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 In this dissertation synthetic protocols were developed to produce homogeneous 

and stable catalyst designs for important chemical reactions in environmental emission 

control. Specific focus was placed on the development of catalysts that exhibit perfect 

metal utilization and do not sinter under conditions relevant for catalysis. The stability of 

these materials enabled rigorous characterization and meaningful reactivity 

measurements that demonstrate the superior efficiency of the catalyst design.  

The work presented in this dissertation is primarily divided into three major 

components. The first component encompasses the development of the synthesis 

approach to engineer atomically dispersed metals on oxide supports motivated by their 

promise to alleviate the demand for scarce metals used in industrial chemical production 

and environmental emissions control. We put forth a synthesis approach that enables the 

maintained existence of atomically dispersed Pt catalysts, Ptiso that exist in a 
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homogeneous spread by depositing ~1 precious metal atom per support particle with an 

initial case study using anatase TiO2 as the metal oxide support.  

Due to the difficulty in producing catalysts exhibiting these properties, significant 

variations exist in the reported conclusions of literature regarding the reactivity of 

dispersed metal atoms on oxide supports. The second component of this thesis was 

dedicated to rigorously characterizing Ptiso species and drawing definitive conclusions on 

its catalytic activity. Site-specific infrared spectroscopy was used as a primary means to 

provide unique spectroscopic signatures and evidence of the site homogeneity coupled 

with aberration corrected transmission electron microscopy to provide direct evidence 

and corroborate the site assignments. Carefully run kinetic studies demonstrated Ptiso 

exhibited a 2-fold improvement in turnover frequency over ~1 nm metallic Pt clusters 

and yet share an identical reaction mechanism for the environmentally important CO 

Oxidation reaction. 

The final component of this thesis was dedicated to a detailed analysis of how the 

pretreatment and reaction environmental conditions influence the local coordination. 

Accompanying the infrared spectroscopy and electron microscopy, x-ray absorption 

spectroscopy provided additional details allowing the unique identification of three Ptiso 

coordination geometries. It was shown that the oxidation state and local coordination of 

Ptiso species on TiO2 can be controlled from a highly oxidized to an almost metallic state 

by systematically decreasing the local Pt-O coordination number through exposure of the 

catalyst to varying levels of oxidative or reductive treatments. It was then demonstrated 

that the local environment of the Ptiso species controls the strength of interaction with CO 
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and CO oxidation reactivity. These results demonstrate the importance of creating 

homogeneously dispersed isolated atoms on supports and considering the response of local 

coordination to environmental conditions when developing structure-function 

relationships.  
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Figure 4.6 Pt species size distribution from STEM analysis of catalysts shown in Figure 4.5. Figure 4.6 shows the 

statistical analysis (histogram) of the size distributions for Pt species identified as single Pt atoms (< 0.2 nm), Pt 

nanoclusters (0.2-2 nm), and Pt nanoparticles (>2 nm) measured via ~20-30 STEM images of the 0.05 wt% SEA, 0.15 

wt% SEA and 1 wt% DI catalysts. In the 0.05 wt% catalyst only isolated atoms were identified. At 0.15 wt% a mixture 

of isolated atoms and nanoclusters were present. Finally, for the 1 wt% catalysts only nanoclusters and nanoparticles 

were identified. Quantitative measurements of the size distributions for each species are:  (Left) The average Pt atom size 

of 0.05 wt% sample is d=0.176 ±0.039 nm, which cannot be directly related to the atomic radius of Pt but is large enough 

to distinguish from dimers and trimers. (Middle) The average Pt atom size in the 0.15 wt% sample was d=0.198 ±0.042 

nm and the average Pt cluster size was d=0.836 ±0.21 nm. (Right) The average Pt cluster size in the 1.0 wt% sample was 

d=1.097 ±0.23 nm and the average Pt nanoparticle size present was d=4.318±1.12 nm. ................................................ 94 

Figure 4.7 Differentiating CO adsorbed to Ptiso, Ptmetal and Ptox. (A) CO adsorbed at room temperature and saturation 

coverage to a 1 wt% Pt/TiO2 DI catalyst that had been pre-reduced (red), and pre-oxidized (black), sequentially. (B)  CO 

adsorbed at room temperature and saturation coverage to a 0.05 wt% Pt/TiO2 SEA catalyst that had been pre-reduced 

(red), and pre-oxidized (black), sequentially. The intensity of the spectrum collected from CO on the pre-oxidized catalyst 

was multiplied by 100 to allow comparison. ................................................................................................................... 96 

Figure 4.8 Peak deconvolution of IR spectrum of CO stretch when adsorbed to Ptox sites in the pre-oxidized 1 wt% 

DI. Figure 4.8 above is the output of the MATLAB code used for deconvolution of the IR spectrum to obtain the band 

center and FWHM for the CO stretch associated with CO adsorption on Ptox sites on the pre-oxidized 1 wt% DI catalyst 

shown in Figure 4.7A. The deconvolution used a least-squares error fit of 3 Gaussian peaks. The position of the band 

centers is listed in a table in the bottom half of the plot, which includes the residual error of the data. The oscillations 

visible in the residual error are expected. ........................................................................................................................ 98 

Figure 4.9 STEM imaging of 1 wt% DI catalyst following pre-oxidation and reduction. (A) Representative STEM 

image of the pre-reduced 1 wt% DI catalyst (1 hour in H2 at 240 °C). (B) Representative STEM image of the same 1 wt% 

DI catalyst shown in (A) following calcination in air at 300 °C for 2 hours. (C) Size distribution of Pt clusters and 

nanoparticles derived from 20-30 images of the samples shown in (A) and (B) demonstrating that the oxidative and 

reductive pretreatments had no influence on Pt structure for the 1 wt% DI catalyst and thus change in the IR spectra of 

adsorbed CO were due to oxidation or reduction of the Pt clusters. ................................................................................ 99 
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Figure 4.10 CO TPD DRIFTS Spectra of Ptiso, Ptmetal and Ptox. (A) CO TPD spectra taken of a pre-reduced 0.025% 

Ptiso/TiO2 catalyst after CO saturation at -140 °C and Ar flush. (B). IR spectra following CO adsorption to saturation 

coverage on a reduced (1 hour in H2 at 240 °C) 1 wt% DI catalyst during TPD in He (β= 10 °C/min) shows desorption 

from Ptmetal sites beginning at 50 °C and nearly completed by 300 °C. The characteristic red-shift in CO stretching 

frequency with decreasing coverage was also observed. (C). IR spectra following CO adsorption to saturation coverage 

on an oxidized (2 hours in air at 300 °C) on the identical 1 wt% DI catalyst shown in (A) during TPD in He (β= 10 

°C/min), showing that CO desorbed from Ptox sites at higher temperature than from Ptmetal sites, with significant 

desorption only above 200 °C and incomplete desorption even by 350 °C. .................................................................. 100 

Figure 4.11 Peak deconvolution and fitting of Ptmetal (A) and Ptox (B) by Gaussian functions. ............................. 102 

Figure 4.12 Numerical derivatives of the change in area of the fitted peaks. Numerical Derivative of the Area Change 

of (A) a prereduced 1% Pt/TiO2 catalyst grouped by CO-Pt frequency and (B) a preoxidized 1% Pt/TiO2 catalyst grouped 

by Pt charge. ................................................................................................................................................................. 104 

Figure 4.13 Relating adsorption energies to CO vibrational frequencies associated with adsorption to Pt ......... 107 

Figure 4.14 Site-specific signatures of CO adsorbed to Ptiso, Ptmetal and Ptox. (A). IR spectra of CO adsorbed to a 

reduced 1 wt% DI catalyst during a He and O2 flush at room temperature and a TPO ramp. (B). CO adsorbed to an 

oxidized 1 wt% DI catalyst during the identical protocol as (A). .................................................................................. 108 

Figure 4.15 CO oxidation kinetics. (A). Arrhenius plots showing temperature dependence of the per-gram Pt rate (mol·s-

1·gPt
-1) for CO oxidation on each catalyst from 160-200 °C in a 200 sccm flow of 1% CO, 1% O2, balance He. (B) 

Linearized per-gram rates (mol·s-1·gPt
-1) as a function of CO and O2 pressure. The reported data is an average of three 

unique sets of measurements on freshly loaded catalysts into the reactor, ensuring reproducibility. ............................ 112 

Figure 4.16 CO oxidation TOF and per-gram Pt rate comparison. (A) The TOF data presented is a direct mathematical 

transformation of the data in Figure 4.16(B). For the 0.025 wt% SEA catalyst (all Ptiso) the Pt dispersion was assumed to 

be 100%. For the 1 wt% DI catalyst, repetitive, averaged CO chemisorption measurements made prior to co-impregnation 

were used to obtain dispersions (~30%). (B) The per-gram rate data corresponding to Figure 4.15A expressed in a non-

linearized plot as a function of temperature. Error bars were derived from 3 repeated measurements on different catalysts 

from the same synthesized batch are included for all data points though it may not always be visible due to the size of 

the data points. .............................................................................................................................................................. 113 

Figure 4.17 Catalyst stability under reaction conditions and in-situ analysis. IR spectrum of CO adsorbed at room 

temperature and saturation coverage to the 0.025 wt% Pt/TiO2 SEA catalyst during a He flush prior to reaction, (A), and 

after 64 hours on stream, (B). (C) In-situ IR spectrum collected at 200 °C after 2hr of CO Oxidation (1% CO, 1% O2, 

balance He) from the 0.025 wt% Pt/TiO2 SEA catalyst. IR spectrum of CO adsorbed at room temperature and saturation 

coverage to the 1 wt% DI catalyst during a He flush prior to reaction, (D), and after 64 hours on stream, (E). The band 

centered at 2080 cm-1 is assigned to CO on well-coordinated Ptmetal sites, CO-Ptmetal,WC, while the band centered at 2060 

cm-1 is assigned to CO on under-coordinated Ptmetal sites, CO-Ptmetal,UC. (F) In-situ IR spectrum collected at 200 °C after 

2hr of CO Oxidation (1% CO, 1% O2, balance He) from the 1 wt% Pt/TiO2 SEA catalyst. ......................................... 114 

Figure 4.18 CO IR spectra collected from 0.025 wt% SEA catalyst that had been sitting on the shelf for 1 month 

after synthesis during He flush at room temperature. Following an identical in-situ reduction, CO adsorption to 

saturation, and He flush as used in the analysis of Figure 4.15(A) and (B), the spectra above were obtained using a 0.025 

wt% SEA catalyst that had been sitting on the shelf for 1 month. This was the same catalyst that was mixed with SiO2 

gel for co-impregnation for the kinetic studies. The 1-month aged catalyst shows no spectroscopic differences compared 

to the freshly prepared sample shown in Figure 4.7 and Figure 4.15, exhibiting the identified signatures of CO bound to 

Ptiso including: low stability in flushing He, unchanging band position (2112 cm-1) with coverage, and narrow FWHM.

