van-Krevelen /Eley-Rideal mechanism identified by operando DRIFTS 
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and EXAFS. We also noted that after CO dosing the reducibility of the surface O significantly 

increased and therefore the activity of CO oxidation dramatically increased. The adsorbed CO 

serves as a spectator at the low-temperature CO oxidation so that the TPO experiment is not a 

proper indicator of activity. For the future work, first–principle calculation can be applied to 

understand the more detailed reaction mechanism based on the proposed reaction mechanism in 

this work. 
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Appendix C 

 

Figure S1. DRIFTS spectra in the υCO region characterizing the stability of the 1 wt.% Pt/CeO2 

single-atom catalysts under N2 and O2 at 150 °C and at different temperatures in CO + O2. (a) 

DRIFTS Spectra was collected at different times in N2 (100 sccm) after flowing 3 kPa CO and 2 

kPa O2. (b) DRIFTS Spectra was collected at different times in O2 (100 sccm) after flowing 3 kPa 

CO and 2 kPa O2.  
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Figure S2. Change in DRIFTS spectra with time of 1 wt.% Pt/CeO2 single-atom catalyst (a) 

initially after CO+O2 at 150 °C and stable in He during dosing CO (0.25 kPa CO, balanced in He, 

26 doses in total) at 150 °C (b) initially after dosing CO in (a) and flow O2 (1 kPa, balanced in He) 

for 2 min.  
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Figure S3. CO oxidation kinetic measurements (effect of CO and O2 partial pressure on TOF) on 

1% Pt/CeO2 clusters catalysts (after reduction at 300 °C in CO).  Measured at 70 °C. PCO = 0.3 -1 

kPa and PO2 = 10 kPa for CO order and PCO = 1 kPa and PO2 = 2-14 kPa for O2 order.  
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Figure S4. CO oxidation kinetic measurements (effect of CO partial pressure on TOF) on 1% 

Pt/CeO2 single-atom catalysts before (a) and after (b) dosing CO (26 doses in total). All measured 

at 150 °C. PCO = 0.3 -1 kPa and PO2 = 10 kPa for CO order and PCO = 1 kPa and PO2 = 2-14 kPa 

for O2 order.  

a b
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Figure S5. Mass spectroscopy results of the gas concentration after the reactor at 150 °C during 

EXAFS experiment. 3 kPa CO+2 kPa O2 were introduced into the chamber at 150 °C. Then 3 sets 

of doses of CO ( 0.33 kPa CO balanced with He at 60 sccm, 40s each dose and  40 doses in total 

for all 3 set of doses) were introduced into the sample at 165 °C. After 3 sets of doses EXAFS 

experiment was conducted at 150 °C. Then 1 kPa O2 (60 sccm) flowed through the sample at 

150 °C. Then 3 kPa CO+2 kPa O2 flowed through the sample again and EXAFS was collected 

under CO+O2 flow. 
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Chapter 5. Structural and kinetic study of highly active 

subnanometer Ir clusters for low-temperature CO oxidation  

This manuscript is in preparation.  
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 Abstract 

CO oxidation is one of the important reactions for catalytic converters and membrane electrolyte 

fuel cells. However, in catalytic converters noble catalysts are subject to the poisoning of CO 

especially at cold start temperature. Size and shape of particles have been shown to be essential to 

the catalytic performance. When the particle size is in the subnanometer regime, their electronic 

and geometric properties dramatically change. Therefore, their catalytic performance can also be 

very different from the large particles. In this study, we synthesized Ir subnanometer clusters with 
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size 0.6-0.8 nanometers. High CO oxidation activity was observed for the subnanometer clusters. 

In-situ high energy resolution fluorescence detected X-ray absorption near edge structure 

(HERFD-XANES) and infrared spectroscopy (IR) showed that CO and O2 could co-adsorb on the 

subnanometer clusters without CO poisoning. CO and O2 calorimetry was also performed to 

understand the adsorption energy of CO and O2. Kinetic measurement showed that their reaction 

rates do not depend on the CO partial pressure, which can be explained by their unique adsorption 

behaviors of CO and O2.    

