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ABSTRACT 

Oxide Supported Rh Catalysts in Automotive NO Reduction Chemistry: The Roles of 

Atomically Dispersed Rh, Supports, Water, and Dynamic Restructuring 

by Chithra Asokan 

At a time when global warming has led to aggressive regulations on emissions control 

around the world, the demand for automotive pollution-mitigating catalytic converters has 

grown. The three-way catalyst (TWC) in catalytic converters, composed of platinum group 

metals, has played a critical role in automotive pollution mitigation. Specifically, rhodium 

(Rh) is crucial in TWCs to reduce nitrogen oxide (NOx) emissions produced by burning 

hydrocarbon fuel. Rh is a distinct catalyst in its ability to reduce NO at high rates with a high 

selectivity towards N2, while remaining robust. 

Despite extensive investigation, NO reduction mechanisms under automotive 

conditions remain unclear. Particularly, it is unknown which sites are responsible for the 

unselective reduction of NO to NH3 under light-off conditions, or in CO-rich feeds. This is 

important for further optimization of TWCs as NH3 is currently an unregulated emission 

from automobiles, despite it being a strong greenhouse gas. While Rh is highly selective 

towards N2 at steady state conditions, the current understanding in literature rarely 

incorporates realistic automotive operating conditions where large concentrations of CO and 

H2O are present. Additionally, most studies have been performed over nanoparticle surfaces 

at higher weight loadings of Rh, >1%, despite the fact that the actual Rh weight loading in 

the TWC is lower than ~0.3%, where a mix of nanoparticles, small clusters, and atomically 

dispersed species are likely to be present. 

In this work, we focused on identifying the distinct properties and reactivity of 

atomically dispersed Rh active sites on oxide supports for NO reduction under automotive 
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conditions. We developed and optimized approaches to synthesize atomically dispersed Rh 

catalysts on various oxide supports using principles of strong electrostatic adsorption. Probe 

molecule Fourier-transform infrared spectroscopy (FTIR) was utilized in correlation with 

temperature programmed desorption, aberration corrected scanning transmission electron 

microscopy, and Density Functional Theory calculations to provide insights into the structure 

and local coordination of the Rh species. Probe molecule FTIR was particularly useful in 

characterizing the distribution of Rh species in a sample as probe molecules bond with 

different stoichiometries and vibrational stretching frequencies on different Rh species 

ranging from atomically dispersed to nanoparticles.   

Using a series of well characterized samples with various Rh structures, we observed 

via light off and kinetic measurements that atomically dispersed Rh active sites result in 

distinct NO reduction reactivity as compared to Rh nanoparticles. Specifically, under dry 

environments, NO is reduced by CO at higher rates on Rh nanoparticles as compared to 

atomically dispersed Rh species. Interestingly, the addition of H2O to the feed significantly 

promotes the NO consumption rate for atomically dispersed Rh active sites and results in 

100% selectivity to NH3 at relevant operating temperatures. Alternatively, Rh clusters are 

less reactive than atomically dispersed species in the presence of H2O, and the reaction 

primarily leads to N2 formation. Thus, Rh structure has strongly affected NO reduction 

chemistry in catalytic converter conditions, both in terms of NO consumption rate and 

selectivity. Our results suggest that TWC formulations and emission control strategies should 

be targeted to avoid the formation of atomically dispersed Rh species to mitigate low 

temperature NH3 formation. More broadly, the results highlight the potential role (sometimes 

negative) of atomically dispersed metal species in industrial catalytic processes.  
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1.1 The Background of Catalytic Converter NOx Reduction 

The three-way catalyst (TWC) in catalytic converters has played an essential role in 

controlling automotive pollution from gasoline burning engines. The catalytic converter was 

originally invented and patented by the French mechanical engineer Eugene Houdry in 1930 

to minimize smog from smokestack and automobile exhaust. 1–6 By the 1950s, he had 

developed catalytic converters for gasoline engines in cars but this technology would not be 

implemented broadly for another 25 years because the catalyst was poisoned during 

operation by tetraethyllead, a common gasoline additive that acted as an anti-knock agent. 1 

In 1975, the United States Environmental Protection Agency’s (EPA) Clean Air Act required 

a 75% decrease in chemical emissions in all new vehicle models, so tetraethyllead was 

removed from gasoline in order for TWCs in catalytic converters to be implemented. 1–6  

Today, the demand for emissions control catalysts continues to dramatically rise as the US 

and other parts of the world (including Europe, India, and China) increase strict toxic 

chemical control on transportation to comply with environmental and health regulations.1,7–9 

Continuing the development of the TWC in catalytic converters found in gasoline powered 

vehicles is required to prevent the ongoing negative effects brought on by global 

transportation demands. Improvement to the process includes mitigation of unregulated 

pollutants, such as NH3 and N2O, or optimizing operation at low temperature start up, when 

the most toxins are released.4,7–10  

After fuel is burned in vehicle engines through combustion with air, the exhaust gas 

flows to catalytic converters where “three” pertinent reactions occur over the TWC, hence 

the name. These “three” reactions are the reduction of nitrogen oxides (NOX) into molecular 

nitrogen (N2), the oxidation of carbon monoxide (CO) to carbon dioxide (CO2), and the 

oxidation of residual hydrocarbons into CO2 and water (H2O).6,10,11 These reactions are 
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critical because the toxic pollutants released without the presence of the TWC can create 

smog that affects human health, and adverse environmental consequences such as acid rain 

and damaged water quality.8,9,12,13 

Combustion effluent that flows into the catalytic converter and over the TWC is 

commonly composed of CO (< 1%), H2 (< 1%,), O2 (< 1%), CO2 (~14%), H2O (~13%), 

hydrocarbons (~1000 ppm), and NOx (~1000 ppm) (figure 1.1).10,11 Automobiles release a 

majority of toxic emissions in the first minute of operation because, unlike industrial catalytic 

processes that are brought on stream in a controlled manner, the catalytic converter is forced 

to start heating up rapidly from ambient temperature (cold start), where the catalyst is 

inactive, to operating temperatures where desired conversion is achieved.4,14 The conversion 

of reactants as temperature increases over the catalyst from ambient temperature, mimicking 

the start-up of a car, can be referred to as a “light off curve” as seen in figure 1.1. Notably, 

NO and CO light off (convert) at the same temperature, then the conversion of hydrocarbons 

follows, suggesting that NO reduction to N2 primarily occurs via reactions with CO.  

 

Figure 1.1: a) Conversion of typical exhaust gas composition flowing over TWC versus 

temperature. Temperature is increased 5 °C/min at 0.75% O2 atmosphere (𝝺=1.0005). 
(courtesy of Bean Getsoian at Ford Motor Company)  
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The catalytic converter is a honeycomb structure composed of a ceramic monolith 

that is mechanically and chemical stable at high temperature and is encased by a metal 

housing with thermally insulating layers. This honeycomb interior has thin wall channels and 

is wash coated with porous oxides (CeO2/Al2O3) to maximize the surface area where 

catalytically active metals are deposited, and catalytic reactions occur. The TWC in catalytic 

converters typically contains a combination of 3 reactive noble metals (or sometimes only 2) 

that are impregnated on the oxide layer wash coat; Pt, Pd, and Rh. Rh is considered the most 

viable noble metal for NOx reduction because it exhibits higher NOx conversion rates and 

selectivity to N2 compared to Pd or Pt.4,10,15,16 Ru, Ir, and Os have also been considered for 

NOx reduction chemistry, but these precious metals form volatile oxides that are unstable in 

automotive conditions. 

NOx is detrimental to human health, causing respiratory infections, lung disease, and 

possibly cancer.9,12 In certain areas of the world, NOx can be noticed by a brownish haze in 

the atmosphere and creates acid rain when NOx reacts with water in the atmosphere to form 

acids.17,18  Other nitrogen containing pollutants that are released from automobiles due to 

unoptimized catalyst selectivity include N2O (laughing gas), and NH3 (ammonia). These 

species are most often seen at low temperature, during light off. N2O is a potent greenhouse 

gas, and atmospheric NH3 can cause airborne poisonous particulate formation, water source 

contamination from ground water runoff, and plant-life eradication.17,19–21 To guide the 

formulation and operation of TWCs to minimize NH3 and N2O formation, while maintaining 

maximal control over NOx emissions, deeper understanding of the mechanisms of NOx 

reduction on TWCs is required. Even under simplified conditions, mechanistic understanding 

of NO reduction by CO on Rh single crystals is inconsistent with results obtained on 

supported Rh particles.  This shows the need for understanding structure-function 
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relationships between Rh catalysts and NO reduction, where specific catalytic behavior is 

connected to specific active sites.22–27 

The reaction mechanism for NO reduction by CO on Rh has been widely studied and is 

still debated. Grounding a deeper understanding of this mechanism could lead to a more 

sustainable catalyst design, especially if small clusters or atomically dispersed Rh may serve 

as the active species.28–30 The dynamic shifts in the reactant composition from oxidizing and 

reducing (figure 1.1, 𝝺) can cause Rh restructuring that may result in differences in catalyst 

reactivity.6  Insights into relationships between Rh active site structure and catalytic 

functionality is made challenging by the structurally adaptive nature of Rh to surrounding 

environments. Specifically, in harsh rich feed and high temperature conditions, Rh 

agglomerates into particles.31 In lean conditions, Rh is known to disperse into single atoms 

across an oxide support because the support interactions with ligated atomically dispersed Rh 

species can be stronger than the bonds formed between Rh atoms.29 Developing structure-

function relationships for heterogeneous Rh catalysts is complicated when Rh is known to 

speciate between atomically dispersed species and metal clusters and the Rh structure 

depends on composition in exhaust streams containing CO, NO, H2 and H2O.32,33  

The Rh weight loadings in industrial TWCs are commonly lower than ~0.3%, where 

a mix of Rh nanoparticles, small clusters, and atomically dispersed species co-exist while the 

exhaust composition fluctuates.14 While the reduction of NO by CO is well studied for Rh 

nanoparticles and extended Rh surfaces, the role of atomically dispersed species Rh in this 

chemistry, particularly under relevant conditions with H2O in the feed, has not been 

addressed.16,25,34–39 Understanding the mechanistic pathways in TWCs on oxide supported 

atomically dispersed Rh species is important for building up a complete description of NO 

reduction chemistry under relevant automotive conditions.40–43 Next, the current 



 

 
6 

understanding of NO reduction by CO on extended Rh surfaces and Rh nanoparticles is 

provided as a backdrop to future studies aimed at elucidating the potentially distinct 

reactivity of atomically dispersed Rh species. 

1.2 NO Reduction by CO on Extended Rh Surfaces and Particles 

Previous experimental studies have primarily focused on NO reduction by CO over 

extended Rh surfaces and supported Rh nanoparticle catalysts, with minimal analyses of the 

influence of hydrogen sources (H2O or H2) or atomically dispersed Rh species on reactivity 

and selectivity.16,36–38  These studies focused on well characterized single crystal Rh 

surfaces and oxide supported Rh nanoparticles with detailed investigations of NO and CO 

adsorption, interaction, dissociation, and desorption.15,30,44  Smaller Rh particles on oxide 

supports have shown noticeably lower reaction rates and higher apparent activation barriers 

than extended Rh surfaces or large Rh particles, which highlights the structure sensitivity of 

NO reduction by CO over Rh catalysts. Differences between the reactivity of Rh 

nanoparticle catalysts as compared to extended Rh surfaces likely stems from differences in 

the distributions of active Rh geometric structures and the resulting influence on apparent 

activation barriers or reaction mechanisms. However, it has remained challenging to identify 

the source of discrepancies in the reactivity various Rh structures due to the array of 

potential intermediates, bonding configurations, and adsorbate-adsorbate interactions 

formed with just NO and CO in the feed. Both adsorbates can bond to Rh in different 

stoichiometries and at different sites, making the correlation of adsorbed species and 

reaction mechanisms challenging to disentangle. There are also factors that must be 

considered such as Rh restructuring and support contributions, although previous 

comparisons carried out using a series of supported Rh catalysts claim that variations in 

support composition minimally influence reaction kinetics.36,40,45–47 The presence of oxygen, 
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water, and hydrocarbons in real feeds presents further complications due to their potential 

occupation of surface sites on the metal and support, as well as participation in NO 

reduction.   

The elementary mechanism of  NO reduction by CO over Rh catalysts has been 

proposed to follow one of two possibilities: either the Eley-Rideal (E-R) mechanism, where 

adsorbed species react with gas phase species, or the Langmuir-Hinshelwood (L-H) 

mechanism, where all species adsorb before reacting. Initially the E-R mechanism, with 

stable isocyanate (NCO) formation through gas phase CO reacting with adsorbed N, was 

generally accepted to be the reaction pathway. However, detailed kinetic studies have since 

supported a L-H mechanism over extended Rh surfaces and nanoparticles and have 

suggested that NCO is formed as a bystander that is not critical to the reaction.25,48,49  

The proposed L-H mechanism assumes negligible N2O production above NO light-

off temperature, and an increase in NO dissociation with more vacant Rh sites forming 

during the reaction as products desorb. Primarily, N2 is believed form through the 

recombination nitrogen atoms and is considered the rate-limiting step due to its low rate 

constant at temperatures below 125 °C.50,51 Aside from this, N2 can also form through the 

interaction of NO and N atoms through a L-H mechanism, depending on the partial 

pressures of NO. N2 rapidly desorbs from Rh under typical catalytic operating 

temperatures.22,52  But at lower temperatures, below 300 °C, the E-R mechanism is 

considered because of the higher selectivity towards N2O, compared to higher temperatures 

where N2O production is negligible. Even within these two classes of mechanism, many of 

the detailed steps are still debated.  

In this section, we provide a detailed review of NO reduction on extended Rh 

surfaces and Rh single crystals and what initial insights were used to propose a mechanism in 
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these conditions. This includes why NO dissociation is generally proposed as an essential or 

the rate determining step via a Langmuir-Hinshelwood mechanism and how NO saturation 

over the surface leads to selectivity towards N2O over N2  below 300 ºC.53–56  We then 

provide detail into NO reduction by CO on oxide supported Rh particles in realistic 

atmospheric pressures and operation temperatures. We learn that the reactive behavior of 

supported Rh particles show contradictions to extended Rh surfaces. Specifically, Rh single 

crystals exhibited substantially lower apparent activation energies, higher specific rates and 

lower N2O selectivity than supported Rh/Al2O3 catalysts containing small ~1 nm Rh 

particles.48 We also learn that a the major factor influencing the kinetics of the NO-CO 

reaction is metal particle size, such that the rate of NO dissociation decreases as Rh 

dispersion increases.47,57–59  

The mechanistic origin of this difference in behavior is currently unknown although 

we proposed some suggestions. The presence of more than one active site may be able to 

explain why supported Rh particles exhibit lower reaction rates and higher selectivity 

towards N2O at low temperature, below 300º C. It could also be that differences in saturation 

adsorbate coverage as a function of particle size plays a critical role in these differences. This 

review highlights the necessity for understanding the reactive properties of all Rh structures, 

as real catalytic convertors contain a mix of larger Rh particles, small Rh clusters, and 

atomically dispersed Rh species.   

1.2.1 NO Reduction by CO Over Extended Rh Surfaces 

The influence of Rh single crystal facets on NO reduction reactivity and selectivity 

has been studied in detail.15,54,55,60,61 For example, Peden et al. investigated the selectivity 

toward N2 and N2O at relatively high pressures over Rh [110] and Rh [111] surfaces. It was 

suggested that the selectivity towards N2 is greater than N2O on the Rh [110] due to site 
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availability. Reactions over Rh [111] have a higher selectivity towards N2O due to steric 

crowding of strongly adsorbed NO which inhibits NO dissociation.56 This aligns with the 

idea that at low temperatures, below 300 ºC, less N2 desorbs, and N2O formation increases 

due to high NO surface coverage. Therefore, it can be concluded that N2O formation is 

sensitive towards Rh surface structure. Additionally, the Rh [110] surface exhibits a lower 

apparent activation energy for NO dissociation compared to Rh [111] over a wide range of 

temperatures. However, in dry conditions NO consumption rates are similar over any Rh 

single crystal surface structure when reacting with CO.  

The predominant adsorbate coverage also plays a critical role in dictating catalytic 

reactivity. Once NO absorbs onto a metallic Rh surface with neighboring open sites, the 

ability of metallic Rh to accomplish NO dissociation more readily is unique and many 

researchers claim that this is a key attribute to why Rh is highly active for NO reduction 

compared to other noble metals.62,63 Therefore, NO dissociation is generally the proposed as 

an essential or the rate determining step in NO reduction by CO in the L-H mechanism. The 

elementary process of NO dissociation over well-characterized Rh extended polycrystalline 

and single-crystal surfaces has been established through application of various surface 

chemistry techniques that require ultrahigh vacuum.34,45,64–66 DFT calculations have also 

suggested that on extended Rh [100] and [111] surfaces, the rate limiting step is NO 

dissociation and that NO is able to dissociate in the presence of CO with a relatively low 

energy barrier on the surface of Rh nanoparticles.34,35    
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Figure 1.2: Proposed NO reduction pathways with CO over Rh a) Langmuir 
Hinshelwood mechanistic pathways proposed, starting with NO dissociation after 
adsorption b) Langmuir Hinshelwood mechanistic pathways proposed, starting with 
strong NO molecule adsorption after adsorption c) Eley-Rideal  mechanistic pathways 
mechanistic proposed where gas phase reactants interact with adsorbed NO species. 
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Aside from NO interaction over the Rh surface, CO is also necessary for NO 

reduction to proceed over Rh. Until now, all discussions have assumed CO molecularly 

adsorbs to Rh and reacts with surface bound O to form CO2. Yates and Williams investigated 

the dissociation of chemisorbed CO using auger spectroscopic and isotopic exchange 

measurements, at a surface temperature below 525 °C and found that that the maximum 

probability of dissociation of CO molecules in collision with Rh [111]  was negligible when 

compared to the desorption of molecular CO.67 Therefore, most mechanisms rule out simple 

dissociation of CO on Rh surface without the presence of other molecules. Additionally, 

Baird and Wynblatt suggested that CO chemisorbed and desorbed molecularly at all 

coverages over Rh [110] as shown by Temperature Programmed Desorption (TPD) and 

Ultraviolet Photoelectron Spectroscopy (UPS).68  In comparison, NO could chemisorb and 

desorb molecularly at high NO coverage from Rh [110] but NO dissociation was observed 

above ~250 °C at low coverages. During TPDs of NO from [110] extended Rh surfaces 

molecular NO was observed via mass spectrometry to desorb, but at elevated temperatures 

and low coverages, N2 rather than NO was detected.45,69  

Thus, atomic oxygen from NO, rather than from CO, likely plays an intermediate role 

in CO2 formation (figure 1.2a, route H). This finding was in line with Campbell and White’s 

conclusion that monatomic N reacted to form N2, but ignored the idea that atomic N reacted 

with adsorbed molecular NO because the NO was more likely to dissociate on the surface 

while atomic O reacted with CO to form CO2 (figure 1.2a, route H). The NO dissociation 

reaction studies were again verified through TPD studies by Bowker, M. et al.69 Their 

measurements showed that the N2 desorption from Rh [110] occurred only after NO 

dissociation in the presence of oxygen atoms or after the removal of oxygen by CO oxidation 

(figure 1.2a, route H). The rate of CO2 production was determined to be much lower than the 
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NO dissociation reaction, except at extreme temperatures. This was because NO competes 

with CO for surface sites and dissociates to provide oxygen atoms at higher rates on this 

surface, highlighting the importance of different crystal facets of the chemistry.54,70–72  

Kinetics of NO reduction by CO over Rh [111] was studied at 1-2 atm pressure, and 

found to be in agreement with Campbell and White’s UHV results that showed that N2O 

formation was insignificant.23,48,57 This model assumed N2 desorption as the rate-limiting 

step, and involved a modified L-H mechanism where CO/NO adsorbed, adsorbed NO 

dissociated, nitrogen recombined to form gas phase N2 and then CO was oxidized (figure 

1.2a, route A).  

However, kinetic studies of Rh [100] revealed that the order of CO in the reaction 

varied from +1 to -1 when CO partial pressure increased from 1 to 250 Pa at constant NO 

partial pressure. Hendershot and Hansen determined via electron diffraction and thermal 

desorption spectroscopy studies of Rh [100]  that adsorbed CO and NO species self-inhibited 

their reaction rate as their partial pressure increased.54,71,73 Simultaneously, the kinetic order 

for NO varied from +3/2 to -1 when the NO partial pressure increased from 1 to 1800 Pa at a 

constant CO partial pressure. Thus, they agreed on a L-H reaction mechanism with the 

traditional adsorption steps followed by N2O formation between 2 adsorbed NO molecules 

and then N2O decomposition into N2 (figure 1.2b, route G).  

Kinetics of the NO/CO reaction over Rh were further sensitive to changes in adsorbate 

coverage caused by the Rh surface morphology. Oh et al. studied the kinetics of the NO-CO 

reaction over single-crystal Rh [111] and Rh [100] in comparison to supported Rh/Al2O3 

catalysts. They revealed differences in kinetic behavior at equal CO/NO partial pressure in 

these different cases. The Rh single crystal exhibited substantially lower apparent activation 

energies and higher specific rates than those over the supported Rh/Al2O3 catalyst.47 This is 
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reiterated by a mathematical model of the reaction, which accounted for the individual 

elementary reaction steps consistent over bulk Rh [111] metal but inconsistent for supported 

Rh catalysts.23 NO dissociation and CO desorption occurred quickly over  a Rh [111] surface, 

thus the surface became predominately covered with nitrogen atoms, and nitrogen desorption 

was the rate-determining step. Nitrogen atoms can be removed from the surface by the 

reaction of nitrogen atoms by nitrogen atom recombination (figure 1.2a, route A) or with 

adsorbed NO (figure 1.2a, route C). At low temperatures below 300 °C, the reaction of 

adsorbed nitrogen atoms with adsorbed NO contributed to nitrogen atom removal. Modeled 

reactions indicated that at higher temperature, above 300 °C, nitrogen atom recombination 

determined the NO-CO reaction rate on extended Rh surfaces. 

Zhdanov and Kasemo also extrapolated the rate equations from UHV TPD 

measurements on Rh [111] to scale to atmospheric pressures.52 Their results indicated that 

nitrogen desorption is the rate-limiting step and N2O formation is not significant when 

utilizing a reaction scheme similar to the one proposed by Oh et al.23,57,74,75 However, the 

calculated apparent activation energy for equal NO/CO partial pressures did not match 

experimentally measured values on oxide supported Rh nanoparticles. They suggested that 

the activation energies in the model likely changed due to coverage dependence. Neglecting 

NO dissociation at high coverages in the model was better validated by the experimental data 

so they theorized that there is more than one type of adsorption site that causes NO 

dissociation. 

1.2.2 NO Reduction by CO on Oxide Supported Rh 

Rh surfaces exhibit substantially lower apparent activation energies and higher 

specific rates than those over the supported Rh/Al2O3 catalyst.48  Generally, NO 

outcompetes CO to adsorb onto surfaces of Rh nanoparticles, consistent with extended Rh 
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surfaces.25,45,47,76,77 However, Elementary steps such as NO dissociation and N2 desorption 

may proceed at different rates on supported catalysts compared to extended Rh surfaces 

potentially due to coverage or surface structure effects.  

Granger et al. studied the kinetics of NO/CO interaction and N2O decomposition over 

supported Rh catalysts using TPD measurements and proposed a mechanism with multiple 

possible routes where NO and CO adsorbed, NO could dissociate, CO then formed CO2, and 

then N2 could form by either reacting adsorbed NO with one dissociated N atom or from two 

dissociated N atoms (figure 1.2a, routes A, B, and H ).16,78–83 The route of N2O formation 

was also an alternative possibility (figure 1.2a, routes C or D).  They suggested that the 

dissociation of adsorbed NO was the rate-determining step. They found that the barrier for 

N2O decomposition was lower for supported Rh/Al2O3 compared to Rh surfaces. As with 

previous studies, N2O selectivity rapidly decreased as temperature increased due to site 

availability becoming more prevalent as species desorbed.84 

The subsequent order of dissociation, desorption, and reaction with gas phase 

molecules has been hypothesized through different mechanisms. Experimental data has 

shown that N2O formation occurs only after NO dissociation, while oxygen does not inhibit 

the NO reduction rate. Over oxide supported Rh catalysts, Arai and Tominaga proposed an 

explanation for NCO and N2O formation where NO and CO competed to bond with atomic N 

left behind from CO oxidation by NO (figure 1.2c, M and N). These pathways were predicted 

due to interaction between molecularly bonded structures following reactant adsorption and 

re-exposure.76 Primary experimental evidence for these bonding geometries were found by 

in-situ FTIR of the NO-CO reaction over Rh catalysts, which have been interpreted in 

different ways depending on the size of the Rh particles, Rh dispersion, and oxide support 

effects. Thus, different molecular bonding geometries contribute to different reaction 
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pathways. These assignments have been verified by various techniques including tunneling 

spectroscopy measurements by Kroeker et al.85  These and other molecular bonding 

geometries have been seen via in-situ FTIR and will be further discussed in a later section 

(including Rh2CO, Rh-CO, Rh(CO)2, and Rh-NO).77,86  

In addition, FTIR measurements indicated the presence of an NCO complex that is 

sensitive to the feed composition and reaction conditions. The formation of NCO occurred 

when the reacting gas mixtures are at high temperatures, above 300 °C, or with excess 

NO.25,29,60,77 This agreed with Dictor’s speculation that at high temperatures, above 300 °C, 

the formation of N2O and the formation of CO2 follows an E-R mechanism, where oxidized 

Rh is reduced by CO (figure 1.2c, route J, K, and L).  It is also worth considering Arai’s 

version of the E-R mechanism under excess NO, where gas phase CO was directly oxidized 

by adsorbed NO, leaving atomic N, and then the formation of NCO or N2O occurred (1.3c, 

route M and N). This leads to the speculation that there was more than one the reaction 

pathway for CO2 formation due to the NCO intermediate. A reaction mechanism for an 

alternative N2O formation route, where gaseous NO reacted with Rh-NCO  after 

decomposition while CO2 forms had been proposed after observing CO was necessary for 

N2O formation because N2O had not been observed in the absence of CO in the feed stream 

(1.3c, route O).87. A higher selectivity towards N2O compared to N2, at initial light off, made 

them conclude that the N2O formation step was required in the rate expression. However, in 

this proposed mechanism, the rate-limiting step was the recombination of nitrogen atoms as 

shown by slowed reactivity when the surface was highly saturated. 

NO reduction by CO in TWCs have shown noticeably different reactivity depending 

on Rh dispersion and conditions (reaction pressure, temperature, and environment). Rh 

metal’s ability to dissociate NO molecules decreases with an increase in dispersion or a 
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decrease in Rh particle size. Previous kinetic studies of NO reduction on oxide supported 

catalysts, where the Rh particles were < 10 angstroms, claim that dominant reaction 

pathways shift from a low-temperature N2/N2O formation path (figure 1.2a routes B, C, or D, 

or figure 1.2b routes F, or G) to a high-temperature N2 formation path (figure 1.2a route A, or 

figure 1.2c route I).47 Previous analysis of NO reduction over oxide supported Rh has shown 

this discontinuity in reaction rates at the lower temperature regime and the high-temperature 

regime.25,47 While factors such as the support beneath Rh nanoparticles or the Rh crystal 

surface had little influence on the overall reactivity,  the major factor influencing the kinetics 

of the NO-CO reaction Rh catalysts was metal particle size.47,57 The presence of more than 

one active site may be able to explain the difference in reactivity below 300 °C. For 

comparison, in the same low temperature range, there is a 45-fold increase in the specific rate 

of the NO-CO reaction over large Rh particles and they have exhibited a single apparent 

activation energy similar to Rh extended crystal surfaces.23,57 The selectivity towards N2O 

has been seen to significantly increase in TWCs at below 300 °C and at higher NO partial 

pressures. Nitrogen atom recombination, possibly prevented by catalyst dispersion or 

saturation at low temperature, could be the rate determining step in these conditions.25 In 

order to minimize N2O formation, Rh catalysts need to be preheated to allow availability of 

active Rh sites for NO dissociation. Thus, understanding the mechanism of NO reduction 

over atomically dispersed Rh could be relevant to preventing higher N2O emissions.  

Based on this review of NO reduction, we have gained mechanistic insights into NO 

reduction by CO over Rh but it is evident that there is also missing information. For example, 

it is clear that NO outcompetes CO on Rh sites on Rh particles and single crystals. Further, at 

low enough temperatures and high enough pressures, the Rh surface is saturated by NO and 

NO dissociation is critical in the reduction process. Under these conditions both N2 and N2O 
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are observed products, and their selectivity is temperature, NO coverage, and Rh surface 

structure dependent. Details regarding whether N2O is a required intermediate in the N2 

formation pathway are unclear. At increased temperatures or lower pressures where NO 

coverage is decreased, and a significant vacant site concentration exists the selectivity is 

exclusively to N2. There is still discussion of whether this is due to inherent kinetics of the 

competing pathways, or if N2O readsorption and decomposition into N2 and O causes the 

decreased N2O selectivity under these conditions. Finally, there is still significant missing 

insights regarding the origin of decreased rates and increased apparent barriers for NO 

reduction over small Rh particles as compared to large Rh particles and extended surfaces. 

Based on the consistent observation of strong effects of NO coverage on reactivity and 

reaction mechanisms, it may be that NO coverages that approach or surpass monolayer 

coverage (ML) on small Rh crystallites as compared to ~0.7 ML saturation NO coverages on 

larger Rh surfaces is key to this remaining question. 

Interestingly, Dent et al. were one of the first to investigate NO and CO interaction 

over oxide Rh nanoparticles at moderate temperatures (below 200 °C) to demonstrate that the 

Rh particles can fragment into atomically dispersed Rh species, bonding either via Rh -NO+ 

or Rh(CO)2, and therefore dispersion increased when exposed to the reactants.88 As reaction 

temperature increased, agglomeration occurred and the selective reaction towards N2 became 

more efficient. In contrast to the idea that Rh atoms may sinter to produce reactivity, Chuang 

et al. was the first to propose that on highly atomically dispersed Rh/Al2O3 catalyst samples, 

the Rh+(CO)2 species was inactive towards gaseous NO but participated in the oxidation of 

CO.89  They suggested that neutral Rh0 had to be available for NO to adsorb and dissociate, 

and do not favorably replace CO on Rh(CO)2 that are cationic in nature.  
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This leads into the detailed discussion of how cationic Rh + or Rh atoms that are 

atomically dispersed on oxide supports could be reactive for NO reduction and exhibit 

unique activity compared to Rh extended surfaces and Rh nanoparticles. First, we must 

distinguish atomically dispersed Rh from nanoparticle Rh. In order to identify the differences 

and unique characteristics of these structures, we turn to detailed analysis using FTIR.  

1.3 Probe Molecule FTIR 

1.3.1 Introduction to FTIR and DRIFTS 

Fourier Transform Infrared (FTIR) spectroscopy has significant applications in the 

field of catalysis because it can characterize the vibrational frequencies of adsorbed species 

on surfaces, which can help to clarify the chemical nature of adsorption sites, reaction 

intermediates, and reaction products.90 FTIR measures the frequency dependent absorption of 

IR photons through the excitation of vibrational modes of molecules.  

To guide the discussion on IR photon absorption by a diatomic molecule is 

considered. At the diatomic molecule’s ground state the bond distance oscillates around the 

equilibrium bond distance (vibrates) at the n=0 energy level  (figure 1.4).91 The equilibrium 

bond distance between the two atoms is a function of the forces between the atoms. The 

molecule can absorb electromagnetic radiation when the photon frequency is resonant with 

the vibrational frequency of the molecule. Photon absorption induces transitions within the 

molecule from the ground state to a excited vibrational state (n > 0). The absorbed light 

generally falls into the mid-infrared spectral range, from 400 to 4,000 cm-1 wavenumbers, 

due to the energy of the vibrational transition that is characteristic of most bonds in organic 

molecule. The frequency of the molecular vibration (ν) multiplied by Planck's constant (h) is 

proportional to the energy difference between the vibrational states. The potential energy 
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landscape of a diatomic bond is an anharmonic oscillator, which can be modeled by the 

Morse potential function. At short bond lengths the atoms repel each other due to Pauli 

repulsion and at long bond distances the energy asymptotes toward bond dissociation. Due to 

the asymmetry of the potential well, the quantized vibrational energy levels are not 

energetically equidistant. However, the stretching frequency of a bond can be approximated 

by Hooke's law, where a diatomic molecule vibrates as a one-dimensional harmonic 

oscillator with masses of each respective atoms (m1 and m2). The harmonic oscillator is 

usually a reasonable estimate of vibration frequencies and bond distances at low quantized 

energy levels, as shown in figure 1.3. Infrared light can only be absorbed by a molecule if the 

dipole moment of certain atomic bonds is significant during the vibration. The more 

significant the vibration in the dipole moment, the stronger intensity of the corresponding IR 

band (i.e. extinction coefficient) will be. 

 

Figure 1.3: Quantum harmonic oscillator (green) vs. Morse potential (blue). Bond distance 
(r) during vibration at the quantized energy level (v) changes with extension and 
compression. The Morse potential describes bond dissociation( De), and the energy level 
spacing is unequal compared to the quantum harmonic oscillator.91 

 
 The most common spectrometer used in mid-infrared spectroscopy is the Fourier 

transform Infrared (FTIR).92 In the FTIR, collimated beams of IR light are transmitted 
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through a beam splitter to send some light towards a fixed mirror and some light towards a 

moving mirror that oscillates at a specific frequency up to a distance of x (figure 1.4). The 

light beams are reflected from these mirrors to travel back to the beam splitter, where they 

recombine into a single light beam. When the light waves interact, the amplitude of the 

waves interfere, as the beams are out of phase with each other due to the difference in their 

relative pathlengths traveled before recombining, yielding a maximum or minimum intensity. 

The interference patterns produced by each wavelength from the polychromatic IR light 

source are summed to get the resulting interferogram. By changing the position of the 

moving mirror, a particular frequency of light will modulate in intensity with time. When this 

process is performed using a polychromatic light source it results in the modulation of 

different frequencies of light at different rates, which allows for the raw interferogram to be 

deconvoluted into a wavelength dependent spectrum by taking a Fourier transform. The 

advantage of FTIR is the ability for fast data collection over a broad range of light 

frequencies, as opposed to using a monochromatic beam over a series of different 

frequencies.  

 

Figure 1.4: Process of the FTIR. Polychromatic infrared light passes through the 
interferometer, to the sample, and then to the detector where data is produced as an 
interferogram and then Fourier Transformed. The specific sample analysis is known as 
Diffuse-Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS).  
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Diffuse-Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) is a 

technique used to characterize IR spectra of species bound to solid materials, such as 

heterogeneous catalysts. DRIFTS is used on powdered samples, where the IR light directed 

to a sample is diffusely scattered in all directions upon interaction with the powder and is 

collected by use of an ellipsoid or paraboloid mirror. This technique can be executed using 

in-situ cells that provide pathways for the beam to enter the reactor and scattered light to be 

collected after interacting with the catalyst. These in-situ measurements provide valuable 

insight to specific surface ligands, which is essential in understanding the function of 

catalytic materials.93,94 In some cases, adsorbate species can be quantified, allowing the 

effective differentiation and counting of adsorption sites.32,95 In the following the applications 

of IR for the characterization of catalytic Rh sites and hydroxyl groups on oxide supports, 

specifically CeO2 and Al2O3, are discussed. 

1.3.2 CO Probe Molecule FTIR 

CO is commonly used as a probe molecule in FTIR analyses of supported metal 

catalysts because: (1) CO often chemisorbs on reduced metal surfaces or clusters, and on 

positively charged, atomically dispersed metal ions on supports; (2) the size of CO is 

comparable to the size on one adsorption site so it is not hindered by steric interactions; (3) in 

most cases, CO binds strongly enough be characterized in the adsorbed state at room 

temperature; (4) the stretching frequency of CO is responsive to changes in metal charge, 

dipole‐dipole coupling with nearby CO, and the coordination number of the specific site.90,96 

Therefore, CO probe molecule FTIR is useful for identifying the oxidation state, stability, 

and coordination of metal clusters and atomically dispersed ions on oxide supports. 90,97–99   

CO bonds to metal surfaces similarly as a weak Lewis base would by donating 

electrons.100 The internal CO stretching frequencies are generally shifted to lower 
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wavenumbers (red shifted) relative to free CO (~ 2143 cm-1) following adsorption on metal 

sites, due to metal π bond to CO anti-π bond electron back donation, which weakens the CO 

bond resulting in a longer bond length.100 The opposite is true for CO adsorption at metal 

acid sites, ie Al3+, because the electron density from the CO molecule transfers to the metal 

site because there is a lack of electrons in the bonding orbitals of the metal atom.  