 ...................................................................................................................................................................................... 116 

Figure 4.19 HAADF-STEM images of 0.05% Pt-TiO2 sample. (a) Typical STEM image showing one Pt atom per 

TiO2 nanoparticle. Yellow dashed circles indicate the single Pt atoms. (b) One exception showing three Pt single atoms 

on one TiO2, but still at a very low density of Pt atoms per TiO2. ................................................................................ 118 

Figure 4.20 Proposed scheme of the active site of Ptiso and Ptmetal clusters. The scheme above highlights the proposed 

active sites (green) for Ptiso and Ptmetal species in CO oxidation. All Ptiso sites are active, while on 1 nm Ptmetal clusters, 
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only 33% of total atoms (or about 60% of exposed surface atoms) are active interfacial sites. The blue Pt atoms are non-

active sites, which are saturated with CO in reaction conditions but are proposed not to participate in the reaction. ... 131 

Figure 5.1 Identification of the unique CO stretches associated with Ptiso following three pretreatments. IR spectra 

of 0.025% Ptiso/TiO2 following pretreatment via in-situ oxidation (300 °C in O2), mild reduction (250 °C in H2) and harsh 

reduction (450 °C in H2) normalized to the max intensity of the CO stretch for each Ptiso site. .................................... 145 

Figure 5.2 Normalized intensity of IR spectra of the unique CO stretches associated with Ptiso during TPD-IR 146 

Figure 5.3 Regeneration of cationic Ptiso. IR spectra collected following a 450 °C ex-situ reduction, 450 °C calcination 

for 4 h in air, and 1 h in-situ oxidation at 300 °C in 10% O2/Ar. .................................................................................. 148 

Figure 5.4 Temperature dependent IR spectra following CO adsorption on Ptiso pretreated at 300 °C in 10% O2/Ar
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Figure 5.5 CO-Pt4+ Stability and Regeneration in the CO2 stretching frequency (A) and the CO stretching 

frequency (B) following sequential CO probe experiments. Spectra were collected at -100 °C for comparison where 

CO2 production was found to be maximized. ................................................................................................................ 151 

Figure 5.6 Normalized EXAFS Spectra Collected at 200 °C following pretreatments and CO oxidation ........... 153 

Figure 5.7 CO oxidation Kinetics of Ptiso Following Different Pretreatments. (A). Arrhenius plots showing 

temperature dependence of the per-gram Pt rate (mol·s-1·gPt
-1) for CO oxidation on each catalyst from 140-200 °C in a 

200 sccm flow of 1% CO, 1% O2, balance He. The reported data is an average of two unique sets of measurements on 

freshly loaded catalysts into the reactor, ensuring reproducibility. ............................................................................... 154 

Figure 5.8 STEM Image (Left) and modelled crystal structure (Right) of Ptiso on anatase TiO2 viewed from the 
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Figure 5.9 STEM Image (A) of Ptiso on anatase TiO2 viewed from the [021] zone axis and corresponding crystal 

structures modelled in the presence (B) and absence (C) of O atoms. .................................................................... 157 

Figure 5.10 Microkinetic model fitting of the rate data. Rates plotted as a function of oxygen pressure over two orders 
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Figure 5.11 Cartoon image rendering of the proposed catalytic cycle for CO oxidation on Ptiso/TiO2. ................ 161 

Figure 5.12 Proposed scheme of Ptiso control through pretreatment. The scheme above shows Ptiso in various 

coordinations following pretreatments listed above. The likely oxidation state is also listed above. The blue, red, and 

white spheres are Pt, O, and Ti atoms respectively. ...................................................................................................... 168 

Figure 6.1 pH shifts for Ceo2 with PZC =3.4. Under mildly acidic conditions, the pH is stays relatively stable at its 

PZC. Under mildly basic conditions, the pH is buffered to a lower final pH. The plateau of the final pH is the PZC. . 177 

Figure 6.2 Theoretical uptake curves for Pt on CeO2 (PZC =3.4).Due to the relatively low PZC value for CeO2, the 

RPA model predicts low uptake for anionic precursors like hexachloroplatinate (black) and makes the use of a cationic 

Pt precursor, like PTA much more favorable as it exhibits high uptake over a wide range of neutral to basic pH values.
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Figure 6.3 Pt uptake curves for PTA on supports with differing PZCs. Uptake curves were created using the RPA 

model executed in MATLAB. Low PZC values give a broader range of pH for Pt cation uptake while high PZC values 

limit the optimum range for Pt uptake to more basic conditions. .................................................................................. 179 

Figure 6.4 pH optimization for producing Ptiso. IR spectra of CO adsorbed near saturation coverage at -90 °C to 0.2 

wt% Pt/TiO2 SEA catalysts prepared a 2900 m2/L surface loading, precursor solution addition rate of 2 mL/hr, and 
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to the intensity of the band at 2137 cm-1, assigned to CO adsorbed to Ptiso, to enable direct comparison of the influence 
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1.1 Summary 

This chapters provides background on the necessity of heterogeneous catalysts for 

humanity and one of its primary on-going challenges, meeting demand for scarce and 

precious metals. A discussion of a relatively new approach to overcome the scarcity 

challenge is then laid out. It is argued that a new prominent class of catalyst materials, 

atomically dispersed or single atom catalysts (SACs) represent a potential solution to 

the scarcity problem as these materials have the most efficient metal utilization. A 

detailed overview of the approaches to characterization, analysis of reactivity and 

mechanisms, and understanding of the role of the local environment reveals a number 

of metal-specific challenges and considerations that should be carefully addressed. 

The overview is described primarily through examples which utilize IR spectroscopy 

because it is well suited to the study of SACs as it provides site-specific 

characterization and in-situ analysis. In reviewing the many reports discussing SACs, 

the ability of these catalysts to offer a more metal efficient heterogeneous catalyst 

ultimately relies on the ability to synthesize homogeneous materials that do not sinter 

under conditions relevant for catalysis. The inability to produce such a system thus far 

provides an opportunity for study and serves as the basic motivation for this thesis. 

The chapter concludes with an outline of the six chapters in this thesis which 

describes an approach demonstrated to overcome each of these challenges in a 

systematic fashion for a specific isolated metal- metal oxide support case study that 

should generally be useful as a framework for synthesis and characterization of other 

supported single atom metal catalysts.  
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1.2 Importance and Scarcity of Platinum Group Metals  

As the primary means of production for transportation fuels, plastics, and 

precursors for a host of commodity products, heterogeneous catalysis is certainly 

responsible for the quality of life enjoyed across the globe and its importance is backed 

by accounting for a substantial portion of global GDP2. The apparently insatiable demand 

by civilization for energy and commodities in a growing global population places 

massive stress on earth and its resources, particularly those which are non-renewable and 

scarce. As the primary supplier of energy and commodities from these resources, 

industrial heterogeneous catalysis is responsible for maximizing the efficiency with 

which chemical conversion and production takes place through the design of better and 

more efficient catalyst designs. Further, without conscientious design, the production and 

conversion of fuels and chemical feedstocks in these chemical processes would output 

many harmful environmental pollutants. The development of cleaner industrial processes, 

highly selective chemical conversion, and scrubbers and cleaners (including the catalytic 

convertor) have collectively contributed significantly to reducing the environmental 

impact of processes that enable present day life.  

However, much like the non-renewable fuel sources that these processes use as 

feedstocks, many of these catalytic processes utilize non-renewable metal sources mined 

from the earth for their unique chemical properties. The rarest set of precious metals, 

collectively referred to as platinum-group metals (PGMs) are among the best catalysts for 

both catalytic reforming of fuels and much of the automotive emission control in cars 

today. Catalytic reforming of naphthas into reformates is an industrially catalyzed process 
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used to produce a majority of world-wide gasoline use and has been called the 

Platforming process as an allusion to the use of Pt, the active metal that catalyzes the 

conversion and the metal studied throughout this thesis.1 The most important application 

of Pt however, is in automobiles as a catalytic converter which allows the complete 

combustion of unburned hydrocarbons into CO2 and water vapor and dates back to its 

invention by Eugene Houdry in the early 1950s.2 One a modern successor to the earliest 

catalytic converter, the three-way catalytic converter (TWC), also extensively uses Rh, 

one of the rarest precious metals on earth, to reduce nitrogen oxides to nitrogen and 

oxygen preventing the production of harmful air pollutants known to cause acid rain and 

smog.3 These pollutants are known causes of adverse human health effects (contributing 

to heart and lung problems such as asthma) and impact local ecologies, animals, and 

cause ocean acidification.4,5 Hydrodesulfurization (HDS) is a front-end emission-

prevention catalytic process widely used to remove sulfur from natural gas and during 

catalytic reforming6 which enables the produce fuels low in sulfur that when burned 

would otherwise produce sulfur dioxide, another major air pollutant.5 These are just a few 

of the major applications of PGMs that motivate the improved efficiency and metal 

utilization of the precious metals but the relatively unique chemical properties make this 

class of rare metals useful for a variety of selective chemistries presently used in 

homogeneous and electrocatalysis.7–9 

1.3 Optimizing metal utilization through synthesis 

Due to a naturally low abundance of PGMs in the earth’s crust,10,11 significant efforts 

have been devoted to developing approaches that maximize metal utilization efficiency 
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thereby reducing costs and promoting sustainability.12 The long-standing approach to 

maximize metal utilization efficiency has been increasing the metal surface area to volume 

ratio by decreasing the size of nanometer scale particles, leaving a greater fraction of the 

total metal atoms in the catalyst available to drive chemistry.13 Taken to the ultimate limit, 

this corresponds to production of single metal atoms deposited on supports, a class of 

materials called single atom, atomically dispersed, or isolated site catalysts, which exhibit 

perfect metal utilization, where all atoms are exposed to reactants and available for driving 

catalytic reactions.14–23 Throughout this chapter these materials will be generally denoted 

as PGMiso catalysts or adsorption sites. 

One might naively expect these isolated catalysts to behave chemically and 

catalytically identically to their nanoparticle counterparts but with better metal utilization. 

This necessarily cannot be the case however for a number of reasons including the 

differences in number of adsorption sites on the metal surface (one versus many), surface 

free energy, and fundamental electronics, such as charge transfer between the metal 

atom(s) and the support for single metal atoms and metal clusters. The inherent instability 

of single atoms makes sintering a primary challenge to overcome in addition to the 

possibility that these atoms sit in a variety of local bonding environments which might be 

expected to have different catalytic behavior. While many reports have demonstrated the 

utility of these catalysts, the limited “space” for reactant adsorption at such sites suggests 

that the range of potential applications may ultimately be dictated by an ability to introduce 

additional functionality around PGMiso species to achieve similar or better activity than 

traditional catalyst preparations. Thus the critical concern in the development of isolated 
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site PGM catalysts is whether these materials will maintain, or enhance, the inherent 

reactivity of small nanoparticles to enable improvements in specific activity and reduced 

catalyst costs.24,25 The development of an approach to synthesize these catalysts in a 

manner that enables unambiguous characterization and directly ties reactivity to the PGMiso 

sites remains a primary challenge that has not been fully addressed as will be exemplified 

generally and specifically throughout the following sections.  

1.4 Challenges to Identifying PGMiso Species 

In addition to the design considerations for production of atomically precise supported 

catalysts, it is critical to develop site-specific characterization approaches that identify the 

existence of PGMiso species on supports, provide insight into their local bonding 

environment, and assess their reactivity. Aberration-corrected scanning transmission 

electron microscopy (STEM) is an essential tool to provide proof of the existence of 

PGMiso on supports, as shown in Figure 1.1 for an atomically dispersed Pt catalyst on ceria. 

While STEM can sometimes provide details regarding the local environment of single 

metal atoms, often this is not possible unless the support is very well defined.26 In addition, 

a significant number of images are needed per sample to develop quantitative data 

regarding the concentration or fraction of PGMiso species in a sample and can never 

exhaustively prove that only single atoms are present. Thus, coupling STEM with other 

characterization approaches is useful for analyzing the uniformity of single atom existence 

throughout large samples and providing insights into the PGMiso environment. X-ray 

absorption fine structure (EXAFS) spectroscopy and X-ray absorption near edge structure 

(XANES) spectroscopy have often been coupled with STEM to characterize supported 
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PGMiso species and are particularly useful when studying homogeneous single site 

species.26 However, XANES and EXAFS analysis of supported PGMiso species can be 

difficult to interpret when there is coexistence of multiple single site species (i.e. species 

located on different sites on the support) or the co-existence of small clusters which 

obfuscate structure characteristics due to sample averaging. X-ray photoelectron 

spectroscopy (XPS) is similarly useful to identify the oxidation state of PGMiso species but 

similarly has issues from sample averaging of non-homogeneous syntheses. 