 Introduction 

Supported noble metal catalysts are extensively applied in industry and their catalytic performance 

is strongly affected by particle size and shape1-3. Extraordinary catalytic properties have been 

observed on supported noble metals with the size in the subnanometer regime4-9. We recently 

reported that Ir single atoms supported on MgAl2O4 showed higher activity than nanoparticles 

despite stronger CO adsorption due to a different mechanism (Eley-Rideal) on the single atoms10. 

Here we show that supported Ir subnanometer clusters are more active than both, single atoms and 

nanoparticles (> 1 nm). Unlike nanoparticles, CO is not the dominant species on the surface of 

subnanometer clusters. Despite a high CO adsorption energy on Ir subnanometer clusters, 

competitive adsorption of CO and O2 was observed. Detailed kinetic and in-situ characterization 

measurements were performed to understand the reaction mechanisms and the origin of the high 

activity on the subnanometer clusters.     

 Methods 
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Synthesis and pretreatment. The 0.05 wt.% subnanometer clusters catalyst was prepared by wet 

impregnation. The MgAl2O4 support (Puralox MG 30, Sasol) was calcined at 500 °C for 4 hr before 

impregnation. 200 mL DI water was added to a Pyrex bottle and the pH was adjusted with nitric 

acid to 2.8. The Ir nitrate precursor (8.7 wt. % Ir, Furuya Metal CO. Ltd.) was added into the pH 

adjusted solution. The MgAl2O4 support was then added into the solution while stirring for 2 hr. 

The final pH of the solution was 9.5. The nominal Ir weight loading was 0.05%. After 2 hr of 

stirring, the solution was filtered out, and the solid sample was dried in air for 24 hr at room 

temperature. The sample was then dried at 80 ℃ and 100 °C before calcination at 500 °C for 4 hr. 

The Ir in the solution after filtration was measured by inductively coupled plasma atomic emission 

spectroscopy and no Ir was detected. The sample was pretreated in 20 kPa H2 in situ (80 sccm total) 

for 2 hr and cooled down to room temperature in the same gas. Another 0.1 wt.% Ir/MgA2O4 

subnanometer clusters were prepared by wet impregnation. Proper amount Ir4(CO)12 (Sigma 

Aldrich) precursor was dissolved in 16 mL of toluene (Sigma Aldrich) in a 20 ml vial while 

flowing N2 at room temperature. Then the dissolved Ir4(CO)12 toluene solution was injected into 

another vial containing 5 g MgAl2O4 (Puralox MG 28, Sasol) under N2 flow. The sample was then 

dried under N2 flow at room temperature overnight to evaporate the toluene. No calcination was 

performed on this catalyst. The CO and acac ligands were removed in-situ by treatment in He at 

400 °C and H2 at 200 °C which led to the formation of subnanometer clusters as detailed below. 

HERFD-XANES. HERFD-XANES measurements were collected at beamline 6-2 at the Stanford 

Synchrotron Radiation Light Source (SSRL). A liquid-nitrogen-cooled double-crystal Si(311) 

monochromator was equipped to select the energy of the incident beam with a flux of 3 x 1012 

photons × s-1. A Rowland circle spectrometer (radius 1 m) equipped with three spherically bent Si 
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(800) analyzers and a silicon drift detector was used to select the Ir Lα (9175 eV) emission line 

with a measured resolution of 1.3 eV. An iridium foil was scanned in the transmission mode for 

initial energy calibration.  

Each sample (120 mg in mass, 25-90 microns) was loaded into a packed bed flow reactor. The in-

situ packed bed reactor consists of a Be tube (Materion; PF-60 Grade) (OD 5 mm and ID 3.8 mm) 

connected to the gas line using graphite ferrules and heated by a stainless steel heating block 

equipped with four 100 W heating cartridges (Watlow). The in-situ reactor assembly was protected 

from oxidation by an air-free box with polyimide film X-rays windows and continuous He or N2 

flow. Two type-K thermocouples were used to monitor and control the heating block and the 

catalytic bed temperature. A portable gas delivery system equipped with 5 MFCs (Brooks - 

SLA5800) was used to control the gas flow. The composition of effluent gases was measured by 

an online quadrupole mass spectrometer (Hiden HPR20). Samples were pretreated the same as the 

previous section. 