 

Figure 1.5: a) Visual example of σ bond forming by the overlap of orbitals with electrons 
transferring from CO σ orbital to metal σ orbital b) Visual example of π bond where 
electrons from metal π orbitals back donate to carbon π orbitals.101 

 

The contributions from electrostatic bonding, 𝞂 bonding, and π bonding directly 

influence CO bond length, vibrational frequency, and corresponding FTIR peak intensity. In 

simple models, electrostatic bonding describes CO frequency shifts, which are proportional 

to the dipole moment and electric field strength, described as the Stark Effect.102,103  

Simultaneously, an increased frequency shift (blue shift) may be the result of a CO to metal 

cation 𝞂-bond, which strengthens the bond and shortens the bond length similarly to an 

electrostatic bond (figure 1.5a). Electrostatic effects can be distinguished from 𝞂 bonding by 

the magnitude of the frequency shift, where the shift is significantly larger for electrostatic 

a) 

 

 

b) 
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effects compared to a 𝞂 bond shift.102 Also, in the case of some precious metals, electrostatic 

bonds are much weaker than 𝞂 bonds, so they may only be observed via FTIR at cryogenic 

temperature. On the other hand, π-bonding via electron back donation creates a negative 

frequency shift (red shift) and a longer C-O bond that is weakened, corresponding to a 

stronger C-metal bond (figure 1.5b). The balance between the opposite shifts created by the 

different types of bonds depends on the amount and direction of the transferred electron 

density. Generally, increasing positive charge of the metal cation results in a blue shift of the 

FTIR band position because electrostatic and 𝞂 donation increases while contributions from 

π-bonding decrease. The opposite is true with decreasing metal ion oxidation state, which 

results in a red shift of the FTIR band position from π back donation with decreasing 

contributions from electrostatic effects and 𝞂 bonding.104  

The intensity of IR absorption by monolayers of CO can also vary with changing CO 

coverage due to dipole-dipole coupling and coordination of the metal atoms binding to CO. 

The coordination number of a metal atom that CO is bound to has a large effect on the CO 

vibrational band intensity, and thus the extinction coefficient. In general, as the coordination 

number of the metal atom decreases, it has more electron density to donate to CO, forming a 

stronger CO-metal π bond. This has a significant effect on increasing the extinction 

coefficient of the CO stretch at this site because the CO-metal π bond increases the electron 

density in 2π* orbitals of CO, in which the electrons are much more mobile than in the 𝞂 

bond, thereby increasing in the dynamic dipole moment of the CO molecule.102  Compared to 

other probe molecules, the CO vibrational mode is enhanced two orders in magnitude by π 

back-donation, such as the case for linear bond CO to Rh.105   
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1.3.3 Rh Structure Dependent CO Bonding 

FTIR studies have played an essential role in unveiling how CO bonds to supported 

and unsupported Rh, the electronic and oxidation state of Rh, and the structure of Rh species 

in supported catalysts36,60,82,99. CO adsorbed to Rh exhibits distinct stretching frequencies and 

coverage dependent characteristics for different Rh structures on oxide supports.  For 

example, CO bonds to supported Rh on heterogeneous catalyst in 2:1, 1:1 or 1:2 CO:Rh 

stoichiometric ratios depending on Rh structure and local bonding environment. CO 

adsorption on single Rh atoms on oxide supports is known to result in the formation of a gem 

dicarbonyl species, Rh(CO)2. The 2 COs create 2 vibrational modes, specifically a symmetric 

and asymmetric vibration assigned to ~2090 cm-1 and 2020 cm-1, respectively.  Stretches at 

~2070 cm−1 and ~1850 cm−1 have been assigned to CO adsorbed in linear (1:1) and bridge 

bound (1:2) geometries respectively, at Rh metal cluster surfaces. 95,106–108  The exact energy 

of the CO vibration is highly dependent on the support, the oxidation state of the Rh, and the 

location of the Rh. For more complete characterization of Rh on oxides, probe molecule 

FTIR data is often supplemented with high-angle annular dark-field imaging scanning 

transmission electron microscope (HAADF-STEM), which provides nano-scale imaging of 

the supported Rh structure, or X-ray absorption spectroscopy (XAS), which provides 

information about the coordination environment around Rh.109,110  There has been much work 

previously done to assign these bonding geometries to CO on Rh to develop a greater 

understanding of the potential of Rh as a catalytic material.  

Extinction coefficients, εi, previously used for the symmetric gem-dicarbonyl, linear, 

and bridge configurations were calculated to be 74, 26, and 85 cm/mol, respectively.106  

These values and the intensities of the FTIR peaks, Ii, can be used in the equation 1.3.2.1 to 

calculate the relative quantitative fractions of the type of site that exists on the surface, 
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assuming complete coverage of all the sites.  This has been shown to very useful when 

correlating and quantifying reactivity of a catalyst due to the specific quantity of types of 

sites.40  

 

 
(1.3.2.1) 

 
 

In order to understand CO probe molecule FTIR on supported Rh materials, it is 

useful to first understand how CO behaves on well-defined surfaces of Rh. Surface science, 

using well-defined single crystal surfaces under highly controlled UHV conditions, can serve 

to benchmark CO stretch frequencies observed on supported Rh samples. Reflection 

absorption infrared spectroscopy (RAIRS) was utilized in a number of studies, which is 

sensitive even to low coverages of CO on Rh crystal surfaces due to image dipoles at the 

metal surface111–113. Jong and Niemantsverdriet assessed the population of CO in different 

adsorption sites on Rh [100] as a function of coverage using RAIRS113. On Rh crystals, CO 

occupies mainly linear adsorption sites (Rh-CO) at low coverages and then bridge bound 

adsorption sites (Rh2-CO) at higher coverages. The frequency peak position and the area of 

the adsorption band also depend on coverage. As the CO coverage on Rh changes the 

frequency of the observed linear peak can be explained by dipole-dipole interactions, which 

is due to the electrostatic repulsion between neighboring CO adsorbates resulting in an 

increased CO stretch frequency and absorption intensity. Dubois and Somorjai performed 

additional experiments in which CO vibrational modes at 2070 and 1870 cm-1 were observed 

at CO saturation coverage on a Rh [111] single crystal and in addition used high resolution 

electron energy loss spectroscopy (HREELS) to further understand CO chemisorption on the 

Rh [111] single crystal surface to reach similar conclusions as on the Rh [100] surface.114  
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RAIRS in collaboration with DFT has verified linear adsorption sites at atop positions can be 

assigned to ~2040-2070 cm-1 and bridge adsorption sites at hollow positions can be assigned 

to ~1850-1940 cm-1 on a Rh [111] crystal and agree that the frequency and intensity shifts 

upward as a result of higher coverage and increased dipole-dipole coupling.115,116 

Additionally, as coverage of CO increases, the bond strength of the additional CO to the Rh 

is weaker as compared to the initially bound CO species112,115. The increase in wavenumber 

due to coverage effects agrees with what is observed for interacting CO molecules on most 

bulk metals due to dipole-dipole coupling, direct intermolecular repulsion, and indirect 

effects through the metal. Similar to Rh crystals, using CO probe molecule FTIR to study Rh 

surfaces formed when Rh particles or clusters are deposited on oxides has shown that CO 

binds to supported Rh nanoparticle surfaces in a bridge bound orientation (1 CO to 2 Rh) and 

a linear bound orientation (1 CO to 1 Rh) at vibrational modes of 1800-1950 and 2045-2070 

cm-1, respectively.7–9  The bridge bound CO appears at lower vibrational frequencies than the 

linear bound CO because it has a lower effective bond order, resulting from one 𝞂 and one π 

molecular orbital. Strong interactions between Rh single atoms and CO results from Rh-C 𝞂-

bonding and π orbital back-donation from the metal into C-O antibonding orbitals that 

creates significant differences in charge density between the metal and the adsorbate. 

Yang and Garland systematically compared the IR spectra of dispersed Rh atoms and 

Rh nanoparticles to demonstrate the spectral properties of Rh(CO)2. This was done by 

characterizing lower weight loadings (< 2%) of unsintered Rh  on Al2O3 reduced at 150 °C, 

to samples with higher Rh weight loadings (8 and 16%) and to lower Rh weight loading 

samples that were sintered by reducing the sample at 400 °C. Notably, low Rh weight 

loadings (2%) displayed vibrational bands at 2095 and 2027 cm-1 that did not vary in 

frequency with increasing coverage, indicating minimal interaction of nearby C-O dipoles. 
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The IR bands disappeared simultaneously during CO desorption, indicating that the bands are 

coupled to the same species. It was hypothesized that these vibrational bands represented a 

single cationic metal atom of Rh in a highly dispersed state on the surface of the oxide due to 

the stably coupled appearance at lower metal concentrations. Yao and Rothschild made 

similar conclusions about the doublet assignment when finding that low weight loadings of 

Rh on Al2O3 that exhibit solely the doublet have a concentration of 2.5 Rh micromoles/m2 , 

which equates to an average distance of 8 Å between neighboring Rh atoms that is necessary 

for Rh(CO)2 formation.118 

In Garland and Yang’s experiments, vibrational bands appeared at 1800-1950 and 

2045-2070 cm-1 in increasing intensity and frequency as the Rh weight loading increased. 

The linear and bridged bound CO stretches shifted to higher frequencies with increasing 

coverage due to interaction of a site with other adjacent sites. On the 2 % sintered sample, 

when CO was added stepwise, a 2045 cm-1 peak appeared at lower CO coverages, but 2095 

and 2027 cm-1 appeared and convoluted this peak as the coverage of CO increased. The 2045 

cm-1 peak for the 2% sintered sample was also found to appear first on the 8% and 16% 

sample when CO was added stepwise, analogous to what in seen with Rh crystals. This is in 

line with Arai and Tominaga’s findings from performing CO desorption and stepwise 

addition because the bands associated with the linear and bridge bound species appeared at 

lower coverages than the Rh(CO)2 species, indicating that CO prefers to occupy these sites, 

and thus forms a stronger bond to linear and bridge sites on Rh nanoparticles.76 

Primet performed experiments on Rh materials and concluded that the oxidation state 

of Rh in the Rh(CO)2 species is +1 on both Al2O3 and zeolite supports by using FTIR with 

complimentary XPS data, which provided the Rh chemical state by measuring characteristic 

binding energies of core level electrons in Rh.119 Rice and Worley continued this 
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interpretation of the spectrum of CO adsorbed on Rh by assigning oxidation states to certain 

CO stretch frequencies, with higher frequencies corresponding to higher oxidation states.120  

For samples that produce the 2090 and 2020 cm-1 bands after reduction and CO exposure, a 

moderate reduction or O2 pulsing prior to CO adsorption caused a CO stretching frequency of 

2116- 2120 cm-1 to appear. Thus, this peak is assigned to CO adsorption on Rh in the +2 

oxidation state.  

The oxidation state of Rh species that forms bridge and linearly bound CO species 

also displays a red shift from higher frequencies to lower frequencies as the oxidation state of 

Rh decreases from +1 to 0 and the Rh atoms gain electron density. For example, it has been 

noted that high weight loadings (10% Rh) CO adsorption on reduced samples produces 

higher wave number (~1900 cm-1 vs. ~1850 cm-1) features, while pre-oxidation results in 

disappearance of the ~1850 cm-1 and a shift in the ~ 2070 cm-1 band to higher frequency 

numbers, implying an increase in oxidation state of the Rh. 

Table 1.1 summarizes the effects of oxidation state and coordination on the band 

position as a result of the type of bonding and electron density transfer happening in the C-

Rh orbitals. Similarly, if the support is electron rich at the surface, it can shift band positions 

to higher wavenumbers because there is more electron density transfer. While using CO as a 

probe molecule can be very informative in analyzing Rh structure, bonding type, oxidation 

state, and electronic properties, CO has been shown to fragment Rh clusters into single 

atoms, because the binding energy between CO and dispersed Rh species is greater than the 

binding energy between Rh and the support, thus creating a driving force for particle 

fragmentation.32 
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Fragmentation of Rh clusters into dispersed species on oxide surfaces due to CO 

adsorption has been proposed to first involve the weakening of Rh-Rh bonds by the 

adsorption of CO on Rh0 surface sites.121 Then after the bond weakening, mobile [Rh0-CO] * 

species can migrate across the oxide surface to isolated OH groups to react and displace 

hydrogen to form Rh(CO)2. Smith et al. proposed the formation of cationic Rh(CO)2 

occurred via Rh cluster dispersion on a hydroxylated Al2O3 surface, such that multiple 

surface hydroxyls to attach to Rh and form the Rh(CO)2 square planer structure, similar to 

the mechanism of Fe dispersion where surface hydroxyls perform a nucleophilic attack to 

bond to positively charged electrophilic metal atoms due to the electron rich surface.122  

Thus, specific properties of the support in terms of acidity and hydroxyl content play 

an important role when analyzing the structure of Rh on oxide supported catalysts along with 

the knowledge of the Rh(CO)2 , linear and bridge Rh-CO bonded geometries. Also, 

recognizing hydroxyl groups present at the surface can affect how these peaks shift as a 

result of coverage, coordination, and electronic structure.  The further understanding surface 

Table 1.1: Summary of effects on band position according to oxidation state and 
coordination of Rh. 

Rh species Effect on 
band position 

Explanation  

Increase in cationic nature 
(Increase in Rh Oxidation 
state) 
(Rh+3>Rh+2>Rh+1>Rh0) 

Increase in 
band position 

Electrostatic and 𝞂 donation increases while 
contributions from π-bonding decrease, which 
strengthens the C-O bond and shortens the 
bond length. 

Increase in neutral nature 
(decrease in Rh Reduction 
state) 
(Rh0>Rh+1>Rh+2>Rh+3) 

Decrease in 
band position 

π-bonding electron back donation increases 
while contributions from electrostatic effects 

and 𝞂 bonding decrease, which strengthens 
the C-Rh bond and creates a longer C-O bond. 

Under-coordinated  
(less Rh-Rh bonds such as 
edge and corner sites) 

Decrease in 
band position  

Higher electron density transfer to the C-Rh 
bond orbitals, which strengthens the C-Rh 
bond and creates a longer C-O bond. 

Well-coordinated  
(multiple Rh-Rh bonds) 

Increase in 
band position  

Less electron density transfer to the  
C-Rh bond orbitals due to competition with 
additional Rh-Rh bonds, which strengthens 
the C-O bond and creates a shorter C-O bond. 
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hydroxyl chemistry on oxide supports is needed to better analyze the local structure of Rh, 

especially the Rh(CO)2 species.  

1.3.4 NO Probe Molecule FTIR  

Using NO as a probe molecule in FTIR for oxide supported Rh structures has many 

commonalities with using CO as a probe molecule that make it a useful technique, 

specifically for NO reduction. However, there are key differences in the electronic structure 

of NO that create complications during characterization.  Both CO and NO bond to ionic 

metal centers. Just as the CO stretching frequency generally does, increasing the positive 

charge of the metal cation results in a blue shift of the bonded NO stretching frequency in the 

positive direction. NO interacts with metal centers (both positively charged or neutral) to 

form surface nitrosyls, resulting in a wide range of stretching frequencies depending on the 

resulting bonding configurations and geometries123  

However, unlike CO, the adsorbate–adsorbent bonding energy on non-transition 

metals is weaker than the adsorbate– adsorbate interaction because NO is a radical with an 

extra electron that enables adsorbate bonding and dimerization to form N2O2 species. The 

surface species observed on non-transition metal oxides are predominantly dimers formed by 

NO-NO interaction, and thus results in complicated spectroscopy signatures. When NO 

interacts with positively charged transition metal centers the presence of its  extra electron  

allows NO to create strong bonds by sharing  it (figure 1.6).124 Also, the empty * orbital 

gives NO the ability to act as electron acceptor if there is an excess of electron density. The 

bonding of NO can be characterized by a larger back donation of electrons, associated with a 

larger oscillator strength. In comparison to CO, the NO probe molecule amplifies d– 

overlap effects.123 Resulting in a weaker intensity of NO in FTIR and a larger extinction 

coefficients.125,126   
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 Due to its radical character, NO is more reactive than CO, and on metal surfaces 

easily undergoes dissociation or reaction with adsorbed oxygen. The formation of these 

species is the result of direct electron donation or electron abstraction. Therefore, the bonding 

structure of NO can be heavily influenced by the amount of electron density available. For 

example, if a support is electron deficient, then NO is more likely to donate an electron 

during probe molecule bonding and result in a neutral or positively charged NO+ species. 

Unlike CO+, NO+ species are observed as stable species on oxide surfaces at room 

temperature. This makes NO a useful probe in comparison to CO when trying to identify the 

charge state of adsorbent sites. Therefore, NO is a widely used for the characterization of 

undercoordinated cationic sites and the measurement of the acidity of nearby surface 

hydroxyls.127  

 

Figure 1.6: Comparison of CO molecular bonding orbital (left) and NO molecular bonding 

orbital (right), highlighting extra electron in red on the in * orbital that can cause NO to act 
as a radical or dimerize. 

 
Notably, the formation of NO+ is not the result of the direct interaction with an 

electron acceptor site (strong Lewis acid site) but due to interaction of NO with nearby 

oxygen absorbed to the coordinated metal (see equation 1.3.4.1).127 In some cases, such as 
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highly ionic surfaces, dimers of the ionic species, (N2O2)2-, are observable by IR on oxide 

surfaces. Again, (N2O2) 2- species are not the direct product of electron abstraction from the 

surface but the reaction with undercoordinated O-. It was even reported that NO interaction 

red shifted the OH vibrational frequency on zeolite materials and at higher NO coverages, the 

OH–NO complexes converted into OH(N2O2) species. When NO is coadsorbed with O2 on 

zeolite material, it interacts with the acidic hydroxyls, localized at cationic zeolite exchange 

sites, to form NO+ ions (stretching mode ~2133 cm).128 The NO stretching frequency shift 

can also be used to estimate the basicity of the oxygen to which the NO+ cation is bonded.  

(1.3.4.1)     

 In some cases where dimerized (N2O2) 2- subsequently forms NO2 or NO3, a nitrosyl 

species can replace surface OH groups by disproportionation (equation 1.3.4.2 or 

1.3.4.3).127,129,130 

(1.3.4.2)      

(1.3.4.3)         

Thus, probing oxide supported Rh catalysts with NO can be extremely useful and 

relevant, but one must carefully consider all the complexities. Arai and Tominaga studied 

NO/CO adsorption and bond strength over Rh/Al2O3 and found that NO primarily adsorbed 

in two forms; linearly and in a bent angle structure, see figure 1.7.76 The adsorbed NO 

species is neutral, or net negatively charged, but can gain positive charge due to the electron 

withdrawing effect of oxygen atoms near Rh. Through an x-ray study of these compounds, 

both the Rh-N and N-O bonds of the linear structure were stronger than the bonds of the bent 

structure. This was attributed to the cationic nature of the linear NO and the anionic nature of 

the bent NO.36 In addition, Anderson claimed that Rh+ mononitrosyls, characterized by a 
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band at 1910 cm-1, could be converted into dinitrosyl’s species with characteristic bands at 

1826 and 1734 cm-2 at high temperatures with NO2.131–133  Clear examples of a Rh dinitrosyls 

at room temperature have been observed on Rh on zeolites, such as Rh/Y and Rh/ZSM5, 

with characteristic bands at 1855 and 1780 cm-1.97,133–135  Notably, the specific oxide support 

influences the NO stretching frequency on Rh, how NO bonds to Rh, and the dimerization of 

NO over Rh. For example, Rh is commonly found in a neutral Rh0 state on silica supports so 

Rh+(NO)2 species are not observed at room temperature via FTIR on pure silica.136–138 

Anderson continued to study NO interaction over Rh/Al2O3 by comparing NO2 

decomposition over the catalyst to assign frequencies to NO-Rh via NO2 decomposition and 

to NO2-Rh/Al2O3 via NO dimerization .131,132,139 This agreed with early assignments by 

Pozdnyakov who studied NO and NO2 interactions over plain Al2O3 (table 1.2) and has also 

been shown to happen over TiO2 and ZrO2 by Hadjiivanov, and Knözinger.130,139,140 In 

comparison, when Arai and Tominaga introduced oxygen to the NO adsorbed Rh/Al2O3 

sample, the Rh-NO bond strength decreased rapidly as the NO reacted to form a bidentate 

nitro-structure. Subsequently in reducing conditions, the frequency of this structure decreases 

and the nitrosyl decomposes.76 Seeing that the NO reacted differently due to being exposed 

to oxidizing or reducing conditions, Chuang et al. suggested the formation of different 

products from NO reduction by CO was due to NO interacting with Rh at variable charge 

states.29,89  He reported that Rh0 -NO- were responsible for NO dissociation, producing N2 

while Rh+ sites formed Rh+(CO)2 while in excess CO reduced Rh+ to Rh0 to form CO2, 

creating more active sites for NO dissociation. Chafik et al. observed similar behavior on 

Rh/W/TiO2.36 Such studies refuels the concept of looking at how the reactivity of atomically 

dispersed Rh structures during NO reduction is important in TWCs and also highlights the  

importance of support interaction, specifically via hydroxyl groups with Rh and NO.  
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Table 1.2: Nitrosyl band assignments on a Rh/Al2O3 catalyst by Anderson et al.131,132 

Site cm-1 System Notes 

NO/Rh+ 1986 
NO2/Rh/
Al2O3 

After adsorption and decomposition of NO2  

NO/Rh+ 1944-1934 
NO2/Rh/
Al2O3 

After adsorption and decomposition of NO2 
20 °C 

NO/Rh+ 1910 
NO2/Rh/
Al2O3 

Formed from Rh(NO)2 , After adsorption 
and decomposition of NO2  at 200 °C 

2NO/Rh+ 1826/1734 
NO/Rh/
Al2O3 

Rh(NO)2, 200 °C 

NO/Rh+ 1645 
NO/Rh/
Al2O3 

200 °C when heating in NO 

NO2 / 
Al2O3 

1620, 1593, 
1560 

NO2 / 
Al2O3 

20°C 

 1311, 1289  bidentate nitro-structure 

NO2 

/Rh/Al2 O3 
1592,1567 

NO2/Rh/
Al2O3 

 

 1306, 1209  bidentate nitro-structure 

NO2 

/Rh/Al2 O3 
1540 

NO2/Rh/
Al2O3 

Rh or Al  

 1309, 1231  Rh or Al, bidentate nitro-structure 

NO2/ 
Rh/Al2O3 

1564, 1520 
NO/Rh/
Al2O3 

Rh or Al, 200 °C 

 1233, 1317  Rh or Al, 200 °C, bidentate nitro-structure 

NO/Al3+ 1985 
NO/Al2

O3 
Previous assignment by Pozdnyakov 

NO2/ 
Al2O3 

1620, 1600 
NO2/ 
Al2O3 

Previous assignment by Pozdnyakov 
bridging bidentate nitro-structure, 20 °C,  

NO2/ 
Al2O3 

1330, 1230 
NO2/ 
Al2O3 

Previous assignment by Pozdnyakov, 
bridging bidentate nitro-structure, 20 °C  

 1245  
Previous assignment by Pozdnyakov, 
bridging bidentate nitro-structure, 20 °C  
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1900-1700 cm-1 1720-1520 cm-1  

 

Figure 1.7: Most common NO to Rh bonding configurations; Linear NO to Rh in FTIR 
range 1900-1700, normally neutral or positively charged due to antibonding electron transfer 
to metal d-orbital; Bent NO to Rh in the FTIR range 1720-1520, normally neutral or anionic 
due electron transfer from metal d-orbital to NO.76 

1.4 Oxide Support Surface Chemistry 

1.4.1 Hydroxyl Surface Chemistry 

Information gathered from probe molecule FTIR to identify specific kinds of Rh 

structures assists in understanding how these structures may be influenced by support 

properties. The support properties of surface acidity and hydroxyl content of metal oxide 

supports can greatly influence the placement of Rh during synthesis, the position of Rh atoms 

in reactive conditions, and the catalyst reactivity. 93,141–143 These properties are interrelated 

and aid in comprehending how the catalyst is created and how it functions.144 Surface 

hydroxyls can influence the local position of Rh, the charge, and the stability by either acting 

as an in-between bonding ligand to the support, allowing Rh atoms to displace the hydroxyl 

to bond to the surface or being in physical proximity to the Rh site.  

Hydroxyl formation may also be related to material synthesis where interaction of the 

metal oxide support with hydrogen containing reagents such as water, strong acids, or strong 

bases can modify hydroxyls to become OH– and H+ ligands. 141,145 In the case of water, two 

different types of hydroxyls will be formed with OH– and H+ ligands (see figure 1.8). In the 

case of strong electrostatic adsorption synthesis, anionic or cationic precursor ions are 

attracted to the receptor sites of cationic or anionic surface hydroxyls respectively (or in the 

http://goog_385507204/
http://goog_385507204/
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case of cationic precursors, anionic surface oxygens). The position of the Rh atom is altered 

after subsequent pretreatments. Hydroxyls may be produced when the oxidation state of a 

metal cation in the oxide is modified. For example, following the oxidation of a metal oxide 

support, additional hydroxyl groups can attach to the surface in a moist atmosphere to 

compensate for increased surface charge. Additionally, precursor ligands and some hydroxyls 

created from synthesis are removed and the oxidation state of the Rh metal is increased as the 

material is highly saturated with oxygen. Then following reduction, some oxygens are 

removed to form water that is purged out of the system and some surface oxygens can 

become hydroxyl groups by bonding to excess hydrogen to compensate for decreased surface 

charge.127 The final state and position of Rh directly affects catalyst activity and selectivity 

because of the Rh stability, charge, and local environment. If the state of the Rh is more 

stable, it can provide more consistent catalyst reactivity rather than creating fluctuations due 

changes in position. The charge of the Rh may create a stronger or weaker bond with the 

reactant. Finally, the local environment may have reactive support effects such as interactions 

with oxygens, metal cationic sites, or with hydroxyls formed after reduction. The hydroxyls 

may even block certain metal or oxygen sites that could create different chemistry if the 

surface were hydroxyl free.  
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Figure 1.8: Interaction of water with the surface of an oxide: a) adsorption of molecular 
water, b) dissociation on metal- oxygen, Mn+–O2

- pairs, c) hydrolysis of M n+–O2
- bond to 

change the local coordination (LC)146 

There are four types of surface hydroxyl groups that can be identified by their 

coordination to local metal atoms where type I, II, III correspond to one hydroxyl group 

bonded to 1, 2, and 3 metal atoms, respectively and germinal, where two hydroxyl groups 

bond to one metal atom.127,147 Hydroxyl groups at the surface of metal oxides compensate for 

charge deficiency, so the type of hydroxyl group created on the surface depends on the local 

charge density of the metal atoms that they are bound.127 Hydroxyls can exist 

stoichiometrically due to an even distribution of charge density, or due to defects in the bulk 

structure146.  

The change in charge state of the metal due to the formation of hydroxyls has been 

shown to transform Lewis acid sites (unsaturated metal cations) into Brønsted acid sites 

(hydroxyl groups). 148,149 The Lewis basic sites are oxygen anions, and Brønsted acid sites 

involve oxygen from hydroxyl groups. 150  The acidity or basicity of surface OH groups 

depends on the electronic properties of corresponding metal cationic and the type of hydroxyl 

coordination to the metal cation143. Hydroxyls that are bound ionically with the cationic 

metal are more basic in nature and those that are bound covalently will be more acidic127. 

Type II is generally more acidic compared to type I, if the bonds are covalent, because the 

strongly bound oxygen to the surface results in a weak O–H bond. Type III hydroxyls cannot 
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accept protons because electrons from the oxygen atom are engaged in bonding to the three 

metal atoms, thus this coordination cannot have basic properties but may potentially acidic or 

neutral127. In cases where the cationic acidic hydroxyl is very loosely bound to the support, 

precious metals such as Rh can easily replace such a site in the synthesis of catalysts or 

potentially during fragmentation of small metal clusters. Certain hydroxyls can act at 

oxidizers. For example, CO adsorption on atomically dispersed Rh can lead to Rh(CO)2 

formation subsequent to Rh oxidation by hydroxyls, demonstrated earlier by the decrease in 

the hydroxyl region in FTIR, see equation 1.4.1.1 below. 127 

(1.4.1.1)  

The proton in an OH group can be exchanged with another positive charge including 

metal cations, NH4+, or NO+. The more acidic the OH group, the easier the exchange. 

Because the bridging hydroxyls in zeolites are among the most acidic surface OH groups, 

where ion exchange is widely used to deposit precious metals such as Rh. The nature of the 

hydroxyl groups is support and surface dependent, therefore the following will provide 

specific detail on the supports of interest, ᵞ-Al2O3, CeO2, and TiO2. 

1.4.1.1 ᵞ-Al2O3 

Experimental and theoretical studies have shown ᵞ-Al2O3 is a rhombohedral shape with 

the predominant exposed facet, making up ~75% of the surface, being the [110] cut of the 

tetragonal crystal structure.151–153 The next most exposed surfaces are the [100] surface 

(~15% exposure) and the [111] surface (~10% exposure). The types of hydroxyls that exist 

are dependent on the specific surface but there are general properties of ᵞ-Al2O3 that 

influence the hydroxyl content and acidity of the support.154,155 The strong Lewis acidity of 

low coordination Al3+ cations create a highly hydroxylated surface when treated with water 
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because the strong Lewis acid sites adsorbs water very strongly prior to decomposition.148,155 

The hydroxyl groups on Lewis acid sites remain stable unless there is a molecule or atom that 

is capable of displacing it, such a strong base like pyridine, or if the oxide is exposed to 

vacuum conditions at elevated temperature. At the same time, there are basic oxygen sites at 

the surface that are capable of donating electrons and attaching onto H+ ions, dissociated 

from water, to create acidic hydroxyl groups, Brønsted acid sites.156 

According to Digne et al and Xinsheng, using a combination of experimental and 

theoretical knowledge, specific FTIR hydroxyl bands assigned to specific hydroxyl groups on 

the surface of ᵞ-Al2O3 can be detected as follows.151–153,157,158 

1. ~ 3650-3590 cm-1 corresponds to type III hydroxyl groups where H+ is bound to an 

existing basic oxygen, which is coordinated to three 6-fold coordinated Al atoms on the 

[100].  

2. ~3710- 3690 cm-1 corresponds to type II with 2 different cases: an existing basic oxygen 

is bonded to an H+ ion and two 6 fold coordinated Al atoms on the [111] surface after 

hydration and another case where an OH- ion bonds to two 5 fold coordinated Al atoms 

on the [110].  

3. ~3735–3725 cm-1 corresponds to type I where an OH- ion bonds to one 5 fold 

coordinated Al atom on the [110].  

4. ~3745–3740 cm-1 corresponds to type III where an existing basic oxygen is bonded to an 

H+ ion and three 6 fold coordinated Al atoms on the [111].   

5. ~3780–3760 cm-1 corresponds to type I where an OH- ion bonds to one 6 fold 

coordinated Al atom on the [100].  

6. ~ 3800- 3785 cm-1 corresponds to type I where an OH- ion bonds to one 4 fold 

coordinated Al atom on the [110].  



 

 
40 

These assignments have been debated but generally accepted when analyzing the 

structure of hydroxylated ᵞ-Al2O3 surfaces. Some sites may be Brønsted acid sites but not all, 

based on the charge balance. Measuring the Brønsted acidity of the different hydroxyls can 

be challenging because the bands overlap and appear convoluted especially in the case bands 

at ~3710- 3690 cm-1. Xinsheng was able assign weak, medium, and strong Lewis acidity to 5, 

4, and 3 coordinated Al3+ ions, respectively, on the surface of ᵞ-Al2O3 using pyridine 

adsorption to measure hydroxyl displacement by the strong base.157 The weak Lewis acid 

sites are next to type II groups (~3710- 3690 cm-1 ), the medium strong Lewis acid sites are 

next to type III (~ 3650-3590 cm-1), and strong Lewis acid sites are next to type I (~3735–

3725 cm-1).157 The existence of type I hydroxyls’ location next to the strongest Lewis acid 

sites explains why they are considered the most reactive hydroxyl site because base 

molecules can adsorb onto the Lewis acid site and concurrently react with the hydroxyl.158. 

1.4.1.2 CeO2 

Ceria is considered an easily reducible oxide where H2 reduces the metal cations from a 

Ce+4 to a Ce+3 state and the resulting converted H+ reacts with lattice oxygen to form 

hydroxyl groups. Reduction and oxidation pretreatments strongly affect the existence of 

surface hydroxyl groups on CeO2. The predominant [111] and [001] surfaces similarly have 

many basic surface oxygens when in an unreduced state.159 Water strongly binds and 

decomposes at oxygen vacancy sites even at low temperatures on partially reduced surfaces. 

Surface hydroxyls on ceria can also be produced as a result of H2 dissociation.160  

Lavalley was able to assign specific FTIR hydroxyl bands to specific hydroxyl types 

on the surface of CeO2 as follows161: 

1. ~ 3720-3690 cm-1 corresponds to type I. 
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2. ~3660–3650 cm-1 corresponds to type II-A where an H+ ion is bonded to a basic oxygen 

in a highly oxygen saturated environment where the hydroxyl bonds to 2 Ce4+ ions 

3. ~3640–3620 cm-1 corresponds to type II-B where an H+ ion is bonded to a basic oxygen 

in an unsaturated oxygen environment where there are many vacancy defects and where 

the oxygens bond to 2 Ce3+ ions 

4. ~3600–3585 cm-1 corresponds to type III at the surface of particle. 

5. ~3550- 3450 cm-1 corresponds to type III with in the pores of a porous material.  

A gradual shift can be noted during reduction of CeO2 from the predominant ~3660–3650 

cm-1 bands to ~3640–3620 cm-1 bands. Only small intensity of type I and type III bands are 

usually observed. 

1.4.1.3 TiO2 

TiO2 comes in 2 distinct phases with different crystal structures and exposed facets:  

anatase and rutile. Hydroxyl groups are specific to the specific facet of the specific phase.162 

At ambient pressures and temperatures, the rutile phase is the thermodynamically stable 

phase of TiO2 but anatase is most commonly found in natural and synthetic samples.163 

Anatase particles initially have 77% [101] /[011] and 33% [001] surfaces but in certain 

environments, pressures, and temperatures, the particle can morph to also have [100] and 

[110] surfaces (figure 1.9).164 Rutile particles predominantly have 60% [110], 20% 

[101]/[011]/[001] and 20% [100] surfaces (figure 1.9).165  Anatase restructures into Rutile in 

air when held at elevated temperatures above 650 °C.166 
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Figure 1.9: Most common phases of TiO2 and exposed crystal facets; On the left, the less 
stable anatase phase with [101], [011], and [001] surfaces; On the right, the most stable 
Rutile phase with [110], [100], and [101]/[011]/[001] surfaces.164  
 

Anatase OH groups and morphology were initially assigned by Tsyganenko and 

Filimonov experimentally and collaborated by many FTIR/DFT studies.147,167–174 As follows, 

OH frequencies on anatase can be detected in IR such that: 

1. ~3742-3730 cm-1 corresponds to type I hydroxyls where a H+ ion + is bound to an existing 

basic oxygen, which is coordinated to a 5-fold coordinated Ti4+ atom on the [001]. Stable and 

located at crystal edge sites.  

2. ~3720-3715 cm-1 corresponds to type I hydroxyls where a H+ ion + is bound to an existing 

basic oxygen which was coordinated to a 5 fold and a 6 fold coordinated Ti4+ atom on the 

[101]  

3. ~3699–3696 cm-1 corresponds to type II hydroxyls where a H+ ion bonds to an existing 

oxygen bonded to a 5-fold and 6-fold coordinated Ti4+ atom on the [100]  

4. ~3675 cm-1 corresponds to type II hydroxyls where OH- bonds to two 4-fold coordinated 

Ti4+ on [110]  

5. ~3680-3620 cm-1 corresponds to weakly adsorbed type II hydroxyls where H2O bonds to 

two 5-fold Ti4+ on [101]  
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Many hydroxyl sites on the anatase surface are composed of H+ bonded to stongly 

bound surface oxygen. This agrees with findings that oxygen vacancies are formed in the 

bulk of the anatase material, rather than on the surface.171,175,176 When rutile [110] is 

hydroxylated, OH- ions lie directly above the surface Ti+4 cations. The rutile [110] crystal 

face adsorbs water dissociatively leading to the presence of equal quantities of two types of 

OH, similar to CeO2. One of these types is associated with a surface five-fold coordinated 

Ti4+ after dissociated H+ bonds to a nearby oxygen to create a type I hydroxyle (3650 cm-1 

stretching frequency) and the other is a type II OH- bound directly to two adjacent surface 

four-fold coordinated Ti4+ ions (3410 cm-1 stretching frequency).165,172,177–181 These are 

normally formed due to H2 reducing conditions or the direct decomposition of H2O. 

1.4.2 Water-Gas Shift Chemistry 

The ability for oxides such as CeO2 and TiO2 to decompose H2O can be amplified by 

active Rh metal. Atomically dispersed Rh can directly react with exposed oxide surfaces and 

oxide adsorbed species, thus making it an interesting candidate for interacting with CO to 

provide pathways for the water-gas shift reaction (WGS), resulting in H2 and CO2 gas. While 

the objective to make stable atomically dispersed Rh catalyst is appealing to utilize for real 

world applications that require a non-hydrocarbon hydrogen source, it is likely that this 

reaction is already present in TWC chemistry. 