Fourier transform infrared spectroscopy (FTIR) is a powerful, site-specific, 

characterization technique that can be used to identify and sometimes quantify the 

concentration of PGMiso sites in a catalyst sample to provide insights into local geometry, 

stability, reactivity, and homogeneity of supported PGMiso adsorption sites. Probe molecule 

FTIR is particularly well suited for characterizing supported PGMiso species because bonds 

formed between probe molecules and PGMiso species are sensitive to local geometric and 

electronic environments, which induces changes in band width,14 frequency27 and other 

characteristics of the adsorbed molecule’s IR spectrum.28,29 Furthermore, temperature 

programed FTIR experiments following coverage as a function of temperature can provide 

site specific adsorption energies and provide another way to distinguish bands with similar 

stretching frequencies.28,30,31 As compared to STEM, XAS, or XPS, probe molecule FTIR 

is economical in that it can detect low concentrations of PGMiso, is inexpensive, and only 

requires short times. For this reason it was the primary tool used throughout this thesis and 

the examples detailing challenges to characterization and studying reactivity of PGMiso 

species that follow are often centered on using IR spectroscopy. 
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The choice of probe molecule in FTIR characterization of catalysts is important to 

ensure that the frequency or band appearances of the adsorbed molecule will respond to 

various characteristics of the adsorption site, allowing for site-specific analysis. For the 

characterization of supported PGMiso species, CO provides several beneficial attributes, 

such as: (i) each adsorption site is comparable to the size of one CO; (ii) CO generally 

binds strongly enough to supported PGM structures to enable characterization by room 

temperature IR; (iii) the polarization of CO is responsive to changes in metal charge, 

dipole-dipole coupling with nearby CO, and the coordination number of the PGM site.32,33 

Other probe molecules such as NO may also be useful, although NO tends to dimerize, 

complicating site-specific analysis, and NO is more likely to dissociate on metal surfaces 

compared to CO.34 While CO is an ideal probe molecule in many regards, it is important 

to note that CO can: induce reconstruction of supported PGM species,35–38 may have non-

specific stretching frequencies to PGMiso adsorption sites which must be differentiated, and 

may bind to weakly to certain PGMiso adsorption sites at room temperature requiring sub-

ambient temperature analysis.  
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To demonstrate the specific challenges and considerations when using CO probe 

molecule FTIR to identify PGMiso catalysts, isolated Pt, Ptiso, will be discussed as an 

example. The first challenge was to differentiate the existence of Ptiso, from other Pt 

structures, such as metallic Pt nanoparticles, Ptmetal, on a support by comparing the expected 

stretching frequency of CO when adsorbed to each site. CO adsorbed to Ptmetal sites has 

been extensively studied, where it is known that the stretching frequency for linearly 

Figure.1.1 STEM micrograph of Ptiso on CeO2.  STEM micrographs are a powerful 

characterization tool to demonstrate the presence of single atom catalysts and stability after 

reactions or pretreatments. The yellow triangles point to Pt atoms on the CeO2 support. 

2 nm
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adsorbed CO is between 2030-2100 cm-1, with variations derived from the coordination 

number of the Pt adsorption site and charge transfer between Ptmetal and the support. In 

addition to the linear adsorption geometry of CO on metal surfaces, CO can also bind in a 

bridge configuration between two metal atoms. The stretching frequency of CO when 

bound to bridge sites is typically redshifted to a lower frequency (~1950-1750 cm-1) 

compared to the stretching frequency of linearly bound CO. Due to the bridging adsorption 

geometry requiring two metal atoms, the presence of this vibrational mode is suggestive of 

metal nanoparticles existing. The absence of CO bound in the bridge geometry, while 

insufficient evidence alone, is a practical starting point to identify the presence of single 

atom adsorption sites, particularly for Pd atoms as CO binds preferentially to Pd 

nanoparticle surfaces in a bridge configuration.39 By contrast, due to coordination with O 

atoms on the surface of metal oxide supports, or in the lattice of zeolites, Ptiso species are 

expected to exist in a cationic charge state, which is manifested spectroscopically in a 

blueshifted (higher wavenumber) band position of CO adsorbed to Ptiso compared to Ptmetal 

sites, with reported stretching frequencies ranging from 2080-2170 cm-1.32,40,41 In general 

it has been reported that the stretching frequency for CO on Ptiso is shifted to 40-50 cm-1 

higher frequencies compared to CO on Ptmetal clusters on the same support. While this 

makes differentiating Ptiso and Ptmetal quite straightforward (compare the stretching 

frequencies) differentiating oxidized Pt clusters, Ptox, which are also cationic and exhibit 

blueshifted band positions of CO compared to Ptmetal, is less trivial and should be carefully 

examined.  



11 

 

Differentiation of Ptiso and Ptox requires analysis of the IR spectra of adsorbed CO 

following different catalyst pre-treatments, as the band position for CO on these cationic 

sites has been reported to be similar (2100-2130 cm-1). Analyzing the stability of cationic 

Pt sites through increasing reduction temperature is a critical method for separating Ptiso 

and Ptox particles active sites, as they otherwise exhibit similar stretching frequencies of 

adsorbed CO. However, across many synthesis approaches to deposit Ptiso species on oxide 

supports it has been consistently reported that agglomeration into small Pt clusters occurs 

during high temperature oxidation (calcination),42 reduction,43 or exposure to reaction 

conditions as depicted in Figure 1.2.17 The lack of Ptiso stability in response to standard 

treatments used in the activation of Pt catalysts makes the rigorous identification of Ptiso 

difficult. As a result, corollary characterization of the catalyst as a function of reduction 

temperature by STEM imaging is useful if not necessary to ensure the pre-treatment used 

to differentiate Ptiso and Ptox species does not cause structural changes to the catalyst.  

While differentiation of Ptiso from Ptmetal and Ptox sites using CO probe molecule IR 

requires consideration of band positions, coverage dependent frequency shifts, and 

pretreatment dependent signatures, other PGMiso sites are easier to identify due to distinct 

probe molecule adsorption characteristics. In the case of Rh, Os, and Ir it is energetically 

favorable to form metal gem-dicarbonyl, M(CO)2, structures when site isolated species are 

exposed to sufficient CO pressure.14,22,28,29,44  
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The M(CO)2 structures exhibit two characteristic CO stretches associated with the 

symmetric and asymmetric stretch of the 2 CO molecules. Bands associated with the 

symmetric and asymmetric stretches of the M(CO)2 structures typically occur at 

frequencies that are distinct from either linear or bridge bound CO to nanoparticles or 

clusters of the same metal, in either the oxidized or metallic state. These structures and 

their associated spectra when exposed to CO have been studied in great detail and the 

assignments relating structures to spectra have been rigorously substantiated making 

Figure 1.2 Cartoon depiction of single atoms sintering. Sintering of single atom catalysts 

causing the loss of desired structure is a major challenge and is commonly observed when 

catalysts are reduced, which can be a critical means to differentiate Ptiso from Ptox. 
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identification of PGMiso species significantly easier for metals with multi-carbonyl (some 

metals like Ir can adsorb 3 CO molecules) adsorption geometries.28,29,44  

1.5 Evaluating PGMiso Reactivity 

Once PGMiso catalysts have been unambiguously identified, the reactivity of the 

catalysts and comparisons to current catalyst designs can next be considered. 

Demonstrating that the reactivity is due solely to the PGMiso sites in the presence of other 

PGM species is a challenge that reiterates the need to develop synthesis approaches which 

enable the production of exclusively PGMiso sites. A lack of stability under reaction 

conditions further makes it difficult to separate the reactivity of Ptiso species from Ptmetal 

clusters. One approach to overcome this challenge is to selectively leach away all but the 

PGMiso sites such that any activity must be due to the isolated sites.45 This approach is 

undoubtedly useful as an early means to characterize and demonstrate the efficacy of 

PGMiso catalysts but fails to address the long term goal to decrease the total metal usage. 

Another approach that may work if the PGMiso sites direct a selective chemical pathway is 

to synthetically vary the ratio of the PGMiso to PGMmetal (nanoparticles) by controlling 

metal loading to evaluate the trends in the activity of a series of catalysts. IR spectroscopy 

can be beneficial in both of these cases to identify what form the active metal species are 

present as due to its site-specificity and can even be used to quantitatively compare site 

fractions if extinction coefficients are known.18 Controlling the production of PGMiso sites 

by adjusting metal loading only is not universally applicable and reiterates the need to 

develop a synthetic approach that can span many PGM-oxide support systems.  
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Another approach to evaluating reactivity and gaining mechanistic insight about 

reaction intermediates is to utilize in-situ IR spectroscopy to measure changes in the gem-

dicarbonyl peak positions of metals that adsorb two carbonyls. For example, recently the 

interaction of CO with Rhiso species on phosphotungstic acid (NPTA) was analyzed by 

following shifts in the band positions of Rh(CO)2 species and relating this to changing 

charge states of the complex.20 When exposed to CO the catalyst consisting of solely Rhiso 

species on NPTA clusters exhibited 2 sets of dicarbonyl bands at 2108 & 2048 cm-1 and 

2093 & 2034 cm-1, which were assigned to Rh(CO)2
3+ and Rh(CO)2

1+, respectively. By 

following the loss of bands associated with Rh(CO)2
3+ species as a function of temperature 

and reactant partial pressure it was demonstrated that reduction of Rh(CO)2
3+ to Rh(CO)2

1+ 

could occur by CO abstraction of oxygen bound to Rh(CO)2
3+, which is a step involved in 

the CO oxidation catalytic cycle.  

A final, though indirect means to predict the reactivity of PGMiso catalysts is to compare 

adsorption strength of probe molecules on different sites for reactions of interest and 

explore possible reaction mechanisms by identifying the active site and quantifying 

changes in the spectra over the course of a reaction by in-situ characterization with IR 

spectroscopy. For example, there is strong evidence from surface science studies that CO 

adsorbs more strongly to Ptox sites compared to Ptmetal sites.15,16 In characterizing the 

catalytic reactivity of Ptiso sites (and PGMiso sites in general) a first step is comparing the 

adsorption energy of reactive species to Ptiso versus Ptmetal and Ptox sites. However, 

significant variations exist in the reported strength of interaction between CO and oxide 

supported Ptiso, and the reactivity of these species in CO oxidation. For example, there are 
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theoretical and experimental reports that CO binds weaker13,16,46–49 and stronger50,51 to 

Ptiso species compared to metallic Pt cluster (Ptmetal) surfaces, with binding energies on 

Ptiso ranging from 20 to >200 kJ/mol depending on support and analysis approach. This 

suggests that the challenges of synthesis and characterization of a stable PGMiso site 

remains an underlying issue in the study of these catalysts and is further evidenced by the 

variations in reports regarding the comparative reactivity of Ptiso and Ptmetal clusters for 

CO oxidation, where Ptiso species have been identified as both a more and less reactive 

active site.16,42,50–52 For rigorous analyses of the reactivity of supported Ptiso species it is 

critical to develop strategies to maintain their structure under standard pretreatments and 

reaction conditions used for supported Pt catalysts. 

1.6 Characterizing Local Environment of PGMiso Species 

Thus far it has been discussed how CO probe molecule IR can be used to identify the 

existence of PGMiso sites, assign their reactivity in catalytic processes, and help elucidate 

insights into catalytic mechanisms. Another interesting area in utilizing probe molecule IR 

for characterizing PGMiso is in exploiting spectral characteristics to infer details associated 

with the local geometry of these species. For example, it is interesting to consider if PGMiso 

species reside in a single adsorption site on a support, or if there are multiple sites that 

exhibit degenerate adsorption energies for the single metal atom, i.e. the various PGMiso 

species on a sample are not homogeneous in their local environments.  