All HERFD-XANES spectra were measured within 2 min and three to six scans were averaged to 

improve signal-to-noise ratio. The analysis of the HERFD XANES data was carried out with the 

software ATHENA of the IFEFFIT package 42, 43. The edge, determined by the first inflection point 

of the absorption edge of the Ir foil, was calibrated to the reported Ir L3 energy, 11215 eV. This 

calibration was used to calibrate a known glitch in the monochromator observed in the I0 signal of 

each scan. A least-squares Gaussian fit of the glitch, determined the error in the energy calibration 

of the samples to be 0.022 eV. Energy calibration was achieved by aligning the glitch in each scan 

to the glitch in the Ir foil reference scans. Three to six scans per sample were averaged with the 

averaged spectra being used for deglitching and normalization. The averaged spectrum was 
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processed by fitting a second-order polynomial to the pre-edge region and subtracting this from 

the entire spectrum. Edge energy was determined by the first derivative of the normalized 

absorbance. The data were normalized by dividing the absorption intensity by the height of the 

absorption edge. 

Micro-calorimetry. Micro-calorimetry was performed on a Setaram SENSYS Evo DSC 

calorimeter with a self-built U-shape sample tube. The U-shape sample tube was connected to a 

Micromeritics 3Flex for the adsorption quantity measurement and temperature control. 70 mg 

catalyst was put in the U-shape reactor each time. The gas pretreatment procedure was the same 

as mentioned above in a soaking mode with 760 mmHg O2. After pretreatment, samples were 

exposed to ultra-high vacuum (UHV) with pressure below 1e-5 mmHg. For the first set of doses, 

adsorption heat of both chemisorption and physisorption CO/O2 was measured. After the first set 

of doses, samples were exposed to ultra-high vacuum (unrestricted vacuum <1 e-4 mmHg for 1hr) 

at 30 °C to remove the physisorbed CO/O2. The second set of doses measured the adsorption heat 

of the physisorbed CO/O2. O2 adsorption experiment was measured at 30 °C with pressure between 

0-300 mm Hg for O2 calorimetry and 0-20 mmHg for CO calorimetry.  

Scanning transmission electron microscopy. Aberration-corrected electron microscopy images 

for Ir/MgAl2O4 samples were taken on FEI TITAN 80-300 in STEM mode using a high angle 

annular dark field (HAADF) detector. The resolution is 0.1 nm, with the CEOS GmbH double-

hexapole aberration corrector. To calculate the atomic percentage from multiple STEM images, 

the number of atoms per particle (N) was estimated with a spherical model 48: 

                                                                N = XYDZ[\
]^_

                                                                  (1) 
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where D is the nanoparticle diameter, ρ is the bulk metal density, NA is Avogadro’s number, and 

Mw is the metal molecular weight.  

 Results 

MgAl2O4 supported Ir subnanometer clusters catalysts were prepared with two different types of 

precursors. The first catalyst was prepared with inorganic precursor Ir nitrate and 0.05% Ir weight 

loading, and the second catalyst was prepared with organic precursor Ir4(CO)12 and 0.1% Ir weight 

loading (See Methods for details of synthesis). High angle annular dark field –scanning 

transmission electron microscopy (HAADF-STEM) was applied for the analysis of cluster size. 

The particle size was analyzed from multiple images, and the particle size distribution of two 

catalysts was summarized in Table 2 and the Histogram in Figures 1 and 2. The 0.05 wt.% Ir 

sample prepared with Ir nitrate has 28% single atoms, and the average particle size is ~0.7 nm. 0.1 

wt.% Ir sample prepared with Ir4(CO)12 has 13% single atoms, and the average particle size is 

~0.5-0.6 nm. The 0.1 wt.% sample prepared Ir4(CO)12 has a more uniform size distribution and 

smaller size on average compared with the 0.05 wt.% Ir sample prepared with Ir nitrate precursor.        
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Figure 1. HAADF-STEM images of the 0.05 wt.% Ir supported on MgAl2O4 (prepared with Ir 

nitrate precursor). Histogram obtained from multiple images is shown in (a). 