The WGS reaction was first discovered by Italian physicist Felice Fontana in 1780.182 

However, the reaction was first patented by the British scientists Mond and Langer in 1888 

for the first working fuel cell application with a Fe catalyst for the conversion of coal-derived 

Mond gas (the product of the reaction of air and steam passed through coal/coke, which 

became the basis for the future coal gasification processes).182–184 In 1913, the WGS found 

industrial application in the production of synthesis gas (CO2 and H2) as a part of the Haber-
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Bosch process for NH3 used as fertilizers, arguably the most important catalytic process in 

the world that revolutionized the economics of farming production and allowed for mass 

food supply.184–186  

The specific catalyst used in the Haber-Bosch process for H2 production via water-gas 

shift is a Cu-ZnO-Al2O3 material and operates at the low, and economical temperature of 

150-250 °C. However, there is also significant interest in developing noble metal catalysts 

for water-gas shift to operate at even lower temperatures. Pt, Rh, Ru, Au, or Pd deposited on 

CeO2, ZrO2, TiO2, Fe2O3, or mixed oxides have been seen to be active at 250-400 °C for 

WGS.  

Grenoble et al. studied the kinetics of WGS to propose a reaction rate expression that 

correlated with several oxide supported precious metal catalysts (including Rh/Al2O3, 

Rh/SiO2, Pt/Al2O3, Pt/SiO2, or Pt/Al2O3+CeO2).187 He suggested that the initial H-O bond in 

H2O was broken via CO insertion and resulted in formic acid (HCOOH) formation as an 

intermediate. He highlighted that support interaction/selection was important because 

precious metal proximity to strong Lewis acid sites was required for molecular H2O to adsorb 

via the oxygen (see figures 1.8a). This type of support interaction was preferred over H2O 

decomposing on metal-oxygen, Mn+–O2- pairs (see figure 1.8b). Based on these mechanistic 

steps, industrial data was used to derive a valid equilibrium constant and empirical model for 

the reaction.188 While Phatak et al. proposed that the previously studied Goodridge/ Qazi 

WGS model could be applied with a first order dependence on H2O for precious metal 

catalysts, and Thinon et al. proposed a model with Carboxylic acid (COOH) as an 

intermediate over precious metal catalysts, both of these model examples were only 

demonstrated for Pt catalysts, and not applied to Rh catalysts.189,190  
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Alternatively, Wheeler et al. proposed a Langmuir Hinshelwood reaction model 

(where both adsorbates initially adsorb and then interact) that did not require precious metal 

proximity to support Lewis acid sites but instead applied to noble metal catalysts that were 

easily reducible or supported on highly reducible CeO2 (including Ru, Ru/CeO2, Rh, 

Rh/CeO2, Ni, Ni/CeO2, Pd, Pd/CeO2, Pt, or Pt/CeO2).191 Because Ce can easily convert 

between a +3 and +4 charge state, it could act as an adsorption and decomposition site for 

H2O interchangeably with precious metal sites in proximity. However, in this model by 

Wheeler, the precious metal site is required for CO absorption and oxidation into CO2.  

In contrast, Shido et al. specifically looked at Rh doped CeO2 in a combination of 

FTIR and kinetic studies and found that CO reacts with OH groups from dissociated H2O 

over Ce ions to form a bidentate formate, which then decomposes into H2. The presence of 

Rh decreased the reaction barrier compared to performing the reaction over plain CeO2.192 

More recent studies suggest similar theoretical pathways for WGS for other atomically 

dispersed precious metal sites on reducible oxide supports.193–195  WGS has also been 

observed over atomically dispersed Rh on other supports such as zeolites experimentally via 

hydroxyl interaction, similar to what was discussed by Grenoble. Utilizing FTIR, Fang, 

Gates, et. al recently suggested WGS occurred over Rh on zeolite Y hydroxyls through a 

mechanism in which Rh sites disperse into single atom sites and then re-agglomerate into Rh 

clusters.31 This type of Rh mechanism involving reconstruction is a possibility for NO 

reduction in industrial TWC, especially at low temperatures in the presence of H2O when 

NH3 is a product.  

1.5 Summary of Chapters 

Shown in Chapter 2, we initially sought to develop a general approach for 

synthesizing atomically dispersed Rh catalyst on various oxide supports. Synthesizing 
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atomically dispersed Rh catalysts is challenging because the metal species often 

thermodynamically prefer to form Rh clusters. Characterizing the structure of oxide 

supported Rh species can also be challenging because Rh is known to be mobile on oxide 

supports, leading to sintering or redispersion. Here, we used principles of strong electrostatic 

adsorption (SEA) to establish pH dependence, precursor speciation, and support influence on 

the synthesis of atomically dispersed Rh catalysts on commercially relevant oxide supports 

(CeO2 and γ-Al2O3). We used cryogenic CO probe molecule infrared spectroscopy to 

distinguish atomically dispersed Rh from small clusters Rh, which prevents CO-induced 

mobility. The structural analysis of Rh species is substantiated by aberration corrected 

scanning transmission electron microscopy. The general approach to synthesizing and 

characterizing atomically dispersed Rh catalysts presented here provides a straightforward 

approach for the development of structure-function relationships for important catalytic 

processes.  

In Chapter 3, we considered the case of atomically dispersed Rh on rutile TiO2 to 

investigate the optimal structure during O2 calcination, H2 reduction, CO adsorption, and 

reverse water gas shift (RWGS) reaction conditions. We used cryogenic CO probe molecule 

FTIR in collaboration with STEM imaging, XPS and DFT calculations to distinguish local 

Rh bonding structure and demonstrated that Rh atoms adapt their local coordination and 

reactivity in response to variation in redox environmental conditions. In agreement with DFT 

calculations, the most stable coordination of atomically dispersed Rh atoms on rutile TiO2 in 

an oxidative environment is coordinately saturated and does not bind CO. However, after 

exposure to reducing conditions and CO saturation, the Rh(CO)2 structure is prevalent 

because oxygen vacancies nearby Rh are formed. In RWGS conditions, atomically dispersed 

Rh coordinates to 1 CO and 1 H. These findings show that atomically dispersed Rh species 
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should not be considered static during pre-treatment, characterization with probe molecules, 

or under reaction conditions, and may change from inactive to active in certain conditions, 

hence explaining some conflicting accounts in the literature.  

In Chapter 4, we expand on findings shown in Chapter 3. We provide evidence that 

atomically dispersed Rh exists in varying local coordination environments on oxide surfaces, 

depending on the reductive environment (H2 vs CO reduction). When reduced by CO and 

Rh(CO)2 is formed, and during TPD both COs desorb simultaneously. However, when H2 is 

used below 200 °C as a reductant, the COs in Rh(CO)2 desorb sequentially. This was 

explained through correlation with DFT calculations where OH species generated from H2 

reduction coordinate to Rh-CO species after the first CO desorption, thus stabilizing the 

monocarbonyl. Without the local OH, both COs adsorb simultaneously. This assignment is 

confirmed based on DFT calculations of the binding energy of each CO to the Rh atom with 

and without hydroxyls. 

Ultimately, in Chapter 5 we show that the reactivity of atomically dispersed Rh, 

compared to Rh clusters, is distinct by performing temperature programmed reactions 

(extracting light off curves) with a feed of NO, CO and H2O. The present work demonstrates 

that even for a simple feed containing only NO, CO, and H2O, dramatic differences in rate 

and selectivity as a function of the Rh active site structure. Specifically, atomically dispersed 

Rh species selectively produce NH3 at low temperature in the reduction of NO by CO when 

H2O is present, while Rh clusters exclusively produce N2 and N2O. These conclusions 

indicate that reformulating the TWC in catalytic converters to prevent the formation of 

atomically dispersed Rh could reduce NH3 emissions from gasoline burning automobiles. 

This study also clearly identifies the important role of minimizing the distribution of active 

site types in catalytic materials to facilitate structure-function relationship elucidation. 
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Finally, in Chapter 6 we summarize how these studies come together to demonstrate 

that Rh structure plays a large role in the reactivity of Rh for NO reduction in TWCs in 

relevant conditions. Specifically, atomically dispersed Rh display unique qualities for NO 

reduction reactivity and there are detailed structural attributes that contribute to the reactivity. 

In conclusion, we show NO reduction reactivity in catalytic converters is dependent on the 

Rh structure. In future studies, we also provide evident that oxide support has direct 

connection to atomically dispersed Rh reactivity. In other future work we also aim to develop 

a realistic model of atomically dispersed Rh species on Al2O3 under reaction conditions of 

NO reduction by CO and the effects of surface hydroxylation on their characteristics. To best 

predict accurate reaction mechanistic pathways, we will determine the model structure by 

comparing observed binding properties of CO and NO on atomically dispersed Rh/γ-Al2O3  

comparable to experimental observation to we provide model coordinated with variety of OH 

coverages and facets of γ-Al2O3. Through cryogenic FTIR and DFT calculations on our 

narrowed down selection of sites, we will show that Rh species does not strongly bond NO 

because the highly reactive nature of the Rh site converts NO into N2O from the Rh(NO)2 

form. Further, it is expected that Rh structure and coordination to the support may be quite 

dynamic under the complex feed conditions of the TWC, a consideration that will be critical 

for future mechanistic analyses. Early kinetic studies show that exposure to high NO or high 

CO will restructure the atomically dispersed Rh species. The reconstruction of Rh ranging 

from atomically dispersed Rh to Rh clusters and how this affects reactivity will be continued 

to be looked at in future work. Further understanding into the NO reduction mechanism at 

active Rh single atom structures and clusters would enable a more sustainable TWC design 

and act as an example for future catalyst structures. 
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2: Chapter 2: 

Synthesis of Atomically Dispersed Rh Catalysts on Oxide Supports via 

Strong Electrostatic Adsorption and Characterization by Cryogenic 

Infrared Spectroscopy. 
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2.1 Introduction 

Atomically dispersed metal catalysts provide the optimal utilization of expensive 

precious metals (such as Pt, Pd, and Rh) and the potential for distinct reactivity compared 

to metal clusters. These active sites are likely present in many industrial catalysts, 

particularly where low metal weight loadings are commonly used, such as the three-way 

catalyst (TWC) in catalytic converters.1 TWC contain mixtures of precious metals, such 

as Pd and Rh, to convert species present in the exhaust of gasoline burning engines, such 

as NOx and carbon byproducts, into non-toxic gases.2–4 TWC commonly contain less than 

0.3% Rh, which exists as a mixture of large particles, small clusters, and atomically 

dispersed species.5 While much work has been dedicated to studying the reactivity of Rh 

nanoparticles and extended surfaces for NOx reduction reactions, there exists minimal 

insights into the role of atomically dispersed Rh species in automotive catalysis.6–14 

Interrogating the reactivity of atomically dispersed Rh active sites is challenging 

due to difficulties in the synthesis of catalysts containing exclusively this active site, the 

stability of these active sites under reaction environments, and convincing 

characterization of the distribution of active sites in a catalyst sample.15 Recently, stable 

catalysts consisting of atomically dispersed Pt on TiO2 and CeO2 were synthesized by 

applying principles of strong electrostatic adsorption (SEA), using low Pt weight loadings, 

and employing small diameter (~ 5 nm) oxide nanoparticles as supports.16–20 This approach 

enabled the synthesis of atomically dispersed metal catalysts with a high degree of uniformity 

in the active site environment and stability against sintering even in reducing environments.  

While SEA has been demonstrated as an effective approach for synthesizing highly 

dispersed Pt catalysts, much less works exists using SEA for the synthesis of highly dispersed 



 

 

68 

Rh catalysts.21–28 An important distinction between SEA based synthesis of Pt and Rh 

catalysts is the speciation of common precursors under pH controlled aqueous environments. 

For the case of Pt, widely available and commonly used precursors such as H2PtCl6 and 

Pt(NH4)4(NO3)2 form distinct and stable ions in pH controlled aqueous solutions, making it 

relatively straightforward to predict the interaction between metal precursors and charged 

support surfaces. Alternatively, common Rh precursors, such as RhCl3 and Rh(NO3)3, speciate 

to form a manifold of ions in solution as a function of pH.29,30 The variation of Rh ions present 

in solution during synthesis make it challenging to design synthetic conditions that maximize 

metal dispersion on the support, as designed electrostatic interactions in solution between the 

metal precursor and support surface are key to successful SEA syntheses.21,22,24,26,31–34   

There are also challenges associated with characterizing the distribution of Rh 

structures in a synthesized catalyst. For example, quantitative imaging of Rh structure 

distribution down to the limit of single atoms by transmission electron microscopy is 

challenging for supports made of heavy cations (e.g. CeO2), because of the lack of Z-

contrast between Rh and Ce.35–37 Furthermore, x-ray absorption spectroscopy provides 

only a measure of the average coordination environment of Rh species, rather than 

information about the distribution of Rh structures. CO probe molecule Fourier-transform 

infrared spectroscopy (FTIR) is a powerful technique for characterizing the distribution of 

Rh species in a catalyst sample.38–46 This stems from the distinct bonding geometry of CO 

to Rh clusters and atomically dispersed Rh species and the known site-specific extinction 

coefficients for the resulting CO stretches.47–50 While using CO as a probe molecule can 

be informative, CO can fragment Rh clusters into atomically dispersed species. 

Fragmentation occurs because the binding energy between CO and dispersed Rh species 
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is greater than the cohesive energy of Rh metal, thus creating a driving force for particle 

fragmentation.51–54  

In this work, we analyze the synthesis of atomically dispersed Rh species on 

Al2O3 and CeO2 supports (the most common supports in TWC) from a RhCl3 precursor 

through SEA. The electrostatic adsorption of Rh precursors onto the oxide supports was 

experimentally and theoretically analyzed by considering the pH dependence speciation 

of RhCl3 in solution and the interactions of these species with the oxide surfaces. 

Cryogenic probe molecule CO FTIR was used to characterize the distribution of Rh 

structures in synthetized catalysts and low temperature analysis was shown to be critical 

to minimize CO-induced fragmentation of Rh clusters that is prevalent at room 

temperature. The FTIR based analysis was supported with high-angle annular dark-field 

scanning transmission electron microscopy (HAADF-STEM), to substantiate the 

conclusions.19,20,46,55 We identify simple synthetic protocols and characterization 

approaches for the production of atomically dispersed Rh species on CeO2 and Al2O3. We 

expect that model catalysts synthesized through this approach will help rationalize the 

performance of industrial Rh catalysts and provide design rules for enhanced catalyst 

performance. 

2.2 Experimental Methods 

2.2.1 Materials 

Rhodium (III) chloride hydrate (RhCl3·xH2O) purchased from Sigma-Aldrich 

(#206261) was used as precursor for catalyst synthesis. High surface area CeO2 (70 

m2/g) and γ-Al2O3 (127 m2/g) nanoparticles (5-10 nm diameter) were purchased from US 

Research Nanomaterials (US Nano Stock #US3037 and #US3007, respectively). Reagent 
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grade ammonium hydroxide, NH4OH, (28-30% concentration obtained from Sigma-

Aldrich, #221228) was used to produce basic pH solutions. Diluted hydrochloric acid, 

HCl, (certified ACS Plus 36.5 to 38.0% from Fisher Chemical) was used to produce 

acidic pH solutions. High-performance liquid chromatography (HPLC) grade water from 

J.T Baker (#4218) was used for all dilutions.  

2.2.2 Support Point of Net Zero Charge (PNZC) Measurement  

The point of net zero charge (PZNC) was experimentally determined by titration 

of the oxide supports with protons from solution. A series of eight 30 mL aqueous 

solutions with acidic or basic pH values (~1, 2, 3, 4, 5, 8, 9,10, and 11) were prepared 

through addition of HCl or NH4OH. Dry oxide powder (20 mg) was added to each 

solution and thoroughly mixed for 1 hour. The pHs of the equilibrated solutions were 

measured and the PZNC was determined by averaging final pH values at the plateau at 

which the support reaches a neutral charge due to proton exchange (Figure 2.1).   

2.2.3 Analysis of Rh Precursor Speciation 

To measure the speciation of RhCl3 in solution, UV-Vis spectroscopy (via Thermo 

Scientific Evolution 300 spectrophotometer) and electrospray ionization-mass 

spectrometry, ESI-MS, (via Waters LCT Premier ESI TOF with high resolution 

orthogonal Time-of-Flight MS, 12000 FWHM resolution and 100-2000m/z range, and 

multi-mode ionization source for fast switching between positive and negative polarities) 

were used. RhCl3·xH2O was diluted in water to make a 60 mL stock solution containing 

50 ppm of Rh. The stock solution was split into 6 separate solutions. One solution was 

kept aside without adjustment, which stabilized at a pH of ~3. The remaining solutions 
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were adjusted with NH4OH to target pH values 5, 8, 9, 10, and 11 within +/- 0.5 and 

analyzed by ESI and UV-Vis.  

2.2.4 Rhodium Uptake 

The uptake of Rh onto the oxide supports was determined by mixing pH adjusted 

oxide and precursor solutions, followed by filtration to retrieve the oxide support and 

analysis of the residual Rh concentration in solution by inductively coupled plasma 

optical emission spectroscopy, ICP-OES (Thermo iCAP 6300). The ICP-OES 

measurements were calibrated using 0, 100, 20, 300, 400, and 500 ppm stock Rh 

solutions made from diluting a commercial Rh standard (Millipore #04736) for ICP 

measurements with 2% HCl acid.  A series of solutions containing 50 mg of oxide 

support with final pH values of 3, 5, 8, 9, 10, and 11 and corresponding pH adjusted 

solutions containing 200 ppm RhCl3·xH2O were prepared using NH4OH or HCl. The 

liquid ratio of precursor to support solution was 1:5, which resulted in 2 wt.% Rh on the 

oxide support. Support solutions were mixed with their corresponding precursor solutions 

with the same pH for 1 hour. The solute was filtered out under vacuum with Lab Safety 

Supply Filter Paper (# 14A842, Pore 0.45 µm, 4.7 cm diameter) and the filtrate was kept 

for analysis. The percent uptake of the Rh precursor by the oxide support was calculated 

by subtracting the final Rh concentration from the initial concentration measured by ICP-

OES. Each experiment was repeated three times and the reported values are the average 

and standard deviation of the triplicate experiments. 
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2.2.5 Catalyst Synthesis 

100 mg of CeO2 (or γ-Al2O3) support and the desired amount of RhCl3 precursor 

based on the targeted wt% were diluted in water separately to create separate solutions at 

a volumetric ratio of 4:1 (support liquid solution: precursor liquid solution) to combine 

for a total of 100 ml. NH4OH or HCl was added to the support and precursor solutions to 

target pH values corresponding to those used in the Rh uptake analyses. The precursor 

solution was injected at a rate of 4 ml/min into the support solution while constantly 

stirring. Then, the solution was heated to 70 ◦C while being mixed in evaporation dish 

until the water was evaporated and the sample was dried completely. The sample was 

kept overnight in a 100 ◦C oven and then ex-situ calcined in air for 4 hours at 350 ◦C. 

2.2.6 Cryogenic IR Characterization 

Catalysts were loaded into a Harrick low temperature reaction chamber mounted 

inside a ThermoScientific Praying Mantis diffuse reflectance adapter. A Nicolet iS10 

FTIR spectrometer with a Mercury Cadmium Telluride (MCT) detector cooled by liquid 

nitrogen was used to collect IR spectra. All gases passed across an isopropyl alcohol 

liquid nitrogen cold trap held at -40 ◦C and a glass trap filled with Drierite desiccant to 

remove trace moisture. Catalysts were pretreated in situ by oxidation for 30 minutes at 

350◦ C in 10% O2, followed by reduction for 1 hour at 200 ◦C in 10% H2. Calcination 

removed residual moisture from storing catalysts in the lab and the reduction treatment 

enabled CO adsorption. Following pretreatment, catalysts were cooled to cryogenic 

temperatures (-120 ◦C) in Ar under vacuum and then exposed to 10% CO in Ar for 10 

minutes, followed by purging in Ar for 10 minutes. Spectra were recorded with 32 scans 

and 0.482 cm−1 data spacing. To track potential Rh structure changes as temperature was 
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increased to room temperature, spectra were continuously collected while 10% CO in Ar 

was flown in vacuum. In all measurements, spectra were obtained by averaging 32 

sequentially collected scans at a resolution of 4 cm−1 in absorbance mode. 

2.2.7 STEM 

Samples were oxidized ex-situ at 350 ◦C for 30 min in pure O2 and then reduced at 

200◦C for 60 min in 10% H2 in He. HAADF-STEM images were taken on a JEOL Grand 

ARM 300CF TEM/STEM with double spherical aberration correctors operated at 300 kV 

with a probe current of 23 pA and pixel time of 4 µs. Samples for STEM measurements 

were prepared by dropping 60 µL of catalyst dispersed in methanol on a lacey carbon-

coated copper grid. 

2.3 Results 

2.3.1 Surface Charge and Rh Speciation pH Dependency 

We were motivated to study SEA as a mechanism for the synthesis of atomically 

dispersed metal catalysts due to the scalability and industrial viability of the 

method.21,32,33 The fundamental concept relies on the electrostatic adsorption of ligated 

metal ions from solution onto specific surface sites on the support.23,24,26 At low metal 

loadings, the synthesis approach produces isolated metal ion precursors well distributed 

on the support. Thus, if the electrostatic interactions between the metal precursor and 

support surfaces are well-designed and the pre-treatment steps are chosen to minimize 

metal mobility, a facile and cheap synthetic method for atomically dispersed metal 

catalysts can be realized. 
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Hydroxyls on oxide surfaces play a central role in the SEA synthesis approach, as 

their local environments and proton exchange with solution dictate the local oxide surface 

charge. Hydroxyls at the surface of metal oxides compensate for charge deficiency in the 

oxide.56 Hydroxyl species can exhibit a uniform distribution of charge density across an 

oxide surface, or more often hydroxyls exhibit varying charge densities across the support 

due to defects in the oxide structure.57 The intrinsic nature of surface hydroxyls on an 

oxide surface and relative abilities to protonate or de-protonate dictate the pH conditions 

where energetically favorable electrostatic interactions exist with metal ion precursors in 

solution.54,58  

When an oxide surface is in contact with a solution containing ions, charged 

species will adsorb or desorb from the surface to equilibrate with the surroundings. Under 

certain conditions, equilibration of an oxide surface with an aqueous environment will 

result in a neutral oxide surface charge. The pH of the solution where the oxide surface 

becomes neutral is known as the point of zero net charge (PZNC).23,59 The PZNC can 

result from a homogeneously neutral surface, or a surface where there is an even but 

heterogeneous distribution of positive and negative charge. The electrostatic adsorption of 

Rh ions onto an oxide surface requires the existence of a pH where the metal ion charge 

in solution is opposite to that of the net charge of the support surface. This results in a 

negative Gibbs Free Energy associated with the electrostatic interaction between the 

metal ion and the oxide surface and thus electrostatic adsorption. CeO2 and γ-Al2O3, the 

most prevalent supports in TWC and the focus of this study, exhibit distinct hydroxyl 

characteristics and therefore should require different optimal solution pHs for the SEA 

based synthesis of atomically dispersed Rh catalysts. 
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We start by considering the pH dependent charge of the oxide support surfaces. 

The PZNCs for small CeO2 and γ-Al2O3 nanoparticles were estimated by measuring the 

uptake and removal of protons from the oxide surfaces, (Figure 2.1). The PZNC values 

for CeO2 and γ-Al2O3 were measured as 3.3 and 7.2, respectively, which are consistent 

with previous literature reports.23 Because γ-Al2O3 has a PZNC at near neutral pH, 

cationic or anionic Rh precursors should electrostatically adsorb by working at basic or 

acidic pHs, respectively. Alternatively, CeO2 has a large pH range (above the PZNC) 

where favorable interactions with cationic Rh precursors exist, but only a minimal pH 

window where adsorption of anionic Rh precursors would be favorable.60 Thus, CeO2  

should be able to electrostatically adsorb Rh cations when the solution pH is greater than 

3.3. γ-Al2O3 should adsorb Rh cations when the solution pH is greater than 7.2 or absorb 

Rh anions when the solution pH is lower than 7.2. However, the uptake of metal ions onto 

oxide surfaces typically occurs well above or below the PZNC once the strength of the 

electrostatic attraction is sufficiently large. 

 

Figure 2.1: Evaluation of γ-Al2O3 and CeO2 PZNC by measuring initial pH of solution 
and final pH after solution is mixed with support thoroughly for 1 hour. 
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A key component and complication to the SEA based synthesis of supported Rh 

catalysts is the speciation of Rh ions from common Rh precursors as a function of the pH and 

composition of the aqueous environment. For example, it has been shown that diluting 

RhCl3·xH2O in liquid produces a range of Rh ions with varying Cl, OH and H2O coordination, 

as well as overall charge, which each exhibit distinct UV-Vis absorbance spectra.61–64 UV-vis 

analysis of a dilute (125 ppm Rh with a resulting pH of 3) solution of RhCl3·xH2O in water 

results in a spectrum with primary, but broad, bands at ~411 and 518 nm, figure 2.2a. Both 

experimental and theoretical analyses have previously assigned these features to RhCl6
3-.65–67 

The RhCl6
3- complex favorably forms in an acidic solution when excess Cl is present.61,66,68 In 

this experiment no additional Cl was added to the solution, which suggests that RhCl6
3- 

species either form due to excess Cl concentration in the stock solution, from Cl in the water, 

or from disproportionation of RhCl3 into a combination of species with higher and lower  Cl 

coordination as compared to the starting precursor. The speciation of RhCl3 is known to be 

kinetically viable under these conditions and results in a distribution of the charged metal–

aqua complexes.62,66,68 

The broadness of the bands observed here in comparison to previous measurements on 

isolated species, suggests that the initial precursor solution contains a range of anionic Rh 

species with varying Cl, H2O, and OH coordination.69 As pH of the solution was increased 

with NH3OH, the absorbance features associated with Rh-Cl aquo complexes shift to lower 

wavelengths (higher energy), become less resolved and the overall absorbance of the solution 

increases. This is consistent with the exchange of Cl ligands for H2O, OH, or NH3 and likely 

results in decreasing charge or switching to positive charge of the Rh ions in solution.67,68,70. 

These results are consistent with previous examples where the RhCl3·xH2O precursor 
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undergoes hydrolysis when diluted with watered and then, when mixing with desired reagents, 

has results in the formation new ionic complexes in solution.66–68,70–72 Given the broadness of 

the bands at low pH and the resulting featureless spectra at higher pH, the results suggest that 

RhCl3 initially speciates into a range of anionic complexes, including RhCl6
3-

, which then 

undergo ligand exchange to begin producing predominantly cationic species above a pH of 

about 7.  

To support conclusions from the UV-Vis measurements, ESI-MS measurements 

were executed. ESI-MS allows analysis of the type of ion complexes present and can be 

performed in negative and positive ion detection modes depending on the ions being 

anionic or cationic.73 While an absolute ionic concentration cannot be determined 

quantitatively by ESI-MS, the relative concentrations of positive or negative ionic species 

can be tracked in a normalized manner as function of pH by examining mass to charge 

(m/z) peak areas as a function of prepared pH (see figures 2.3 and 2.4). At an initial pH of 

3 when RhCl3·xH2O was diluted in water (125 ppm Rh), a predominant anionic species was 

observed in the ESI mass spectrum with m/z values in the range of 243.0–246.9 in negative 

mode. This feature could be assigned to RhCl4
-, as has previously been done in literature, or to 

[RhCl2(H2O)2(OH)2]- (see figure 2.3).74 The ESI-MS identification of a chlorinated Rh species 

with anionic charge is consistent with expectations and with the UV-Vis results. The known 

RhCl6 3− complex should in principle be present in the solution analyzed by ESI-MS, as seen 

in UV-vis, but the fast kinetics of its aquation make it undetectable.74 The positive mode ESI-

MS analysis of the pH=3 solution did not indicate any known m/z values associated with Rh 

complexes. 
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As the solution pH was increased through the addition of NH3OH, the relative area of 

the peaks at 243.0–246.9 decrease and we observe the formation of additional species in the 

negative detection mode at 260.1-266 and 278.9-288.9 that can be attributed to 

RhCl3(H2O)2OH- and RhCl4(H2O)2
- respectively. Above a pH of 8, there remains no 

detectable anionic species by analysis of the ESI-MS in negative mode. The results are 

generally consistent with the UV-Vis measurements where a loss of absorbance features 

associated with anionic chlorinated Rh species was observed at a pH of 9. By positive mode 

ESI-MS analysis, distinct cationic Rh species was observed to be present above a pH of 5 

(Figure 2.4). This is consistent with the UV-Vis measurements, which showed a transition in 

the spectra above a pH of 5. The primary positive m/z peak values 112.6-114.9 could be 

assigned to RhCl(H2O)4(NH3)+2, RhCl(H2O)3(NH3)2
+2, or RhCl(H2O)2(NH3)3 

+2, all which 

seem reasonable as ligand exchange products at increasing NH3 concentrations. The growth 

in relative intensity of this feature as a function of pH, Figure 2.2b, is consistent with the 

loss of the primary anionic species observed from negative mode ESI-MS. It is 

particularly interesting to note that there is a range from pH of 5 to 9, where the co-

existence of cationic and anionic Rh species is observed. 

 Based on the UV-Vis and ESI-MS, it is clear that the parent RhCl3 speciates initially 

in the aqueous solution and then undergoes ligand exchange as NH4OH is added to increase 

the solution pH. From both analyses, evidence was provided that there likely exists a range of 

Rh species in solution at each pH and further than both cationic and anionic Rh species likely 

exist in solution at intermediate pHs. A more detailed look at the expected or existing mixture 

of complexes would require detailed thermodynamic modelling including Cl, OH, H2O, and 

NH3 ions accompanied by X-ray absorption spectroscopy, which is outside the scope of these 
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studies. To effectively model the uptake of Rh ions onto the supports we simplified the picture 

to assume that the range of cationic species can be described by a Rh(Cl)x(H2O)y (NH3) z 2+ 

complex, while the anionic species can be described by a Rh(Cl)x(H2O)y (OH) z
2- complex, 

and that their relative concentrations vary as seen in the ESI-MS data in Figure 2.4b.  

 

Figure 2.2: a) Measurements by UV-Vis of RhCl3 xH2O diluted in water and adjusted to 
target pH with NH4OH. Initial Rh(Cl6)-3 anionic species is identified at  at ~411 nm 
and~518 nm. Shift in intensity towards lower wavelengths as pH increases denotes 
ligand exchange. b) Trends showing relative appearance of dominant anionic and 
cationic species present in pH adjusted RhCl3·xH2O solutions measured by normalized 
ESI-MS peak area. 

 

Figure 2.3: ESI-MS measurement RhCl3 diluted in H2O (125 ppm Rh, pH=3) a) negative 
mode b) positive mode 
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Figure 2.4: ESI-MS measurement RhCl3 diluted in H2O with NH3OH (125 ppm Rh, pH=9) 
a) negative mode b) positive mode 

2.3.2 Uptake Analysis 

The uptake of Rh species from solution onto the oxide supports was modelled 

using the revised physical adsorption (RPA) model.22,59 The uptake of Rh ions was 

assumed to follow Langmuir isotherm adsorption (equation 2.1) in which the equilibrium 

constant (equation 2.2) was calculated using the coulombic Gibbs free energy (equation 

2.3) of adsorption of Rh ions onto each oxide support. The Gibbs free energy takes into 

the account the species’ ionic charge identified by ESI-MS, Faraday’s constant, and the 

electric double layer potential. The electric double layer potential was found by a Laplace 

solution of the Gouy and Chapman equation (equations 2.4-2.6), which is dependent on 

the Debye-Huckel double layer length (equation 2.7) and ionic charge strength of the 

solution (equation 2.8). The ionic charge strength is calculated at each specific pH by 

summing all positive and negative ionic concentrations, including [H+] and [OH-], present 

in the liquid solution. Support specific PNZCs were used to calculate the equilibrium of 
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the surface charge density, although the surface charge of the oxide is assumed to be 

homogeneous across the support. After assigning support specific parameters, solving for 

the surface potential as a function of the surface charge density (equations 2.9 -2.12) 

dictates the surface attraction to oppositely charged ions from solution. Parameters used 

in the modelling are listed in Table 2.1.  

Table 2.1: RPA model parameters   

 CeO2 γ-Al2O3 

PZC 3.3 7.2 

Surface Loading (m2/L) 466 1000 

Rh concentration (mol/L) 0.002 0.002 

Hydroxyl site density (OH/nm) 3.4 11 

Ion charge -1 or +2 - 1 or +2 

 

Figure 2.5 shows the uptake of Rh ions (-1 anions below PZNC, +2 cations above 

PZNC) modeled for CeO2 and γ-Al2O3 (blue and red solid lines, respectively). As 

predicted from its PZNC, CeO2 adsorbed cationic Rh over a large range above a pH of 8, 

while anions absorb over a very narrow range. Anions are predicted to readily adsorb 

onto γ-Al2O3 below its PZNC and cations above its PZNC, but because the anion charge 

is less negative, the overall adsorption is slightly lower.  

Figure 2.5 also shows experimental ICP-OES measurements of the uptake of Rh 

onto (a) CeO2 and (b) γ-Al2O3 as a function of solution pH. The experimentally measured 

Rh uptake onto the oxide supports, presented in a % of Rh ions in solution adsorbed to 

the oxide, exhibits similarities and differences compared to the RPA model predictions. 

On CeO2, the maximum uptake occurred at pH = 9, while on Al2O3 the maximum uptake 
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was observed at pH = 10. At these pHs, cationic Rh species are the dominant ions in 

solution, and the RPA model predicts that cations should adsorb on the negatively 

charged oxide surfaces.25 The Rh uptake at acidic pHs (<7) was higher on γ-Al2O3 

compared to CeO2, which is consistent with the higher PZNC of  γ-Al2O3, which creates a 

stronger driving force for the uptake of anionic Rh species onto the positively charged 

oxide surface.  

 

Figure 2.5: RPA modeled uptake of Rh -1 anions (blue line) and +2 cations (red line) 
for a range of 0-14 pH overlapped with experimentally determined % uptake of using 
ICP analysis of pH adjusted RhCl3xH2O (green dots with error bars) on a) CeO2 support 
b) γ-Al2O3  
 

Qualitatively, the experimentally measured Rh uptake curves follow the general 

shape of the predictions from the RPA model. However, the primary range of pHs where 

the model and experiment disagreed was between the PZNC of each oxide and the pH 

where Rh species transformed from predominantly anionic to cationic (noted as “species 

change” in figure 2.3). It is hypothesized that the manifold of Rh species existing at each 

pH (likely simultaneous existence of anionic and cationic species around pH of 8) and the 

non-homogeneity of surface charge on the oxide, both of which were not accounted for in 
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the RPA model, caused poor agreement between the experimental and model at pHs near 

the PZNCs and point of species charge change.  

2.3.3 Cryogenic IR and STEM Analysis of Synthesized Materials 

Having understood the adsorption behavior of Rh ions onto the oxide supports, we 

used CO probe molecule IR to characterize the structures of Rh formed on the oxide 

supports as a function of synthesis pH. We hypothesized that conditions that yielded 

optimum SEA based Rh uptake would be optimal for forming dispersed Rh species. To 

target the formation of atomically dispersed Rh species, catalysts were synthesized at a 

low weight loading of 0.25% Rh in dilute synthesis volumes, calcined at 350 °C and were 

mildly reduced (200 °C in 10% H2), which together allows for spatial separation of 

deposited Rh precursors and minimal induced mobility of Rh species.21,24,26,75  

CO probe molecule FTIR analysis was used to assess Rh structure because it 

provides unique spectral signatures of bound CO, which correspond to specific structures 

of Rh deposited on oxide supports.40 CO binds to supported Rh species on oxide supports 

in 2:1, 1:1 or 1:2 CO:Rh stoichiometries, depending on the type of binding site and Rh 

structure.50,76 CO adsorbed to atomically dispersed Rh anchored on oxide supports is 

known to form Rh gem-dicarbonyl species, Rh(CO)2. The 2 COs can be identified based 

on 2 vibrational CO stretching modes, specifically a symmetric and asymmetric vibration 

at ~2090 cm−1 and 2020 cm−1, respectively.76 CO adsorption on extended Rh surfaces, 

single crystals or particles on oxide supports, results in the formation of bridge bound 

species (1 CO to 2 Rh) and linearly bound species (1 CO to 1 Rh), which can be 

identified by characteristic stretches at 1800-1950 cm−1 and 2045-2070 cm−1, 

respectively.77–86 
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Probe molecule CO FTIR spectra collected following exposure of the materials to CO 

at room temperature showed signatures of only Rh(CO)2 species, suggesting that Rh is 

atomically dispersed in catalysts synthesized under all explored pHs, figure 2.6. However, CO 

probe molecule FTIR spectra collected following exposure of the materials to CO at cryogenic 

temperatures (< -120 °C) demonstrated the co-existence of atomically dispersed Rh(CO)2 

species and CO adsorption on Rh clusters, and a dependence of Rh structure on synthesis pH, 

figure 2.7. The difference in spectra collected at cryogenic temperatures and room temperature 

stems from the well-known ability of CO to induce oxidative fragmentation of Rh clusters to 

form atomically dispersed Rh species.51,87,88 Performing the measurements at cryogenic 

temperatures allows the Rh clusters to remain kinetically trapped against fragmentation and 

effective analysis of the Rh structures in the as-synthesized state. 