It was recently proposed that the full width at half max (FWHM) of modes assigned to CO 

on PGMiso sites could be used as a qualitative indicator of the homogeneity of PGMiso
-CO 

complex adsorption sites on a support.14 For Ir(CO)2 complexes synthesized on zeolite 
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supports under optimized conditions the FWHM of the bands associated with the 

symmetric and asymmetric stretch are ~5 cm-1, which approaches the value for Ir(CO)2 

complexes in solution, ~4 cm-1, suggesting that Ir(CO)2 species were adsorbed at a single 

site, or very few but similar sites, on the zeolite.14 In the Ir case, by varying synthetic 

conditions or zeolite characteristics the FWHM of the CO stretches increased, suggesting 

careful synthetic procedures are required for producing homogeneous PGMiso species. In 

contrast to zeolite supported Ir(CO)2 species, when using MgO or Al2O3 as a support, the 

FWHM of the CO stretches increases significantly, suggesting a plethora of Ir(CO)2 

adsorption sites on the support. This can be explained by the many adsorption sites for 

PGMiso species that exist on metal oxides, which exhibit similar binding energies.53 This is 

an important concept because when the catalytic reactivity of PGMiso species is examined 

at a mechanistic level it is critical to consider the local environment. When the local 

environment surrounding PGMiso species exist in many forms it is more difficult to 

understand PGMiso reactivity as compared to well-defined systems, such as on zeolite 

supports. Interestingly, it can also be seen here that for acidic supports (zeolites) the CO 

stretching frequency of Ir(CO)2 is blueshifted (higher frequency) compared to the 

frequency in solution, while on basic supports the CO stretching frequency redshifts (lower 

frequency), demonstrating that the support directly acts as a ligand for PGMiso species.20  

It has previously been proposed that the spectral signature of the gem-dicarbonyl 

species can indicate the local bonding geometry of Rhiso on a specific support.28,29  Based 

on the ratio of the asymmetric and symmetric peak intensities, the bond angle between the 

two Rh-CO bonds, θ, can be estimated using the following equation 
𝐼𝑎𝑠𝑦𝑚

𝐼𝑠𝑦𝑚
= tan2 𝜃, where 
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Iasym, and Isym are the symmetric and asymmetric peak intensities, respectively. The 

calculated bond angle is dependent on both the precious metal and the support. While angle 

is not necessarily an indicator of adsorption strength, certain sites may maintain stronger 

bonds when undergoing temperature programmed desorption and thus the overall average 

angle may change as a function of temperature. However, it is critical to consider that 

unless the sample contains only a single M(CO)2 adsorption site on the support, the 

resulting IR spectrum is a composite of the many M(CO)2 species that exist, complicating 

the analysis.  

There are significant challenges with using probe molecule FTIR to characterize the 

local environment of PGMiso species. The first challenge, as mentioned above, is the 

homogeneity, or lack thereof, of the PGMiso local environments on the support. The most 

useful insights into local environment from IR spectroscopy will be obtained for samples 

where the PGMiso species exist in a single location. Although, using the FWHM of probe 

molecule bands to identify samples with “heterogeneous” local environments may help to 

identify the particular locations on the support with desired reactivity. Furthermore, 

calcination, reduction, and exposure of probe molecules to catalysts may induce 

reconstruction, causing additional challenges for characterization.35–38 Monitoring these 

effects during or after various treatments via corollary in-situ or ex-situ STEM and XAS 

characterization is critical for developing definitive probe molecule IR assignments to 

different adsorption sites. Given the well-known ability of CO to induce mobility of PGMiso 

species of the support, causing particle formation or fragmentation depending on the metal 
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and conditions, IR analysis at sub-ambient temperature is expected to be useful for 

identifying the as-synthetized structure of PGMiso based catalysts.  

1.7 Role of the Support in PGMiso Catalysts  

As research expands into PGMiso species of various metals on various supports, it has 

become apparent that the support influences the reactivity of these catalysts as significantly 

as the metal. This is because in these catalysts, the metal atom and local environment of 

the support make up the active catalytic site and commonly the support plays an active role 

either by supplying OH or labile O species to the catalytic cycle.22,54 The support is a ligand 

that sterically and electronically modifies the PGMiso species, but also can be actively 

involved in catalysis. Given the sensitivity of CO probe molecule IR to the local 

environment of PGMiso species, it is expected that this technique will play a critical role in 

developing insights into broad trends that exist and define how the support activates or 

inactivates PGMiso species for catalysis.  Initial work has suggested that the support can 

significantly influence the adsorption strength of CO on Ptiso (and Pdiso) species, where on 

FeOx and Al2O3 CO adsorbs weakly to the Ptiso and Pdiso sites, while on H-ZSM5 CO 

adsorbs quite strongly to Ptiso.
15–17 This suggests the support plays a very important role, 

acting as a ligand to modify the reactivity of PGMiso species and these modifications should 

be observable by changes in the band position of the CO stretching frequency.22 

By tailoring the microenvironment of the support-PGMiso complex, and exploring 

this local environment with IR approaches, it is expected that predictive insights into site 

specific reactivity will be developed that enable enhanced catalytic activity, and thus better 

metal utilization efficiency, and unique reactivity that could bridge the gap between the 
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specificity of heterogeneous and homogeneous catalysts. In addition to identifying the 

existence and characterizing the local environmental of single precious metal atoms on 

oxide supports, there is significant potential for the same approach to be useful in the 

characterization of single atom alloy catalysts.55,56 However, the local coordination of the 

single atom dopants in metal surfaces is likely to significantly modify the behavior of the 

single atom compared to when it is supported on an oxide. 

1.8 Conclusions 

From the reported literature, it has become apparent that catalysts consisting of isolated 

or single atoms of PGMs on oxide support are introducing novel catalytic functionality and 

the possibility for enhanced metal utilization efficiency. The further development of these 

concepts requires the ability to characterize such dispersed metal species in terms of 

identifying their existence, analyzing their reactivity and providing insights into the local 

environment of these species. Ultimately, these next steps will be difficult if not impossible 

without the development of strategies to maintain the desired structure under standard 

pretreatments and highlights the primary obstacle for progress in this area. Probe molecule 

IR spectroscopy using CO is emerging as a very powerful approach to achieve these 

insights and push our understanding of PGMiso based catalysts forward. The hope is that 

the development of these materials will enhance the inherent reactivity of small 

nanoparticles to enable improvements in specific activity and reduced catalyst costs in 

order to curb demand for the variety of catalyst applications for platinum-group metals. 

Thus far the inability to produce a synthesis of homogeneous materials that do not sinter 
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under relevant conditions for catalysis provides an opportunity for study and serves as the 

basic motivation for this thesis. 

1.9 Dissertation Summary 

This dissertation was prepared by aggregating and organizing the experimental 

methods, synthesis, characterization techniques, and reactivity studies run to develop a 

robust approach to overcoming the many challenges associated with production of Ptiso 

catalysts. The secondary focus was an extension of the approach to develop a deeper 

understanding of the reactivity and mechanisms and how those change depending on the 

local structure and reaction environment. Finally, the approach to synthesis and 

characterization was validated by the production of Ptiso on another support to 

demonstrate the general applicability with an interest in studying the reactivity a 

continuing project.  

Chapter 2 details the catalyst characterization techniques, experimental design, and 

apparatus used in this dissertation. In the characterization section, emphasis is placed on 

primary principles which allow the acquisition of material characteristics and the 

experimental details used in each characterization. In the catalyst reactivity section, the 

design of the apparatus used as well as the fundamental principles of kinetics for 

measurement of catalytic reactivity of the materials and the specific experimental details 

used in this thesis are presented. 

Chapter 3 first presents a discussion of the common synthesis approaches used in 

industry to produce heterogeneous catalysts. The discussion then turns to address recent 

synthesis approaches to produce catalysts that achieve better metal utilization and 
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addresses the advantages and disadvantages of these approaches. The fundamental 

principles of the Strong Electrostatic Adsorption (SEA) approach to synthesis are then 

described as a primer to the synthesis approach used throughout this thesis. Finally 

application of the SEA principles and key modifications are detailed describing an 

approach to overcome the limitations of producing stable, atomically dispersed Pt atoms, 

by depositing ~1 precious metal atom per support particle. 

Chapter 4 builds on the synthesis architecture described in Chapter 3 with extensive 

supporting characterization and detailed analysis of chemical activity and catalytic 

reactivity. The synthesis approach is validated by characterization correlating Scanning 

Transmission Electron Microscopy imaging and CO probe molecule infrared 

spectroscopy for the case of Pt supported on anatase TiO2. In these structures isolated Pt 

atoms, Ptiso, remain stable through various conditions and spectroscopic evidence 

suggests Ptiso species exist in homogeneous local environments. Unique spectroscopic 

signatures of CO bound to Pt sites are identified and CO adsorption energies are 

compared to predict catalytic activity. An identical reaction mechanism between the 

active Pt species is proposed in the conclusion supported by the trends in reactivity that 

align well with previously reported literature.   

In Chapter 5, the change in local structure and stability of Ptiso on TiO2 is explored under 

a variety of environments in detail supported by theory, modelling, and analytical 

techniques. IR spectroscopy is used to identify multiple unique local coordinations of Pt 

in varying oxidation states controlled by the environmental pretreatment. Theory and 

electron microscopy corroborate the identified states and provide experimental evidence 
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of the local coordination respectively. CO TPD-IR analysis demonstrates differences in 

the relative adsorption energy of CO on each state. Kinetic studies and operando x-ray 

absorption spectroscopy identify the relative stability of the local coordinations and 

identify the CO oxidation activity of each of the stable states.  

In Chapter 6, the ideas and characterization approaches developed throughout this 

thesis are applied to Ptiso on CeO2 and potential continuations and follow-up studies to the 

work described in this dissertation are proposed. The chapter ends with a discussion of 

the main conclusions of the dissertation and their utility in the field.  
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Chapter 2. Materials and Experimental Methods 
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2.1 Summary 

This chapter details the catalyst characterization techniques, experimental design, and 

apparatus used in this dissertation. Details of the development of synthesis approaches for 

catalysts used in this dissertation are separately described in detail in Chapter 3 of this 

thesis. In the characterization section, emphasis is placed on primary principles which 

allow the acquisition of material characteristics and the experimental details used in each 

characterization. In the catalyst reactivity section, the design of the apparatus used as well 

as the fundamental principles of kinetics for measurement of catalytic reactivity of the 

materials and the specific experimental details used in this thesis are presented. 

2.2 Materials  

Throughout this thesis synthesis of atomically dispersed Pt, small metallic Pt clusters, and 

small oxidized Pt clusters, hereafter referred to as Ptiso, Ptmetal, Ptox catalysts respectively, 

used the following materials. High purity (99.995%) tetraammineplatinum(II) nitrate 

(TAPN) was purchased from Sigma-Aldrich (no. 482293) and used as the Pt precursor. 

Five nanometer diameter anatase TiO2 (99.5%) crystals with high surface area (290 m2 

/g) were purchased from US Research Nanomaterials (Stock no. US3838) and used as the 

support in the studies described in Chapters 3-5. Ten nanometer diameter cerium dioxide, 

CeO2, (99.99%) crystals (35-70 m2 /g) were purchased from US Research Nanomaterials 

(Stock no. US3037) and used as the support in the extension study described in Chapter 

6. Reagent grade NH4OH (28−30% concentration) used in catalyst synthesis was 

obtained from Acros Organics (no. 423300250). SiO2 gel (Davisil grade 62, pore size 150 

Å, 60−200 mesh, part no. 243981, Sigma-Aldrich) and acid purified SiO2 
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(SigmaAldrich, no. 84880) were used for catalyst coimpregnation and catalyst dilution, 

respectively for kinetic studies. For the IR and steady-state reactivity experiments, the 

following gases were used: 10% H2/Ar (±2%, Airgas), He (UHP, 99.999%, Airgas), 10% 

O2/He (±2%, Airgas), 100% O2 (99.999% Airgas), 100% CO (Research Plus, 99.997% 

Airgas) and 10% CO/ He (±2%, Airgas) in an Al tank to prevent metal carbonyls from 

entering reactant streams. Dilute gas mixtures began with at least UHP (99.999%) purity 

of both the primary gas and inert.  

2.3 Characterization Techniques 

2.3.1 Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS) 

2.3.1.1 Principles and Design 

 Throughout this thesis, infrared spectroscopy (IR), and in particular diffuse 

reflectance infrared Fourier transform spectroscopy (DRIFTS) was used as the primary 

tool to identify and differentiate Ptiso, Ptmetal, and Ptox catalysts. IR spectroscopy has been 

widely used in the field of heterogeneous catalysis as it can provide detailed information 

about the surface chemistry of materials including catalyst geometry, surface bound 

species, and clues about the charge or oxidation state of the catalyst with relatively high 

signal to noise ratio1. Additionally, because IR radiation is relatively low in energy 

catalysts can be probed for extended periods without damaging the sample or affecting 

operando or in-situ measurements2. As long as a molecule exhibits a dipole and has a 

vibrational frequency in the infrared region it can be used as a probe molecule adsorbate. 