 

Figure 2. HAADF-STEM images of the 0.1 wt.% Ir (prepared with Ir4(CO)12 precursor) supported 

on MgAl2O4. Histogram obtained from multiple images is shown in (a). 

a b

nm

a b

nm
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Table 1. Size distribution of two subnanometer clusters samples prepared with different precursors. 

Catalyst 0.1-0.3 nm 0.3-0.5 nm 0.5-0.7 nm 0.7-0.9 nm 0.9-1 nm 

0.05 wt.%Ir 

(Ir(NO3)2 precursor) 
28% 6% 28% 29% 7% 

0.1 wt.%Ir 

(Ir4(CO)12 precursor) 
13% 24% 44% 21% 0% 

 

For low-temperature CO oxidation on Ir nanoparticles, nanoparticle surface is poisoned by CO, 

and O2 activation becomes the rate limiting step. Thus negative order in CO was reported on Ir 

nanoparticles11.  On Ir single atoms, a facile O2 activation and an Eley-Rideal mechanism were 

reported by early work in our group which results in a positive order in CO10. In contrast to the 

negative order in CO on Ir nanoparticles (1-2 nm), and positive order on Ir single atoms 10, the Ir 

subnanometer clusters (~0.7 nm) showed ~0 order in CO and 0.4 order in O2 (Figure 2). Moreover, 

during CO order measurement, the activity of Ir subnanometer clusters (~0.7 nm) was consistently 

higher than the single atoms and nanoparticles across most of the CO partial pressures measured. 

The activity of the single atoms reaches almost the same value at a higher partial pressure of 1 kPa 

as shown in Figure 3a, which was also observed when measuring the O2 order at 1 kPa CO. The 

results indicate a different reaction mechanism on subnanometer clusters than on single atoms or 

nanoparticles. The high activity and ~0 order in CO and 0.4 in O2 suggest that Ir subnanometer 

clusters are not fully covered by CO.  
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Figure 3. Effect of (a) CO partial and (b) O2 pressure on turnover frequency (TOF) on MgAl2O4 

supported Ir subnanometer clusters (0.05 wt.% Ir, prepared with Ir nitrate precursor, ~0.7 nm, 

black), single atoms (blue)10 and Ir nanoparticles (1-2 nm, red)10. (a) O2 partial pressure = 10 kPa, 

CO partial pressure = 0.3-1 kPa. Measured at 155 °C. (b) (a) O2 partial pressure = 2-14 kPa, CO 

partial pressure = 1 kPa. Measured at 155 °C. 

 

To understand the high activity and unique reaction kinetics, HERFD-XANES spectra were 

performed on both subnanometer clusters with different size and preparation methods. For the 

sample 0.05 wt.% Ir/MgAl2O4 prepared with Ir nitrate precursor, CO flowed through the sample 

at room temperature after pretreatment, and spectra were collected after flushed with He (Figure 

4a, blue). When flowing O2 on the CO covered sample at room temperature, a significant increase 

in white line intensity was observed (Figure 2a, blue) which indicates an increase in oxidation 

a b
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states of Ir. CO2 was detected in the mass spectroscopy (Figure S1, a) when flowing O2, which 

suggests that O2 could react with the adsorbed CO, and then co-adsorb with the CO at room 

temperature. When flowing CO again after the oxygen step, a decrease in white line intensity was 

observed (Figure 4a, orange), but still higher than the original spectrum after flowing CO. A CO2 

spike was observed in the mass spectroscopy (Figure S1a). This suggests that CO could again 

replace some of the adsorbed O2 by CO, or further adsorption of CO. Some CO could possibly 

react with adsorbed O to form CO2 as indicated by mass spectroscopy. This competitive co-

adsorption of CO and O2 could explain the high activity of CO oxidation on subnanometer clusters 

because CO is no longer the dominating species and the O2 activation will have a lower barrier 

compared with nanoparticles. A similar experiment was done on the sample prepared with 

Ir4(CO)12 which has a smaller average cluster size as 0.5-0.6 nm. Similar increase and then 

decrease of white line intensity when flowing O2 and CO respectively was observed. The increase 

of white line when flowing CO is more significant and the white line almost back to the original 

position after flowing CO again. CO2 was observed during O2 flow, but not the CO flow after O2 

(Figure S1b). This suggests that the competitive adsorption of CO and O2 is more significant on 

this sample, which can be related to its smaller cluster size. 
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Figure 4. HERFD-XANES spectra of Ir subnanometer clusters (a) 0.05 wt.% Ir/MgAl2O4 prepared 

with Ir nitrate precursor; (b) 0.1 wt.%Ir/MgAl2O4 prepared with Ir4(CO)12 precursor.  