 

Figure 2.6: IR spectra of CO adsorbed at saturation coverage of catalysts prepared after 
in- situ pretreatment in pure O2 for 30 min at 350 °C and 10% H2/Ar for 1 h at 200 °C 
taken at 20 °C a) 0.25 wt % Rh/CeO2 b) 0.25 wt% Rh/ γ-Al2O3. 
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Figure 2.7: IR spectra of CO adsorbed at saturation coverage of catalysts prepared after 
in- situ pretreatment in pure O2 for 30 min at 350 °C and 10% H2/Ar for 1 h at 200 °C 
taken at -120 °C a) 0.25 wt % Rh/CeO2 b) 0.25 wt% Rh/ γ-Al2O3. 

In the cryogenic CO FTIR measurements all Rh/CeO2 samples showed 

predominant features at ~2090 cm-1 and 2018 cm-1 associated with atomically dispersed 

Rh(CO)2 species. The weaker relative intensity of the asymmetric stretch is assigned to 

electronic asymmetry in the local environment of Rh(CO)2 species, likely caused by a 

neighboring oxygen vacancy or reduced Ce metal center.54 A shoulder at 2070 cm-1 on 

the symmetric Rh(CO)2 vibrational stretch (~2090 cm-1) was observed for all synthesized 

CeO2 materials except for at pH=9 (Figure 2.7a).  In addition, a shoulder appears at 

~2120 cm−1 specifically for the pH = 9 synthesis, which has been identified in literature 

as ionic Rh+2 bonded to one CO and an extra O, in addition to the 2 support Os.89,90 This 

experiment was repeated on multiple samples with consistent results providing 

confidence in the observed trends. 

Cryogenic CO FTIR measurements for Rh/ γ-Al2O3 were similar to Rh/CeO2 with 

a few differences, Figure 2.7b. At all synthesis pHs, stretches were predominantly 
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observed at 2091 cm-1 and 2018 cm-1, associated with Rh(CO)2. Clear signatures of CO 

bound to Rh clusters or particles were observed at pH < 10 based on measurable 

absorbance at ~2070 cm-1 and < 1900 cm-1, associated with linearly and bridge bound CO 

species. For the synthesis pH of 10 and 11 on γ-Al2O3, the Rh(CO)2 spectra still showed a 

slight deviation from the identical intensity of the two CO stretches that is expected for a 

square planar complex. This again suggests a local asymmetry in the environment 

surrounding Rh(CO)2, likely vicinal OH species on the support.91 

To relate the SEA uptake measurements and model predictions in Figure 2.5 to the 

resulting distribution of Rh structures, the fractions of atomically dispersed Rh (Xiso) and 

nanoparticle Rh (Xnano) adsorption sites were calculated based on analysis of the 

cryogenic CO FTIR spectra. Xiso and Xnano were calculated by deconvoluting the spectra 

with set peak positions and full width at half maxima (FWHM), shown in Table 2.2, and 

using equation 2.13 with established relative extinction coefficients and adsorption 

stoichiometries for each vibrational mode.50,92 Table 2.3 shows the result of this analysis, 

where it is observed that Rh/γ-Al2O3 samples synthesized at pH = 10-11 resulted in the 

highest fraction of atomically dispersed species, while Rh/CeO2 samples synthesized at 

pH = 9 resulted in the highest fraction of atomically dispersed species. Interestingly, the 

samples with the highest fraction of atomically dispersed Rh species corresponded to 

synthesis pHs that resulted in the highest Rh uptake in SEA measurements (Figure 2.5).  

This provides strong evidence that optimal conditions for SEA based catalyst synthesis 

(ie maximum metal uptake) are also optimal for the production of atomically dispersed 

metal species.
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Table 2.2: FTIR Spectral fitting parameters for Iiso values 

 peak 
Single CO 
on Rhiso 

Symmetric  
Rh(CO)2 

Linear CO 
on Rhnano 

Asymmetric  
Rh(CO)2 

CeO2 
cm-1 2113 2092.44 2078 2017.81 

FWHM 15 23.23 -* 19.47 

γ-Al2O3 
cm-1 - 2091.12 2070.6 2018.4 

FWHM - 19.38 -* 22.43 

*multiple overlapping linear bands exist with variable FWHM 

 

Table 2.3: Fraction of atomically dispersed Rh sites (Xiso) vs fraction of nanoparticle Rh 

sites (Xnano) on 0.25% Rh CeO2 and 𝝲-Al2O3 at variable pH  

  
CeO2 𝝲-Al2O3 

0.25 Rh wt. % 0.25 Rh wt.% 

pH: 
Xiso 

(%) 
Xnano (%) 

Xiso 
(%) 

Xnano (%) 

3 23 77 26 74 

5 22 78 14 86 

8 36 64 16 84 

9 100 0 40 60 

10 43 56 100 0 

11 25 75 100 0 

 

STEM imaging was used to support the assigned distributions of Rh structures from CO 

probe molecule FTIR measurements. STEM is a common tool to prove the existence of 

atomically dispersed species on oxide supports.39 However, a limited number of 

localized STEM images do not develop a complete quantitative description of the 

fraction of atomically dispersed species throughout a sample. Thus, coupling STEM with 

FTIR provides a more insightful confirmation of the distribution of Rh species 

throughout a given sample. STEM images were collected from samples which showed 
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the highest fraction of atomically dispersed Rh in FTIR measurements, Rh on γ-Al2O3 

made at pH=10 (figure 2.8a) and Rh on CeO2 made at pH=9 (figure 2.9), after they had 

been calcined ex-situ and reduced through identical protocols used prior to FTIR 

characterization. 

 Figure 2.8: Representative STEM images of samples after pretreatment in pure O2 for 30 
min at 350 °C and 10% H2/Ar for 1 h at 200 °C a) 0.25 wt % Rh/ γ-Al2O3 adjusted in 
synthesis solution at pH=10. Green circles indicate atomically dispersed Rh.  b) 0.25 wt % 
Rh/ γ-Al2O3 with synthesis solution at pH=8.  Red circles indicate Rh clusters. 

 

 

Figure 2.9: Representative STEM images of 0.25 wt % Rh/CeO2 adjusted at pH=9 after in-
situ pretreatment in pure O2 for 30 min at 350 °C and 10% H2/Ar for 1 h at 200 °C.
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In figure 2.8a, STEM images identified exclusively atomically dispersed Rh 

species on the 0.25% γ-Al2O3 sample made at pH=10. Rh is clearly identified in these 

images as bright diffraction spots, created by the higher atomic number of  Rh (Z=45) as 

compared to Al (Z=13) and the dependence of intensity in HAADF-STEM imaging on 

Z1.7-2.0.30,93–96 This is in excellent agreement with the analysis of IR spectra of the same 

sample, figure 2.6. It is more challenging to identify atomically dispersed Rh species on 

CeO2 through HAADF-STEM imaging because the intensity of Ce atoms, Z=58, is 

greater than that of Rh. This was overcome by angling the sample away from the exact 

zone axis where Ce ions line up into columns to create contrast for surface bound Rh 

atoms.97 Using this method, STEM images identifying exclusively atomically dispersed 

Rh species on CeO2 (figure 2.9) were acquired, which is again in agreement with the 

analysis by cryogenic CO probe molecule FTIR, figure 2.6a. To contrast the samples 

where only atomically dispersed species were identified, STEM images were also taken 

of 0.25% Rh on γ-Al2O3 sample made at pH= 8 (figure 2.6b), where a mix of Rh clusters 

and atomically dispersed species could be identified using cryogenic FTIR. In this 

sample, more than 50% of the Rh species identified were in the form of small clusters. 

The STEM results corroborated the conclusion from cryogenic CO IR analysis and 

reaffirm the assertion that room temperature CO FTIR observations do not accurately 

portray the distribution of Rh structures prior to probe molecule exposure.  

While the primary focus here was to identify the role of SEA synthesis in the 

production of atomically dispersed Rh catalysts at low Rh loadings, it is worth 

considering how performing synthesis at optimum pH and increasing Rh loadings 

influences the distribution of Rh structures. Catalysts were synthesized at support-

dependent optimal pHs (pH=9 for CeO2 and pH=10 for γ-Al2O3) and varying Rh 
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loadings, followed by characterization using cryogenic CO FTIR. While evidence of CO 

adsorption on Rh clusters becomes apparent at 0.5% Rh on CeO2, evidence of CO 

adsorption on Rh clusters was not prevalent until 1.0% Rh on γ-Al2O3 (figure 2.8, table 

2.4). Given the surface area of γ-Al2O3 being ~2x larger than CeO2 used in these studies, 

the results suggest that the two supports have a similar capacity for supporting 

atomically dispersed Rh species. We note however, that the mobility of Rh species is 

likely different on the two supports and thus higher temperature reductive treatments 

may produce very different structural distributions at the same Rh loading per surface 

area due to support dependent Rh mobility.  

While the primary focus here was to identify the role of SEA synthesis in the 

production of atomically dispersed Rh catalysts at low Rh loadings, it is worth 

considering how performing synthesis at optimum pH and increasing Rh loadings 

influences the distribution of Rh structures. Catalysts were synthesized at support-

dependent optimal pHs (pH=9 for CeO2 and pH=10 for γ-Al2O3) and varying Rh 

loadings, followed by characterization using cryogenic CO FTIR. While evidence of CO 

adsorption on Rh clusters becomes apparent at 0.5% Rh on CeO2, evidence of CO 

adsorption on Rh clusters was not prevalent until 1.0% Rh on γ-Al2O3 (figure 2.10). 

Given the surface area of γ-Al2O3 being ~2x larger than CeO2 used in these studies, the 

results suggest that the two supports have a similar capacity for supporting atomically 

dispersed Rh species. We note however, that the mobility of Rh species is likely 

different on the two supports and thus higher temperature reductive treatments may 

produce very different structural distributions at the same Rh loading per surface area 

due to support dependent Rh mobility.  
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Figure 2.10: Cryogenic CO probe FTIR measurement at -120 °C and saturation 
coverage, after pretreatment in pure O2 for 30 min at 350 °C and 10% H2/Ar for 1 h at 
200 °C, of Rh on a) CeO2 at 0.1, 0.25, 0.5, and 1 wt. %, synthesized at pH=9 b) γ-Al2O3 
at 0.1, 0.25, 0.5, and 1 wt. %, synthesized at pH=10. 

 

Table 2.4: Fraction of atomically dispersed Rh sites (Xiso) vs fraction of nanoparticle Rh sites 

(Xnano)  on CeO2 and 𝝲-Al2O3 at optimum pH and variable weight loading 

 

 

 

 

 

 

 

 

 

 

  

CeO2 γ-Al2O3 

pH=9 pH=10 

wt. % 
Xiso 

(%) 

Xnano 

(%) 

Xiso 

(%) 

Xnano 

(%) 

0.1 100 0 100 0 

0.25 100 0 100 0 

0.5 46 54 100 0 

1 22 78 29 71 
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2.4 Discussion  

The objective of this work was to synthesize and identify stable atomically dispersed 

Rh catalysts on relevant types of oxide supports. We demonstrated that the evident trends, 

relating the uptake of ionic Rh complexes onto oxide supports, CeO2 and Al2O3, as a function 

of synthesis solution pH, is connected to optimizing dispersion of the precious metal at low 

weight loadings into atomically dispersed sites on high surface area oxide supports. The 

relationship between optimized pH uptake to fraction of Rhiso was demonstrated as consistent 

with principles from the SEA synthesis technique. The concept of the SEA approach is that 

the simplest and most effective way to synthesize highly dispersed metal catalysts is to 

achieve a high dispersion of the metal precursors in solution during wet impregnation. Once 

impregnated, pretreatment, calcination and reduction, are done in mild conditions to maintain 

high metal dispersion.21,25,26,98 In agreement with SEA principles, utilizing pH controlled 

solutions promoted repulsive interactions between Rh ions in solution and attractive 

interactions between the ions and the high surface area oxide.21,25 By modifying the support 

surface through pH adjustment by the addition of NH4OH, the oxide surface formed 

adsorption sites that Coulombically attracted metal ions, as shown in figure 2.11.75 The 

surface potential ultimately dictates the surface attraction to oppositely charged ions and 

spatially disperses the ions away from sites of the same charge. However, the lack of 

hydroxyl charge uniformity on the oxide support surface also contributes to uptake seen at 

the PZNC, as depicted in figure 2.11 by the various examples of different types of hydroxyl 

groups and charged sites that can exist on the surface of oxide supports. Catalyst with 

unoptimized dispersion fell in the pH range in between the support PZC and the point where 

Rh ionic complexes transition or speciate from anionic to cationic.63,69,99,100 This likely 

suggests that in this range both anionic and cationic Rh species adsorb to positively and 
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negatively charged surface sites and this may cause Rh adsorption in closer proximity such 

that Rh cluster formation occurs.50  

 

Figure 2.11: Hydrolyzed oxide surface and RhCl3 precursor in water. At pH below 
PZNC, the oxide surface becomes positively charged while the precursor stays as an 
anion. At a pH above PZNC, the oxide surface becomes negatively charged while at a 
certain equilibrium pH, the precursor speciates into a cation. 

Further work to perfect the procedure to synthesize atomically dispersed Rh catalysts 

potentially at an industrial scale could include detailed fluid dynamic studies to better model 

the electric double layer where precursor interacts with the oxide surface containing a mix of 

negatively and positively charged sites. Variables important to this analysis of fluid dynamic 

interactions include mixing speed, ion contact time, and contact space. Additionally, a 

titration of electrostatically charged sites available that produce atomically dispersed 

catalysts would lead to a scalable procedure on each variable support.    

The percentage of atomically dispersed sites can be quantified by calculating the 

site fraction, equation 2.13, using Rh extinction coefficients and accounting for 

adsorption stoichiometry (ratio of Rh to CO).  The relative quantity of atomically 

dispersed species was estimated by deconvoluting spectra taken at cryogenic temperature 

and integrating the peak areas associated with CO on various adsorption sites.50,77,101,102 

To properly analyze the spectral data to calculate the fraction of nanoparticles and 
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atomically dispersed sites, both the cryogenic and the room temperature FTIR must be 

observed to identify accurate frequencies for the asymmetric and symmetric vibrational 

stretches as well as corresponding FWHM values. When deconvoluting these cryogenic 

FTIR spectra, we assign Rh(CO)2 stretching frequencies and FWHM values known by 

deconvoluting a sample that only contains atomically dispersed Rh species, as confirmed 

by FTIR and corroborated by STEM images.  

For example in figure 2.12a, the spectra of 0.25% Rh on CeO2 made at a pH of 9 

taken at room temperate (dotted line) overlaps with the spectra taken at -120 °C (solid 

blue line) in the region at ~2070 cm−1, indicating a lack of linearly bound CO on Rh 

clusters. In the specific case of deconvoluting atomically dispersed Rh on CeO2 made at a 

pH of 9 in figure 2.12b, an additional peak must be included in the deconvolution, at 2112 

cm-1, identified in literature as a single CO attached to an atomically dispersed Rh site 

with an extra O bond.77,81,103 The extra O bond to Rh was not detected at room 

temperature spectra because it is reduced by gas phase CO to form CO2. This can also be 

used as an additional indication that atomically dispersed Rh was present at low weight 

loadings. Detecting this frequency at cryogenic temperature can provide additional details 

of the original atomically dispersed Rh structure before absorbent interactions and thus 

suggests cryogenic FTIR is necessary to accurately characterize low Rh weight loading 

catalyst before CO exposure.   

Even when including this peak in deconvolution, an atomically dispersed catalyst 

can be identified using CO probe molecule FTIR by overlapping the spectra taken at -120 

°C with spectra taken at 20 °C to closely look at the region between the symmetric and 

asymmetric peaks. The example provided in figure 2.12a of the sample containing 

atomically dispersed Rh on CeO2 contrasts with figure 2.12c where the linear stretch 
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associated with Rh clusters was identified. Figure 2.12c presents  an example of how a 

spectra taken at room temperate (dotted line) of a higher wt% loading sample of  0.5% Rh 

on CeO2 may appear to have completely dispersed Rh sites while the spectra taken at -

120 °C (solid red line) indicates evidence of a shoulder at ~2070 cm−1 associated with 

linearly bound CO on Rh clusters. When fixing the Rh(CO)2 stretch positions to 

deconvolute 0.5% Rh on CeO2 in figure 2.12d, an extra stretch is revealed at ~2070 cm−1. 

 

Figure 2.12: IR spectra of CO adsorbed at saturation coverage of Rh/CeO2 catalysts 
prepared in pH=9 solution and after in situ pretreatment in pure O2 for 30 min at 350 °C 
and 10% H2/Ar for 1 h at 200 °C a) 0.25 wt% Rh/CeO2  taken at 20 °C (dotted lines) and 
-120 °C (solid blue line) b) Deconvolution of 0. 25 wt % Rh/ CeO2 at -120 °C (solid blue 
line) with oxygenated atomic Rh bonded to one CO with frequency at  2112 cm-1  
(yellow) and Rh(CO)2 symmetric frequency at 2093 cm-1 (cyan), and asymmetric 
frequency at 2018 cm-1 (magenta). c) 0.5 wt% Rh/CeO2 at -120 °C (solid red line) and 
20 °C (dotted lines) d) Deconvolution of 0. 5 wt % Rh/ CeO2 at -120 °C (solid red line) 
with Rh(CO)2 symmetric frequency at 2093 cm-1 (cyan), asymmetric frequency at 2018 
cm-1 (magenta), and linear CO frequency at 2070 cm-1 

Based on this detailed deconvolution of cryogenic spectra to calculate site 

fractions, Rh nanoparticles are the major species (50-93% of sites) in pH adjusted 

samples where there is an indication of linear or bridge bound CO, see table 2.2, 2.3, and 

2.4. Therefore, samples with no indication of a linear or bridge bound CO contains a 
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majority of atomically dispersed sites, as was the case for Rh on CeO2 when synthesized 

in a pH =9 solution and Rh on γ-Al2O3 when synthesized in a pH =10-11 solution. This 

calculation is also useful for observing how the fraction of nanoparticle sites can grow 

drastically with increased wt% as seen in figure 2.10. In the case of CeO2, the fraction of 

nanoparticle Rh sites increases from 0 to ~50% when Rh wt% is increased from 0.25% to 

0.5% and in the case of γ-Al2O3 this fraction increases from 0% to ~70% when Rh wt% is 

increased to 1%, table 2.4.  

 Another notable difference in the room temperature CO probe molecule FTIR 

measurement of Rh samples compared to the cryogenic measurement was that 

asymmetric peak grows in height, and thus changes the height ratio of the asymmetric to 

symmetric peak.  Figure 2.13 provides spectra systematically taken while CO flows in 

vacuum condition as temperature rises from - 120 ºC to 20 ºC and the ratio asymmetric 

to symmetric peak height grows. Historically, this ratio has been connected to the angle 

between the two  CO molecules bonded to Rh.39,77,104,105 This would provide evidence 

that the Rh(CO)2 is reconstructing bonding geometries due to interaction with the CO 

probe molecule and could correspond to an increased bond distance between the Rh 

atom and the support as if the gaseous CO is pulling the Rh atom away from the support. 

However, recent studies that compare Rh(CO)2 asymmetric to symmetric peak ratios of 

atomically dispersed Rh on Anatase phase to Rutile phase TiO2 have found the apparent 

difference in ratios is attributed to electronic effects of surface oxygen vacancies in 

Rutile. Thus, saying that the asymmetric to symmetric peak ratio changes due to bond 

angle is a simplification that requires further research for a complete explanation. Details 

such as this show the complexity in analysis that cryogenic CO probe molecule FTIR 

brings to single atom catalyst identification. Thus reiterating the point that cryogenic 
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analysis is important because CO exposure at room temperature can cause either Rh cluster 

fragmentation, or reconstruction of the Rh(CO)2 species.  

 

Figure 2.13: IR spectra of CO saturated 0.1% Rh/CeO2, after in- situ pretreatment in pure O2 
for 30 min at 350 °C and 10% H2/Ar for 1 h, taken incrementally while cryogenic 
temperature increases to room temperature (-120 °C to 20 °C) under vacuum as 10% CO in 
Ar  flows over the catalyst. 

2.5 Conclusion 

By examining the effect that pH has on the supports and precursors, we draw 

conclusions on the optimal conditions for ionic Rh to disperse on specific oxide supports 

according to principles of SEA where an oppositely charged cationic Rh  is attracted to 

the negatively charged surface adjusted with base. For complete Rh dispersion, conditions 

where pH=9 is the optimum for CeO2 and pH=10-11 is the optimum for γ-Al2O3. This 

informs the synthesis of atomically dispersed Rh on these relevant supports as evidenced 

by cryogenic FTIR and complimentary STEM images. With this established protocol for 

creating atomically dispersed materials, we can move forward to look at how this 

structure influences reactivity as compared to extended surfaces on Rh nanoparticles. 

Work towards understanding the nature of atomically dispersed Rh as an active site can 

give way to alternative reactivities on new types of catalysts. 
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2.6 Appendix 

2.6.1 RPA Model 

RPA Model equations and variables: The RPA model is based on a basic Langmuir 

isotherm model where the equilibrium constant is calculated by solely using the coulombic 

Gibbs free energy of the adsorption of the precious metal to the oxide support. The Gibbs 

free energy takes into the account the surface potential from Laplace’s equation assuming a 

simple electric double layer in which all species adsorb in one plane. Using Gouy –Chapman 

Diffuse layer charge-potential relationship, the surface potential is a function of the precious 

metal complex radius, surface loading, variable ionic strength, and the point of zero charge. 

The double layer length is dependent on the ionic strength. The ionic strength changes with 

the concentration of positive and negative ions due to pH. The point of zero charge is used to 

calculate the equilibrium of the surface charge density. 

 

(2.1) 

 

(2.2)   where:  

 

 

(2.3)     

 

 

(2.4)  

(2.5, 2.6, 2.7) 
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(2.9)     

(2.10)    

(2.11, 2.12)  where  ,   

where:  

Г = metal uptake, µmol/m2 

C = ion concentration 

R = ideal gas constant, J / mol 

Coulombic Gibbs free energy 

F = Faraday’s constant 96485, 

coulombs/mol 

Z= compressibility factor,1 

I = ionic strength  

 = radius of water ion 

= Surface charge density 

= dielectric constant of metal 

Ns= OH concentration (mol/nm) 

PZNC= point of net zero charge 

Гmax= maximum possible metal uptake, 

µmol/m2 

T = temperature, 293° K 

  = adsorbed Gibbs free energy  

z = ionic charge 

 = double layer potential  

 = surface potential  

 = radius of Rh ion 

e = charge of electron, 4.35 × 10-19 

coulombs 

= dielectric constant of water 

k= Boltzmann constant 

[H+] = solution proton concentration 

 = acidity constant 
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2.6.2 Quantifying Site Fraction 

The  relative  fraction  of  atomically  dispersed  Rh  species,  Xiso,  was  estimated  

using equation 2.13, using the specific CO:Rh stoichiometries in each adsorption mode, and 

the extinction coefficients  of  CO  species  associated  with  Rh(CO)2  (Xiso),  Rh-CO  (CO  

linearly  bound  to  Rh nanoparticles), and Rh2CO (CO bridge bound to Rh nanoparticles). 

The extinction coefficients, εi, used for the symmetric Rh(CO)2,  Rh-CO,  and  Rh2CO,  were  

74,  26,  and  85  (x106  m/mol), respectively. The   CO:Rh   ratios   for   the   symmetric   

gem-dicarbonyl,   linear,   and   bridge configurations were 2, 1, and 0.5, respectively. The 

fraction of exposed sites existing as atomically dispersed species was then quantified by 

integrating the relative intensity, I, of the respective CO stretch. The symmetric peak is 

measured to quantify the Iiso value because the asymmetric peak is influenced by geometric 

and electronic structure of Rh(CO)2.  

(2.13)                       
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3: Chapter 3: 

Reductant Composition Influences the Coordination of Atomically 

Dispersed Rh on Anatase TiO2 

Adapted from Catalysis Science & Technology article: 
Asokan, C., Thang, H. V., Pacchioni, G., & Christopher, P. “Reductant Composition 
Influences the Coordination of Atomically Dispersed Rh on Anatase TiO2,” Catalysis 
Science & Technology, 10(6), 1597-1601 (2020). 
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3.1 Introduction 

Catalysts consisting of atomically dispersed metals on oxide supports could promote the 

sustainable usage of rare earth metals and enable alternative reaction pathways with distinct 

catalytic performance. Oxide support surfaces present heterogeneous local coordination 

environments for atomically dispersed metals, making site-reactivity assignment challenging. 

Here, we identify how reductant composition (H2 or CO) influences the local coordination of 

atomically dispersed Rh on anatase TiO2. Temperature programmed desorption (TPD) of CO 

via in-situ Fourier Transformed Infrared (FTIR) spectroscopy was combined with density 

functional theory (DFT) calculations to identify the influence of H2 reduction generated 

hydroxyl species on the desorption of CO from atomically dispersed Rh. When atomically 

dispersed Rh(CO)2 species are proximal to hydroxyls the 2 COs desorb sequentially during a 

TPD, whereas Rh(CO)2 species spatially separated from hydroxyls exhibit simultaneous CO 

desorption. This work highlights the combined use of CO FTIR-TPD and DFT to distinguish 

atomically dispersed metal atoms with different local coordination environments on oxide 

supports. 

3.2 Experimental Methods 

3.2.1 Catalyst Synthesis 

Atomically dispersed Rh on anatase TiO2 was synthesized by utilizing strong electrostatic 

adsorption (SEA) principles a Rh weight loading of 0.1 wt%. High surface area anatase TiO2 

support (US Nano # US3838, 5 nm diameter, 99.9% purity) and the Rh precursor (Sigma 

Aldrich # 206261, Rh(III) chloride hydrate) were diluted in water separately with total liquid 

volumes of the two solutions at a 4:1 ratio, which gives a support surface loading of 2900 

m2/L based on a measured TiO2 surface area of 290 m2/g. NH4OH was added to the separate 
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support and precursor solutions to target a pH of 9. The precursor solution was injected at a 

rate of 4 ml/min into the support solution while constantly stirring at a high rate of 350 rpm. 

Then, the solution was heated to 70 °C until water evaporated, and the sample was dried 

completely. The sample was kept overnight in a 100 °C oven and then ex-situ calcined in 

10% O2 /He for 4 hours at 350 °C.  

3.2.2 Probe CO FTIR 

The catalyst was loaded in a Harrick Low Temperature Reaction chamber mounted inside 

a ThermoScientific Praying Mantis diffuse reflectance adapter set in a Nicolet iS10 FTIR 

spectrometer with a Mercury Cadmium Telluride (MCT) detector and mass flow controllers 

(Teledyne Hastings) were used to control the gas flow rates across the reactor bed. Catalysts 

were in-situ pretreated for 30 minutes at 350 °C in pure O2 and then subsequently in 10% 

H2/Ar at 100 °C or in 10% CO/Ar at 300 °C for 1 hr. CO probe molecule IR was executed by 

decreasing the temperature following pretreatment in Ar to room temperature, exposing the 

sample to 10% CO in Ar for 10 minutes, purging in Ar for 10 minutes, and then collecting 

spectra with 12 scans and 0.482 cm−1 data spacing. Temperature programmed desorption 

(TPD) measurements were executed by heating in Ar at a rate of 20 °C /min until complete 

desorption of CO was observed and taking spectra every 20 °C during desorption. The rate of 

loss of CO band intensity (corresponding to CO desorption) were calculated using the change 

in peak areas of deconvoluted (integrated and fit using Origin®) over 40 °C. Probe molecule 

CO and TPD experiments were also done for samples in-situ pretreated for 30 minutes at 350 

C° in pure O2 and then subsequently in 10% H2/Ar at 200 °C and 300 °C for 1 hr. 
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3.2.3 TPD and Redhead Analysis 

OriginPro was used to deconvolute overlapping peaks using Lorentzian functions and 

defining 2 parameters, the peak position and FWHM. In the case where Rh/TiO2 was reduced 

at 100 °C in H2, the deconvolution of the band at 2031 was kept at constant frequency and 

FWHM. To calculate the rate of change of the bands assigned to Rh(CO) monocarbonyls, 

2012 and 1999 cm-1 , the area of asymmetric stretch of the Rh(CO)2 species, 2031 cm-1 was 

subtracted from the total normalized integrated area of the 3 peaks. The rate of loss of CO 

stretch band intensity was calculated by using central finite difference method (equation 3.1) 

over 40 °C intervals and was assigned to the desorption of CO from Rh.  

(3.1)          

  
 
Where: 
A= Peak area at temperature T 
Ao= Maximum peak area 
T= Temperature 
x= Point of measurement (at specific T) 

= Change in area over change in temperature 

= Temperature at x+1 

= Temperature at x-1 

= Area of peak at temperature Tx+1 

= Area of peak at temperature Tx-1 
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To estimate CO binding energy to Rh from experimental data, Redhead analysis1 was used 

according to equation 3.2. 

Where: 

(3.2) 
 

𝝱 = Rate of Temperature, 20 °K/min 

E= Energy, kJ/mol 

Tp= Temperature at peak desorption rate, K 

R= 8.3124 kJ/  K kmol 

v = rate constant, 1013.6 /sec 

3.3 Results and Discussion 

Identifying “the” active site on oxide supported metal heterogeneous catalysts is 

challenging because metal clusters present a range of sites with various local coordination 

environments including metal terraces, steps and metal-support interfaces2. Elucidation of 

active site structures is further complicated by reconstruction, or coverage effects.2,3 It has 

been proposed that single late-transition metals atoms (or ions) on oxide supports, sometimes 

called atomically dispersed metal or single atom catalysts, enable precise structure-function 

relationships. However, understanding the catalytic properties of atomically dispersed metals 

is convoluted by the inherent heterogeneity of the support, where the metal can adsorb at 

cation vacancies, anion vacancies, on stoichiometric surfaces, on oxidized surfaces and near 

hydroxyls with distinct characteristics.4,5 Further, the preferred adsorption geometry may 

vary as a function of metal loading or environmental conditions.6–8 Thus, developing 

structure function relationships for this class of catalysts requires knowledge of the atomic 

=  
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scale coordination of the metal to the oxide support, the uniformity of this environment, and 

the response to environmental conditions.  

Pre-treatment of atomically dispersed metal catalysts produced via impregnation of 

metal salts typically starts with high temperature oxidation to remove ligands remaining from 

synthesis. For reducible oxide supports, this results in atomically dispersed metals localizing 

at cation vacancies at the oxide surface.9–11 Catalysts are often then reduced to decrease the 

oxygen coordination number to the atomically dispersed metal and enable interaction with 

reactants or adsorbing molecules. If the reducing agent is CO, oxygen is removed as CO2, 

after which CO can bond to the atomically dispersed metal site.12–14 CO is known to impart 

mobility to atomically dispersed metal species, allowing species to adopt different 

coordination sites on the support.15,16 Alternatively, when materials are reduced in hydrogen, 

oxygen is removed via the formation of water and new hydroxyl groups form, which can 

modify atomically dispersed metal site characteristics.17–19  

Here we elucidate how the local environment of atomically dispersed Rh species on 

anatase TiO2 is influenced by varying reductive pretreatments. We demonstrate the distinct 

local environments for Rh species resulted from reduction treatments under CO and H2. We 

attributed this to varying proximal hydroxyl characteristics, which modifies CO adsorption 

and desorption processes on Rh. Our finding highlights how subtle changes in local 

environment can modify the properties of atomically dispersed metals. These studies also 

highlight how characterizing atomically dispersed metal catalysts by temperature 

programmed desorption (TPD) of CO using probe molecule Fourier Transformed Infrared 

(FTIR) spectroscopy, combined with density functional theory (DFT) calculations, is a 

powerful approach to elucidate metal coordination environments. 
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To synthesize atomically dispersed Rh on TiO2, we applied principles of strong 

electrostatic adsorption (SEA) to high surface area (290 m2/g) 5 nm diameter anatase TiO2 

nanoparticles with low Rh weight loadings (0.1%).7 The catalyst was ex-situ and in-situ pre-

treated at 350 °C in O2, which rendered Rh species unable to adsorb CO following room 

temperature exposure, see Figure 3.1, suggesting Rh species resided in cation (Ti) vacancies 

in the lattice.10 The influence of reductive treatments on Rh local coordination was 

investigated using CO probe molecule FTIR and TPD following pretreatment of the sample 

in H2 at 100-300 °C or in CO at 300 °C. 

 

Figure 3.1: FTIR spectrum of Rh/TiO2 following in-situ oxidation at 350 °C in O2, exposure 
to CO at room temperature, and flushing in Ar. This shows that there is no measurable CO 
adsorption following oxidation pre-treatment. 

 

When the material was pretreated in CO at 300 °C or in H2 at 100 °C, and then 

exposed to 10% CO in Argon at room temperature, bands at ~2092-2094 and ~2029-2031 

cm-1 were observed in FTIR measurements (see Figure 3.2 and Table 3.1). These bands are 

assigned to the symmetric and asymmetric stretches of CO ligands in oxide supported Rh 
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gem-dicarbonyl species, Rh(CO)2, which is unique to atomically dispersed Rh.20 Extensive 

DFT+U calculations of Rh in various coordination environments on anatase TiO2 ( Figure 

3.8-11A, Table 3.2 and Table 3.3) support this assignment: a model of Rh(CO)2 consisting of 

a Rh atom adsorbed on anatase [101] and interacting with two lattice O2c atoms (Figure 

3.12A) result in computed (scaled) frequencies at 2097 and 2026 cm-1 for the complex 

formed on the terrace sites, and of 2095 and 2031 cm-1 for Rh(CO)2 formed at anatase [145] 

step sites (Table 3.3). The lack of CO bands in the experimental FTIR spectra at frequencies 

characteristic of linear (~2080-2040 cm-1) and bridge (~1950-1850 cm-1) bound CO on Rh 

clusters confirms that Rh primarily existed as atomically dispersed species following CO 

exposure.21 The similar intensity of the symmetric and asymmetric stretches suggest that pre-

treatment or CO exposure at room temperature forced Rh to move from a cation replaced 

coordination to a supported coordination environment that is capable of coordinating 2 CO 

ligands.10 

The CO stretching frequencies and full width at half maxima (FWHM) of the Rh(CO-

)2 bands were similar for both pretreatments (~10-15 cm-1), see Table 3.1. The observed CO 

stretch FWHM, which characterizes the homogeneity of the local coordination environment 

of Rh(CO)2 species, are smaller than typically observed for Ir(CO)2 and Rh(CO)2 species on 

oxide supports (>15 cm-1), but broader than observed for zeolite supports (< 10 cm-1).8,22,23 

The narrowness of the CO stretches in comparison to previous observations on oxide 

supports and the similarities between the two pretreatments suggest that the Rh(CO)2 species 

sit in a relatively homogeneous local coordination environment on the support and that this 

local environment is similar following CO and H2 reductive treatments.   

While the Rh(CO)2 IR spectra for the CO and H2 pre-treated sample appear 

indistinguishable at near room temperature, significant differences were observed during 
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TPD experiments. For the CO pretreated sample, the maximum rate of CO desorption 

occurred at 240 °C, with the simultaneous loss of the symmetric and asymmetric stretching 

features, see Figure 3.2a and 3.3. The simultaneous loss of both bands without the formation 

of any others suggests both CO molecules have similar binding energy to Rh. This is 

consistent with the DFT calculations: the two CO molecules have binding energies of 2.03 

eV and 2.05 eV for the terrace Rh(CO)2 complex, and of 1.96 eV and 2.0 eV for the step 

Rh(CO)2 complex, Table 3.2 (the computed values are about 0.5 eV larger than the measured 

Eads from TPD spectra, Table 3.4). Further, the relatively narrow temperature window of 

desorption, in comparison to CO desorption from metal clusters, supports the uniformity in 

local coordination environment of the Rh species, an aspect which is corroborated by the 

similar properties computed at DFT level for Rh(CO)2 species formed on terrace or step 

sites.4,6  

When the sample was pre-treated in H2 at 100 °C, additional CO stretching features at 

2012 and 1999 cm-1 formed at ~120 °C during the TPD. This observation indicates that the 

Rh(CO)2 coordination environments are distinct following CO and H2 pretreatments. 

Importantly, this would not have been concluded by only looking at the static IR spectra at 

room temperature, which is a common approach used in literature.23–28 
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Figure 3.2: FTIR spectra following CO saturation and during a TPD of CO from Rh(CO)2 
supported on anatase TiO2 following varied pretreatment conditions: a) reduction in CO at 
300 °C, b) reduction in H2 at 100 °C. 

 

To understand the origin of the features at 2012 and 1999 cm-1, spectra collected 

during the CO TPD following 100 °C pre-treatment in H2 were deconvoluted into 4 distinct 

bands, (see Figure 3a and Table 3.1). The rate of change of peak areas, and thus change in 

surface adsorbate concentration, was analyzed as a function of temperature, see Figure 4b. 

This analysis identifies that the maximum rate of formation of the bands at 2012 and 1999 

cm-1 occurs simultaneously with a maximum in the rate of loss of Rh(CO)2 species at 160 °C. 