Because this is true of many molecules, a variety of chemical probes may be used to 

identify relative or quantitative concentrations at a diversity of catalyst adsorption sites 
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with various charge states, local structures, and co-adsorbates all influencing the 

vibrational frequency.  

Infrared spectrometers utilize an optical device called a Michelson interferometer 

that measures the interference pattern between two beams of light split by a central 

beamsplitter and recombined by orthogonal mirrors, one of which is stationary and one of 

which is moving, see the dashed box in Figure 2.1(A) that makes up much of the modern 

FTIR. Each oscillation of the moving mirror constitutes a scan which is Fourier 

transformed to produce a spectrum. By passing the combined interfering waves across the 

sample before hitting a detector and taking the Fourier transform, the vibrational 

frequency of probe molecule adsorbates are incorporated into the spectrum providing 

characterization details2. 

DRIFTS is an FTIR based technique which is used primarily to recollect light that 

is diffusely scattered by a sample and collimate it back to a coherent signal typically 

using a parabolic mirror. This technique is preferred over other FTIR measurements such 

as transmission IR which can be difficult to prepare and requires IR transparent samples. 

In Figure 2.1(B) a schematic of the diffuse reflection spectroscopy (DRS) chamber called 

the Praying Mantis Diffuse Reflection Accessory depicts the IR radiation path which 

seats a high or low temperature reaction chamber allowing IR measurements during and 

after in-situ pretreatment and reaction conditions. 
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Characterization of adsorption sites which weakly bind CO has recently been 

enabled by the acquisition of a Praying Mantis Low Temperature Reaction Chamber 

which can be cooled by filling its core chamber below the catalyst bed with liquid 

nitrogen. The dome of the reaction chamber, used to seal the gases and catalyst from 

exposure to the environment, uses ZnSe windows which offer the advantage of not being 

water sensitive at the cost of attenuating the IR light to a greater degree than KBr 

windows.2  

2.3.1.2 CO Probe Molecule IR Spectroscopy 

Probe molecule infrared (IR) spectroscopy with CO is a widely used characterization 

technique that allows probing of the local structure, oxidation state, and coordination 

environment of supported precious metals.5 Figure 2.2 showcases the sensitivity of CO to 

its local environment by the variety of adsorption sites of CO observable on a typical Pt 

Figure 2.1 DRIFTS schematic. (A). Optical diagram of an FTIR with Michelson interferometer (B). DRS chamber 

details  
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catalyst. CO probe molecule IR is a sample-averaged technique that also is site-specific 

due to the varying vibrational frequency of CO when adsorbed to different types of 

supported metal sites, and it can be operated in a temperature-programmed manner to 

extract information about the chemical reactivity of distinct precious metal sites.3 

Distinguishing vibrational bands of CO when adsorbed to Ptiso and Ptox clusters requires 

consideration, as previous reports on these species identify their stretching frequencies 

both existing in the range of ∼2080−2130 cm−1.6–9 The similar vibrational frequency of 

CO when adsorbed to Ptiso and Ptox, which is blueshifted (higher frequency) from the 

stretching frequency of CO on Ptmetal (2030−2100 cm−1), arises from the similar cationic 

charge of Pt in both structures. Details of the extensive characterization experiments 

performed to differentiate Ptiso, Ptmetal, and Ptox catalysts and the importance of doing so 

can be found in Chapter 4 of this thesis.   

In these experiments, prior to collecting CO probe molecule IR spectra, catalysts were 

loaded into a Harrick High Temperature Reaction chamber (ZnSe windows) mounted 

inside a ThermoScientific Praying Mantis diffuse reflectance adapter set in a Nicolet iS10 

FTIR spectrometer with a mercury cadmium telluride (MCT) detector cooled by liquid 

nitrogen. Mass flow controllers (Teledyne Hastings) were used to control the gas flow 

rates across the reactor bed, and all gases were first passed across both an isopropyl 

alcohol-liquid nitrogen cold trap held at −80 °C and a glass trap filled with Drierite 

desiccant to remove trace moisture. The reaction chamber also has a known temperature 

gradient and because there is no thermocouple localized at the surface of the bed where 

the IR reaches probe molecules in contact with the catalyst, regular calibrations were 
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performed to ensure measurements and pretreatments were performed consistently at the 

desired temperatures.3,4 To examine the spectral features of CO on each structure, as well 

as the stability of CO and reactivity in an O2 flow, the following protocol was used. First, 

an in situ oxidation (300 °C for 30 min in a 10% O2/He mixture at 50 sccm) or reduction 

(250 °C for 1 h in pure H2, 50 sccm) pretreatment was performed to allow differentiation 

of Ptox clusters from Ptmetal clusters and Ptiso species. 

 

 

 

Next, catalysts were cooled to room temperature in He flowing at 100 sccm. Once 

at room temperature, CO was adsorbed until saturation coverage by flowing 10% CO/He 

at 50 sccm for 10 min, where it was observed that bands associated with CO adsorption 

on Pt no longer changed. The system was flushed for 2 min in He at 100 sccm to remove 
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Figure 2.2 IR spectrum of 0.5% Pt/TiO2 catalyst in the CO stretching region. The figure is divided into 

blue and red regions to reflect the cationic and metallic charge state of Pt which influence the vibrational 

frequency of adsorbed CO. The metallic Pt adsorption sites with high Pt-Pt coordination number interact 

with CO weaker than under-coordinated Pt adsorption sites and exhibit a dipole-dipole coupling effect 

which gives additional energy to the CO vibration. 
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any gas phase CO, which has vibrational bands that overlap with bands associated with 

CO adsorbed on cationic Pt species. Next, the stability of remaining chemisorbed CO was 

probed either in a temperature-programmed desorption (TPD) experiment or in a 

temperature-programmed oxidation (TPO) experiment. In the TPD experiment, the 

temperature was ramped from room temperature to 500 °C at a rate of ∼7 °C/min in 100 

sccm of He flow. Alternatively in the TPO experiment, oxygen was introduced (50 sccm 

of 10% O2/He) to the chemisorbed CO still held at room temperature, and a temperature 

ramp to 500 °C at a ramp rate of 10 °C/min followed. The TPO experiment was used 

only to qualitatively compare the transient reactivity of adsorbed CO in the presence of 

oxygen during a temperature ramp, however quantitative analysis of the adsorption 

energy of CO on the three Pt species was performed from the TPD experiments described 

in the following section, 2.3.1.3. Across all IR experiments and spectra collected, 

Absorbance or Kubelka−Munk (KM) units were used with 32 scans (offering 6x 

improvement in noise reduction over 1 scan)2 and 0.482 cm−1 data spacing being 

averaged into a spectrum, allowing half-minute increments between each measurement. 

2.3.1.3 CO TPD-DRIFTS and Redhead Analysis 

 Temperature programmed desorption (TPD) experiments are an experimental 

technique developed to probe the stability of adsorbates on metal surfaces. First an 

adsorbate is saturated at the surface and held at a temperature where it is stable. An inert 

gas is then passed across the surface and as the name implies a temperature program is 

applied at a constant ramp rate. Initially, little to none of the adsorbate will desorb. 

Eventually as the temperature passes a threshold the energy required for desorption is 
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reached and increasing quantities of the adsorbate leave the surface. With a fixed initial 

quantity of adsorbate, eventually less and less of the adsorbate remains to leave the 

surface and by monitoring the effluent stream a profile of the desorbed gas reveals a 

temperature of maximum desorption, Tp, of the adsorbate. From this temperature, Tp, and 

with a known ramp rate, β, an adsorption energy can be calculated using Equation 2.1 

below, the Redhead Equation.10  

Equation 2.1 

𝑬

𝑹𝑻𝒑
= 𝒍𝒏 (

𝝂𝑻𝒑

𝜷
) − 𝟑. 𝟔𝟒 

The ramp rate used is typically high in order to produce a narrow window of desorption 

to maximize the signal and obtain an accurate temperature of maximum desorption when 

quantification of the desorbed gas is measured with a mass spectrometer. However, in 

TPD-DRIFTS experiments, slower ramp rates are preferable in order to collect more 

spectra. Analysis of a TPD collected with DRIFTS can be challenging because while the 

adsorption energies at various sites may differ significantly, the vibrational frequency of 

CO adsorbed to different Pt sites may be quite similar and overlap. Obtaining CO 

adsorption energies using TPD-DRIFTS required deconvolution of overlapping CO 

stretches fit to Gaussian functions and tracking the change in their intensity at each 

temperature where spectra were collected. By taking a numerical derivative of the change 

in intensity (Absorbance area was used in the analysis as it is known to be proportional to 

concentration11) with respect to temperature and plotting the derivative as a function of 

temperature local maxima equivalent to the temperature of peak desorption, Tp, were 

revealed. A detailed analysis of the TPD-DRIFTS is presented in Chapter 4 of this thesis. 
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2.3.2 X-ray Absorption Spectroscopy (XAS) 

Understanding the local structure of catalyst materials and how they change under 

reaction conditions and in various gas environments is imperative to identifying the 

stability and mechanisms of catalytic reactions. Sensitivity limitations of other techniques 

can pose challenges to detailed characterization of the local structure but in cases of well-

defined and nearly uniform catalyst design such as for characterization of single-site 

atomically dispersed catalysts, x-ray absorption spectroscopy (XAS) can provide details 

about the local structure.12 X-ray absorption near edge structure (XANES) spectroscopy 

probes the unoccupied local density of states providing details about the local geometry 

of a metal center as well as the oxidation state of the metal and adsorbate interactions 

with the metal.13 Detailed structural information however relies on analysis of the 

extended x-ray absorption fine structure (EXAFS). In Chapter 5 of this thesis, operando 

XAS experiments provided invaluable information about the local structure of Ptiso 

catalysts supported on anatase TiO2 by characterization of the sample at the Pt LIII edge 

(2p3/2 to d transition). Spectra were collected at beam line 9-3 for these studies at the 

Stanford Synchrotron Radiation Lightsource (SSRL) at SLAC National Laboratory.  

16 mg of 0.025% Pt/TiO2 was diluted in mesoporous silica (MCM-41) loaded into 

2.4mm OD flow-through, quartz tube held in a mounted modified Claussen cell14 placed 

at a 45° angle relative to the x-ray source. Fluorescence measurements were collected 

using a Canberra 100-element Ge detector orthogonal (90 °) to the beam path with 4-

layers of Al foil to filter Ti lines as well as Pb lead shielding to filter other scattering. 

Operando XANES and EXAFS measurements consisted of 4-6 scans collected at 200 °C 
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following three pretreatment conditions (350 °C in 5% O2/He, 250 °C in 5% H2/He, and 

450 °C in 5% H2/He) and in CO oxidation reaction conditions immediately following 

pretreatment also at 200 °C (equimolar 1% CO, 1% O2, balance He). XANES data were 

treated by subtracting a constant background and normalized to an edge-jump of 1. A Pt 

foil reference was used to calibrate the Pt-LIII edge for all spectra using the first 

inflection point of the incident x-ray energy. Analysis of the spectra including fitting of 

spectra to obtain oxidation states, bond distances, and coordination numbers was done 

using Athena and FEFF code. 

2.3.3 X-ray Photoelectron spectroscopy (XPS) 

Due to the low loadings necessitated by the synthesis approach to produce single atom 

catalysts, X-ray photoelectron spectroscopy (XPS) was only sparingly used to 

characterize the oxidation state of atomically dispersed Pt in cases where a reasonably 

high signal could be obtained. Catalysts were pre-treated in a Schlenk-tube reactor inside 

a home-built cylindrical heating vessel under 10% H2/Ar or 10% O2/He flow which could 

be controlled by needle-valve and hermetically sealed upon finishing the pretreatment. 