CO micro-calorimetry results (Fig. 1b) showed that subnanometer clusters adsorb CO with binding 

energy of 203-210 kJ/mol (at low coverage, based on two measurements), which is much higher 

than the binding of CO on Ir nanoparticles (~150 kJ/mol at low CO coverage), and similar with 

the CO binding energy on Ir single atoms (~230 kJ/mol). On the other hand, the O2 adsorption 

energy on the subnanometer clusters was also higher than nanoparticles (480-550 kJ/mol vs. ~330 

kJ/mol at low coverage). The increase of binding energy of O2 on subnanometer clusters 

(compared with the nanoparticles) is more significant than CO, which could facilitate the 

activation of O2. This could further explain the high activity observed during CO oxidation.  

a b
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Figure 5. CO (a) and O2 calorimetry of 0.05 wt. % Ir/MgAl2O4 prepared with Ir nitrate precursor. 

Measured at 30 ºC for both CO and O2 calorimetry. CO and O2 coverage were based on the ratio 

between adsorbed CO/O and the total surface CO/O. Total surface CO/O was calculated with the 

Ir loading and the volumetric chemisorption. 

 

 Conclusions 

Two Ir subnanometer clusters samples were prepared with different clusters, one with an average 

cluster size 0.7 nm and one with average cluster size 0.5-0.6 nm. High activity was observed on 

these subnanometer clusters during CO oxidation (higher than both single atoms and nanoparticles 

at all conditions). In-situ HERFD-XANES suggests that O2 could competitively co-adsorbed with 

CO, which suggests a lower reaction barrier on Ir subnanometer clusters. CO and O2 calorimetry 

showed that both CO and O2 adsorbed stronger on subnanometer clusters (CO: ~230 kJ/mol, O2: 

a b

CO calorimetry O2 calorimetry



 

 
212 

550 kJ/mol) than nanoparticles (CO: 150 kJ/mol, O2: 330 kJ/mol). The more significant increase 

in O2 binding energy (1.7 times) than CO binding energy (1.5 times) could result in a lower 

reaction barrier of O2 activation. Also, the different reaction mechanism as indicates in kinetic 

measurement could also be one of the reasons for the high activity on Ir subnanometer clusters. 
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Appendix D 

 

Figure S1. Mass spectroscopy results of the gas concentration after the reactor at 30 °C during 

EXAFS experiment on sample (a) 0.05 wt.% Ir/MgAl2O4 prepared with Ir nitrate precursor (b) 0.1 

wt.% Ir/MgAl2O4 prepared Ir4(CO)12 precursor with 1 kPa CO (50 sccm). (a) Flowed 1 kPa and 

then 4 kPa CO, 4 kPa O2, and 1kPa CO in sequence on 0.05 wt.% Ir/MgAl2O4 prepared with Ir 

nitrate precursor. (b) Flowed 1 kPa CO, 4 kPa O2, and 1 kPa CO in sequence on 0.1 wt.% 

Ir/MgAl2O4 prepared Ir4(CO)12 precursor.   
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Chapter 6. Conclusions and future work 

Supported single atoms and subnanometer clusters provide numerous opportunities for designing 

catalysts at the atomic scale. In this work, using in-situ and operando spectroscopy (FTIR, 