See the SI for discussion on peak deconvolution and integration during the TPD. This 

provides evidence that for some Rh(CO)2 species on the sample reduced at 100 °C in H2, an 
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intermediate species is formed during CO desorption, rather than both CO molecules 

desorbing simultaneously. 

 

 

Figure 3.3: The rate of change of the asymmetric stretch band (2028 cm-1) intensity as a 
function of temperature during CO TPD following 300 °C reduction in CO. The temperature 
where the maximum rate of loss (CO desorption) is highlighted.  

Table 3.1  Experimentally observed CO stretching frequencies  (cm-1), 

corresponding full width at half max, and adsorption energy Eads (eV) calculated using 

Redhead Analysis.1,29,30  

* First desorption event associated with loss of intensity in Rh(CO)2    

** Second desorption event associated with loss of intensity in Rh(CO)2    

*** Desorption event associated with loss of intensity of species formed during 

TPD 

 1 (cm-1) 2 (cm-1) FWHM1 FWHM2 ~Eads (eV) 

300 °C CO reduced     

Rh(CO)2 2092 2029 11.5 15.2 1.5 

100 °C H2 reduced     

*Rh(CO)2 2094 2031 13.2 13.8 1.3 

**Rh(CO)2 2094 2031 13.2 13.8 1.5 

***Rh(CO) 2012, 1999  12.9, 8.00  1.7 
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The remaining intensity of the Rh(CO)2 bands showed a second maxima in the rate of 

loss at 240 °C, similar to what was observed for the Rh(CO)2 species following 300 °C CO 

pre-treatment. This suggests that some fraction of the Rh(CO)2 species formed following the 

two pre-treatments were equivalent local coordination, while an additional species was 

formed following H2 reduction. The maximum rate of loss of the peaks at 2012 and 1999 cm-

1 was observed at ~280° C, as shown in Figure 4b. Thus, the intermediate species formed 

during the TPD for the material reduced at 100 °C in H2 exhibits a stronger CO binding 

energy as compared to the Rh(CO)2 species that was common to both pre-treatments.31,32  

 

Figure 3.4: a) CO Probe module FTIR spectra of sample reduced in H2 at 100 °C taken 
during the CO TPD at 160 °C, where spectral features at 2012 and 1999 cm-1 were clearly 
observed. Multiple overlapping peaks were deconvoluted from the original spectra in black 
with the band in purple identified as the Rh(CO)2 symmetric stretch at 2092 cm-1, Rh(CO)2 
asymmetric stretch at 2031 cm-1 in red, and formed bands at 2012 and 1999 cm-1 in blue. b) 
Comparison of temperature dependent rate of change in normalized CO band intensity 
(A/A0) for the asymmetric stretch (2031 cm-1, red) and newly formed features (2012 and 
1999 cm-1, blue). Maxima and minima in the rate of change, associated with the formation 
and loss of species, are highlighted with characteristic temperatures. 

 
Based on known differences in using H2 and CO reductions, and the unfavorable 

energy associated with oxygen vacancy formation on the anatase surface, hydroxyl 



 

 
121 

interactions with Rh(CO)2 is the most favorable hypothesis to explain the difference between 

species formed in the two treatments. Increasing the H2 reduction temperature led to an 

increase in the hydroxyl density and diversity on the TiO2 surface, as observed from changes 

to the hydroxyl region of the FTIR spectra, 3000- 4000 cm-1 (figure 5a).33–36 Furthermore, 

adsorbed water indicated by features at ~1260 and 1100 cm-1 were observed after hydrogen 

reduction, but not CO reduction, which demonstrates increased oxide surface complexity 

(figure 5b).34,35,37 Increased hydroxyl coverage on the TiO2 surface caused by increasing 

temperature reduction in H2 increased the heterogeneity of the local coordination 

environment of Rh(CO)2 species. The increased heterogeneity in the Rh local coordination 

environment following reduction at 200 °C in H2, compared to 100 °C, is evidenced by 

broadening of the Rh(CO)2 asymmetric band FWHM (24.0 cm-1), as well as CO bands at 

1999-2012 cm-1 associated with intermediate species formed during the TPD. When the same 

material was reduced in H2 at 300 °C, Rh formed clusters, demonstrated by the emergence of 

a CO vibrational stretch between the symmetric and asymmetric peak, which is characteristic 

of linear bound CO on small clusters of Rh (~2050 cm-1). However, a significant quantity of 

Rh(CO)2 species were still observed, although with modified CO TPD characteristics likely 

due to changes in local coordination from support hydroxylation and water adsorption 

(Figure 3.6).    

In order to identify the nature of the different Rh species, including the 

experimentally hypothesized Rh(OH)(CO)2, an extensive series of models of Rh atomic 

species and their computed properties has been considered by DFT calculation. Two modeled 

configurations matched experimental observations; figure 7a where the Rh atom bounds to 

two lattice O2c ions of the surface, Rh(CO)2, and figure 7b that differs only by the presence of 

an additional surface OH group, Rh(OH)(CO)2. Surprisingly, the two complexes exhibit very 
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similar CO vibrational features: on terrace sites 2097 and 2026 cm-1 for Rh(CO)2, and 2090 

and 2019 cm-1 for Rh(OH)(CO)2; on step sites 2095 and 2031 cm-1 for Rh(CO)2, and 2096-

2029 cm-1 for Rh(OH)(CO)2, Table 3.2. Clearly, a distinction of the two species based on the 

vibrational properties of the Rh (CO)2 complex is not possible. However, while Rh(CO)2 

gives rise to a simultaneous desorption of the CO molecules (Eads about 2 eV), for 

Rh(OH)(CO)2 the two molecule have distinct adsorption energies, hence desorption 

temperatures, with a CO molecule bound by 1.62 eV and the other by 2.72 eV. While the 

absolute DFT values of Eads are systematically overestimated compared to experiment, the 

trend is correct, Table 3.4. CO desorption leaves on the surface a Rh(OH)(CO) mono-

carbonyl complex with a CO stretching frequency of 2016 cm-1 for both complexes formed 

on terraces or steps. This is in agreement with the IR features at 2012-1999 cm-1 observed 

experimentally, when no other species considered exhibits a stretching frequency in this 

region (see SI). CO binds to Rh(OH) with Eads = 2.70 eV (terrace) or 2.90 eV (step), 

consistent with a higher CO desorption temperature for this species observed from 

experiments.       

 

Figure 3.5: a) Background spectra taken at room temperature in Argon after specified 
reduction conditions. The highlighted region is associated with the hydroxyl species bound to 
TiO2, with the intensity (negative) and peak width characterizing the density and 
heterogeneity, respectively. b) Background spectra taken at room temperature in Argon after 
specified reduction conditions. Bands at 1260 and 1100 cm-1 correspond to physisorbed 
water weakly bounded to hydroxyls at defect TiO2 surface sites. 
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Figure 3.6: FTIR spectra after CO saturation and during TPD of CO from Rh(CO)2 
supported on anatase TiO2 following varied pretreatment conditions : a) Reduced in H2 at 
200 °C. b) Reduced in H2 at 300 °C. 

In summary, it was identified that when atomically dispersed Rh on anatase TiO2 was 

reduced at 100 °C in H2 or in 300 °C in CO, adsorbed CO had similar characteristics in static 

IR measurements at room temperature. However, TPD measurements demonstrated clear 

differences in the CO desorption process, which suggests variations in Rh(CO)2 local 

coordination. Based on a comparison with DFT calculations we propose for both 

pretreatments Rh(CO)2 species with two bonds to two lattice O atoms form, while in the case 

of H2 pre-treatment an additional species with a proximal hydroxyl forms, Rh(OH)(CO)2. 

This demonstrates how subtle changes in the local coordination of atomically dispersed 

metals can have strong influences on their surface chemistry.   
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Figure 3.7: Structure of Rh(CO)2 species identified based on FTIR and TPD spectra and 
DFT calculations and their evolution with temperature on (a) (Rh)ads and (b) (RhOH)ads 
specices. Red boxes (left): experimental results; blue boxes (right): DFT results. 
 

3.4 Appendix 

Via Thang, H. V., and Pacchioni, G. at the Dipartimento di Scienza dei Materiali, 

Università di Milano-Bicocca 

3.4.1 DFT Methods  

Spin-polarized calculations were carried out with the Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation (GGA) exchange-correlation functional implemented in 

the Vienna Ab-initio Simulation Package (VASP).38,39 The self-interaction error has been 

partly corrected by applying the DFT+U approach in which the Hubbard’s U parameter is 

empirically set to 3 eV for 3d orbital of Ti ions.40–42 The core electrons and nuclei 

interactions are described by projector augmented wave (PAW) method.43,44 The valence 

electrons of Ti (3s, 3p, 3d, 4s), Rh (4p, 4d, 5s), O (2s, 2p), H (1s) and C (2s, 2p) are explicitly 

considered with plane wave basis set applying a cutoff energy of 400 eV. The calculations 
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were done at the Gamma point only and optimized structures were converged when the 

forces are less than |0.01| eV/Å. described in detail in a previous study.45 The corresponding 

formula of TiO2 [101] and TiO2 [145] surface models are Ti60O120 and Ti88O176, respectively. 

The side view and top view of TiO2 [101] surface are shown in the Figure 3.8A where two 

distinguished Ti sites: 5-fold-coordinated, Ti5c and 6-fold-coordinated, Ti6c and two 

inequivalent O site, 2-fold-coordinated, O2c and 3-fold-coordinated, O3c are presented. A 

vacuum by more than 15 Å is created between the slabs to minimize interaction of two 

neighboring slabs. 

 

Figure 3.8A: Side view (left) and top view (right) of TiO2 [101] surface. The different Ti and 
O sites are indicated. Ti and O atoms are blue and red spheres, respectively. 

The CO adsorption energies, in eV, were obtained by the difference between isolated 

species and the adsorption complexes. Stable adsorbed species correspond to positive values. 

The stretching frequencies of CO were calculated within the harmonic approximation, where 

CO and its first nearest atoms were considered in the calculation. Van der Waals interactions 

were not included, but it has been shown that for small molecules, such as CO or H2, the 

dispersion contribution is minor and does not affect adsorption energies and geometries.46 

We adopted the models of (3 x 1) and (2 x 1) supercell slabs including five-atomic layers 

for the anatase TiO2 [101] and the stepped TiO2 [145] surfaces, respectively. The bond length 

and corresponding stretching frequency of gas-phase CO at the PBE level are 1.144 Å and 

2125 cm-1, respectively. We applied a scaling factor  = 2143/2125 = 1.0085 for all 

calculated frequencies to take into account the difference with respect to the experimental 
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CO frequency of 2143 cm-1. The effective charge of Rh atoms was analyzed by applying the 

Bader method.47–50 The reaction pathways were searched by using the climbing-image 

nudged elastic band (CI-NEB) method.51 Six images were created between reactants and 

products to find the minimum energy pathway. 

3.4.2 Single Rh Atom on TiO2 [101] and Stepped [145] Surfaces 

We adopted six models to describe the nature of a Rh single atom anchored on the TiO2 

surface, Figure 3.8A, including four adsorption species: (Rh)ads, (RhO)ads, (RhOH)ads, 

(RhO2)ads, and two substitutional positions: a Rh atom substitutional to a lattice Ti, (Rh)subTi 

and to a lattice O, (Rh)subO. In principle two sites, Ti5c and Ti6c, can be replaced by Rh; 

however, Rh at a Ti6c site is unstable, thus only Rh substitutional to Ti5c site, (Rh)subTi5c was 

considered.16 For Rh replacing a lattice O site, we considered only Rh substitutional to O2c, 

(Rh)subO2c. In fact, also Rh at O3c sites is unstable.51  

The preferred adsorption site on the TiO2 [101] surface for (Rh)ads is in the center of an 

hollow site formed by two O2c and two O3c sites, with Rh-O2c bond length of 2.057 and with 

Rh-O3c bond length of 2.215 Å, Figure 3.9A. At a stepped site of the TiO2 [145] surface 

(Rh)ads is bound to two O2c sites with Rh-O2c distances of 2.129 Å to O2c on the top terrace 

and of 2.185 Å to O2c at the bottom terrace, Figure 3.10Aa.  
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Figure 3.9A: Side view (left) and top view (right) of isolated Rh atom on terrace sites of 
the TiO2 [101] surface shown for a) (Rh)ads, b) (RhO)ads, c) (RhOH)ads, d) (RhO2)ads, e) 
(Rh)subTi5c and f) (Rh)subO2c. Ti, O, H and Rh atoms are blue, red, light-pink and white 
spheres, respectively. 
 

(RhO)ads units are formed by bonding with an extra O (formally deriving from a surface 

OH group). Here the Rh atom is bound to two O2c atoms with an identical distance of 2.112 

Å on [101] surface (Figure 3.9Ab) and of 1.972 and 2.102 Å on stepped [145] surface 

(Figure 3.10Ab).  
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Figure 3.10A: Rh atoms at step site (left) and the corresponding single CO adsorption 
complex at step site of TiO2 [145] surface shown for a) (Rh)ads, b) (RhO)ads, c) (RhOH)ads, d) 
(RhO2)ads, e) (Rh)subTi5c, and f) (Rh)subO2c Ti, O, C, H and Rh atoms are blue, red, gold, light-
pink and white spheres, respectively. 

 
The presence of OH groups has been observed experimentally. Thus, we also considered 

(RhOH)ads species on both terrace and step sites of TiO2. The optimized structures of 

(RhOH)ads on terrace and step sites of TiO2 are shown in Figure 3.9Ac and Figure 3.10Ac, 

respectively. The Rh-O and O-H distances are 2.30 Å and 0.97 Å (terrace) and 2.00 Å and 

0.97 Å (step). The Rh-O bond length of (RhOH)ads species is larger than that on (RhO)ads 

species on terrace (2.00 Å) and on step site (1.86 Å). This indicates a weaker bonding of Rh 

with extra the O in (RhOH)ads species compared to that in (RhO)ads species. 
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(RhO2)ads units are formally deriving from the interaction with two surface OH groups. 

Here the Rh atom forms four bonds: two with the two extra O atoms anchored on Ti5c sites, 

with a distance of 1.831 Å, and the other two with surface O2c and O3c sites with a bond 

length of 2.129 Å and 2.132 Å, respectively, Figure 3.10Ad. Similarly, the (RhO2)ads unit is 

anchored at step sites of the [145] surface: two bonds with two extra O atoms with distances 

of 1.998 and 2.088 Å, and two bonds with two O2c sites with a bond length of 1.827 Å, 

Figure 3.10Ad.   

For (Rh)subTi5c species, the substitution of Rh atom at Ti5c does not result in changes in the 

geometrical parameters of the TiO2 [101] surface (Figure 3.9A2e) and TiO2 [145] surface 

(Figure 3.10Ae). On the other hand, (Rh)subO2c species are moving up from the original O2c 

site with elongation of Rh-Ti bonds to 2.453 Å (original O-Ti bond length of 1.889 Å, Figure 

3.9Af (TiO2 [101] surface) and Figure 3.10Af (TiO2 [145] surface).  

The formal oxidation state of Rh, defined by the number of bonds between the Rh atom 

and the excess O atoms on the surface, is 0, +I, 0, +II for (Rh)ads, (RhO)ads, (RhOH)ads, 

(RhO2)ads, respectively. For (Rh)subTi5c and (Rh)subO2c species, we assumed the same formal 

charge of Rh of the lattice Ti and O sites, i.e. +IV and –II, respectively. 

3.4.3 Adsorption of a Single CO Molecule 

The adsorption properties of single CO on supported Rh single atom and on bare TiO2 are 

reported in Table 3.2, Figure 3.10A and Figure 3.11A.  On terrace and step site of bare TiO2 

anatase surface CO is weakly absorbed on Ti5c cation sites with an adsorption energy of 0.34 

and 0.41 eV, respectively. The corresponding stretching frequencies are 2187 and 2193 cm-1 

which are blueshifted with respect to free CO by +44 and +50 for terrace and step site, 

respectively, Table 3.2. When CO is placed on Rh single atom species, we observed a strong 
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adsorption energy and a large redshift of the CO stretching frequency with respect to gas-

phase CO. 

 

Figure 3.11A: Side view (left) and top view (right) of single CO adsorption on a) (Rh)ads, b) 
(RhO)ads, c) (RhOH)ads, d) (RhO2)ads, e) (Rh)subTi5c and f) (Rh)subO2c on anatase TiO2 [101] 
surface. Ti, O, C, H and Rh atoms are blue, red, gold, light-pink and white spheres, 
respectively. 
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Table 3.2.  Adsorption energy, Eads (eV), C-O bond length, RCO (Å), C-Rh distance, RCRh 
(Å), Bader charge of Rh, Q(Rh) (|e|), harmonic CO stretching frequency scaled by 2143/2125 
factor, v (cm-1), and frequency shift, ∆v (cm-1), with respect to gas-phase CO, for CO 
adsorption on various single atom Rh/TiO2 structures. 

System 
 CO 

site 
Eads 
(eV) 

RCO 
(Å) 

RCRh 
(Å) 

Q(Rh) 
(|e|) 

v  
(cm-1) 

∆v 

(cm-1) 

(TiO2)60
a Terrace TiIV 0.34 1.138 2.467  2187 +44 

(TiO2)88
a Step TiIV 0.41 1.138 2.454  2193 +50 

(Rh)ads(TiO2)60 Terrace Rh0 2.05 1.166 1.813 0.64 2017 -126 

(Rh)ads(TiO2)88 Step Rh0 2.00 1.168 1.822 0.30 2001 -142 

(RhO)ads(TiO2)60 Terrace RhI 2.24 1.160 1.828 0.97 2059 -84 

(RhO)ads(TiO2)88 Step RhI 2.45 1.159 1.841 0.92 2053 -90 

(RhOH)ads(TiO2)60 Terrace Rh0 2.70 1.166 1.807 0.70 2016 -127 

(RhOH)ads(TiO2)88 Step Rh0 2.90 1.166 1.813 0.64 2016 -127 

(RhO2)ads(TiO2)60 Terrace RhII 1.91 1.151 1.876 1.32 2099 -44 

(RhO2)ads(TiO2)88 Step RhII 1.08 1.156 1.796 1.34 2091 -52 

RhsubTi5c(Ti59O120) Terrace RhIV 1.58 1.149 1.863 1.45 2120 -23 

RhsubTi5c(Ti87O176) Step RhIV 1.65 1.148 1.875 1.45 2117 -26 

RhsubO2c(Ti60O119) Terrace Rh-II 2.70 1.170 1.808 -0.02 1997 -146 

RhsubO2c(Ti88O175) Step Rh-II 2.56 1.170 1.811 -0.11 1993 -150 

         
 

On (Rh)ads species, similar characteristics are found for CO adsorbed on Rh located on 

terrace and on step sites of the TiO2 surface. Particularly, adsorption energies and stretching 

frequencies of CO are 2.05 eV, 2017 cm-1 for terrace sites and 2.00 eV, 2001 cm-1 for step 

sites, Table 3.2. The strong adsorption of CO on (Rh)ads species is mainly due to the strong 

back donation of electrons from the 4d states of Rh to 2 state of CO. As a consequence, the 

CO bond length is elongated from 1.144 Å of free CO to 1.166 Å and 1.168 Å for CO/(Rh)ads 

on terrace and step sites, respectively. 

Considering CO on (RhO)ads species, the adsorption energies are slightly stronger than  

on (Rh)ads species: 2.24 eV vs. 2.05 eV for terrace sites and 2.45 eV vs. 2.00 eV for step sites, 

while the CO frequency redshifts are smaller, in absolute values, than those on (Rh)ads 

species, -84 cm-1 vs. -126 cm-1 for terrace sites and -90 cm-1 vs. -142 cm-1 for step sites, 
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Table 3.2. This is consistent with the lower charge transfer from (RhO)ads species to the 2 

orbitals of CO compared to (Rh)ads which is confirmed by the Bader charge of  Rh:  +0.97 |e| 

vs. +0.64 |e| on terrace sites and +0.92 |e| vs. +0.30 |e| on step sites, Table 3.2.  

We first analyzed the frequency of OH of anatase without CO adsorption. The results are 

in good agreement with experiment (3730-3789 cm-1 vs. 3734 cm-1). Then, we considered the 

characteristics of CO/(RhOH)ads species, Table 3.2. Here CO is strongly bound, 2.70 eV 

(terrace) and 2.90 eV (step), and has a stretching frequency of 2016 cm-1 at both terrace and 

step sites, with a negative shift of 127 cm-1 with respect to free CO. This is quite different 

from the previous case of (RhO)ads due to a formally higher oxidation state of the Rh atom, 

consistent with a less positive Bader charge, Table 3.2. 

Things are different when we consider CO adsorbed on (RhO2)ads species on terrace and 

step sites.  While a strong adsorption energy is still observed for CO bound to (RhO2)ads on 

terrace, 1.91 eV, the bonding is about 1 eV weaker (1.08 eV) on (RhO2)ads on step sites. This 

is due to the difference in adsorption of the RhO2 unit on terrace and step sites, reflecting the 

bond-order conservation principle: the binding energy of the RhO2 unit on step site (1.9 eV) 

is about 1 eV stronger than that on terrace sites (1.0 eV). However, the Bader charge and 

redshifts of CO frequency are virtually the same, +1.32 |e| and -44 cm-1 for CO/(RhO2)ads on 

terrace sites and +1.33 |e| and -52 cm-1 for CO/(RhO2)ads on step sites, Table 3.2. 

On (Rh)subTi5c CO is strongly bound with an adsorption energy of 1.58 eV (terrace) and 

1.65 eV (step). Due to the lower charge transfer from Rh to CO only a moderate redshift of 

CO frequency is found (-23 cm-1 for CO/(Rh)subTi5c on terrace, and -26 cm-1 for CO/(Rh)subTi5c 

on step sites, Table 3.2). 

On the last configuration considered, (Rh)subO2c, CO is very strongly bound with an 

adsorption energy of 2.70 eV and 2.56 eV for terrace and step sites, respectively. This is 
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consistent with the largest charge donation from Rh to CO (Bader charge of Rh of -0.02 and -

0.11 |e| for terrace and step sites, respectively). As a result, the CO bond length is elongated 

to 1.170 Å, resulting in the largest redshift of CO stretching frequencies of -146/-150 cm-1, 

Table 3.2.  

3.4.4 Adsorption of Two CO Molecules 

 
The adsorption of a second CO (geminal CO complex) was considered for all Rh single 

atom configurations. In most cases, strong adsorption energies are still observed, except for 

the case of (Rh)subTi5c where the second CO spontaneously interacts with a lattice oxygen 

atom forming a CO2 species. The properties of geminal CO molecules on (RhOx)ads species 

are presented in Table 3.3. 

On (Rh)ads the second CO is bound as strongly as the first CO molecule with an energy of 

2.03 eV on terrace and 1.96 eV on step sites, Figure 3.12A. The two CO molecules on (Rh)ads 

result in symmetric and antisymmetric stretching frequencies of 2097 and 2026 cm-1 (terrace) 

and 2095 cm-1 and 2031 cm-1 (step). These values are in very good agreement with IR spectra 

of geminal CO molecule on isolated Rh species.  
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Figure 3.12A: Geminal CO molecules on isolated Rh atoms on terrace (left) and step sites 
(right): a) (Rh)ads, b) (RhO)ads, c) (RhOH)ads, d) (RhO2)ads, and e) (Rh)subO2c. Ti, O, C, H and 
Rh atoms are blue, red, gold, light-pink and white spheres, respectively. 

 

When we consider the second CO on the (RhO)ads species, Figure 3.12A, smaller 

adsorption energies (about 1eV) were found compared to the first CO molecule, 1.25 eV vs. 

2.24 eV (terrace) and 1.08 eV vs. 2.45 eV (step). This is consistent with the smaller charge 

transfer from Rh to the second CO compared to the first CO molecule, in line with the Bader 

charge on Rh (+1.02 vs. +0.70 on terrace and +0.97 vs. +0.68 on step). The symmetric and 

antisymmetric frequencies of geminal CO molecules on terrace sites (2117, 2059 cm-1) are 

similar to those on step sites (2108, 2057 cm-1), Table 3.3. Also (RhO)ads species have CO 
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stretching frequencies close to the experimental one, although not as good as the one 

obtained for (Rh)ads.  

Table 3.3.  Adsorption energy, Eads (eV), C-O bond length, RCO (Å), C-Rh distance, RCRh 
(Å), Bader charge of Rh, Q(Rh) (|e|), harmonic CO stretching frequency scaled by 2143/2125 
factor, v (cm-1), and frequency shift, ∆v (cm-1), with respect to gas-phase CO for geminal CO 
molecules adsorption on various single atom Rh/TiO2 structures. 

System 
 CO 

site 
Eads 
(eV) 

RCO 
(Å) 

RCRh 
(Å) 

Q(Rh) 
(|e|) 

v  
(cm-1) 

∆v 
(cm-1) 

(Rh)ads(TiO2)60 Terrace Rh0 
2.05 
2.03 

1.160 
1.160 

1.818 
1.828 

0.70 
2097 
2026 

-46 
-117 

(Rh)ads(TiO2)88 Step Rh0 
2.00 
1.96 

1.159 
1.159 

1.836 
1.837 

0.68 
2095 
2031 

-48 
-112 

(RhO)ads(TiO2)60 Terrace RhI 
2.24 
1.25 

1.154 
1.154 

1.853 
1.853 

1.02 
2117 
2059 

-26 
-84 

(RhO)ads(TiO2)88 Step RhI 
2.45 
1.08 

1.154 
1.153 

1.899 
1.863 

0.97 
2108 
2057 

-35 
-86 

(RhOH)ads(TiO2)60 Terrace Rh0 
2.71 
1.62 

1.161 
1.161 

1.824 
1.824 

0.77 
2090 
2019 

-53 
-124 

(RhOH)ads(TiO2)88 Step Rh0 
2.90 
1.66 

1.159 
1.160 

1.836 
1.831 

0.70 
2096 
2029 

-47 
-114 

(RhO2)ads(TiO2)60 Terrace RhII 
1.91 
0.62 

1.143 
1.151 

1.907 
1.874 

1.29 
2159 
2095 

+16 
-48 

(RhO2)ads(TiO2)88 Step RhII 
1.08 
-0.07 

1.145 
1.147 

2.009 
1.972 

1.24 
2129 
2098 

-14 
-45 

RhsubO2c(Ti60O119) Terrace Rh-II 
2.70 
0.75 

1.155 
1.168 

1.990 
1.817 

0.03 
2055 
1994 

-88 
-149 

RhsubO2c(Ti88O175) Step Rh-II 
2.56 
1.01 

1.159 
1.159 

1.907 
1.919 

-0.17 
2043 
2001 

-100 
-142 

 
 

We also considered the possible reactivity of the second CO adsorbed molecule with an 

extra O atom from the (RhO)ads complex. In this case, a CO2 molecule forms, leaving behind 

the CO/(Rh)ads monocarbonyl complex. The process, Figure 3.13A, occurs with a relatively 

low energy barrier, 0.45 eV, and leads to a structure where an activated CO2 molecule is 

bound to the CO/(Rh)ads complex; from this precursor, CO2 can desorb with an enthalpy cost 

of 0.63 eV. Thus, the calculations indicate that the formation of CO2 from the reactive 

adsorption of the second CO molecule is a feasible process on (RhO)ads. 



 

 
136 

 

Figure 3.13A: Reaction profile for the combination of an adsorbed CO molecule with the 
extra O atom of the (RhO)ads complex with formation and desorption of a CO2 molecule. 

 

Now we consider the second CO on the (RhOH)ads species, Figure 3.12Ac. The second 

CO is still strongly bound, but considerably less than the first one, suggesting two different 

desorption temperatures. The symmetric and antisymmetric CO stretching frequencies (2090 

and 2019 cm-1 for terrace sites and 2096 and 2029 cm-1for step sites) are in close agreement 

with experimental observation (2094 and 2031 cm-1) for geminal CO; this, together with the 

frequencies for single CO, Table 3.2, 2016 cm-1 vs. 2010 cm-1 makes (RhOH)ads a potential 

candidate for the observed features. 

For geminal CO molecules on (RhO2)ads species, Figure 3.12Ad, the second CO is weakly 

bound on terrace (0.62 eV), while it is unbound (-0.07 eV) on step sites. As a result, the 

symmetric and antisymmetric CO stretching frequencies are blue-shifted or slightly 

redshifted, +16, -48 cm-1 for terrace sites, and -14, -45 cm-1 for step sites, Table 3.3. These 

two bands are completely different from those observed experimentally (see below). 
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Therefore, one can rule out (RhO2)ads species as a structure of single Rh atom on the TiO2 

surface. 

Considering the second CO on (Rh)subO2c species, Figure 3.12Ae the adsorption energies 

are about 2 eV lower than the first CO molecule with binding energies of 0.75 eV and 1.01 

eV for terrace and step sites, respectively, Table 3.3. However, the symmetric and 

antisymmetric CO stretching frequencies are largely redshifted, -88/-199 cm-1 and -100/-142 

cm-1 for (CO)2/(Rh)subO2c on terrace and step sites, respectively. These results are far from 

what seen experimentally, allowing us to dismiss (Rh)subO2c as potential candidate of a Rh 

single atom anchored on the TiO2 surface. 

3.4.5 Metallic Rh Cluster on TiO2 [101] 

 
To compare the nature of isolated Rh atoms and metallic Rh clusters on TiO2 surface, we 

adopted a Rh4 cluster as a model for metallic Rh aggregates on TiO2 surface. Note that the 

size of this cluster is much smaller than that observed from experiments, about 1 

nanometer.23 However, this can show qualitatively the different CO adsorption properties on 

cluster and isolated Rh atoms. On TiO2 surface, the most stable structure of tetrahedral Rh4 is 

with three bottom Rh atoms bound to three O2c atoms with distance of 2.04-2.10 Å and the 

remaining Rh on the top of the triangle with Rh-Rh bond lengths of 2.32 – 2.54 Å, Figure 

3.14Aa. This is in good agreement with previous DFT+U calculations. The average Bader 

charge of each Rh atom is almost neutral (+0.13 |e|).52 
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Figure 3.14A: Side view (left) and top view (right) of a) Rh4/TiO2, b) mono CO adsorbed on 
a top Rh atom of Rh4/TiO2 , c) mono CO adsorbed at interface Rh site between Rh4 and TiO2 
[101] surface, d) and e) the mono CO adsorbed bridge sites of Rh4/TiO2, f) the two CO 
molecules adsorbed at two different bridge sites of Rh4/TiO2. Ti, O, C and Rh atoms are blue, 
red, gold and white spheres, respectively. 

 

For CO adsorption complexes on Rh4/TiO2, we considered the single and geminal CO 

complexes as obtained on atomic Rh species, Table 3.4. The single CO was considered to 

adsorb on different Rh sites, on the topmost (Rh0-top) or interface (Rh0-int) sites with linear 

or bridge (two-fold coordinated sites) bonding mode, (Rh0-Rh0), Figure 3.14A. As can be 

seen from Table 3.4, the CO molecule prefers to bind at the bridge sites with an adsorption 
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energy of 2.89 eV, Figure 3.14Ad, stronger than the linear configuration either on the 

topmost Rh site (2.26 eV), Figure 3.14Ab, or at the interface Rh sites between Rh4 and TiO2 

[101] surface (2.00 eV), Figure 3.14Ac. This is due to the fact that electron back donation 

from Rh4 to CO at bridge site is higher than that at linear site. This is demonstrated by a large 

elongation the CO bond length to 1.195 Å compared to the linear structure (1.172 Å for CO 

on topmost Rh and 1.168 Å for CO at interface sites), Table 3.4. As a result, large redshifts 

are found for CO at bridge site (-326 cm-1), while smaller redshifts are observed on linear 

structures (-159/-158 cm-1).  

Table 3.4  Adsorption energy, Eads (eV), C-O bond length, RCO (Å), C-Rh distance, RCRh (Å), 
Bader charge of Rh bound to CO, Q(Rh) (|e|), harmonic CO stretching frequency scaled by 
2143/2125 factor, v (cm-1), and frequency shift ∆v (cm-1) with respect to gas-phase for CO 
adsorption on Rh4/TiO2 structures. 

System CO site 
Eads  
(eV) 

RCO 
(Å) 

RCRh 
(Å) 

Q(Rh) 
(|e|) 

v 
(cm-1) 

∆v 
(cm-1) 

(CO)Rh4(TiO2)60 Rh0-top 2.26 1.172 1.800 0.19 1984 -159 

(CO)Rh4(TiO2)60 Rh0-int 2.00 1.168 1.843 0.25 1985 -158 

(CO)Rh4(TiO2)60 Rh0-Rh0 2.89 1.195 1.930, 1.937 0.15 1817 -326 

(CO)2Rh4(TiO2)60 Rh0-Rh0 
2.89 
2.33 

1.197 
1.196 

1.958, 1.927 
1.916, 1.969 

0.23 
1835 
1795 

-308 
-348 

 

Given that the most stable structure of CO is at the bridge site of Rh4/TiO2, the second 

CO was only considered at another bridge site, Figure 3.14Af. A strong adsorption of the 

second CO was observed with an adsorption energy of 2.33 eV. The redshifts of symmetric 

and antisymmetric frequencies are still large, -308 and -348 cm-1, respectively, Table 3.4. 

Clearly, CO adsorbed on supported metallic Rh cluster is much more strongly bound than on 

isolated Rh atoms (2.33 - 2.89 eV vs 1.25 - 2.42 eV); it also gives rise to much larger 

redshifts (more than 300 cm-1) of CO frequencies.  
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4.1 Introduction 

Single-atom catalysts are widely investigated heterogeneous catalysts, however, the 

identification of the local environment of single atoms under experimental conditions, as well 

as operando characterization of their structural changes during catalytic reactions are still 

challenging. Here, we consider Rh single atoms on TiO2 to investigate the optimal structure 

of the single atoms during O2 calcination, H2 reduction, CO adsorption, and reverse water gas 

shift (RWGS) reaction conditions. The combination of theoretical and experimental studies 

clearly demonstrates that Rh single atoms adapt their local coordination and reactivity in 

response to variation in redox environmental conditions. These findings show that single-

atom catalysts are not at all static but can switch from inactive to active structure under 

reaction conditions, hence explaining some conflicting accounts in the literature. The insight 

on the real nature of the active site is key for the design of high-performance catalysts. 

Supported noble metal nanoparticles are widely investigated heterogeneous catalysts due 

to their high activity and selectivity for valuable products. However, the high prices and 

finite resources of these noble metals limit their applications in large-scale production. 

Heterogeneous single-atom catalysts (SAC), which consist of isolated atoms anchored onto 

supports, maximize the efficiency of noble metal utilization.1-5 Moreover, developing 

catalysts that precisely place the single metal atoms homogeneously at a single site on the 

support can offer high selectivity towards a specific product. Thus, as a bridge between 

homogeneous and heterogeneous catalysis, SACs have become a new frontier in catalysis 

science and thus attracted significant attention recently.6-15 

A single atom (SA) on a support possesses unique chemical and physical properties due 

to its particular local chemical environment, inducing an electronic structure that differs from 

that of conventional supported nanoparticle catalysts. However, the identification of this 
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local environment of SAs under experimental conditions, as well as operando 

characterization of structural changes of SAs during catalytic reactions is still challenging 

despite the development of in situ microscopy and spectroscopy techniques.16 The local 

environment determines the electronic structure, charge distribution and oxidation state of the 

SAs, and hence also the stability, activity and selectivity of the catalyst. Two main types of 

structures have been described for SACs; either substituting a cation at the oxide surface or 

supported on-top of the support, and these two types of SAs generally exhibit different 

catalytic properties.17 Fabris et al. reported that substitutional Au3+ ions at the ceria surface, 

and not supported Au+ adatoms, activate molecular CO and oxidize it to CO2.18 In the case of 

cobalt oxide (CoO) supported Rh single-atom catalysts, Rh substituted at the Co site was 

shown to be active and selective towards propene hydroformylation19, while Rh substituted at 

the O site (Rh1Co3 bimetallic single-cluster sites) exhibit an excellent catalytic performance 

in the reduction of NO with CO at low temperature20 and a potential application in ammonia 

synthesis via N2 reduction.21 Datye and co-workers highlighted that atomically dispersed Pt 

on ceria can achieve a high activity for low-temperature CO oxidation after a steam treatment 

at 750 °C, which affects the environment of the single Pt atom on the support.22 

There are several factors that can potentially affect the local structure of SACs, including 

specific pretreatment, reactants, intermediate species, and temperature. Here, we consider a 

single Rh atom supported on the rutile TiO2 [110] surface to investigate the stability of 

different Rh structures under typical experimental conditions with first principles atomistic 

thermodynamics, in order to show how single atoms dynamically respond to reaction 

conditions. Stabilization of SAC requires strong interaction between the metal atom and the 

oxide, and although several oxides have been shown to be adequate (Fe3O4, TiO2, CeO2, 

Co3O4), TiO2 avoids additional theoretical challenges linked with magnetic properties or 
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relativistic effects. We experimentally characterize single Rh atoms on rutile after different 

reduction steps under hydrogen by CO probe molecule infrared (IR) spectroscopy and 

scanning transmission electron microscopy (STEM) imaging.23,24 The combination clearly 

demonstrates that Rh SAs change their structure and adapt their catalytic site under reaction 

conditions towards a structure active for CO2 reduction to CO under hydrogen by reverse 

water gas shift (RWGS). 