Catalysts were then taken to a glove box where they were loaded into a separate in-situ 

XPS cell for characterization. In an XPS experiment, a monochromated x-ray source is 

focused on a sample to excite core-level electrons of atoms into vacuum. By measuring 

the energy and intensity of the ejected electrons, after calibrating against a standard, the 

measured energies convey quantitative information about the chemical composition of 

the sample. Due to its high surface sensitivity and because the x-rays typically don’t 

penetrate deeply into a sample, even small quantities of trace elements can be detected. In 
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this thesis, XPS was used primarily to provide an orthogonal measurement to validate the 

oxidation state of Pt following pretreatments hypothesized to change the local structure 

and corroborate the oxidation states with the observed CO stretches associated with 

various Pt oxidation states measured by DRIFTS. XPS measurements were collected on a 

Kratos Axis Ultra XPS. Measurements were taken under vacuum with a base pressure of 

10-9 Torr with peak positions calibrated with respect to the C 1s peak. 

2.3.4 High Angle Annular Dark Field- Scanning Transmission Electron 

Microscopy (HAADF-STEM) 

Throughout this thesis, HAADF-STEM measurements were obtained which provided 

evidence of the successful production of Ptiso catalysts, sizes of Pt clusters, and changes 

in size and coordination of Pt catalysts based on pretreatment effects. Briefly, to produce 

a STEM micrograph, an electron beam is focused to a fine spot size and scanned over the 

sample. In conjunction with an annular dark-field detector, which collects electrons from 

an annulus around the beam, an annular dark-field image is formed from high angle 

incoherently scattered electrons. The nature of this technique is very sensitive to 

variations in the atomic number of atoms (Z-contrast)15 and allows one to identify single 

atoms if there is significant difference in the metal of the oxide support and the active 

single atom metal, such as in the case of Pt on TiO2 where 𝑍𝑃𝑡 = 78 and 𝑍𝑇𝑖 = 22. 

STEM imaging was performed on a JEOL JEM-ARM300F Grand ARM transmission 

electron microscope equipped with two spherical aberration correctors and a 300 kV cold 

field emission gun. HAADF-STEM images were recorded using a convergence semi 

angle of 22 mrad and inner and outer collection angles of 83 and 165 mrad, respectively. 
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20-30 images were collected of each sample to observe of at least 100 Pt species and 

enabled convincing structural assignments of the CO IR spectra. STEM imaging 

conditions were set to minimize the electron beam effect. A relatively small probe current 

20 pA was used for imaging. Meanwhile, the magnification was always kept below 

8,000,000 and the acquisition time was less than 16 seconds. Single Pt atoms were 

observed to be stable under these conditions.  

2.3.5 Volumetric Chemisorption and Catalyst Dispersion Measurements 

While a majority of this thesis focuses on the production of atomically dispersed 

catalysts, which by definition have 100% dispersion, sub-nanometer Pt clusters were also 

synthesized for catalytic activity comparison. Because catalyst come in a variety of 

shapes and sizes, it is important to make reasonable comparisons of catalytic activity. The 

preferred metric for measuring the activity of a catalyst is the activity per site, or turnover 

frequency (TOF), referring specifically to the number of molecules produced per site per 

time. This metric can aid in determining which sites are active in catalysts and lend 

insight into the reaction mechanism, so properly characterizing the number of sites is of 

significant importance. Volumetric chemical adsorption measurements provide a way to 

measure the number of sites. First, the catalyst is pretreated in a high temperature 

reduction to clean the catalyst surface such that all sites are available for adsorption. Next 

the catalyst is cooled to room temperature and an adsorbate probe gas like CO or H2 is 

introduced adsorbing chemically to the active metal surface sites irreversibly and 

physically adsorbing reversibly to non-metal surfaces. The sample is cooled an evacuated 

and a second dosing produces a 2nd adsorption isotherm. The difference in the quantity of 
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gas evacuated between the two adsorption isotherms is equal to the quantity chemically 

adsorbed to the active metal surface. Using simple assumptions based on the quantity of 

catalyst added, the weight loading, and the numbers of molecules adsorbed per site, the 

difference in the isotherms can be related back to the number of active sites. 

2.4 Catalyst Reactivity 

2.4.1 Reactor Design, Automation, and Analytical Instrumentation 

In this thesis, thermal reactors were designed and built for reaction rate measurements. In 

a typical reaction, UHP or greater purity gases (typically 100% H2, 100%  CO or 10% 

CO/He mixture, 100% O2 or 10% O2/He, and 100% He)  were regulated by mass flow 

controllers (MFCs) and combined using 1/8” stainless steel tubing and Swagelok fittings. 

MFCs were purchased from Teledyne Hastings and controlled by a PowerPod400 

interface connected to a computer for automation purposes. The MFCs had gas correction 

factors adjusted for their appropriate gases and were calibrated by a NIST traceable 

bubble meter.  Though no metal carbonyl traps were used, Al-lined CO tanks were 

purchased to prevent metal carbonyl formation and ensure clean CO streams. The 

combined gases were passed across a 3-way directional solenoid valve used to either: 

bypass the reactor and feed the gas directly to the mass spectrometer for baseline 

measurements, or, when the solenoid valve was active, the feed gas stream would flow 

past a Drierite humidity trap and from there directly to the reactor. Tests with the addition 

of an isopropyl alcohol-liquid nitrogen trap showed no effect on rate providing evidence 

that the Drierite trap was sufficient to trap trace moisture in the UHP+ gas streams. The 

reactor consisted of a ¼” quartz tube to hold catalyst with 1/8” exhaust seated vertically 
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in an Aluminum block with a hole bored to hold the reactor firmly in place and transfer 

heat evenly across the catalyst bed via conduction. Swagelok and NPT fittings were used 

to connect the stainless steel to quartz. Three additional holes were drilled perpendicular 

to the reactor which seated two 100 Watt cartridge heaters and a k-type thermocouple 

parallel to the catalyst bed which collectively allow thermal control of the Al block, and 

by extension the reactor, through an Omega CN7823 programmable PID Controller using 

CN7-A Process Monitoring and Logger software by Omega Engineering. The entirety of 

the aluminum block is covered by 1/2” thick rigid ceramic insulation sheets cut to size 

also with holes drilled out. Between the insulation and high thermal conductivity of 

Aluminum, the entire block is heated evenly and quickly reaches steady temperatures. 

The inside of the quartz reactor was confirmed to have the same temperature as the block 

by an independent thermocouple placed directly in touch with the catalyst bed. For each 

experiment the catalyst bed is supported by quartz wool on both sides and diluted in an 

inert SiO2. Details of the dilution ratio and catalyst composition can be found in Section 

2.4.3. A schematic of the home-built reactor is depicted in Figure 2.3. 

Experiments were automated using scripts written in Python (programming 

language). One script interfaced directly with the Teledyne PowerPod controller which 

adjusted voltages of the MFCs to control flow rate according to an Excel sheet input file. 

The second Python script also took an Excel sheet input which sent instructions to an 

Arduino board to switch a solid state relay on or off controlling the directional flow 

solenoid valve to send gases to the reactor or directly to the mass spectrometer. 
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All kinetic data obtained from the reactor experiments came from a Halo 201 

quadrupole mass spectrometer probe with Faraday cup, secondary electron multiplier 

detectors (SEM), and RGA head produced by Hiden Analytical. The probe was 

incorporated into a vacuum chamber produced by a Pfeiffer turbo vacuum pump and 

custom gas sampling leak valve. A 1/16” capillary tube was run directly to the leak valve 

inside of a thin-walled 1/8” stainless steel tube that allowed backflow to a snorkel. The 

capillary tube served to maximize time resolution in the mass spectrometer signal. 

Reaction rates were calculated based on effluent partial pressures monitored by the mass 

spectrometer in Multiple Ion Detection (MID) mode. The m/z signals monitored to 

measure CO Oxidation rates were as follows: He – 4 amu, H2O – 18 amu, CO -28 amu, 

O2- 32 amu, CO2 – 44 amu. Partial pressures for each gas were then calculated based on 

the fraction of the total signal with the corresponding amu of interest. 
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Figure 2.3 Schematic of the home-built reactor apparatus used for reaction studies in this thesis. 
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2.4.2 Mass and Heat Transfer Limitations 

Prior to making the kinetic measurements reported in this thesis, preliminary tests to 

ensure true reaction kinetics took place. Specifically, steps were taken to address the 

possibilities of mass and heat transfer limitations providing apparent activation barriers 

which deviated from the true activation energy of the process providing corrupted 

kinetics.16,17 Heat transfer issues arise in highly exothermic reactions where local hot 

spots can raise the temperature the catalyst bed and cause runaway reactions.18 To 

mitigate heat transfer issues, catalysts can be diluted with an inert material and should be 

run at low conversions.16 The second possibility that can give corrupt kinetic data is 

external mass transfer limitations, whereby the rate of reaction is limited by diffusion of 

reactant and product in the bulk fluid phase compared to the catalyst surface. In this case 

the rate of reaction is dependent on the total space velocity of the gas and shows a linear 

temperature dependency rather than exponential. Thus experiments were run to ensure 

that the reaction rate was independent of the space velocity and showed an exponential 

temperature dependence, meaning the kinetic measurements were not limited by external 

mass transfer. Internal mass transfer limitations are the final consideration for measuring 

true kinetics. In cases of internal mass transfer limitations, the observed rate is limited by 

gas diffusion (of both reactant and product) from the catalyst surfaces of internal pores of 

porous materials. This effect can be minimized by using finely ground catalyst supports 

and was a natural consequence of the small (<10nm) support crystals, also sieved to < 75 

microns, used to synthesize atomically dispersed Pt catalysts. Internal mass transfer 

limited kinetics typically show lower than expected apparent activation barriers (~ 2x 
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lower) and was initially observed, demonstrating the need to test for true kinetics. To 

overcome this limitation, co-impregnation of the catalyst on an inert high surface area 

SiO2 was found to be effective. 

To summarize, dilution and co-impregnation steps were used to minimize (1) the pressure 

drop that would occur with gas flow through a packed bed of 5 nm diameter TiO2 

particles, (2) the size of domains containing 5 nm TiO2 particles, which would introduce 

mass transfer and diffusion effects on the kinetic rates, and (3) hot-spot formation that is 

associated with this highly exothermic reaction.  No pressure drop across the catalyst bed 

was observed following the co-impregnation of the catalyst and across all flow rates of 

interest the reaction rate stayed constant suggesting no mass transfer limitations were 

present (i.e. kinetic measurements were made in a reaction limited regime). 

Differential reactor measurements were made in a quartz tubular packed-bed reactor to 

directly measure and compare the steady state CO oxidation reactivity of the various 

prepared catalysts. In all cases, a half-inch quartz tube was used with a 4:1 length to 

diameter ratio of the catalyst bed to minimize the possibility of channeling. Calcined 

Pt/TiO2 catalysts were sieved to < 75 µm and co-impregnated with inert SiO2 gel at a 1:4 

ratio of catalyst to SiO2. The mixture was sonicated for 30 minutes in a round bottom 

flask with HPLC-grade water and stirred overnight. The flask was then transferred to a 

rotary evaporator and vacuum dried over a 30 minute period at 200 rpm. The entire batch 

of co-impregnated catalyst was then further diluted 5:1 by an acid purified SiO2 (Sigma 

Aldrich, #84880) and loaded into the packed bed reactor.  
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2.4.3 Temperature Dependent Reaction Rates and TOFs 

In the exploration of new and more efficient catalyst designs it is important to have 

standard ways to compare materials which may be significantly different in nature. Aside 

from a catalyst’s ability to selectively drive a desirable chemical pathway, the catalytic 

activity is one of the most important qualities. Catalytic activity can be described by the 

rate of production of a desired product and is typically normalized to the amount of 

catalyst loaded into a reactor, which gives a per-gram rate, or to the number of available 

surface sites, which gives the turnover frequency (TOF). In either the case the rates 

should be reported at a given temperature as the rate is temperature dependent as 

described by the non-linearized and linearized Arrhenius expressions below: 

Equation 2.2 

𝒓𝒂𝒕𝒆 ∝ 𝒌 = 𝑨𝒆−𝑬𝒂𝒑𝒑/𝑹𝑻  

Equation 2.3 

𝐥𝐧( 𝒓𝒂𝒕𝒆) =  
−𝑬𝒂𝒑𝒑

𝑹𝑻
+ 𝒄𝒐𝒏𝒔𝒕𝒂𝒏𝒕 

By performing temperature dependent reaction measurements and using the linearized 

Arrhenius expression, Equation 2.3, apparent activation energies, Eapp can be obtained by 

taking the slope of a plot of the natural log of the rate vs the natural log of 1/RT. 