HERFD-XANES), HAADF-STEM, calorimetry and DFT calculations we studied the CO 

oxidation reaction mechanism of Ir and Pt single catalysts. For MgAl2O4 supported Ir single-atom 

catalyst, we show that Ir(CO) is the active complex and the formation of this Ir single-atom 

complex on MgAl2O4 promotes CO oxidation and the O2 facile activation via an Eley-Rideal 

mechanism where Ir(CO)(O) is the resting state of the catalyst. For CeO2 supported Pt single-atom 

catalyst, similar reaction behavior was observed. Infrared spectroscopy showed that most of the Pt 

single atoms are stable in O2 and N2 at the reaction temperature (150 °C). However, significant 

activity was measured during catalytic performance measurement. Operando DRIFTS, EXAFS 

and calorimetry results showed that though Pt(O)3(CO) structure is stable in O2, gas phase CO 

could react with the surface O to form CO2. The lattice O can be filled by O2. One adsorbed CO 

present during the whole reaction cycle which acts as a ligand. Positive order in CO (~0.5) and 0 

order in O2 is consistent with the Mars Van-Krevelen and Eley-Rideal mechanism identified by 

operando DRIFTS and EXAFS.  

With two different noble metal single-atom catalysts (Ir and Pt), our results show that detection of 

adsorbed CO on metal single atoms by infrared spectroscopy under reaction conditions or under 

O2 flow does not necessarily indicate low activity for CO oxidation. The adsorbed CO serves as a 

spectator at the low-temperature CO oxidation so that TPO experiments is not a proper indicator 

of activity. For the future work, detailed kinetic study at different reaction conditions can be done 
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to further understand the reaction mechanism, and the first–principle calculation can be applied to 

understand the more detailed reaction mechanism based on the proposed reaction mechanism in 

this work. 

Because of the unique reaction mechanism of CO oxidation on supported Ir (and Pt) single atoms, 

we identified kinetic measurements as a unique, facile and effective method to quantify the site 

distribution of iridium as single atoms and nanoparticles under reaction conditions. We show that 

the site fractions estimated from kinetic measurements on different catalysts are consistent with 

STEM, XAS, and FTIR. More importantly, CO oxidation measurements directly measures the 

surface sites, allowing the determination of the catalyst dispersion and whether single atoms are 

on the surface or in the sub-surface and this methodology is not limited to iridium and can 

potentially be used as a facile and sensitive tool for other reactions/metal catalysts to differentiate 

between two types of sites, provided they have different reaction orders.   

To bridge the gap between the nanoparticles and single atoms and further understand the effect of 

nuclearity, two Ir subnanometer clusters samples were prepared and proved to be highly active 

during CO oxidation (higher than both single atoms and nanoparticles at all conditions). In-situ 

HERFD-XANES suggests that O2 could competitively adsorb with CO, which suggests a lower 

reaction barrier on Ir subnanometer clusters. CO and O2 calorimetry showed that both CO and O2 

adsorbed stronger on subnanometer clusters, and the difference in O2 is more significant than CO. 

From Ir nanoparticles to Ir subnanometer clusters, a more significant increase in O2 binding energy 

(480-550 kJ/mol on Ir subnanometer clusters and ~330 kJ/mol on Ir nanoparticle) than CO binding 

energy (203-230 kJ/mol on Ir subnanometer clusters and ~150 kJ/mol on Ir nanoparticles) could 

possibly explain the easier O2 activation on Ir subnanometer clusters. Also, a different reaction 



 

 
217 

mechanism as suggested by the kinetic measurements could also be one of the reasons for the high 

activity on Ir subnanometer clusters. 

This work studied the reaction mechanism of CO oxidation in the subnanometer regime with 

different sizes, from single atoms to subnanometer clusters, also with different metals: Pt and Ir. 

CO and O/O2 co-adsorption on neighboring atoms was observed on Ir subnanometer clusters, and 

CO and O co-adsorption on the same atoms was observed on Ir single atoms. For both supported 

Pt and Ir single atoms catalysts, a strongly adsorbed ligand from adsorbate was observed during 

the whole reaction cycle, which dramatically changed the reaction pathways and the activation 

energy of O2. This work highlights the importance of combining in-situ/operando spectroscopy, 

together with quantum chemical calculations, and kinetic measurements to identify the active 

complex, most stable intermediate (resting state) and reaction mechanism.  

For future work, the effect of support can be further studied to decouple the effect of support from 

the effect of metal nuclearity and metal electronic properties. The metal surface interaction and 

metal adsorbate interaction can be further studied to understand how single atoms can be activated 

by tuning the electronic properties and the interaction with the support. 

 

 

 