4.2 Methods 

4.2.1 Sample Preparation 

Rh SACs were synthesized by utilizing strong electrostatic adsorption principles at the 

low Rh weight loading of 0.05 wt%. The rutile TiO2 support (US Nano # US3520, 30 nm 

diameter, 99.9% purity) and precursor (Sigma-Aldrich # 206261, Rhodium(III) chloride 

hydrate) were diluted in water separately at ratio of 4:1 and according to a support surface 

loading of 260m2/l based on a measured TiO2 surface area of 26m2/g. NH4OH was added to 

the separate support and precursor solutions to target a pH of 8.25. The precursor solution 

was injected at a rate of 4 ml/min into the support solution while constantly stirring. Then, 

the solution was heated to 70 °C until water evaporated and sample was dried completely. 

The sample was kept overnight in a 100 °C in an oven and then ex situ calcined in 10% O2 in 

He for 4 h at 350 °C. XPS was done to indicate that no Cl remained on catalyst to influence 

local Rh structure (Figure 4.1). 
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Figure 4.1: XPS spectra in Cl 2p region of Rh SAC on TiO2 after oxidation in pure O2 at 350 
°C for 30 min and after reduction in 5% H2 in Ar at 200 °C for 1 hour. After both samples 
were oxidized or reduced, they were vacuum sealed without exposure to air, transferred to a 
glovebox under inert gas to be mounted in the sample holder and then transferred directly 
into XPS for analysis. 

 

4.2.2 FTIR Characterization 

The catalyst was loaded in a Harrick low-temperature reaction chamber mounted inside a 

Thermo Scientific Praying Mantis diffuse reflectance adapter set in a Nicolet iS10 FTIR 

spectrometer with a Mercury Cadmium Telluride (MCT) detector and mass flow controllers 

(Teledyne Hastings) were used to control the gas flow rates across the reactor bed. Catalysts 

were pretreated in situ by either oxidation for 30 min at 350 °C in 10% O2 in He, or 

subsequent reduction for 1 h at a specified temperature (100, 200, and 300 °C) in 10% H2 in 

Ar. CO probe molecule IR was executed by decreasing the temperature following 

pretreatment in Ar below −120 °C in vacuum, then exposing to 10% CO in Ar for 10 min, 

followed by purging in Ar for 10min, and spectra collection. The temperature was then 

increased to room temperature and 10% CO in Ar was flown to the cell for 10 min and 

flushed with Ar prior to room temperature spectra collection. 
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4.2.3 STEM Characterization 

The two samples were taken from the same batch of Rh SAC. Both samples were ex situ 

oxidized at 350 °C for 30 min in pure O2 and then one was reduced at 100 °C and one at 300 

°C for 60 min in 10% H2 in He. Atomic resolution bright field (BF) and HAADF-STEM 

images were taken on JEOL Grand ARM 300CF TEM/STEM with double spherical 

aberration correctors operated at 300 kV with probe current of 23 pA and pixel time of 4 μs. 

BF image was taken with outer collection angle of 31 mrad and HAADF image was taken 

with 53–180 mrad 

collection angle. Samples for STEM measurements were prepared by dropping 60 μl 

nanoparticles dispersion in methanol on a lacey carbon-coated copper grid. 

4.2.4 XPS Characterization 

The two samples were taken from the same batch of Rh SAC. Both samples were 

oxidized at 350 °C for 30 min in pure O2 and then one was reduced at 200 °C for 60 min in 

5% H2 in Ar. After samples were oxidized or reduced, they were vacuum sealed without 

exposure to air, transferred to a glovebox under inert gas, and mounted on copper tape in a 

sample holder for XPS analysis. The sample holder was directly transferred from the 

glovebox to the chamber of the XPS to prevent air and moisture exposure. XPS 

characterization was carried out under vacuum using a Kratos AXIS ULTRA DLD XPS 

system equipped with an Al Kα monochromated X-ray source and a 165mm mean radius 

electron energy hemispherical analyzer. Binding energy calibrations were done with 

reference to the carbon 1s peak by adjusting spectra to 284.8 eV. 
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4.3 Results 

4.3.1 Compared Stability of Various Sites 

 

Figure 4.2: Stability and structure of substitutional(@) and supported(/) single atom Rh on 
the TiO2 [110] surface including O vacancies or adatoms. a, Relative stability as a function of 
oxygen chemical potential Δμ(O). b,c, The optimal structures for substitutional (b) and 
supported (c) Rh SAs on the considered TiO2 surfaces. The structures in b,c follows the 
placement and order in the legend of a. Color code: O-red; Ti-blue; Rh-green.result agrees 
with HAADF-STEM images for various oxide-supported SACs, which show the metal at the 
site of the oxide cation, suggesting that it tends to replace the metal cations in the oxides.1,25 

 
The two main parameters controlling the structure of the Rh atom/TiO2 [110] interface 

are the oxygen stoichiometry for the TiO2 surface and the position of the Rh atom. We 

systematically studied the stoichiometric termination, two oxygen deficient ones (0.65 and 

1.30 vacancies by nm2) and one oxygen rich one (0.65 additional O by nm2) and we explored 

a large range of positions for the Rh atom, in substitution of a Ti atom (denoted as 

Rh1@support) or supported on the surface (denoted as Rh1/support), and of relative positions 

between the Rh atom and the vacancies/additional O. This allowed us to generate multiple 

environments and electronic structures for the Rh atom. The stability of the various 

terminations can be compared using first-principles atomistic thermodynamic, using oxygen 

chemical potential (μ) as a descriptor (Ti chemical potential is then fixed from the bulk 
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energy of TiO2). For each selected TiO2 surface termination, and each type of Rh site 

(supported or substitutional), all Rh atom positions have been evaluated, but only the most 

stable one is considered in the surface stability diagram (Figure 4.2). Other positions and 

their relative energies can be seen in Figures 4A.1 and 4A.2. 

Under oxygen-rich conditions (high chemical potential of oxygen, -1.7 < Δμ(O) < 0), Rh 

substituted at the 6-fold Ti site in the stoichiometric TiO2 (Rh1@TiO2) is the most favorable 

structure (Figure 4.2a). Terminations with additional O atoms, and Rh appearing as a 

supported oxide moiety (Rh1@TiO2+x, Rh1/TiO2+2x), are close in energy in the highest part of 

the interval, but never appear as most stable. Under oxygen-poor conditions, with a decreased 

μ(O), one oxygen vacancy is formed, and initially the Rh atom remains in the substitutional 

site (Rh1@TiO2-x), the vacancy corresponding to a surface O atom bridging Rh and Ti. If 

μ(O) is further decreased below -2.5 eV, the most stable configuration shifts from the 

substituted model (Rh1@TiO2-x) to the supported model (Rh1/TiO2-x). The most favorable 

structure for this adsorbed Rh atom is above an O-vacancy corresponding to a 3-fold 

subsurface oxygen, which is not the most stable vacancy position on the bare TiO2 surface. 

Under typical conditions used during catalyst calcination (700 K in air, which is used to 

remove organic species deposited during catalyst synthesis), where Δμ(O) is calculated to be 

-0.78 eV, the substitutional structure is most favorable and the surface is stoichiometric. The 

local environment for Rh1@TiO2 is Rh1O6 with a calculated Rh charge of +1.84 |e| and a 

formal oxidation number of Rh(+4). A supported neutral Rh atom on stoichiometric TiO2 

(Rh1/TiO2) is ~3 eV less stable. Two additional O atoms can stabilize the supported Rh as a 

cation (RhO2/TiO2), but this structure remains ~1 eV less stable than the substitutional cation 

site. Changing the temperature and O2 partial pressure does not affect the preferred structure 

for Rh (Figure 4.15A). Rh SAs always prefer to localize at the 6-fold Ti site under the 
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presence of O2 gas even in cases of low O2 partial pressure or rather high temperature. The 

result agrees with high-angle annular dark-field-STEM (HAADF-STEM) images for various 

oxide-supported SACs, which show the metal at the site of the oxide cation, suggesting that it 

tends to replace the metal cations in the oxides.1, 25  

4.3.2 Stability in H2 Reduction Conditions 

Hydrogen can adsorb on the Rh atom or on the two-coordinated surface O atoms of TiO2, 

and the optimal coverage at thermodynamic equilibrium depends on the H chemical potential 

μ(H) (Figure 4.16). Under a typical condition for H2 reduction (0.1 atm H2 at 500 K), where 

Δμ(H) is calculated to be -0.35 eV, a high coverage of H on the surface O atoms is reached 

with 7H in the selected unit cell (containing 8 two-coordinated O atoms) for Rh1@TiO2 and 

Rh1@TiO2-x, and 6H for the other structures (Rh1@TiO2-2x, Rh1/TiO2, Rh1/TiO2-x and 

Rh1/TiO2-2x  respectively). The optimal hydrogenated structures are shown in Figure 4.17A. 

Rh at a substitutional site is coordinated to six O atoms, and hence unable to bind H. O 

vacancies, created preferentially near the Rh, lead to unsaturation and 1 (resp. 2) H binds to 

the substituted Rh in the presence of 1 (resp. 2) vacancies. In a rather similar way, the 

supported Rh atom binds 2 H atoms, if 1 or 2 O vacancies are present. 

At the given μ(H) value, the relative stability for each model still depends on the 

chemical potential of oxygen, as shown in Figure 4.3a, in a similar way to Figure 4.21A. A 

major difference is that the high pressure of H2 drives the system into an O poor condition. 

Under reduction conditions, H2 will react with surface O atoms to form water and if we 

assume an H2 conversion of 0.01% to H2O, and still 0.1 atm H2 at 500 K, Δμ(O) is then fixed 

at the low value of -3.23 eV. At this O chemical potential, the substitutional and supported 

Rh atom structures have almost the same free energy (Figure 4.3b) and hence both coexist at 

thermodynamic equilibrium. This supported Rh becomes stable versus the substitutional 
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cation upon the formation of two O vacancies around Rh, and in this situation, it is liganded 

to two H atoms. Therefore, Rh SAs on TiO2 adapt their site from substitutional to supported 

when going from oxygen-rich preparation to H2-reduction conditions. Mobility of TiO2 

surface at high temperature under H2 allows the filling of the Ti vacancy formed after 

extraction of the Rh atom.16 

 

Figure 4.3: Stability of substitutional(@) and supported(/) single atom Rh on the TiO2 [110] 
surface under a pressure of H2. a, Relative stability as a function of Δμ(O) under a typical 
condition of H2 reduction (H2 pressure of 0.1 atm at 500 K, i.e. Δμ(H) = -0.35 eV). b, Free 
energy for different Rh atom configurations in specific condition corresponding to water 
formation equilibrium (Δμ(H) = -0.35 eV and Δμ(O) = -3.23 (-3.33) eV for 0.01% (0.001%) 
conversion). The dash line in a represents the condition (0.01% conversion) in b. c, The local 
environment of Rh SAs in Rh1@TiO2-x, Rh1@TiO2-2x, Rh1/TiO2-x and Rh1/TiO2-2x (from left 
to right). O vacancies are indicated by small dashed circles. Conversion fixes the pressure of 
H2O. For instance, 0.01% conversion means a H2O pressure of 10-5 atm. Then μ(O) is 
obtained by μ(H2O) - μ(H2). 

 
If Δμ(O) and Δμ(H) are independent, a 2D surface stability diagram can be constructed as 

a function of these two descriptors (Figure 4.4). High Δμ(O) stabilizes the substitutional 

sites, and low Δμ(O) the supported sites, but the frontier between the stability regions of the 

two sites (shown as a thick black line) is moved towards lower Δμ(O) when Δμ(H) (and 

hence the H coverage) is increased, especially in the temperature region corresponding to 

reduction conditions (400-600 K). This trend is explained by the strong adsorption energy of 
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H on Rh (-2.30 eV) in the presence of two O vacancies, which extends the stability of the 

green zone in Figure 4.4. Hence H2 pressure stabilizes both the substitutional and the 

supported site, but the shift to very O poor conditions strongly favors the supported site, that 

becomes more stable. 

 

Figure 4.4: Surface stability diagram for single atom Rh on the TiO2 [110] surface in the 
presence of H2 as a function of H and O chemical potentials (noted ∆µ(H) and ∆µ(O)). 
Different colors indicate the various configurations for the Rh and the TiO2 surface, where 
blue, light blue and green denote regions where Rh is preferentially substituting a 6-
coordinated surface Ti with zero, one or two O vacancies (Rh1@TiO2, Rh1@TiO2-x, 
Rh1@TiO2-2x) and orange and pink zones where the supported Rh structure is favored 
(Rh1/TiO2-x and Rh1/TiO2-2x), respectively. The amount of H2 adsorbed on the TiO2 surface 
and the Rh atom depends on ∆µ(H) and dash lines limit the zones corresponding to different 
H2 coverage (see Figure 4.18A). The red (blue) triangle line shows the relation between 
Δμ(O) and Δμ(H) when water formation reaction is included with 0.01% (0.001%) 
conversion. Δμ(H) values for 0.1 atm H2 and various temperatures are shown on the right 
vertical axis. 
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4.3.3 Stability Under CO Pressure 

Upon submitting the system to a pressure of CO, its stability is governed by the O and 

CO chemical potentials. CO adsorbs on the supported single atom and all possible adsorption 

sites for single-atom Rh with one or two CO adsorbed have been tested (Figure 4.19A). The 

most stable structure for each Rh site, TiO2 termination and CO coverage is chosen to 

establish the stability diagram. The complete 2D stability diagram, as a function of Δμ(O) 

and Δμ(CO), is shown in Figure 4.5a. Partial diagrams constrained to 1 CO or 2 CO 

adsorption for a fixed Δμ(CO) value can be seen in Figure 4.20A. Upon CO pressure, the 

zones corresponding to Rh being stable as a supported atom (purple in Figure 4.5a) are 

strongly extended. This is especially the case for a typical condition of CO adsorption used in 

volumetric chemisorption or probe molecule IR experiments (a 10% gas mixture of CO, and 

90% He at atmospheric pressure and room temperature), in which Δμ(CO) is calculated to be 

-0.59 eV, a situation where the supported Rh is more stable than the substitutional one for the 

almost entire range of O chemical potential considered here (Figure 4.5a and 4A.9). CO 

adsorption hence completely changes the thermodynamic site preference for the Rh atom, 

irrespective of the presence of O vacancies. This is explained by the fact that CO adsorbs 

significantly more strongly on the supported Rh (-4.89 eV for Rh1/TiO2), compared to the 

substitutional Rh (-2.74 eV for Rh1@TiO2-2x). Charge density difference demonstrates that 

the strong interaction between Rh SAs and CO molecules results from not only Rh-C π -

bonding but also back-donation from the metal towards the antibonding π*CO orbital (Figure 

4.5c, 4.5d). 



 

 
158 

 

Figure 4.5: a) Surface stability diagram for single atom Rh on the TiO2 [110] surface in the 
presence of CO as a function of CO and O chemical potentials. Colors indicate the different 
number of CO molecules adsorbed on Rh1TiO2, where orange, green and purple represent the 
0CO, 1CO and 2CO, respectively. The temperature in right axis corresponds to the Δμ(CO) 
in left axis with 0.1 atom CO. b) The local environment of Rh1/TiO2 in the presence of CO. 
c.d, The 3D (c) and 2D (d) representations of the charge density difference between 
2CO/Rh1/TiO2 and Rh1/TiO2, show the donation and back-donation electron transfers.  

 
Hence thermodynamics under CO pressure tends to drive all Rh atoms to a supported 

site, if the temperature is high enough for kinetic aspects not to be limiting. Thus, the CO 

molecule plays a role in stabilizing the supported Rh SAs. Experimentally, CO is typically 

adsorbed on Rh after H2 reduction, so the surface is partially reduced by H2 with the 

formation of two oxygen vacancies and thus the most favorable structure under CO pressure 

should be 2CO/Rh1/TiO2-2x.  

To further illustrate the potential for Rh site modification of H2 or CO adsorption, we can 

define the driving energy of the transformation as the difference of free energy between the 

most favorable supported site and the most favorable substituted site, a negative driving 

energy indicating that the site change towards the supported case is thermodynamically 

favorable. During CO adsorption, the driving energy is markedly negative, with a value of ~-
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1.5 eV in the relevant region of chemical potential (see Figure 4.22Ab). This driving energy 

for site change is much stronger under a pressure of CO than under a pressure of H2, where it 

becomes negative only at very low μ(O) and remains close to energy neutral. This result 

further proves that CO and H2 molecules adapt the sites of SAs via different mechanisms and 

with different strength due to difference in their bonding mechanism. 

4.3.4 Stability vs. Cluster Formation and FTIR Studies 

Thermodynamic analyses hence show that Rh SACs on TiO2 will adapt their sites in 

response to reaction conditions, such as under H2 or CO pressure. Beyond its position on the 

oxide, the stability of the SA vs. clustering is another key aspect, especially when it is in 

supported situation and hence has potential mobility. Our calculations show that under a 

pressure of CO (2CO/Rh/TiO2 structure), dimerization of the Rh(CO)2 species is less stable 

by 1.14 eV (Figure 4.23A). Hence initial clustering of the SA is thermodynamically 

unfavorable. In addition, the Rh SA liganded to two CO is more stable than bulk Rh metal 

(Figure 4.23A), precluding the formation of large nanoparticles. Similarly, under H2 

reduction condition (6H/Rh/TiO2−x structure), the dimerization of the RhH2 surface species 

into a supported Rh2H4 unit is endothermic by 1.24 eV (Figure 4.23A). However, in that 

case, the H-liganded Rh SA is less stable than bulk Rh (Figure 4.3c). Since dimer formation 

is endothermic, the nucleation process is difficult, and the SA is metastable at reasonable 

temperature. There is hence a risk of particle formation only under H2 at high temperature. 

In order to validate our conclusions, we synthesized Rh SAs on rutile TiO2 support, 

varied in situ pretreatments conditions, and used spectroscopy and microscopy to analyze the 

evolution of the Rh structure and TiO2 support. CO probe molecule IR experiments were 

executed at −120 °C, which allows us to kinetically trap the structure, avoiding any changes 

induced by the adsorption of CO. CO adsorption on Rh SAs supported on TiO2 has 
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previously been shown to yield a specific doublet of peaks at ∼2097 and ∼2028 cm−1, 

associated with the symmetric and asymmetric stretches of the Rh(CO)2 gem-dicarbonyl 

species.26 Figure 4.6a shows the IR spectrum of CO adsorption at −120 °C on four differently 

in situ pretreated samples (oxidized at 350 °C, reduced at 100, 200, and 300 °C), to correlate 

with the predicted structures that would form in varying oxidation and reduction conditions. 

The pre-oxidized (350 °C in O2 for 1 h) sample does not adsorb CO at −120 °C. This is fully 

consistent with aforementioned calculation results, since during O2 pretreatment, O chemical 

potential is high (−0.61 eV) and Rh SAs are stabilized in a +4 oxidation state in the 

substitutional site of Ti (Rh1@TiO2), a situation where CO cannot adsorb on the Rh cation. 

After reduction in H2 at 100 °C, CO adsorbs on Rh at −120 °C with a predominant 

stretch at 2094 cm−1 and a very small accompanying stretch at 2026 cm−1. The formation of a 

majority species with CO adsorbing to Rh atoms with a 1:1 stoichiometry agrees with 

calculations of the Rh@TiO2−x species, which show preference for the adsorption of single 

CO with a vibrational frequency of 2071 cm−1. This is consistent with the pathway followed 

in Figure 4.4, where Rh@TiO2−x forms due to exposure of Rh@TiO2 species (that do not 

adsorb CO) to mild reduction conditions. Further reduction in H2 at 200 °C induces the 

growth of the stretch at 2031 cm−1 and a shift in the stretch at 2094 to 2097 cm−1. This result 

is consistent with the calculations that predict the formation of the gem-dicarbonyl species 

2CO/Rh1/ TiO2−2x (Figure 4.5b), and the calculated frequencies for CO are 2082 and 2023 

cm−1, in good agreement with the experimental values. However, when the reduction 

temperature is increased to 300 °C, one notes the appearance of a CO band at 2070 cm−1, 

showing the agglomeration of Rh SAs in Rh clusters. 

The primary conclusions of the CO probe molecule IR characterization were 

substantiated via ex situ atomic resolution STEM imaging of the Rh/TiO2 sample following 
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reduction in H2 at 100 and 300 °C, see Figure 4.6c, d and 4A.12. For the sample that had 

been reduced at 100 °C, single Rh atoms were primarily observed in all images. 

Alternatively, for the sample that had been reduced at 300 °C, a mixture of Rh clusters and 

SAs were observed. Both observations are in agreement with the interpretation of the CO IR 

characterization. It is interesting to note that while 300 °C reducing conditions in H2 were 

observed to drive encapsulation of Rh particles by reduced TiO2 overlayers (see Figure 4.7), 

the combination of CO IR and STEM imaging presented here suggests that single Rh atoms 

will not be encapsulated by TiO2 under similar conditions.27 

When CO adsorption is performed at 20 °C, all three reduced samples show similar 

Rh(CO)2 spectral features, suggesting that CO adsorption, when the temperature is high 

enough to allow atom mobility, drives Rh atoms to similar supported Rh(CO)2 geometries, 

even though they may be in different starting locations, Figure 4.6b. The small difference in 

the CO stretch frequencies likely derives from small differences in surface Ovacancy 

coverage on the TiO2 support. From the sample pretreated at 300 °C, the feature at 2070 cm−1 

disappears after CO adsorption at 20 °C, showing that supported Rh particles can be readily 

fragmented to Rh SAs in the presence of CO, see Figure 4.6b, in line with the calculated high 

stability of supported SAs in these conditions.28 This scenario is reminiscent of the dynamic 

SA formation during nanogold catalysis.29–31 As expected, the intensity of the symmetric 

stretch (~2090 cm−1) at 20° C is stronger than that of the asymmetric stretch (2023 cm−1) for 

the Rh(CO)2 species due to the existence of nearby O vacancies in TiO2, but the exact ratio of 

intensity depends on reduction conditions. 
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Figure 4.6: Experimental analysis of Rh SAC on TiO2 following varying environmental 
treatments. IR spectra of CO adsorbed at full saturation coverage following varied 
pretreatment conditions (oxidized at 350 °C, reduced at 100 °C, 200 °C and 300 °C) 
measured at a. -120 °C and b. 20 °C. Corresponding representative high-angle annular dark-
field (HAADF) STEM images of c. 100 °C H2 reduction case in which single Rh atoms are 
observed and d. 300 °C H2

 
reduction case in which small Rh clusters and Rh single atoms are 

observed. Green circles identify the single Rh atoms, while red circles identify Rh clusters. 

 

Figure 4.7: a. 300 °C H2 reduced sample in which SMSI formation over small Rh clusters 
can be observed in the Bright Field (BF) image and b. corresponding HAADF image where 
small Rh cluster can be observed. 
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It should be noted that for the pre-oxidized Rh sample, exposure to 20 °C CO does 

not change the properties at all, Figure 4.6b, and in fact exposure to CO at 300 °C is required 

to induce O-vacancy formation that enables CO adsorption, Figure 4.8. That is because the 

stable and highly coordinated substitutional site cannot provide an adsorption site for CO, so 

that CO is unable to interact and to transform the site to the supported structure. Hydrogen 

hence has a special role in creating O vacancies around the substitutional Rh cation, reducing 

its coordination and opening a channel for CO adsorption, and subsequent migration of the 

CO stabilized Rh species. The creation of oxygen vacancies when CO acts alone as a 

reductant at 300 °C is further evident because CO2 was observed to form, presumably 

through oxidation by TiO2 lattice oxygen, and these O vacancies in turn enabled the 

formation of Rh(CO)2 species, Figure 4.6. 

X-ray photoelectron (XPS) spectra showed a downshift of the XPS Ti 2p core level 

by 0.3 eV, from 459.0 to 458.7 eV, when comparing oxidation at 350 °C to reduction under 

hydrogen at 200 °C, indicating a reduction of some of the Ti in the sample, most likely at the 

surface of the oxide nanoparticle as indicated by the DFT calculations. Additionally, the O1s 

level in the reduced case is also downshifted by 0.4 eV, together with the appearance of a 

new feature at higher (+1.9 eV) binding energy, Figure 4.9 .32,33 This peak is assigned to the 

formation of surface hydroxyls under hydrogen pressure. In addition, by using the integrated 

area of the Ti and O peaks and associated sensitivity factors, it was observed that the O:Ti 

ratio decreased by 5% after reduction.34 The XPS and IR results are in agreement with the 

DFT calculations, and that reduction of the Rh/TiO2 catalysts induces hydroxylation and 

oxygen vacancy formation, which in turn drive the switch in the preferred Rh local 

coordination, enabling interaction with adsorbates. 
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Figure 4.8: IR spectra of Rh SAC on TiO2 that had been pre-oxidized at 350 °C and then 
exposed to CO at -120 °C where CO adsorbs onto Ti+4 (evident by 2182 cm-1 peak) , 100 °C 
where no CO is adsorbed, and 300 °C where CO acts as a reducing agent to create oxygen 
vacancies (evident by CO2 2359 cm-1 peak) so that CO may adsorb onto Rh ( evident by 
2094 and 2029 cm-1 peaks). 

 

 

Figure 4.9: a) XPS spectra in Ti 2p region b) XPS spectra in O 1s region of Rh SAC on TiO2 
after oxidation in pure O2 at 350 °C for 30 min and after reduction in 5% H2 in argon at 200 
°C for 1 hour. After both samples were oxidized or reduced, they were vacuum sealed 
without exposure to air, transferred to a glovebox under inert gas to be mounted in the 
sample holder and then transferred directly into XPS for analysis. 

 



 

 
165 

4.3.5 Catalytic Reactivity 

 

Figure 4.10: Free energy profile of RWGS reaction on the supported structure of the Rh atom 
6H/Rh1/TiO2-x by the dissociation mechanism. The first steps correspond to water formation and 
additional O vacancy creation, followed by easy activation of CO2 forming CO. Color code: O-red; 
Ti-blue; Rh-green. T = 500 K and pressure in experimental conditions at equilibrium are used to 
evaluate free energies (Appendix Table 4.1). The rate controlling intermediate is the supported 
Rh(H)(CO) unit. 

 
In a nutshell, the combination of theory and experiment shows here that Rh atoms 

adapt their binding site to the presence of various reactants (O2, H2, and CO). It is hence 

important to explore whether this adaptive character has an impact on catalytic properties. 

We selected the RWGS reaction as an example for this purpose since when submitting a 

mixture of CO2 and H2 to a Rh on TiO2 catalyst, it was shown that dispersed Rh SAs are 

active and selective for CO formation (from RWGS), while Rh nanoparticles lead to 

methanation.35  

Under reaction condition (500 K, 10 CO2:1 H2), 6H/Rh1@TiO2−2x and 6H/Rh1/TiO2−x 

are the most favorable hydrogenated structures for substitutional and supported models, 

respectively (Appendix Table 4.1). Hence, both structures were considered as initial state for 

the RWGS pathways and considering two mechanisms: via CO2 dissociation or COOH-
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mediated. In the first case, the key step is the direct dissociation of CO2 to CO, while for the 

second possibility, adsorbed CO2 will react with surface OH species to form COOH that 

dissociates to OH and CO species.36 For the supported Rh atom structure 6H/Rh1/ TiO2−x, the 

CO2 dissociation path is the most favorable and the first step consists in forming a second O 

vacancy, necessary to activate CO2. One of the two H on Rh reacts with a neighboring OH 

species, forming one water and one oxygen vacancy, with a barrier of 1.05 eV (Figure 4.10 

and Appendix Table 4.2). Water easily desorbs at reaction temperature, creating a vacancy 

site where CO2 can adsorb in an exergonic way, with an adsorption internal energy of −1.70 

eV and a bent geometry, indicating a strong activation of CO2 at this site. Then, the 

dissociation of CO2 to CO occurs with a very low activation barrier (0.26 eV), the CO 

naturally coordinating to the Rh atom. The final steps (H2 dissociative adsorption and CO 

desorption) occur easily, but the order is important since H2 adsorption assists CO 

desorption. According to the energetic span model37, the effective barrier of the reaction is 

1.52 eV. In contrast, the reaction is much more difficult if one starts from Rh in substitution 

of Ti in 6H/Rh1@TiO2 −2x. The Rh atom is saturated by two H atoms and, in order to create 

an adsorption site for CO2, one H must be transferred to a nearby O atom (Figure 4.25A 

Table 4.3). Reaction with a surface –OH species to form H2O is not allowed here, since it is 

endothermic (+1.49 eV) with a barrier of 3.00 eV. Transfer to subsurface oxygen is still not 

favorable, with an endothermic energy of +1.46 eV and a barrier of 2.30 eV. Activation of 

the Rh center for RWGS is hence not possible, and the substitutional structure for the Rh 

atom is not catalytically active, because the strong adsorption energy of hydrogen on Rh 

prevents CO2 adsorption. This indicates clearly that the active site for Rh SAC on TiO2 in the 

case of the RWGS reaction is the supported site rather than the substitutional site. Further 

electronic structure analysis (Figure 4.25A) shows that Rh, liganded to two H atoms, is 
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slightly negatively charged (−0.06 |e|) in 6H/Rh1/TiO2−x and that its oxidation state is zero. In 

the unit cell, four protons and one vacancy provide six electrons. Five Ti3+ are located at the 

surface of the unit cell (representing 31% of surface Ti cations) and one electron is shared on 

the RhH2 unit. After creation of another vacancy by desorption of H2O (2v + 4H* 

intermediate on Figure 4.10), one more Ti4+ is reduced to Ti3+ on the surface and Rh gains 

further electronic population (charge: −0.50 |e|). This negatively charged Rh can transfer 

electron to CO2, and promote the adsorption and activation of CO2. 

The steady-state nature of the catalyst in reaction conditions is given by the most 

stable intermediate along the profile. For the supported Rh on TiO2, this corresponds to the 

coadsorption of CO and H on Rh, with three additional H adsorbates and one O vacancy on 

the TiO2 unit cell (Rh(H)(CO) in Fig 4.9). In reaction conditions, it is 0.21 eV 

(Supplementary Table 1) more stable than the best substitutional site, which in the same 

conditions bears two H on the Rh and four H adsorbates and two O vacancy on TiO2. This 

Rh(H)(CO) structure is supported experimentally by in situ Fourier-transform infrared 

spectroscopy (FTIR) measurements under the same reaction conditions where a linear CO 

bonded to Rh appears at 2049 cm−1, close to the calculated value 2044 cm−1 (Figure 4.11a). 

Post-reaction analysis showed that the Rh species retained its SA structure (Figure 4.11b). 

The catalytic activity (turn over frequency, TOF) was calculated from the pathway (and in 

the conditions) of Figure 4.10 by using the energetic span approach.37 The value obtained 

(0.0056 s−1) is in qualitative agreement with the measured TOF values in similar conditions 

(~0.01 s−1).3. Comparing the theoretical and experimental results obtained here for rutile 

TiO2 supported single Rh atoms with reactivity measurements made on P25 mixed-phase 

TiO2 supports is justified based on CO IR measurements that suggest single Rh species 

localized on rutile domains of the P25 TiO2 support (Figure 4.12). Hence, the experimental 
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and theoretical analysis agrees on the most stable species under reaction conditions and the 

TOF. This strongly validates our conclusion that, during RWGS reaction, Rh atoms will tend 

to move from the substitutional site favored during catalyst synthesis toward the supported 

site, more stable but also catalytically active. 

By a combination of first-principles modeling and experiment, we have shown that 

single Rh atoms on TiO2 could dynamically adapt their site to the reaction conditions under 

reduction condition. This finding is consistent with the stability analyses of SAs on oxide 

surface that can vary with the site and reaction conditions.29,38 The allusion of statically 

anchoring for a stable single metal atom on an oxide support can be misleading under such 

circumstances. In oxidative conditions, Rh prefers to substitute the six-coordinated Ti atoms 

in the surface plane of the oxide. In contrast, under a pressure of H2 or CO, it prefers to be 

supported on-top on the oxide. The roles of H2 and CO are however distinct in this scenario. 

CO efficiently stabilizes the supported site when adsorbed on it, but is unable to interact with 

the initial saturated substitutional site. In contrast, the stabilization induced by hydrogen is 

weaker, but it can decrease the Rh cation coordination by creation of O vacancies and hence 

open a channel for CO adsorption. In addition, the single metal atom is not bare, but covered 

by H atoms and/or CO molecule(s) in catalytic conditions. FTIR measurements of CO 

adsorption on SA Rh following varied pretreatment confirms the site change trend obtained 

from the calculations and show that the transformation is kinetically accessible. 
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Figure 4.11: In-situ FTIR a) of Rh SAC on TiO2 after reduced in 10% H2 in argon for at 200 
°C for 1 hour and exposed to reaction conditions (200 °C, 10CO2:1H2) for 30 minutes. b) 
Same Rh SAC on TiO2 after exposed to reaction conditions, purged in argon at 200 °C, 
cooled for 1 hour in argon to 20° C, exposed to 10% CO in argon for 10 min, and then 
purged in argon for 10 min.  

 

Figure 4.12: CO probe molecule IR spectra of 0.05% Rh SAC using TiO2 supports with 
different phases (Anatase, Rutile, and P25) that have undergone the same synthesis and 
pretreatment conditions (350 C oxidation and 200 C reduction in H2) and were then exposed 
to CO at 20 °C. The ratio of the symmetric stretch to the asymmetric stretch of Rutile and 
P25 are in close agreement, indicating the same Rh SAC site is identified, whereas the Rh 
SAC on Anatase creates a ratio closer to 1 and thus constitutes a different Rh SAC active 
site. 
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This adaptive character of the SA can only be accessed by operando studies and can 

be crucial for its catalytic reactivity, as illustrated here with the RWGS reaction. The as-

prepared SAs, placed in substitution of titanium, are inactive for this reaction even after 

reduction by hydrogen and vacancy creation around the Rh. Especially noteworthy is the 

finding that the reductive condition of the reaction promotes the change of the site from 

substitution toward the supported structure, a situation where the SA is covered by H and CO 

and becomes catalytically active. FTIR during reaction again confirms the result. The H2 

reactant, further assisted by the CO product, hence in situ switches the inactive as-prepared 

catalyst precursor into a highly active species. The dual character of the SAC with an off-site 

and an on-site, switchable through specific chemical interactions, could also explain the 

controversy in the literature on the inactive or active character of SAC, for example, in the 

case of Pt for CO oxidation and water gas shift reaction.24,39,40 

Restructuring under reaction conditions is not a privilege of SAs, but also occurs for 

catalytic clusters and nanoparticles, as shown by in situ studies.41 A key difference is that 

with SAs, the support plays the primary role in driving the reconstruction. In the present case, 

we showed that the change in oxidation state and coordination environment of Rh is driven 

by OH formation and O-vacancy formation at the TiO2 surface. In contrast, the dynamical 

behavior of a metal cluster in reaction conditions, although affected by the state of the 

support, is primarily driven by the metal cluster thermodynamics. 

Our findings have provided insights on the critical questions of stability of 

heterogeneously supported SAs under reactive condition and the dynamic position changes 

of these atoms in redox reactions. The approach, and the proposed link between the 

transformation of the support and the restructuring of the metal, can in principle be extended 

to other SAC with similar metals (Rh, Pt, Ni, etc.) on reducible oxides (Fe3O4, CoO, CeO2) in 
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order to understand how the chemical nature of oxide and metal controls the restructuring 

process. The message from the present study is that as-prepared catalysts provide structures 

with the metal at high oxidation state occupying the oxide cation position, and that migration 

to a more reduced, supported and adequately liganded structure might be required for optimal 

catalytic activity. Our results provide a detailed understanding of the local structure of SAs 

on oxide support and their adaptive and dynamic character under realistic catalytic 

conditions, which are key insights that chemists should have in mind when designing single 

SACs. 

4.4 Appendix 

Via Tang, Y.1,2, Li, J.1, and Sautet, P.2 at Department of Chemistry and Key Laboratory of 
Organic Optoelectronics and Molecular Engineering of the Ministry of Education, Tsinghua 
University;1 and Department of Chemical and Biomolecular Engineering, University of 
California, Los Angeles.2 
 

4.4.1 Methods 

4.4.1.1 DFT Parameters 

All the calculations were performed using periodic DFT method implemented in the 

Vienna Ab initio simulation package (VASP) code. 42,43 The projector augmented wave44 

method was used for the interaction between the atomic cores and valence electrons. The 

valence orbitals of Ti (3p, 4s, 3d), Rh (4d, 5s), O (2s, 2p), C (2s, 2p), and H (1s) were 

described by plane-wave basis sets with cutoff energies of 400 eV. The exchange-correlation 

energies were calculated by the generalized gradient approximation with the Perdew–Burke–

Ernzerhof functional45. Spin polarization was considered using unrestricted Kohn–Sham 

formalism. To correct the strong electron-correlation properties of these oxides, DFT + U 

calculations46,47 were performed with U = 4.2 eV for Ti, which is taken from the 
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literature.48,49 The force threshold on each relaxed ion was set as 0.02 eV/Å. Monkhorst–Pack 

(1 × 1 × 1) Γ-centered k-points grid sampling within the Brillouin zones were used because 

of the large size of the surface models. The location and energy of transition states were 

calculated with the climbing-image nudged elastic band and dimer methods.50,51 Vibrational 

analysis was further used to confirm the transition states with only one imaginary frequency. 