Temperature dependent reaction rates were obtained by in-situ measurement of the 

reactor effluent gas following the desired pretreatment. For steady state CO oxidation 

measurements, 50 to 120 mg of catalyst was loaded into the reactor and pre-treated by an 

in-situ oxidation (30 min at 350 °C in 50 sccm of 10% O2/He) which was extended to an 

hour for oxidizing pretreatments or followed by a 1 hour reduction in pure H2 at 20 sccm. 
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The temperature of the reduction was varied between 250 and 450 °C and in all cases was 

either ramped up or down from 350 °C at a 10 °C/min rate. Following the pretreatment, 

the reactor was cooled to the highest temperature measured in the temperature dependent 

series, typically 200 °C, and exposed to reaction conditions (1% CO, 1% O2 balance He) 

for several hours until steady state reactivity was exhibited in order to prevent artificially 

high or low rates due to catalyst deactivation and ensure accurate steady state kinetic 

measurements. 

To obtain reaction rates, the average partial pressures measured over a 2 hour collection 

period at each temperature from the mass spectrometer could be used after both 

correcting for the baseline pressure of the m/z of the gas of interest and applying a 

calibration for the pressure of the gas at known concentrations. Using the corrected 

average partial pressures of the reactant (CO) and product (CO2) gases a conversion 

could be calculated from which rates could be obtained using the following rate equation 

for the case of CO oxidation: 

Equation 2.4 

𝑟𝑎𝑡𝑒 𝐶𝑂2

𝑔𝑃𝑡
=

𝑋𝐶𝑂2
∗ 𝐹𝐶𝑂

𝑔𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑒𝑑 ∗ 𝑤𝑡% 𝑃𝑡
 

To calculate TOFs from the temperature dependent rate data, CO chemisorption 

measurements were first made to determine the number of available Pt sites for the 1 

wt% Pt catalysts as described in Section 2.3.5. 100% dispersion was assumed for Ptiso 

catalysts. Using the number of available sites determined by CO chemisorption (units of 
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cm3 CO adsorbed / gram) the mol of adsorbed CO were calculated in Equation 2.1 which 

could be substituted into Equation 2.2 to obtain TOF values for given rates.  

Equation 2.5 

𝑚𝑜𝑙 𝐶𝑂𝑎𝑑𝑠  =  
1𝑚𝑜𝑙 𝐶𝑂

1𝑚𝑜𝑙 𝑃𝑡
∗ 1𝑚𝑜𝑙

𝐶𝑂

22.4𝐿
∗

0.001𝐿

𝑐𝑚3
∗

0.32 𝑐𝑚3𝐶𝑂𝑎𝑑𝑠

𝑔
∗  0.5 𝑔 

Equation 2.6 

𝑇𝑂𝐹 (𝑠−1) =
𝑅𝑎𝑡𝑒 (

𝑚𝑜𝑙 𝐶𝑂 𝑐𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑
𝑠

)

𝑚𝑜𝑙 𝐶𝑂𝑎𝑑𝑠 
 

Typical CO chemisorption experiments used a 0.5 g catalyst sample size. The difference 

between the rates obtained for Ptiso and Ptmetal when measured on a per-gram basis and as 

TOFs are shown in Chapter 4 of this thesis. 

2.4.4 Partial Pressure Dependent Reaction Rates and TOFs 

When studying new catalyst designs, such as single atom catalysts in various local 

coordinations, the reaction mechanism even for well-studied reactions may change in 

significant ways. For this reason, it is important to obtain mechanistic details which can 

be revealed by varying the partial pressure of reactant molecules to obtain the overall 

reaction order of each reactant. Taking CO oxidation as an example, the rate will have 

some dependence on each of the reactant partial pressures, CO and O2, i.e.  

Equation 2.7 

𝑟𝑎𝑡𝑒 = 𝑘𝑃𝐶𝑂
𝛼 𝑃𝑂2

𝛽
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 To obtain the reaction orders for CO and O2, respectively α and β, rates must be 

obtained varying just one of the partial pressures of the feed gas. Once the rates are 

obtained, Equation 2.7 can be linearized by taking the natural logarithm which gives  

Equation 2.8 

ln(𝑟𝑎𝑡𝑒) =  𝛼 ln(𝑃𝐶𝑂) +  𝛽 ln(𝑃𝑂2
) + ln(𝑘) 

If for example the oxygen partial pressure (PO2) was held constant the natural log of the 

rate could be plotted against the natural log of the CO partial pressure giving a linear 

slope of α. A similar analysis can be done to obtain β. Knowing the reaction orders can 

help develop microkinetic models to describe the reaction mechanism of a reaction.   

Partial pressure dependent measurements were made utilizing a home-built 

programmable Arduino controller that automated a solenoid valve control that allowed 

the reactants to bypass the reactor for baseline measurements in the MS before and after 

every change in pressure. An identical pretreatment to the activation barrier 

measurements preceded the partial pressure dependent measurements including the 10 

hours on stream at 200 °C. Following the activation period, instead of cooling, the partial 

pressure dependent measurements were all executed at 200 °C. The total flowrate for all 

partial pressure measurements was 200 sccm in a balance of He. Using a three-way valve 

upstream of the MFC, partial pressure dependence measurements could be run spanning 

2 orders of magnitude for either CO or O2. In each case, the measurements began with the 

highest partial pressure utilizing the 100% cylinder and switching midway through the 

experiment to the 10% cylinder to achieve the lower order measurements with the other 

feed gas concentration held constant. At the start and end of each feed ratio, the reactants 
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were flowed for 20 min bypassing the reactor to get a baseline signal in the MS. In 

between baseline measurements, the reactants were flowed across the catalyst bed for a 

period of 2 hours to obtain a steady state signal.   

  



50 

 

2.5 References 

(1)  Ryczkowski, J. Catal. Today 2001, 68, 263–381. 

 

(2)  Smith, B. C. Fundamentals of Fourier Transform Infrared Spectroscopy; 2011. 

 

(3)  Matsubu, J. C.; Yang, V. N.; Christopher, P. J. Am. Chem. Soc. 2015, 137, 3076–

3084. 

 

(4)  Kale, M. J.; Christopher, P. ACS Catal. 2016, 6, 5599–5609. 

 

(5)  Lamberti, C.; Zecchina, A.; Groppo, E.; Bordiga, S. Chem. Soc. Rev. 2010, 39, 

4951–5001. 

 

(6)  Zholobenko, V. L.; Lei, G.-D.; Carvill, B. T.; Lerner, B. A.; Sachtler, W. M. H. J. 

Chem. Soc. Faraday Trans. 1994, 90, 233–238. 

 

(7)  Chakarova, K.; Mihaylov, M.; Hadjiivanov, K. Microporous Mesoporous Mater. 

2005, 81, 305–312. 

 

(8)  Stakheev, A. Y.; Shpiro, E. S.; Tkachenko, O. P.; Jaeger, N. I.; Schulz-Ekloff, G. 

J. Catal. 1997, 169, 382–388. 

 

(9)  Ivanova, E.; Mihaylov, M.; Thibault-Starzyk, F.; Daturi, M.; Hadjiivanov, K. J. 

Mol. Catal. A Chem. 2007, 274, 179–184. 

 

(10)  Redhead, P. A. Vacuum 1962, 12, 203–211. 

 

(11)  Sirita, J.; Phanichphant, S.; Meunier, F. C. Anal. Chem. 2007, 79, 3912–3918. 

 

(12)  Hoffman, A. S.; Sokaras, D.; Zhang, S.; Debefve, L. M.; Fang, C.-Y.; Gallo, A.; 

Kroll, T.; Dixon, D. A.; Bare, S. R.; Gates, B. C. Chem. - A Eur. J. 2017, 23, 

14760–14768. 

 

(13)  Lamberti, C.; van Bokhoven, J. A. In X-Ray Absorption and X-Ray Emission 

Spectroscopy; 2016; pp. 351–383. 

 

(14)  Chupas, P. J.; Chapman, K. W.; Kurtz, C.; Hanson, J. C.; Lee, P. L.; Grey, C. P. J. 

Appl. Crystallogr. 2008, 41, 822–824. 

 

(15)  Thomas, J. M.; Terasaki, O.; Gai, P. L.; Wuzong Zhou, A.; Gonzalez-Calbet, J. 

2001. 

 

(16)  Koros, R. M.; Nowak, E. J. Chem. Eng. Sci. 1967, 22, 470. 



51 

 

 

(17)  Allian, A. D.; Takanabe, K.; Fujdala, K. L.; Hao, X.; Truex, T. J.; Cai, J.; Buda, 

C.; Neurock, M.; Iglesia, E. J. Am. Chem. Soc. 2011, 133, 4498–4517. 

 

(18)  Fogler, H. S. Elem. Chem. React. Eng. 2006, 867–944. 

  



52 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 3. Catalyst Architecture for Synthesis of Stable, Atomically 

Dispersed Pt Catalysts 
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3.1 Summary 

 In this chapter a discussion of the common synthesis approaches used in industry 

to produce heterogeneous catalysts are first discussed. The discussion then turns to 

address recent synthesis approaches to produce catalysts that achieve better metal 

utilization and addresses the advantages and disadvantages of these approaches. The 

fundamental principles of the Strong Electrostatic Adsorption (SEA) approach to 

synthesis are then described. Finally application of the SEA principles and additional 

modifications are detailed describing an approach to overcome the limitations of 

producing stable, atomically dispersed Pt atoms, by depositing ~1 precious metal atom 

per support particle. 

3.2 Synthesis of Heterogeneous Catalysts 

3.2.1 Common Catalyst Synthesis Techniques 

In industry, heterogeneous catalysts are commonly used for large scale and high volume 

chemical conversion.1 Most heterogeneous catalysts are synthesized using a relatively 

simple approach to synthesis known as incipient wetness or dry impregnation. In this 

approach a metal precursor complex is first dissolved into a solution, typically water, and 

contacted with a support.2 Due to their thermal stability, ceramic and metal oxide 

supports are most commonly utilized. Critical to the incipient wetness impregnation 

approach is the specific volume of precursor solution introduced to the support which 

should be less than or equal to the support’s pore volume. Depending on the desired size 

of the active metal catalyst clusters, the quantity of precursor dissolved in solution is 

diluted appropriately to achieve a desired weight loading. The support-solution mixture is 
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then homogeneously stirred and the active material is dispersed across the surface area of 

the support by capillary action. When later dried the metal precursor complex remains 

relatively dispersed and through high temperature treatment in an oxygen environment 

the material undergoes calcination decomposing active metal precursor ligands leaving 

only the active metal supported. The final catalyst particle size distribution can be 

controlled by the time and temperature of the calcination which induces aggregation of 

the metal cations, known as sintering. The metal catalyst will exist in a variety of 

oxidation states due to various exposure of oxygen atoms may be reduced in a stream of 

hydrogen gas to ensure a metallic state for all atoms in the metal particles. 