Computational models. The rutile TiO2 [110] surface was modeled as periodic slabs with 12 

layers (four tri-layers), with a vacuum gap between slabs at ~15 Å. A 4 × 2 surface cell was 

utilized and the bottom three layers were kept fixed to their bulk position. In this work, we 

calculated the adsorption energies according to the following equation: Eads = 

E(slab+adsorbate) − E(slab) − E(adsorbate), where E(slab+ adsorbate), E(slab), and 

E(adsorbate) are the calculated electronic energy of species adsorbed on the surface, the bare 

surface, and the gas-phase molecule, respectively. Similarly, the desorption energy is defined 

as Edes = E(slab+ desorbate)− E(slab)− E(desorbate) and the reaction energy is defined as 

ΔE = E(products) − E(reactants). The charge density differences were evaluated using the 

formula Δρ = ρA +B − ρA − ρB, where ρX is the electron density of X. Atomic charges were 

computed using the atom-in-molecule scheme proposed by Bader.52  

4.4.1.2 Stability Descriptor.  

The system chemical potential μ(system) was used to measure the stability of different 

models with a consistent reference: 

 

where E(system) is the VASP calculated energy of Rh1TiO2 structures, and E(TiO2) is the 

energy of the bare TiO2 surface. The μ(Rh) and μ(TiO2) represent the chemical potential of 

bulk Rh and TiO2, respectively, and μ(O) is the free energy of oxygen atom. Bulk solid 
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chemical potentials are taken from optimized DFT structures. The n values are set to balance 

the stoichiometry relative to a standard Rh1TiO2 system, namely, the TiO2 surface slab and 

bulk Rh. The relative free energy is calculated for each system by subtracting the energy of 

this standard system. 

The chemical potential of oxygen atom, μ(O), is calculated as a function of temperature T 

and oxygen partial pressure P, using 

 

where Δμ(O) is the value of μ(O) when using the half of E(O2) as zero reference.Similar 

definitions are used to Δμ(H) and Δμ(CO). 

 When we consider the absorbed species, the chemical potential of system with 

adsorbed species μ(system-ads) can be estimated by 

. 

For H2 reduction, it should be 

 

where μ(system) is the chemical potential of system without adsorbed species; Eads is the 

adsorption energy for adsorbed species and μads(T,P) is the chemical potential of adsorbed 

species. In the case of H2 reduction, an additional variable μ(H) is introduced, and μ(O) is 

given by  

 

4.4.2 Free Energy Calculations: System Chemical Potential 

 



 

 
174 

The system chemical potential μ(system) is calculated, using Eq. 1, for each configuration 

from the following formulas:  

μ(Rh1/TiO2) = E(Rh1/TiO2) – (E(TiO2) + μ(Rh)) for supported single-atom Rh1 on TiO2 

surface. 

μ(Rh1@TiO2) = E(Rh1@TiO2) – 2μ(O) + μ(TiO2) – (E(TiO2) + μ(Rh)) for substituted single-

atom Rh1 on TiO2 surface. 

μ(Rh1/TiO2+nx) = E(Rh1/TiO2+nx) – nμ(O) – (E(TiO2) + μ(Rh)) for supported single-atom 

Rh1 on oxidized TiO2 surface, n means the number of extra O atoms. 

μ(Rh1@TiO2+nx) = E(Rh1@TiO2+nx) – (n+2)μ(O) + μ(TiO2) – (E(TiO2) + μ(Rh)) for 

substituted single-atom Rh1 on oxidized TiO2 surface, n means the number of extra O atoms. 

μ(Rh1/TiO2-nx) = E(Rh1/TiO2-nx) + nμ(O) – (E(TiO2) + μ(Rh)) for supported single-atom Rh1 

on reduced TiO2 surface, n means the number of oxygen vacancies. 

μ(Rh1@TiO2-nx) = E(Rh1@TiO2-nx) + (n-2)μ(O) + μ(TiO2) – (E(TiO2) + μ(Rh)) for supported 

single-atom Rh1 on reduced TiO2 surface, n means the number of oxygen vacancies. 
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4.4.3 Appendix Figures and Tables 

 

Figure 4.13A: Possible adsorption sites for single-atom Rh in substituted models. The value 
under each configuration means the relative energy between it and the most stable one. Color 
code: O-red; Ti-blue; Rh-gray. The dashed circle represents the oxygen vacancy site. 

 

Figure 4.14A: Possible adsorption sites for single-atom Rh in supported models. The value 
under each configuration means the relative energy between it and the most stable one. Color 
code: O-red; Ti-blue; Rh-gray. The dashed circle represents the oxygen vacancy site. 
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Figure 4.15A: Phase diagram for most stable single-atom Rh states on TiO2 [110] surface. 
The color represents the value of chemical potential of oxygen, which depends on pressure 
and temperature of oxygen molecule. The dashed line means the boundary line between 
Rh1@TiO2 and Rh1@TiO2-x. 

 

 

Figure 4.16A: The energy change with different coverages of hydrogen on various Rh1TiO2 
models as a function of Δμ(H). The ΔG represents the energy difference between the 
hydrogen-adsorbed system and the initial system without hydrogen atoms on the surface. 
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Figure 4.17A: Optimized configurations for hydrogen adsorbed on Rh1SiO2 SACs. Color 
code: O-red; Ti-blue; Rh-gray. The dashed circle represents the oxygen vacancy site. 

 

 

Figure 4.18A: Surface stability diagram for single atom Rh on the TiO2 [110] surface in the 
presence of H2 as a function of H and O chemical potentials (noted ∆µ(H) and ∆µ(O)). The 
amount of hydrogen adsorbed on the TiO2 surface and the Rh atom depends on ∆µ(H) and 
dash lines limit the zones corresponding to different hydrogen coverage. Different colors 
indicate the various configurations for the Rh and the TiO2 surface, where blue, light blue, 
green, orange and pink regions denote Rh1@TiO2, Rh1@TiO2-x, Rh1@TiO2-2x, Rh1/TiO2-x and 
Rh1/TiO2-2x, respectively. 
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Figure 4.19A: Optimized configurations for CO adsorbed on Rh1SiO2 SACs. a,b, one CO 
adsorption. c,d, 2CO adsorption. Color code: O-red; Ti-blue; Rh-gray. The dashed circle 
represents the oxygen vacancy site. 
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Figure 4.20A: Relative stability of Rh1TiO2 with CO adsorbates. a. 1CO adsorption. The 
most stable site from O rich to O poor conditions (right to left on x axis) is CO/Rh1@TiO2 

(substitutional site for Rh, shown as a black dashed line and very close to CO/Rh1/TiO2+2x 

where Rh is in supported site), CO/Rh1@TiO2-2x, CO/Rh1/TiO2-x, CO/Rh1/TiO2-2x. b. 2CO 
adsorption. The most stable site from O rich to O poor conditions is 2CO/Rh1/TiO2+x, 
2CO/Rh1/TiO2, 2CO/Rh1/TiO2-2x. 

 

Figure 4.21: Relative stability of all kinds of Rh1TiO2 with or without CO as a function of 
μ(O). The data is calculated under a given condition (Δμ(CO) = -0.59 eV). 

 

 



 

 
180 

 

Figure 4.22A: Driving energy. a,c, the calculated driving energy in H2 reduction. b,d, the 
calculated driving energy in CO adsorption. The color in a,b represents the value of driving 
energy. c is a typical condition in a (H2 at 10% atmospheric pressure at 500 K, i.e. Δμ(H) = -
0.35 eV). d is a typical condition in b (CO at 10% atmospheric pressure at 300 K, i.e. 
Δμ(CO) = -0.59 eV).  

 

 

 

Figure 4.23A: The dimerization of the Rh single atoms is endoenergetic. Top: dimerization 
of RhH2 in the conditions of the reduction with hydrogen. Bottom: dimerization of Rh(CO)2 
under a pressure of CO. Both reaction energies are endothermic 
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Figure 4.24A: STEM imaging of samples after varying temperature reduction. a, b, 
Additional HAADF STEM images of 100 °C H2 reduced sample where only single Rh atoms 
were observed. c, d, 300 °C H2 reduced sample in which small Rh clusters and Rh single 
atoms are observed. Green circles identify the single Rh atoms, while red circles identify Rh 
clusters. 
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Table 4.1. Calculated μ(system) of various terminations and positions of the Rh atoms in 

RWGS reaction conditions (200 °C, 10CO2:1H2). Δμ(O) is calculated to be -3.03 eV if we 

assume the reaction is at chemical equilibrium. 

System μ(system) 

6H/Rh1@TiO2 1.92 

7H/Rh1@TiO2-x 1.20 

6H/Rh1@TiO2-2x 0.77 

4H/Rh1/TiO2 2.32 

6H/Rh1/TiO2-x 1.06 

6H/Rh1/TiO2-2x 1.20 

4H/CO/Rh1/TiO2-x 0.56 

 

 

Table 4.2. Calculated reaction energies (E) and activation barriers (Ea) for elementary steps 

in the RWGS reaction on 6H/Rh1/TiO2-x. These elementary steps can be found in Figure 4.9. 

Reaction pathway 

Energy Gibbs Free Energy 

E 

(eV) 

Ea 

(eV) 

E 

(eV) 
Ea (eV) 

1) v+6H* → 2v+4H*+H2O* 0.91 1.05 0.91 1.05 

2) 2v+4H*+H2O* → 2v+4H*+H2O 0.81 -- -0.49 -- 

3) 2v+4H*+CO2 → 2v+4H*+CO2* 
-

1.70 
-- -0.56 -- 

4) 2v+4H*+CO2* → v+4H*+CO* 
-

0.33 
0.26 -0.33 0.26 

5) v+4H*+CO*+H2 → v+6H*+CO* 
-

0.34 
-- 0.47 -- 

6) v+6H*+CO* → v+6H*+CO 1.38 -- 0.03 -- 

Note: The contribution of the entropy term to the free energies of each gas phase were 

cited from D.R. Stull, H. Propher, JANAF Thermochemical Tables, U. S. National Bureau of 

Standards, Washington, DC, 1971. 
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Figure 4.25A: Free energy profile of RWGS reaction on the substitutional site 
6H/Rh1@TiO2-2x. Color code: O-red; Ti-blue; Rh-gray. Rh is initially liganded by 2 H atoms. 
The first step is a H transfer from the Rh atom to surface -OH species to form H2O, with an 
endothermic energy of 1.49 eV and a barrier of 2.30 eV. Then CO2 can adsorb on Rh atom 
with an adsorption energy of -1.53 eV. The dissociation of the C-O bond via the COOH 
species is more facile than from the CO2 molecule directly. After the dissociation of the 
COOH species, the remaining OH species will react with H atom on Rh atom to form H2O. 
The formed water can desorb to gas easily at reaction temperature, and H2 can adsorb on the 
Rh atom to reform the initial structure. 

 

Table 4.3. Calculated reaction energies (E) and activation barriers (Ea) for elementary steps 

in the RWGS reaction on 6H/Rh1@TiO2-2x. These elementary steps can be found in Figure 

4.25A. 

Reaction pathway 
Energy Gibbs Free Energy 

E (eV) Ea (eV) E (eV) Ea (eV) 

1) 2v+6H* → IM1 1.46 2.30 1.46 2.30 

2) IM1 → IM2 0.03 -- 0.03 -- 

3) IM2 → 2v+6H*+CO2* -1.53 -- -0.39 -- 

4) 2v+6H*+CO2*→2v+5H*+COOH* 0.06 1.16 0.06 1.16 

5) 
2v+5H*+COOH*→2v+5H*+CO+

OH* 
0.67 -- -0.68 -- 

6) 2v+5H*+OH* → 2v+4H*+H2O* 1.10 1.50 1.10 1.50 

7) 2v+4H*+H2O* → 2v+4H*+H2O 1.23 -- -0.07 -- 

8) 2v+4H*+H2 → 2v+6H* -2.30 -- -1.48 -- 
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Figure 4.26A: Spin density map for 6H/Rh1/TiO2-x showing the 5 Ti3+ centers. Yellow and 
blue areas represent charge increase and reduction, respectively. Five black circles indicate 
the Ti3+ centers, and one dashed circle indicates the position of O vacancy. 
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5: Chapter 5: 

Low-Temperature Ammonia Production during NO Reduction by CO is 

due to Atomically Dispersed Rhodium Active Sites 

Adapted from ACS Catalysis article: 
Asokan, C., Yang, Y., Dang, A., Getsoian, A. B., & Christopher, P. “Low-Temperature 
Ammonia Production during NO Reduction by CO is due to Atomically Dispersed Rhodium 
Active Sites.” ACS Catalysis, 10(9), 5217-5222 (2020). 
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5.1 Introduction 

Rhodium plays a key role in three-way catalysts to control NOx emissions in gasoline 

engines primarily through the reduction of NO by CO. Despite extensive investigation, there 

remains uncertainty about NO reduction mechanisms. Particularly, it is unknown which sites 

are responsible for the unselective reduction of NO to NH3 under light-off conditions or in 

CO-rich feed. By varying Rh catalyst structure from atomically dispersed species to clusters 

on Al2O3 and CeO2, we provide evidence that in the reduction of NO by CO with co-fed 

H2O, low-temperature NH3 formation occurs on atomically dispersed Rh sites, whereas high 

nuclearity Rh clusters are selective to N2. 

5.2 Methods 

5.2.1 Catalyst Synthesis 

Catalysts were synthesized using incipient wetness impregnation at targeted Rh weight 

loadings on 1 gram of support by dissolving Rhodium(III) nitrate hydrate precursor 

Rh(NO3)3 ·xH2O (Sigma Aldrich, CAS: 10139-58-9) in 800 µL of high-performance liquid 

chromatograph (HPLC)-grade water (J.T. Baker, CAS: 7732-18-15) and adding the diluted 

precursor solution to γ-Al2O3 (Sasol, Puralox TH100/150, CAS: 9529248-35-0) or CeO2 ( US 

Research Nanomaterials, CAS: 1306-38-3). The mixtures were dried overnight in an oven at 

60 °C. The catalyst powders were then calcined in dry air in a tube furnace at 350 °C for 4 h. 

5.2.2 Probe Molecule CO FTIR 

Catalysts were loaded in a Harrick Low Temperature Reaction chamber mounted 

inside a ThermoScientific Praying Mantis diffuse reflectance adapter set in a Nicolet iS10 

FTIR spectrometer with a Mercury Cadmium Telluride (MCT) detector and mass flow 

controllers (Teledyne Hastings) were used to control the gas flow rates across the reactor 
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bed. Catalysts were in-situ pretreated for 30 minutes at 350 °C in pure O2 and subsequently 

in 10% H2/Ar at 100 °C. After in situ pretreatment in a Harrick Reaction chamber, the 

samples were cooled down to room temperature in flowing Ar, exposed to flowing 10% CO 

in Ar until Rh sites were saturated, and then purged with Ar to take spectra with 32 scans and 

0.482 cm−1 data spacing.   

The relative fraction of atomically dispersed Rh species, Rhiso, was estimated using 

equation 5.1, using the specific CO:Rh stoichiometries in each adsorption mode, and the 

extinction coefficients of CO species associated with Rh(CO)2 (Rhiso), Rh-CO (CO linearly 

bound to Rh nanoparticles), and Rh2CO (CO bridge bound to Rh nanoparticles). The 

extinction coefficients, εi, used for the symmetric Rh(CO)2, Rh-CO, and Rh2CO,  were 74, 

26, and 85 (x106 m/mol), respectively.1–4 The CO:Rh ratios for the symmetric gem-

dicarbonyl, linear, and bridge configurations were 2, 1, and 0.5, respectively. The fraction of 

exposed sites existing as atomically dispersed species was then quantified by integrating the 

relative intensity of each CO stretch.  

 
 
 
 
 

(5.1) 
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5.2.3 Reactivity Experiments 

 

To test the reactivity of the various structures of Rh, “light off” experiments were 

performed where the reactor is heated at a constant rate under reactive environments from 

ambient temperature to test how the catalyst would act during start-up conditions. Catalysts 

were diluted and thoroughly mixed with purified silicon dioxide (Sigma Aldrich, CAS: 

84878) to a total of 0.2 milligram of Rh per 1 g total material, Table 5.2. A home-built, 

temperature-controlled reactor system with mass flow controllers (Teledyne Hastings) was 

used to precisely control CO, NO, H2O and Ar gas flow concentrations.  

 

 

 

 

 

 

 

Table 5.1 :Site Quantification. The intensities, Ii, are the integrated areas of the 
fit peaks in absorbance units. Xiso and Xnano represent the fraction of CO adsorption 
sites existing as atomically dispersed species and at the surface of Rh nanoparticles, 
respectively. 

Rh wt% Iiso Ilinear Ibridge Xiso Xnano 

5% 30.8 32.1 46.1 0.08 0.92 

2% 26.9 9.9 18.5 0.18 0.82 

0.05% 25.2 - - 1.00  

parameter      

Coefficients 
(x106 m2/mol) 

74 26 85   

CO/Rh ratio 2 1 0.5   

Peak locations 
(cm1) 2088 2061 1839   
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Table 5.2: Catalyst Loadings 

Total mg Rh  wt% Rh cat 

 

mg catalyst 

 

mg diluent 

 

mg total 

0.2 0.05 400 600 1000 

0.2 0.1 200 800 1000 

0.2 0.2 100 900 1000 

0.2 0.5 40 960 1000 

0.2 1 20 980 1000 

0.2 1 20 980 1000 

0.2 2 10 990 1000 

0.2 5 4 996 1000 

 

After pretreatment identical to the CO FTIR characterization, catalysts were heated at 

5 °C/min while 200 sccm (standard cubic centimeters per minute) of 5000 ppm CO and 1000 

ppm NO in Ar gas flown over a packed bed in both dry and wet conditions (with ~2% water). 

Gas phase product compositions were identified by flowing outlet effluent through a Thermo 

Scientific Antaris IGS 2-meter Gas Cell set in a Nicolet iS10 FTIR spectrometer with a 

Mercury Cadmium Telluride (MCT) detector and using OMNIC Series Software to take 5 

spectral scans every 10 seconds at high 0.5 resolution, and 0.241 cm−1 data spacing. 

Reactants and products were calibrated with the TQ Analyst Pro Edition Software to identify 

established spectral signatures of known mixtures of CO, NO, N2O, NH3, CO2, and H2O in 

Ar at set pressure and temperature.  Because the quantity of N2 produced from NO reduction 

over Rh cannot be identified by gas phase FTIR, the product concentration was calculated 

from mass balance as follows: 
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(5.2) 

 

5.3 Results and Discussion 

 

In gasoline-powered vehicles, a Three-Way Catalyst (TWC) is used to control the 

emission of criteria pollutants (NOx, CO, and hydrocarbons). While oxidation of CO and 

hydrocarbons results in CO2 and H2O emissions, simultaneous reduction of NOx can produce 

not only N2 (the desired product), but also NH3 and N2O. These products are environmentally 

detrimental: N2O is a potent greenhouse gas, and atmospheric NH3 is linked to particulate 

formation, ecosystem eutrophication, and decreased resilience of vegetation to exasperation, 

including parasites and drought.5–8 To guide the formulation and operation of TWCs to 

minimize NH3 and N2O formation while maintaining maximal control over NOx emissions, 

greater understanding of the mechanisms of NOx reduction in TWCs is required. 

Although it is generally observed that richer air-fuel ratios lead to increasing NH3 

selectivity during NOx reduction, selectivity is also sensitive to catalyst formulation.9–12 Rh is 

generally considered to be both more active for NOx reduction and more selective to N2 than 

Pd.13 However, even Rh-only catalysts can generate NH3 under light-off conditions or in 

feeds containing excess reductant or a source of hydrogen.14 While pathways leading to NH3 

formation on Pd have been investigated in detail, NH3 formation on Rh has received little 

attention.15 Many fundamental studies of NO reduction on Rh model catalysts have been 

conducted under conditions that avoid NH3 formation because it adds challenges to 

elucidating N2 production pathways.16–18 Even under simplified conditions, e.g. reduction of 

NO by CO, mechanistic understanding on single crystals is inconsistent with results obtained 
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on supported particles (and different investigators obtain different results on the latter), 

underscoring the need for a new look at structure-function relationships for Rh catalysts.17–22  

Developing structure-function relationships for heterogeneous Rh catalysts is 

complicated because Rh is known to speciate between atomically dispersed species and metal 

clusters, depending on environmental conditions, particularly under environments containing 

CO, NO, H2 and H2O, which are abundant in exhaust streams.23,24 This is important because 

TWCs Rh weight loadings are commonly lower than ~0.3%, where a mix of Rh 

nanoparticles, small clusters, and atomically dispersed species co-exist.4 While the reduction 

of NO by CO is well studied for Rh nanoparticles and extended Rh surfaces, the role of 

atomically dispersed species in this chemistry, particularly under relevant conditions with 

H2O in the feed, has not been addressed.20,25–31 This is a potential key to understanding 

mechanistic pathways in TWCs because atomically dispersed Rh species on oxide supports 

are known to exhibit distinct selectivity in catalytic processes compared to Rh clusters.1,32–34 

Here, we elucidate structure-function relationships for oxide supported Rh catalysts 

for the reduction of NO by CO under dry conditions and in the presence of H2O. Under dry 

conditions atomically dispersed Rh species are less reactive than Rh clusters. The addition of 

H2O to the feed significantly promotes the reactivity of atomically dispersed Rh and results 

in 100% selectivity to NH3 at temperatures < 200 °C on both Al2O3 and CeO2 supports. Rh 

clusters are less reactive than atomically dispersed species when H2O is co-fed and the 

reaction primarily leads to N2 formation. This revelation provides a basis for examining 

impacts of catalyst formulation for minimizing NH3 production. 

To facilitate the development of structure-function relationships, catalysts were 

synthesized using Rh(NO3)3 at varied weight loadings on γ-Al2O3 (Sasol, Puralox 

TH100/150, 150 m2/g), Figure 5.1.35 The Rh weight loading was varied from 0.05 to 5 wt. % 
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to control the distribution of Rh species from atomically dispersed to clusters and 

nanoparticles. Catalysts were ex-situ oxidized at 350 °C for 4 hours and in-situ oxidized at 

350 °C for 30 minutes in O2, purged with inert, and in-situ reduced at 100 °C for 1 hour in H2 

prior to characterization or reactivity measurements.  

 

Figure 5.1: X-ray powder diffraction (XRD) of Sasol Puralox TH100/150.  The primary 
peaks show consistency with standards for γ-Al2O3. 

 
Characterization of Rh structures present on the catalysts was accomplished by using 

CO probe molecule FTIR spectroscopy.1,27,30,36–41 This approach is particularly useful for 

characterizing supported atomically dispersed Rh species because of their unique vibrational 

signatures as compared to Rh clusters.  In 1957, Garland and Yang first hypothesized that 

CO adsorption on atomically dispersed Rh resulted in the formation gem‐dicarbonyl 

(Rh(CO)2) species with characteristic symmetric and asymmetric CO stretches at ~2090 and 

2020 cm-1, respectively.42 On Rh nanoparticle and cluster surfaces, CO adsorbs in linear and 

bridge bound geometries that have characteristic stretches at ~2070-2050 and ~1950-1850 

cm−1, respectively.2,3,42–44 These Rh structural assignments based on CO FTIR have been 

substantiated by nuclear magnetic resonance (NMR) measurements, X-ray photoelectron 

spectroscopy (XPS), X-ray absorption spectroscopy (XAS), and high-angle annular dark-
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field scanning transmission electron microscopy (HAADF-STEM) imaging.37,45–48 For 

example, structure-function relationships for Rh/TiO2 based catalysts for the reduction of 

CO2 developed via characterization based on CO FTIR and reactivity measurements were 

further supported later based on STEM and XPS analysis.1,37,48 Thus, while applying a full 

suite of characterization tools is necessary when studying systems containing new catalyst 

compositions and structures, CO FTIR is a well-established approach for developing 

structure-function relationships for supported Rh-based catalysts.1,37,49,50  

 

Figure 5.2: a) CO probe molecule FTIR spectra collected for Rh/γ- Al2O3 with varying Rh 
wt. % after in-situ 350 °C oxidation for 30 minutes and 100 °C reduction in H2 for 60 
minutes, followed by saturation with 10% CO at 20 °C. The spectra were normalized by the 
highest intensity feature in this region and vertically separated for clarity. b) NO conversion 
(%) as a function of temperature for a linear temperature ramp of 5 °C/min in dry conditions 
(5000 ppm CO/ 1000 ppm NO, and c) wet conditions (5 °C/min in 2% H2O /5000 ppm CO/ 
1000 ppm NO) for the series of catalysts characterized in (a). 

 

Figure 5.2(a) shows CO probe molecule IR spectra for 0.05, 0.01, 0.2, 2, and 5 wt. % 

Rh/Al2O3. At low Rh wt. % (0.05, 0.1 and 0.2%) the IR spectra were dominated by CO 

stretches at 2094 and 2022 cm-1 associated with the atomically dispersed Rh(CO)2 species. 

The CO stretching bands associated with the Rh(CO)2 species show asymmetry, suggesting 

the existence of multiple coordination environments to the support (for example based on the 

proximity to hydroxyl species with varying characteristics).2,41,42,51,52 Temperature 

programmed desorption (TPD) measurements of CO from the 0.1 wt. % Rh sample shows 
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evidence of two distinct Rh(CO)2 species, where CO desorbs at different temperature, Figure 

5.3. Thus, while the lowest Rh loading samples contain predominantly atomically dispersed 

species, these species likely reside in various coordination environments on the support. 

Future work will aim to understand the influence of atomically dispersed Rh coordination 

environment on reactivity. Evidence for linearly bound CO to small Rh clusters could also be 

seen on the 0.1 and 0.2 wt. % samples based on an increase in absorbance between the 

Rh(CO)2 stretches. The prevalence of Rh clusters increased with increasing Rh loadings, as 

evidenced by the stronger absorbance associated with CO stretches at 2070 and 1850 cm-1 

associated with linear and bridge bound CO. The fraction of exposed Rh sites existing as 

atomically dispersed species was estimated by integrating the peak areas associated with CO 

on various adsorption sites and accounting for adsorption stoichiometry and extinction 

coefficients, where  Rh(CO)2 species have  a ~3-fold larger extinction coefficient than 

linearly bound CO on Rh clusters.1–3,53 Based on this approach, it was estimated that on the 5 

wt. % Rh sample only ~ 8% of the exposed Rh sites were atomically dispersed species, while 

92% of adsorption sites were at the surface of Rh nanoparticles, see Table 5.1. Therefore, this 

series of catalysts presents a decreasing fraction of exposed atomically dispersed Rh species 

with increasing weight loading.  
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Figure 5.3: Temperature programmed desorption measurements of CO from the 0.1 wt% Rh 
on Al2O3 sample. The data shows evidence that 2 distinct Rh(CO)2 species exist with 
symmetric (2094 and 2084) and asymmetric (2024 and 2012) stretching frequencies. 
Interestingly the pair of bands at 2094 and 2024 cm-1 disappear together without any new 
bands emerging, suggesting both COs desorb simultaneously. Alternatively, the bands at 
2084 and 2012 cm-1 disappear at higher temperature and correlate with the formation of a 
band at ~1975 cm-1. Recent work from our group on Rh/TiO2 using CO FTIR and DFT 
calculations suggested that the emergence of a band at 1975 cm-1 was due to Rh(CO)2 species 
existing near OH species on the support, where 1 CO first desorbs to leave a Rh(CO)(OH) 
species, with a characteristic stretch at 1975 cm-1. Thus, the asymmetry in the Rh(CO)2 
stretching bands likely arises from the existence of Rh(CO)2 species with distinct 
coordination environments to the support, which is not surprising for Al2O3, given the 
surface complexity. Future efforts will attempt to identify which Rh(CO)2 coordination 
environments are responsible for catalytic reactivity. 

 

To develop structure-function relationships over the variable Rh catalysts relevant for 

the start-up regime of TWC operation, “light off” experiments were performed where the 

reactor was heated at a controlled linear rate from ambient temperature. CO was chosen as 

reductant for NO because light-offs of CO and NO are known to be coupled on Rh 

catalysts.54 In some tests, water was co-fed in order to assess the impact of this important 

exhaust component on NOx reduction selectivity. While more complex feeds could also be 

considered, the CO+NO+H2O blend was sufficient to achieve the aims of the present study. 
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Catalysts were diluted with purified silicon dioxide (Sigma Aldrich 84878) to provide a 

constant loading of 0.2 mg of Rh in the 1 g of total material loaded into the reactor, Table .2. 

After pretreatment, catalysts were heated at 5 °C/min in a flow of 5000 ppm CO and 1000 

ppm NO diluted in Ar both in dry and wet conditions (with ~2% water) at a total flow rate of 

200 sccm (standard cubic centimeters per minute).  

In dry reaction conditions, all catalysts started converting NO into N2 at ~210 °C, but 

samples with a higher fraction of Rh clusters, 2 and 5 wt.% Rh, exhibited increased 

conversion at lower temperature as compared to samples that contained predominantly 

atomically dispersed Rh, 0.05, 0.1, and 0.2 wt.% Rh, Figure 2(b). All catalysts produced 1:1 

stoichiometric amounts of CO2 and N2 with high selectivity, although a small amount of N2O 

was observed at low temperatures, which was independent of Rh loading, see Figure 4. 

Differences in the light off curve shapes suggests different rate laws for NO reduction over 

Rh clusters compared to atomically dispersed species.55 However, future steady state 

measurements are necessary to unravel the underlying kinetics. It is clear that Rh clusters on 

Al2O3 are more effective at catalyzing the reduction of NO by CO under dry conditions, 

although only by a small amount. 

 

Figure 5.4: N2O production during temperature programmed reaction at a temperature ramp 
rate of 5 °C/min in 5000 ppm CO/ 1000 ppm NO over catalysts with varying Rh wt. %. 
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 Light off curves performed in the presence of H2O exhibited distinct differences as a 

function of Rh weight loading, see Figure 5.2(c). The addition of H2O to the feed promoted 

the reactivity of lower wt. % Rh catalysts, for example decreasing the onset of measurable 

NO conversion by ~50 °C for the 0.05 and 0.1 wt. % Rh catalysts. While the 0.2 wt.% Rh 

catalyst exhibited higher light-off temperatures as compared to the 0.05 and 0.1 wt.% 

catalysts, the shape of the light off curve was similar, suggesting similar kinetic behavior 

with a fewer number of active sites. For the higher Rh wt. % catalysts (2 and 5%), the 

addition of H2O to the feed inhibited the onset of NO conversion by ~10 °C. Thus, while the 

behavior of all catalysts was similar under dry conditions, stark differences were observed 

upon the introduction of H2O to the feed. 

Most interestingly, the concentration of NH3 produced during the wet light off 

experiments increased with decreasing Rh wt. % and thus with an increase in the relative 

fraction of atomically dispersed Rh species, Figure 5.5(a). The lowest tested Rh weight 

loading, 0.05%, exhibited ~100% NH3 selectivity with complete NO conversion by ~210 °C. 

The 0.1 wt. % Rh catalyst converted NO to NH3 with close to 100% selectivity during the 

light off, but once 100% NO conversion was reached, NH3 selectivity declined and N2 

production increased. As the Rh wt. % in the catalyst was increased, the selectivity towards 

N2 increased and NH3 production decreased. The amounts of N2 and N2O produced during 

the light off are shown in Figure 5.6. 
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Figure 5.5: a) NH3 production (ppm), b) NO consumption (solid lines), and CO2 production 
(dotted lines) during temperature programmed reaction at a temperature ramp rate of 5 
°C/min in 5000 ppm CO/ 1000 ppm NO / 2% H2O for the series of catalysts characterized in 
Figure 5.2(a).  

 
 We compared NO conversion and CO2 production to elucidate the stoichiometry of 

the reactions taking place, see Figure 5.5(b). For the 0.05 and 0.1 Rh wt. % catalysts, at the 

temperature where 100% conversion of NO to NH3 was reached, 2.5 times more CO2 was 

produced than NO consumed. For the 5 Rh wt.% catalyst, less than 50 ppm of NH3 was 

produced and at the temperature where NO conversion reaches 100%, quantitative selectivity 

toward N2 was observed, thus CO2 production occurred at a 1:1 ratio with NO and CO 

consumption. We can derive site-specific overall reactions for NO reduction by CO in wet 

environments, where in the case of Rh clusters , occurs whereas for 

atomically dispersed Rh occurs. 
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Figure 5.6: a) N2 production and b) N2O production during temperature programmed 
reaction at a temperature ramp rate of 5 °C/min in 5000 ppm CO/ 1000 ppm NO / 2% H2O 
over catalysts with varying Rh wt. %. Black arrows in (a) point to apparent excess N2 spike, 
which was caused by NH3 adsorption on Al2O3 and the calculation of N2 amount via N mass 
balance. 

 For the 0.05 and 0.1 Rh wt. % cases, there was an excess of CO2 formed after 

complete NO conversion that was not accounted for by the reactions proposed above. A 

plausible source of CO2 production is through the water-gas shift reaction (, WGS) occurring 

over atomically dispersed Rh species. To test this hypothesis, light off 

curves were obtained with 2% H2O and at CO levels equivalent to the balance of CO after 

complete NO consumption, Figure 5.7. For the 0.05 Rh wt. % catalyst, CO2 started forming 

at ~275 ºC and gradually increased to ~1000 ppm by the end of run, Figure 5.7. This is 

consistent with the excess CO2 formed over atomically dispersed Rh samples at temperatures 

where NO conversion was complete. This behavior is also consistent with previous work 

showing that various atomically dispersed metal catalysts, and specifically Rh, are highly 

active for WGS.37,48,56–58  The 5 wt. % Rh catalyst did not light off WGS until > 300 °C, 

accounting for the lack of excess CO2 on catalysts consisting primarily of Rh clusters. 
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Figure 5.7: CO2 production during water-gas shift light off experiments with a temperature 
ramp rate of 5 °C/min and 2% water and 4000 ppm CO (5% Rh) and 2500 ppm CO (0.05% 
Rh) in the feed. 

 
Including WGS over atomically dispersed Rh closes the mass balance for all products 

over the tested temperature range. However, in the cases of 0.1, 0.2, and 2 wt. % Rh, there 

was an apparent spike of excess N2 produced during the initial NO conversion light off, 

Figure 5.6(a). The amount of N2 produced was calculated by mass balance assuming N2, NO, 

N2O, and NH3 are the only N containing species. It was hypothesized that NH3 formed 

during initial light off adsorbs to acidic sites inherent to the Al2O3 support, so there was a 

delay in formed NH3 exciting the reactor while NO was being consumed until all acidic sites 

were titrated.59,60 To test this hypothesis, a steady state experiment was performed where a 

feed consisting of 1000 ppm NO, 5000 ppm CO, and 2% water was introduced to the 0.1 Rh 

wt.% catalyst for extended time at 185, 195, 205, and 215 °C (Figure 5.7). The steady state 

amount of NH3 reached 2.5:1 stochiometric balance with CO2 at all temperatures in 

agreement with the proposed reaction, demonstrating that NH3 adsorption to the catalyst 

surface likely was occurring during initial light off. 
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Figure 5.8: Product effluent and temperature during steady state experiments on 0.1%wt 
Rh/Al2O3 conducted at 2% H2O/ 1000 NO/5000 CO with temperature ramped at rate 5 
°C/min until 185 °C held for 2100 seconds (35 minutes) at 185, 195, 205, and 215 °C. The 
consistent, steady state 2.5:1 CO2:NH3 ratio is observed at each temperature. 

 

We also explored whether the structure-function relationship developed for Rh/Al2O3 

would apply to CeO2 supports (US-Nano stock #US3037, 70 m2/g), which are also of 

relevance to catalytic converters (Figure 5.9).49 At 0.2 wt.% Rh on CeO2, where CO FTIR 

suggested Rh is predominantly atomically dispersed, the catalyst was 100% selective towards 

NH3 during the wet light off experiment. The reaction lights off at a lower temperature on 

atomically dispersed Rh on CeO2 as compared to Al2O3 by ~25 °C, suggesting inherently 

higher reactivity on the reducible support. At 2 wt. % Rh loading, where the presence of Rh 

clusters is evidenced in the CO FTIR, selectivity towards N2 increased suggesting Rh clusters 

are selective for N2 on either support.  

The strong correlation between the fraction of exposed sites existing as atomically 

dispersed Rh species in initial characterization and the amount of NH3 produced during 

reactivity measurements with co-fed H2O provides strong evidence that atomically dispersed 
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Rh species on Al2O3 and CeO2 are active at low temperature for NH3 formation, and suggests 

this is a critical active site in TWC. Recent reports of analysis of atomically dispersed Rh and 

Pt species in TWCs did not identify this active site relationship either due to focus on 

oxidation reactions, the lack of inclusion of H2O in the feed, or focus on trends in conversion 

and stability.61–63 Within a ~50 °C window we found that NH3 formation and WGS over 

atomically dispersed Rh occurred simultaneously with N2 formation over Rh clusters, making 

it challenging to understand the catalytic behavior of materials containing a mix of active site 

types, as portrayed in Figure 5.10.  

 

Figure 5.9: a) CO probe molecule FTIR spectra for Rh on CeO2 (US-Nano stock #US3037, 
70 m2/g) collected at 20 °C after in-situ 350 °C oxidation for 30 minutes and 100 °C 
reduction in H2 for 60 minutes, followed by saturation with 1% CO at 20 °C. The lack of 
stretching intensity between the Rh(CO)2 bands for 0.2 wt.% Rh/CeO2 suggest the sample 
consists almost exclusively of atomically dispersed Rh, while the increasing in band intensity 
in this region for the 2 wt.% Rh/CeO2 catalyst suggests the existence of Rh clusters. b) NO 
conversion (%) during 5 °C/min temperature ramp in wet conditions (2% water /5000 ppm 
CO/ 1000 ppm NO.) c) NH3 concentration in the effluent for Rh/CeO2 during 5 °C/min 
temperature ramp in wet conditions (2% water /5000 ppm CO/ 1000 ppm NO). The data is 
consistent with the observations for Rh/γ-Al2O3 where atomically dispersed Rh is more 
active than Rh clusters under wet conditions and primarily leads to NH3 production.  

The present work demonstrates that even for a simple feed containing only NO, CO, 

and H2O, dramatic differences in rate and selectivity on active sites of differing Rh nuclearity 

are observed. Additional species present in combustion exhaust, including oxygen and 

hydrocarbons, may also alter selectivity not only by introducing competing reaction 

pathways or inhibiting kinetically relevant steps in NO reduction, but also potentially by 
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altering the distribution of active site nuclearity. Thus, while it is not reasonable to 

hypothesize a complete mechanistic pathway for NH3 formation over atomically dispersed 

species, it is likely that the mechanism is distinct from NO reduction pathways on extended 

Rh surfaces, which proceed through NO dissociation. It is hypothesized that NH3 formation 

on atomically dispersed Rh shares mechanistic steps with the water gas shift reaction, which 

occurs at lower temperatures on atomically dispersed Rh as compared to Rh clusters and is 

promoted by reducible supports.64 Further, it is expected that Rh structure and coordination 

to the support may be quite dynamic under the complex feed conditions of TWC, a 

consideration that will be critical for future mechanistic analyses. 

 

 

 

 

 

 

 

 

 
 

In conclusion, we provide evidence that atomically dispersed Rh species selectively 

produce NH3 at low temperature in the reduction of NO by CO when H2O is present. These 

conclusions indicate that reformulating the TWC in catalytic converters to prevent the 

formation of atomically dispersed Rh could reduce NH3 emissions from gasoline burning 

automobiles. This study also clearly identifies the important role of minimizing the 

distribution of active site types in catalytic materials to facilitate structure-function 

relationship elucidation. 

Figure 5.10: Depiction of product formation during NO reduction over different Rh 
structures on oxide supports at steadily increasing temperature between 150 ºC to 300 ºC. 
2NO+3H2O+5CO->2NH3+5CO2 occurs over atomically dispersed Rh at ~180 ºC, 
H2O+CO>H2+CO2 (WGS) occurs over atomically dispersed Rh at ~250, and 
2NO+2CO>N2+2CO2 occurs over Rh clusters at higher temperatures (~250 ºC). 
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6.1 Conclusions 

Previously, extensive studies of NO reduction by CO on Rh catalysts have focused on 

Rh particles and extended surfaces, primarily in dry environments. These studies are 

inconsistent with realistic automotive conditions in catalytic converters where there are low 

Rh weight loadings (0.2-0.3 wt%) and high concentrations of H2O, up to 10%.30,82,196 Our 

studies focused on analyzing the role of atomically dispersed Rh species in NO reduction by 

CO under dry and wet environments. 

Our work started by using principles from SEA to optimize interactions between 

charged Rh precursors in solution and oxide support surfaces, enabling the synthesis of 

atomically dispersed metal catalysts on various oxide supports. These materials were 

characterized in detail using probe molecule FTIR spectroscopy, TPD, and HAADF-STEM 

imaging. The experimental analyses were used to develop and validate theoretical active site 

models.169,197,198 The theoretical active site models and extensive DFT calculations and 

thermodynamic modelling then informed how the local coordination of Rh species adapts to 

changes in environment.  

We then used these series of materials to demonstrate that atomically dispersed Rh 

species act as distinct active sites in TWC conditions with water as a co-feed and are 

quantitatively selective to NH3 formation at low temperatures (< 200 °C). Alternatively, Rh 

clusters were selective to N2 and N2O under identical conditions. Therefore, solely 

considering a Rh extended surface or larger Rh nanoparticles for NO reduction to understand 

realistic TWC reactivity in catalytic converters is not practical, because there is a mix of 

active Rh structures in TWCs. 10,65,82,199–202  Our results provided an important result for 

industrial researchers to attempt to mitigate NH3 formation during start up conditions. This 

implies that the formulation of the TWC or emission control strategies should be targeted to 
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avoid the formation of atomically dispersed Rh species to mitigate low temperature NH3 

formation. Broadly, this study also clearly identifies the important role of minimizing the 

distribution of active site types in catalytic materials to facilitate structure-function 

relationship elucidation. 

6.2 Future Work 

6.2.1 Support Influence on Atomically Dispersed Metal Activity 

Using CO as a probe molecule in FTIR, we show features associated with Rh(CO)2 

on CeO2, TiO2, and Al2O3 (Figure 6.1 a, b, and c) after CO saturation.95,106,107,117 To compare 

the adsorption strength of CO to the atomically dispersed Rh catalysts on different supports, 

TPD at 20 °C/min was employed to track the intensity decrease of the CO stretching bands 

(Figure 6.1 a, b, and c). The temperature where the CO band intensity decreases the most 

between regular temperature intervals, indicating the temperature where CO reaches the 

highest desorption rate from the atomically dispersed Rh, varies with support reducibility. 

That is, CO desorbs from atomically dispersed Rh on the least reducible support, CeO2, at the 

lowest temperature comparatively, by 160 °C. Then subsequently CO desorbs from 

atomically dispersed Rh on TiO2 and then Al2O3 at increasing temperatures, 300 and 450 °C. 

The general trend observed is increasing CO adsorption strength with decreasing support 

reducibility; CeO2 being the most reducible, then TiO2, and then Al2O3.203,204 If CO 

adsorption strength can be inversely related to Rh adsorption strength to the support, this 

indicates that Rh bonds strongly to reducible supports.  
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Figure 6.1 FTIR spectra of atomically dispersed Rh after CO saturation to form Rh(CO)2 on 
oxide supports, indicated by symmetric and asymmetric signatures at ~2090 and 2020 cm-1, 
and during TPD of CO a rate of 20° C/min after sample was reduced in CO at 300 °C for 60 

min a) 0.1% Rh on Ceria, CeO2 b) 0.1% Rh on anatase Titania, TiO2 c) 0.1% Rh on γ-
Alumina, Al2O3   

We then look to how support influences on the adsorption energy of CO to atomically 

dispersed Rh relates to catalytic reactivity. Previous studies have attempted to link trends in 

reactivity of precious metals to support influence.204,205 Here, in figure 6.2, we provide 

evidence that on atomically dispersed Rh, NO reduction by CO in the presence of water and 

the resulting NH3 formation light off temperature is correlated to CO adsorption strength on 

atomically dispersed Rh. As previously seen, atomically dispersed Rh is 100% selective 

towards NH3 during NO reduction by CO in the presence of water.198 Across the three 

relevant supports we studied, NH3 formation lights off at the lowest temperature, 155 °C, on 

atomically dispersed Rh/CeO2, then at 165 °C on Rh/TiO2, and then finally at 170 °C on 

Rh/Al2O3. This is consistent with the order of reducibility of these supports: CeO2> TiO2> 

Al2O3. Additional work should be done in the future to establish connections between the 

binding energy of CO to Rh, the interaction of Rh and the oxide support, and the light off 

temperature for CO reduction by NO. Clearly the support has a significant influence on the 

chemistry and catalytic properties of atomically dispersed species. 



 

 
216 

 

Figure 6.2: NH3 concentration in the effluent during 5 °C/min temperature ramp in wet NO 
reduction conditions (2% water /5000 ppm CO/ 1000 ppm NO) over atomically dispersed 
0.1% Rh on CeO2 (blue), 0.1% Rh on TiO2 (red), and 0.05% Rh on Al2O3. 

 

6.2.2 Finding the Active Atomically Dispersed Rh Structure During NO Reduction 

In order to provide insights into the mechanism of NH3 formation through NO 

reduction by CO in wet environments on atomically dispersed Rh active sites, we are 

interested in developing a realistic theoretical model of atomically dispersed Rh species on 

Al2O3. By comparing CO probe molecule FTIR to DFT calculations, we were able to observe 

agreement between experimental and theoretical characteristics of Rh(CO)2, including CO 

binding energies, stretching frequencies, and influence of surface hydroxylation. We also 

show through cryogenic FTIR and DFT calculations on our narrowed down selection of 

model sites that CO preferentially bonds to atomically dispersed Rh over NO and the Rh 

species does not appear to strongly bond to NO because the highly reactive nature of the Rh 

site converts NO into N2O from the Rh(NO)2 form at low temperature. 
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Symmetric and asymmetric stretching frequencies associated with the Rh(CO)2 

species were observed in FTIR measurements at 2094 and 2020 cm-1 (see Figure 6.3a)  after 

an atomically dispersed 0.1% Rh/ Al2O3 catalyst was insitu pretreated with H2 at 100 °C, and 

then saturated by flowing 1% CO.107,206 The lack of CO bands in the experimental FTIR 

spectra at frequencies characteristic of linear (~2040-2080 cm−1) and bridge (~1850-1950 

cm−1) bound CO on Rh clusters confirms that Rh primarily existed as atomically dispersed 

species following CO exposure.207 Extensive DFT calculations of Rh(CO)2  on Al2O3 this 

assignment.208 The bands are wide and show asymmetry, suggesting the existence of multiple 

coordination environments, possibly due to proximity to hydroxyls. Rhe large FWHM 

indicates a lack of homogeneity of the local coordination environment of Rh(CO)2 

species.209–211 TPD measurements of CO from the 0.1 wt. % Rh catalyst provide evidence 

that 2 distinct Rh(CO)2 species exist with two distinct sets of symmetric and asymmetric 

frequencies, (2094/2024 and 2084/2012), figure 6.3b. As temperature increases from ambient 

temperature to 220 °C, the pair of bands at 2094 and 2024 cm-1 decrease together while the 

pair of bands at 2084 and 2012 cm-1 grow, suggesting that the first species reconstructs into 

the second species as temperature increases.121,127 At 220 °C, the 2084 and 2012 cm-1 peaks 

reach a maximum in area before decreasing as temperature continued to increase, (see Figure 

6.3a and Table 6.1). Above 220 °C the loss of intensity of the bands at 2012 and 2084 cm-1 

coincides with the formation of distinct bands at ~1975-1985 cm-1. Recent work on Rh/TiO2 

suggests that the emergence of these bands are due to the proximity of the Rh(CO)2 species 

to an OH species on the support, which stabilizes the formation of Rh(CO) species 

coordinated to OH groups.169 This species is predicted to characteristically desorb each CO at 

different temperatures such that 1 CO first desorbs to leave a Rh(CO)(OH) species with a 

characteristic CO stretches a 1975-1985 cm-1.  
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The change of peak areas, and thus change in surface adsorbate concentration, was 

analyzed as a function of temperature. The first CO desorption appears to have a direct 

correlation to NO reduction over atomically dispersed Rh sites as measured in a temperature 

programmed reactivity measurement. Seen in figure 6.3c, NO light off conversion by CO 

coincides with the loss of intensity of the ~2084 cm-1 / 2010 cm-1 Rh(CO)2 bands, and thus 

coincides with the loss of the first CO from the Rh(CO)2 species.198 Combined TPD and light 

off analysis of atomically dispersed Rh suggests that dry NO conversion by CO occurs on 

CO poisoned Rh(CO)2 sites and that desorption of the first CO is the rate limiting step 

specific to this Rh structure. This is in direct contrast to NO reduction over nanoparticles 

where NO outcompetes CO and directly limits the reaction rate. Therefore, a key difference 

in modeling NO reduction over atomically dispersed Rh compared to Rh particles it that the 

reaction would start with a CO saturated Rh atom, rather than an NO saturated Rh particle.  

Using Redhead analysis, the adsorption energy of CO for each deconvoluted species 

can be calculated based on the maximum temperature of desorption, table 6.1.212,213 The 

predicted Rh(OH)(CO)2 species has 2 distinct adsorption energies for each CO molecule, 

hence 2 desorption temperatures. In order to identify the nature of the different Rh species, 

including the experimentally hypothesized Rh(OH)(CO)2 species, an extensive series of 

models of Rh species and their computed properties was considered by DFT calculations and 

compared to experimental characteristics in table 6.1. Given the surface complexity of Al2O3, 

experimental observations will aide in identifying which Rh(CO)2 coordination exists on the 

hydroxylated oxide surface and the level of surface hydroxylation at specified 

temperatures.146,151,152 Specifically, one modeled Rh(CO)2 species would  have properties, 

including frequencies at 2094/2024 cm-1, that are present at room temperature, where there is 

a high saturation of hydroxyl groups bonded to the oxide surface. The first Rh(CO)2 species 
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may be mobile on the Al2O3 surface and allow the first species to reconstruct into the second 

identified Rh(CO)2 species (~2084 cm-1 / 2010 cm-1). This second species would 

characteristically desorb 1 CO at a time and is associated with nearby a hydroxyl group.169 

Based on experimentally determined binding energies from redhead analysis, the first Rh-CO 

would have a binding energy of ~1.6 eV and the 2nd Rh-CO would have a binding energy 

between ~1.8 -2.1 eV.125,212  

Table 6.1. Parameters to fit and deconvolute CO vibrational frequencies associated with 
CO bonding to atomically dispersed Rh species on Al2O3 and corresponding enthalpy and 
entropy values  

cm-1 2094/2020 2084/2010 1985 1975 
FWHM 11.4/11.6 22/29 49 36 

T °C 190 300 360 450 
Adsorption 

Energy b (ev) 
1.3a 1.6 1.8 2.1 

a Binding energy calculated if separate species desorbs bEnergies calculated using Redhead 
analysis, assuming first order desorption, assumed constant assumed to be 1013.6 : 

 
 

Where: 
 
E= Energy, kJ/mol 
Tp= Temperature at peak desorption rate*, K 
R=  8.3124 kJ/  K kmol 

 = rate constant= 1013.6  

𝝱 = Rate of Temperature, 20 °K/min 
 
 
 

=  
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Figure 6.3: a) IR spectra's taken of 0.1% Rh/Al2O3 every 10 °C after sample is fully 
saturated with CO, and as temperature increases 20 °C/min , identifying 2 pairs of Rh(CO)2 
symmetric and asymmetric peaks at  2094/2020 and 2084/2010 cm-1 and linear CO on 
atomically dispersed Rh peaks at 1985-1975 b) Deconvolution spectra from (a) at 20 °C, to 
assign secondary pair of Rh(CO)2 symmetric and asymmetric peak positions, at 220 °C to 
assign primary pair of Rh(CO)2 symmetric and asymmetric peak positions, and at 360 °C to 
assign linear CO on atomically dispersed Rh peak positions c) Fraction of deconvoluted 
symmetric (2084 cm-1) and asymmetric (2010 cm-1) Rh(CO)2  IR peak area loss normalized 
to the largest respective peak area overlay with  NO conversion (%) as a function of 
temperature at a ramp rate of 5 °C/min in 5000 ppm of CO/1000 ppm of NO of 200 mg of 
diluted 0.1% Rh/Al2O3 catalyst (0.2 mg Rh) 

 
Additionally, via probe molecule FTIR, a NO stretching frequency was not observed 

when flowing NO over atomically dispersed 0.1% Rh/ Al2O3 at 20 °C. When subsequently 

flowing CO, Rh(CO)2 asymmetric and symmetric bands were observed similarly to what was 

observed when initially flowing CO, even in the presence of NO (figure 6.4a). NO bands 

were still not observed as CO desorbs from the species while being heated to 400°C at 20 

°C/min and then cooled down to 20 °C in NO. This indicates that once CO adsorbs onto 

atomically dispersed Rh, it is not easily displaced by NO. Next, we cooled down to -120 °C 

in NO flow to see if NO adsorbs on atomically dispersed Rh at cryogenic temperatures. 

While NO was flowing, we observed a ~1900 cm-1 feature below -50 °C but only after -

100°C did apparent growth of a 1885 cm-1 feature and overlapping 1760/1740 stretches at 

~1750 cm-1 appear, likely associated with Rh+(NO)2 (figure 6.4a and 6.4b). The initial ~1900 

cm-1 band was likely due to the presence of Rh+(NO) species, as seen in previous examples 
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of cationic Rh on oxide supports. The a combination of overlapping symmetric vibration 

bands from multiple Rh+(NO)2 species become clear at -120 °C, thus resulting in a center 

peak value of 1885 cm-1.36,130,131,214 Warming back to 20 °C in argon showed a loss of 

stretches associated with Rh+(NO)2. When cooling back down to -120 °C in argon, the 

~1885/1750 stretches did not appear, thus proving the stretches were not present as a 

function of temperature but rather the NO species was created in NO flow at cryogenic 

temperatures and was not stable when the temperature was increased to 20 °C. Reflowing 

NO after the environment was stable at -120 °C resulted in readsorption of NO species with 

characteristic ~1885/1750 cm-1 stretches (figure 6.4b).179,215  During the disappearance of 

bands at ~1885/1750 cm-1, a notable band increased at 1625 cm-1, overlapping with bands 

associated with surface adsorbed NO dimers. We hypothesized that this stretch may be 

associated with N2O formation.36,123,216  Shown in figure 6.5, we flowed 1000 ppm N2O over 

the plain Al2O3 support to provide reference for the N2O spectral signature at cryogenic 

temperatures. Stretching frequencies for N2O on plain Al2O3 were observed at -120 °C at 

1650 and 2240 cm-1, which were also observed above -100 °C after NO exposed Rh catalyst 

was warmed in argon to 20 °C (figure 6.4b). This implies that the Rh(NO)2 species is highly 

reactive, such that it is not detectable at 20 °C and immediately forms N2O that interacts with 

the Al2O3 surface.56,57,217 In future studies, we will compare DFT calculations to provide 

evidence of the low energy barrier of N2O from Rh(NO)2 based on structures with similar 

Rh(CO)2 characteristics as what we have seen experimentally. This will give us a basis to 

understand the mechanism for NO reduction on these species. 
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Figure 6.4: (a) 0.1% Rh in 1.0% CO/Ar flow to form Rh(CO)2 (yellow line) and then 1.5% 
NO/Ar  flows over the sample for 15 minutes while Rh(CO)2 remains at ambient (orange 
line). Sample is heated to 400 °C at 20 °C/min (red line) and cooled back down to 20 °C in 
1.5% NO/Ar (light green line). Above 20 °C, there was an absence of NO related stretching 
frequencies. Cooling down to cryogenic temperature in NO show's growth of a 1900 cm-1 
feature at -50 °C (light blue line) ( b) The 1900 cm-1 then grows into a 1885 cm-1 stretch  and 
overlapping stretches at 1760/1740 cm-1 appear, associated with Rh(NO)2 , while NO flows 
below -100°C (purple line). Warming back to 20 °C shows apparent shrinkage/ 
disappearance of 1885/1760/1740 cm-1 stretches and an apparent increase of stretching 
frequency at ~1625 cm-1 (dark green line). Cooling back down in Ar does not result in the 
reappearance former bands at -120 °C (pink line). When NO is reposed to the catalyst at -120 
°C, features at 1885/1760/1740 cm-1 reappear (dark blue line). 
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Figure 6.5: N2O flow over plain Al2O3 at 20° C and -120° C, indicating stretches associated 
with N2O on Al2O3 at 2240 and 1650 cm-1 

6.2.3 Rh Reconstruction Effect on NO Reduction by CO Kinetics 

Finally, with the insights provided here that different Rh structures have different 

reactivity and selectivity for NO reduction by CO, it is critical to consider whether various 

Rh structure interconvert under relevant reaction conditions. Further, in the case of NO 

reduction by CO in TWCs, kinetic studies are challenging because we have provided 

evidence that the structure of Rh is dependent on atmospheric conditions.32,202 We have 

started initial kinetic studies under differential reaction conditions where the rate of NO 

reduction varies based on what conditions the catalyst was previously exposed to – the 

catalyst had memory, which strong suggests reconstruction.  

A 0.1 wt% Rh/Al2O3 catalyst (starting as predominantly atomically dispersed Rh 

species) was initially exposed to low CO/NO ratios (0.00025:0.005 PPM) and the NO 

reduction rate was measured as a function of increasing CO partial pressure. The observed 

behavior resembled what would be expected from Rh nanoparticle NO reduction chemistry 
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(figure 6.6a) and selectivity was consistent with Rh nanoparticles, ~60% N2O/~40 N2 (figure 

6.6b). However, the behavior was distinct the catalyst was initially exposed to high CO/NO 

ratios (0.0075:0.005) and the NO reduction rate was measured as a function of CO partial 

pressure decreased. The NO reduction rate was higher overall compared to the former case 

(figure 6.6a) and the selectivity toward N2 was higher than the former case (figure 6.6b). This 

notable change in reactivity was likely due to a change in active site distribution, because Rh 

is able to reconstruct in variable reactant atmospheres. This simple experiment shows how 

the structure of supported Rh species are highly dependent on their environmental condition.  

 

 

Figure 6.6: Atomically dispersed 0.05% Rh/ Al2O3 were diluted with acid purified silica, 
insitu oxidized at 350 °C for 30 min and reduced at 100 °C for 60 min. Gas concentration 
after catalyst exposure was collected and reported as an average of data points taken every 10 
seconds for 15 min at 205 °C, 250 sccm flow rate, constant 0.005 partial pressure NO at 800 
torr, and specified steady state CO partial pressures. a) Rate of NO reduction as a function of 
variable CO partial pressure at constant 0.005 NO where catalyst was initially exposed to the 
low CO partial pressure of 0.00025 CO then increased to eventually 0.0075 CO (in blue) vs. 
catalyst was initially exposed to the high CO partial pressure of 0.0075 CO then eventually 
decreased to 0.00025 CO (in red). b) Corresponding N2 and N2O selectivity of initially low 
CO partial trial vs. initially high CO partial pressure trial where differences depending on 
initial CO/NO exposure have correlation to selectivity.  

 

a) b) 
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The fact that NO reduction reactivity and selectivity in catalytic converters exhibits 

unique and dynamic changes with operating conditions suggests that the ensemble of existing 

active sites may be continuously evolving.2,51 Future work will focus on how the mobility of 

Rh may contribute to NOx reduction performance and selectivity, including the develop of 

stability phase diagrams, which could potentially be used to inform control systems about 

which composition spaces may produce unwanted atomically dispersed species. Further, 

dynamic structure of Rh species under the complex feed conditions of TWCs, is a critical 

consideration for future mechanistic analyses. 

6.3 References 

(1)  Granger, P.; Delannoy, L.; Lecomte, J. J.; Dathy, C.; Praliaud, H.; Leclercq, L.; 
Leclercq, G. Kinetics of the CO + NO Reaction over Bimetallic Platinum-Rhodium on 
Alumina: Effect of Ceria Incorporation into Noble Metals. J. Catal. 2002, 207 (2), 
202–212. 

(2)  Srinivasan, A.; Depcik, C. Review of Chemical Reactions in the NO Reduction by CO 
on Rhodium/Alumina Catalysts. Catal. Rev. - Sci. Eng. 2010, 52 (4), 462–493. 

(3)  Nehasil, V.; Stará, I.; Matolín, V. Study of CO Desorption and Dissociation on Rh 
Surfaces. Surf. Sci. 1995, 331–333 (PART A), 105–109. 

(4)  Tang, Y.; Asokan, C.; Xu, M.; Graham, G. W.; Pan, X.; Christopher, P.; Li, J.; Sautet, 
P. Rh Single Atoms on TiO2 Dynamically Respond to Reaction Conditions by 
Adapting Their Site. Nat. Commun. 2019, 10 (1), 4488. 

(5)  Asokan, C.; Thang, H. V.; Pacchioni, G.; Christopher, P. Reductant Composition 
Influences the Coordination of Atomically Dispersed Rh on Anatase TiO2. Catal. Sci. 
Technol. 2020, 10 (6), 1597–1601. 

(6)  Asokan, C.; Yang, Y.; Dang, A.; Getsoian, A. “Bean”; Christopher, P. Low-
Temperature Ammonia Production during NO Reduction by CO Is Due to Atomically 
Dispersed Rhodium Active Sites. ACS Catal. 2020, 10 (9), 5217–5222. 

(7)  Worley, S. D.; Rice, C. A.; Mattson, G. A. The Effect of Rhodium Precursor on Rhl 
Al2O3 Catalysts. 1982, 76 (1), 20–25. 

(8)  McCabe, R. W.; Usmen, R. K.; Ober, K.; Gandhi, H. S. The Effect of Alumina Phase-
Structure on the Dispersion of Rhodium/Alumina Catalysts. Journal of Catalysis. 
1995, pp 385–393. 



 

 
226 

(9)  Miessner, H.; Gutschick, D.; Ewald, H.; Miller, H. The Influence of Support on the 
Geminal Dicarbonyl Species RhI (CO) 2 on Supported Rhodium Catalysts: An IR 
Spectroscopic Study. 2000, 36 (1986), 369–373. 

(10)  Dictor, R.; Roberts, S. Influence of Ceria on Alumina-Supported Rhodium: 
Observations of Rhodium Morphology Made Using FTIR Spectroscopy. J. Phys. 
Chem. 1989, 93 (15), 5846–5850. 

(11)  Burch, R.; Breen, J. P.; Meunier, F. C. A Review of the Selective Reduction of 
NOxwith Hydrocarbons under Lean-Burn Conditions with Non-Zeolitic Oxide and 
Platinum Group Metal Catalysts. Appl. Catal. B Environ. 2002, 39 (4), 283–303. 

(12)  Gandhi, H. S.; Graham, G. W.; McCabe, R. W. Automotive Exhaust Catalysis. J. 
Catal. 2003, 216 (1–2), 433–442. 

(13)  Resasco, J.; Dai, S.; Graham, G.; Pan, X.; Christopher, P. Combining In-Situ 
Transmission Electron Microscopy and Infrared Spectroscopy for Understanding 
Dynamic and Atomic-Scale Features of Supported Metal Catalysts. J. Phys. Chem. C 
2018, 122 (44), 25143–25157. 

(14)  Jones, J.; Xiong, H.; DeLaRiva, A. T.; Peterson, E. J.; Pham, H.; Challa, S. R.; Qi, G.; 
Oh, S.; Wiebenga, M. H.; Hernández, X. I. P. Thermally Stable Single-Atom 
Platinum-on-Ceria Catalysts via Atom Trapping. Science (80-. ). 2016, 353 (6295), 
150–154. 

(15)  Nie, L.; Mei, D.; Xiong, H.; Peng, B.; Ren, Z.; Hernandez, X. I. P.; DeLaRiva, A.; 
Wang, M.; Engelhard, M. H.; Kovarik, L. Activation of Surface Lattice Oxygen in 
Single-Atom Pt/CeO2 for Low-Temperature CO Oxidation. Science (80-. ). 2017, 358 
(6369), 1419–1423. 

(16)  Bruix, A.; Lykhach, Y.; Matolínová, I.; Neitzel, A.; Skála, T.; Tsud, N.; Vorokhta, M.; 
Stetsovych, V.; Ševčíková, K.; Mysliveček, J. Maximum Noble‐metal Efficiency in 
Catalytic Materials: Atomically Dispersed Surface Platinum. Angew. Chemie Int. Ed. 
2014, 53 (39), 10525–10530. 

(17)  Maurer, F.; Jelic, J.; Wang, J.; Gänzler, A.; Dolcet, P.; Wöll, C.; Wang, Y.; Studt, F.; 
Casapu, M.; Grunwaldt, J.-D. Tracking the Formation, Fate and Consequence for 
Catalytic Activity of Pt Single Sites on CeO 2. Nat. Catal. 2020, 3 (10), 824–833. 

(18)  Yates, J. T.; Duncan, T. M.; Worley, S. D.; Vaughan, R. W. Infrared Spectra of 
Chemisorbed CO on Rh. J. Chem. Phys. 1979, 70 (3), 1219. 

(19)  Duncan, T. M.; Vaughan, R. W. A 13C NMR Study of the Adsorbed States of CO on 
Rh Dispersed on Al2O3. J. Chem. Phys. 1980, 73 (2), 975–985. 

(20)  Yates, J. T.; Kolasinski, K. Infrared Spectroscopic Investigation of the Rhodium Gem-
Dicarbonyl Surface Species. J. Chem. Phys. 1983, 79 (2), 1026. 

(21)  Garland, C. W.; Yang, A. Infrared Studies of Carbon Monoxide Chemisorbed on 



 

 
227 

Rhodium. J. Phys. Chem. 1957, 61 (11), 1504–1512. 

(22)  Campbell, C. T.; Mao, Z. Chemical Potential of Metal Atoms in Supported 
Nanoparticles: Dependence upon Particle Size and Support. ACS Catal. 2017, 7 (12), 
8460–8466. 

(23)  Lou, Y.; Liu, J. CO Oxidation on Metal Oxide Supported Single Pt Atoms: The Role 
of the Support. Ind. Eng. Chem. Res. 2017, 56 (24), 6916–6925. 

(24)  Beyer, H.; Emmerich, J.; Chatziapostolou, K.; Köhler, K. Decomposition of Nitrous 
Oxide by Rhodium Catalysts: Effect of Rhodium Particle Size and Metal Oxide 
Support. Appl. Catal. A Gen. 2011, 391 (1), 411–416. 

(25)  Yates, J. T.; Duncan, T. M.; Worley, S. D.; Vaughan, R. W. Infrared Spectra of 
Chemisorbed CO on Rh. J. Chem. Phys. 1979, 70 (3), 1219. 

(26)  Solymosi, F.; Pásztor, M. Infrared Study of the Effect Of. J. Phys. Chem. 1986, 90, 
5312–5317. 

(27)  Roscioni, O. M.; Dyke, J. M.; Evans, J. Structural Characterization of Supported Rh I 
(CO) 2 /γ-Al 2 O 3 Catalysts by Periodic DFT Calculations. J. Phys. Chem. C 2013, 
117 (38), 130911121850001. 

(28)  Cavanagh, R. R., Yates Jr., J. T. Site Distribution Studies of Rh Supported on 
Al2O3—An Infrared Study of Chemisorbed CO. J. Chem. Phys. 1981, 74 (7), 4150. 

(29)  Serna, P.; Gates, B. C. Zeolite-Supported Rhodium Complexes and Clusters: 
Switching Catalytic Selectivity by Controlling Structures of Essentially Molecular 
Species. J. Am. Chem. Soc. 2011, 133 (13), 4714–4717. 

(30)  Hoffman, A. S.; Fang, C.; Gates, B. C. Homogeneity of Surface Sites in Supported 
Single- Site Metal Catalysts : Assessment with Band Widths of Metal Carbonyl 
Infrared Spectra. 2016. 

(31)  Panayotov, P. B.; Yates, J. T. Rhodium-Carbon Monoxide Surface Chemistry: The 
Involvement of Surface Hydroxyl Groups on A12O3and SiO2Supports. J. Am. Chem. 
Soc. 1988, 110 (7), 2074–2081. 

(32)  Hadjiivanov, K. Identification and Characterization of Surface Hydroxyl Groups by 
Infrared Spectroscopy. In Advances in Catalysis; Academic Press, 2014; Vol. 57, pp 
99–318. 

(33)  Redhead, P. A. Thermal Desorption of Gases. Vacuum 1962, 12 (4), 203–211. 

(34)  Nehasil, V.; Star, I.; Matolln, V. Study of CO Desorption and Dissociation on Rh 
Surfaces. 1995, 333, 105–109. 

(35)  Digne, M.; Sautet, P.; Raybaud, P.; Euzen, P.; Toulhoat, H. Hydroxyl Groups on γ-
Alumina Surfaces: A DFT Study. J. Catal. 2002, 211 (1), 1–5. 



 

 
228 

(36)  Chizallet, C.; Digne, M.; Arrouvel, C.; Raybaud, P.; Delbecq, F.; Costentin, G.; Che, 
M.; Sautet, P.; Toulhoat, H. Insights into the Geometry, Stability and Vibrational 
Properties of OH Groups on γ-Al2O3, TiO2 -Anatase and MgO from DFT 
Calculations. Topics in Catalysis. Top. Catal. 2009, 1005–1016. 

(37)  Digne, M.; Sautet, P.; Raybaud, P.; Euzen, P.; Toulhoat, H. Use of DFT to Achieve a 
Rational Understanding of Acid-Basic Properties of ??-Alumina Surfaces. J. Catal. 
2004, 226 (1), 54–68. 

(38)  Thiel, P. A.; Williams, E. D.; Yates, J. T.; Weinberg, W. H. The Chemisorption of CO 
on Rh(111). Surf. Sci. 1979, 84 (1), 54–64. 

(39)  Chafik, T.; Kondarides, D. I.; Verykios, X. E. Catalytic Reduction of NO by CO over 
Rhodium Catalysts: 1. Adsorption and Displacement Characteristics Investigated by In 
Situ FTIR and Transient-MS Techniques. J. Catal. 2000, 190 (2), 446–459. 

(40)  Anderson, J. A.; Rochester, C. H. Infrared Study of NO 2–CO Reactions over 
Supported Rhodium and Platinum Catalysts. J. Chem. Soc. Faraday Trans. 1991, 87 
(9), 1485–1489. 

(41)  Hadjiivanov, K. I. Identification of Neutral and Charged N x O y Surface. 2007, 4940. 

(42)  Hadjiivanov, K.; Avreyska, V.; Klissurski, D.; Marinova, T. Surface Species Formed 
after NO Adsorption and NO+ O2 Coadsorption on ZrO2 and Sulfated ZrO2: An 
FTIR Spectroscopic Study. Langmuir 2002, 18 (5), 1619–1625. 

(43)  Miessner, H.; Burkhardt, I.; Gutschick, D. Coadsorption and Interaction of Nitric 
Oxide and Carbon Monoxide on Rh Supported on Highly Dealuminated Y Zeolite. 
Formation of Mixed Rh Carbonyl–Nitrosyls on the Surface. J. Chem. Soc. Faraday 
Trans. 1990, 86 (12), 2329–2335. 

(44)  Panayotov, D. A.; Burrows, S.; Mihaylov, M.; Hadjiivanov, K.; Tissue, B. M.; Morris, 
J. R. Effect of Methanol on the Lewis Acidity of Rutile TiO2 Nanoparticles Probed 
through Vibrational Spectroscopy of Coadsorbed CO. Langmuir 2010, 26 (11), 8106–
8112. 

(45)  Lamberti, C.; Zecchina, A.; Groppo, E.; Bordiga, S. Probing the Surfaces of 
Heterogeneous Catalysts by in Situ IR Spectroscopy. Chem. Soc. Rev. 2010, 39 (12), 
4951. 

(46)  Tyson, W. R.; Miller, W. A. Surface Free Energies of Solid Metals: Estimation from 
Liquid Surface Tension Measurements. Surf. Sci. 1977, 62 (1), 267–276. 

(47)  Matsushima, T.; Imamura, K.; Horino, H.; Hiratsuka, A.; Ma, Y.-S.; Rzeznicka, I. I.; 
Nakagoe, O. Inclined N2 Desorption in N2O Decomposition on Rh (1 1 0). Appl. 
Surf. Sci. 2005, 244 (1–4), 141–144. 

(48)  Peden, C. H. F.; Goodman, D. W.; Blair, D. S.; Berlowitz, P. J.; Fisher, G. B.; Oh, S. 
H. Kinetics of Carbon Monoxide Oxidation by Oxygen or Nitric Oxide on Rhodium 



 

 
229 

(111) and Rhodium (100) Single Crystals. J. Phys. Chem. 1988, 92 (6), 1563–1567. 

(49)  Peden, C. H. F.; Belton, D. N.; Schmieg, S. J. Structure Sensitive Selectivity of the 
NO-CO Reaction over Rh (110) and Rh (111). J. Catal. 1995, 155 (2), 204–218. 

(50)  Goldsmith, B. R.; Sanderson, E. D.; Ouyang, R.; Li, W. X. CO- and NO-Induced 
Disintegration and Redispersion of Three-Way Catalysts Rhodium, Palladium, and 
Platinum: An Ab Initio Thermodynamics Study. J. Phys. Chem. C 2014, 118 (18), 
9588–9597. 

(51)  Oh, S. Comparative Kinetic Studies of CO-O2 and CO-NO Reactions over Single 
Crystal and Supported Rhodium Catalysts. J. Catal. 1986, 100 (2), 360–376. 

 

 

 

 