This synthesis approach is favored for scalability and simplicity but offers 

relatively poor ability to produce uniform catalysts with high dispersions. Only by 

varying the weight loading, temperature, and time of the calcination and reduction 

conditions can the catalyst structure be influenced. In turn, the utility of these catalysts 

for reactions is limited to conditions less severe than the pretreatments undergone during 

synthesis which otherwise leads to further particle sintering and a decrease in the active 

catalyst sites and therefore catalytic activity. As emphasized in Chapter 1, maintaining 

high catalytic dispersions and thus preserving high metal utilization is a major challenge 

in the field with significant financial motivation as many of the best oxidation catalysts 

are metals of low abundance in the earth’s crust.3–5 This has led to the development and 

implementation of more advanced synthesis techniques which have recently focused on 

producing catalysts of high dispersion, and in some cases, the ultimate dispersion 

possible- atomically dispersed, or single atom catalysts.  
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3.2.2 Synthesis Approaches towards Production of Single Atom Catalysts 

 The tendency for metal atoms to aggregate during synthesis and pretreatment 

poses a major challenge in the synthesis of single atom catalysts.6 Putting scalability 

aside, several pioneers have developed techniques which enable the synthesis of single 

atom catalysts as model systems for study and characterization. One successful approach 

has been the use of instrumentation which allows the physical deposition of atoms 

ionized and then mass-selected and soft-landed on the surface.7 In addition to the cost of 

the instrumentation, the yield is quite low and works best with flat support surfaces but 

no mesoporous or high surface area materials. In a similar vein, atomic layer deposition 

has been successfully used to deposit single atoms on graphene supports, but this too 

suffers similar limitations8.  

 Another technique pioneered early on is the leaching of traditionally prepared 

metal catalysts to selectively remove metal nanoparticles while keeping single metal 

cations intact on the oxide support.9 This approach is suitable for exploration in the field 

but is largely wasteful of precious metals and thus not scalable.  

3.2.3 Strong Electrostatic Adsorption 

The synthesis approach used throughout this thesis is a modified version of Strong 

Electrostatic Adsorption (SEA)10,11, a technique that falls under the umbrella category of 

wet chemistry that also includes impregnation, coprecipitation, and deposition-

precipitation.  Wet chemistry approaches require little special equipment and are broadly 

applicable to a variety of active metals and supports. While this class of approaches can 

be relatively simple in principle, in order to get the desired level of control over the final 
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catalyst characteristics many parameters must be carefully tuned and adjusted. Both the 

metal precursor and the support used will significantly affect the final outcome. In the 

SEA approach, a metal oxide’s terminal hydroxyl groups at the surface are protonated or 

deprotonated depending on the pH of the solution to create favorable charge interactions 

with cationic or anionic metal complexes as depicted in Figure 3.1.2  

This approach has been successfully employed for many systems to achieve 100% 

dispersion of metal oxide supported catalysts. While the examples throughout this chapter 

use anatase titania as the support of interest, this approach was also utilized to produce 

Ptiso on a ceria support, which can be found in Chapter 6 of this thesis.  

3.3 Design Architecture of Atomically Dispersed Pt Catalysts 

 3.3.1 Determination of the Point of Zero Charge 

The first step in the development of an SEA synthesis is to determine the point of 

zero charge, or PZC of the support, which is defined as the pH at which the hydroxyl 

groups overall are neutral in charge.12 As depicted in Figure 3.1, below the PZC, 

hydroxyl groups become protonated (positively charged) and the surface can strongly 

adsorb anionic metal complexes like hexachloroplatinate [PtCl6]
-2. Conversely, above the 

PZC, the surface hydroxyls are deprotonated (negatively charged) and strongly adsorb 

cationic metal complexes such as platinum tetraammine (PTA), [(NH3)4Pt]+2.  
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To determine the PZC, a series of nine total solutions were prepared by sequential 

dilution of nitric acid for the acidic pH values and ammonium hydroxide for the basic pH 

values. The net result was a solution series with initial pH ranging from 1 to 11. Anatase 

TiO2 support crystals (50 mg) were weighed out and added to each solution and allowed 

to mix for 1 h while stirring. The final pH of each solution was measured then re-

measured after an additional hour to be sure an equilibrium was reached. The addition of 

the metal oxide support induces a pH buffering effect due to the density of hydroxyl 

groups on high surface area catalyst supports like titania. The result of the buffering 

Figure 3.1 Surface terminations and example metal complex affinities from tuning the pH above or 

below the PZC. When the pH is below than the PZC, hydroxyls are protonated to hydronium –

terminated surfaces and attract anionic metal complexes. When the pH is above than the PZC, hydroxyls 

are deprotonated to oxide –terminated surfaces and attract cationic metal complexes. At the PZC, the 

surface has a neutral charge and no favorable Coulombic interactions. 
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[PtCl6]2-
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[(NH3)4Pt]2+

TiO2 Surface

= Hydrogen

= Oxygen
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effect is that under mildly acidic or basic conditions insufficient ions (hydrogen and 

hydroxyls) are present to overcome the surface charge and the surface returns to an 

isoelectric state with a neutral charge, i.e. the point of zero charge. Table 3.1 summarizes 

the expected (theoretical) pH, calculated from dilution of the strong acid and base stock 

solutions, the initial pH measured, and the final pH observed.   

 

By plotting the final pH as a function of initial pH, the buffering effect induces a plateau 

in the neutral pH values that equilibrates to the PZC which is shown in Figure 3.2 to be 

equal to a pH of 6. The experimentally determined PZC value can be used as an input in 

the RPA model to predict an expected pH range that should optimize uptake of the PTA 

cation complex used to synthesize highly dispersed Pt catalysts.  

 

Table 3.1 pH measurements for development of a PZC curve  

Added 

Solution
Vial #

Theoretical 

pH

Initial 

pH

Final 

pH

HNO3

1 1 0.95 0.45

2 2 1.63 1.45

3 3 2.8 2.54

4 4 3.08 5.04

5 5 4.8 5.9

NH4OH

6 8 8.38 6.53

7 9 9.62 9.34

8 10 10 10

9 11 10.45 10.38
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3.3.2 Influence of pH on Pt Uptake 

Building on the seminal work of Brunelle13 that first proposed accounting for 

electrostatic interactions in synthesis, the work of Regalbuto’s group has extended the 

body of literature greatly, including the development of the “revised physical adsorption” 

(RPA) model, which allows one to simulate expected metal uptake based on the PZC of a 

support.14–17  

Figure 3.2 pH shifts for anatase TiO2 with PZC =6. For guidance a parity line is included that represents 

the absence of a buffering effect from the support. Under mildly acidic conditions, the pH is buffered to a 

higher final pH. Under mildly basic conditions, the pH is buffered to a lower final pH. The plateau of the 

final pH is the PZC. 
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In Figure 3.3, a MATLAB code utilizing the RPA model was run to predict the 

expected Pt uptake across supports where the PZC varied significantly; however, the 

model does not actually consider adsorption to the surface. Rather, the model is a 

measure of the potential felt by the ion as it approaches the surface. It 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 

Figure 3.3 Pt uptake curves for PTA on supports with varied PZCs. Uptake curves were created using the 

RPA model executed in MATLAB. Low PZC values give a broad range of pH for Pt cation uptake while high 

PZC values limit the optimum range for Pt uptake. 
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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.15 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.  From Figure 3.3 it is seen that for a relatively neutral PZC pH 

value of 6 a relatively broad range of basic pH values should optimize Pt uptake. To 

quantitatively determine the accuracy of the model at predicting metal uptake, a series of 

Pt/TiO2 catalysts with a target weight loading of 0.75% were identically prepared and 

then pH adjusted. For each catalyst, 1.71 mg of TAPN (corresponding to a final 

concentration of 25 ppm) was added to 6 mL of water. Separately, 100 mg of anatase 

TiO2 was dispersed in approximately 24 mL of water with microliters of acid or base 

added to achieve the targeted pH under continuous stirring. For the highest pH values a 

few milliliters of base was added as necessary. A similar procedure was done for the 6 

mL of precursor solutions to match the pH of the corresponding support solutions. The 

nine precursor solutions and nine support solutions were separately and continuously 

stirred overnight. To compensate for buffering effects, just prior to mixing, the pH of 

each support solution was checked and adjusted as necessary (no pH adjustment was 

found necessary for the precursor solutions). After combining a precursor-support 

solution pair, the final solution was allowed to mix for 1 hour. The final solution was then 

vacuum filtered using a 0.45 µm mixed cellulose ester membrane filter (Grainger, 
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14A842), and the filtrate was collected for analysis of the Pt concentration using a 

technique called inductively coupled plasma optical emission spectroscopy (ICP-OES). 

From a simple mass balance, the difference between the theoretical maximum Pt 

concentration, based upon the amount of precursor added, and the concentration of Pt 

collected in the filtrate must equal the amount of Pt taken up by the support. Thus the 

concentration of the filtrate provides an essentially direct means of measuring the Pt 

uptake.   

At optimal pH values, 100% of the Pt cations should be taken up by the support 

and the filtrate should have a concentration < 1 ppm. In contrast, when the pH deviated 

significantly from the optimum, no Pt uptake was expected and thus the Pt concentration 

in the filtrate was expected to be at the maximum Pt concentration added, 25 ppm. A 

1000 ppm Pt standard (Sigma-Aldrich, 19078) was purchased and a calibration standard 

series of five Pt concentrations was prepared ranging from 0 to 200 ppm for ICP-OES.  

For each of the filtrates, Pt concentrations were obtained at three Pt optical emission 

lines, 203.6, 214.4, and 265.9 nm and an average of the expected Pt concentration was 

measured.   
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Table 3.2 summarizes the concentration of Pt found in the filtrates for each pH 

preparation. Note that at the lowest pH values more Pt than the theoretical maximum 

concentration possible was found suggesting no Pt uptake. Figure 3.4 shows the 

percentage of Pt taken up by the support as a function of pH and compares it against the 

expected Pt uptake for PTA on a support with a PZC of 6, just as modelled previously in 

Figure 3.3. The experimental and theoretical uptake curves show excellent agreement and 

suggest that broadly speaking basic solutions (pH = 8-12) are expected to be optimal for 

the production of highly dispersed Pt catalysts.   

 

Table 3.2 Filtrate Pt concentrations obtained from ICP-OES. 25 ppm of a pH adjusted Pt 

solution was vacuum filtered over 100 mg of TiO2. The filtrate was collected and analyzed by 

ICP-OES to determine the Pt uptake on the TiO2 support. A low filtrate concentration 

corresponds to high Pt uptake by the support and a high filtrate concentration means little no 

Pt was taken up by the support. 

pH

Filtrate Pt 

Concentration 

[ppm]

3 26.59

4 26.15

6 23.34

7 15.12

8 3.73

9 0.09

10 0.11

11 0.36

11.5 0.50
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3.3.3 Optimization of Synthesis Parameters for Ptiso Production   

With both experimental and theoretical guidance suggesting basic pH conditions 

promote the strongest interactions between the metal cations and the support, a series of 

Pt catalysts were prepared at low weight loadings in an effort to validate the RPA model 

and determine the fine tuning need to get from high dispersion to atomic dispersion 

(production of Ptiso). Figure 3.5 shows the IR spectra taken following a reductive 

pretreatment of CO adsorbed at saturation coverage and room temperature for 0.05 wt% 

Pt/TiO2 catalysts synthesized with a Pt precursor addition rate of 0.025 mg of Pt per hour, 

at a highly dilute surface loading of 2,900 m2/L and with pH varied between 8 and 12.5. 

Figure 3.4 Experimental and theoretical Pt uptake on anatase TiO2. In red, the RPA 

model was run in MATLAB with the parameters for anatase TiO2, including a PZC of 6. In 

black, the experimentally determined Pt uptake on the support back-calculated from the 

filtrate concentrations in Table 3.2. 
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Because the catalysts were pretreated by under conditions known to reduce Ptox clusters 

into Ptmetal clusters prior to characterization, the retained existence of a CO adsorption site 

with a stretching frequency characteristic of adsorption on cationic Pt atoms, suggests an 

assignment of the observed 2112 cm-1 vibrational mode to CO adsorbed to Ptiso species 

on the anatase TiO2 support. An extensive analysis substantiating this claim is detailed in 

Chapter 4 of this thesis but lays outside the scope of the current discussion regarding 

synthesis. The spectra were normalized to the intensity of the Ptiso to compare the relative 

amount of CO adsorbed to Ptmetal sites (2040-2090 cm-1). It was observed that as the 

synthesis pH was increased the catalysts trended toward containing a single CO 

adsorption site at a frequency of 2112 cm-1, Ptiso.  Under optimized synthetic conditions 

the CO stretch at 2112 cm-1 was both symmetric and narrow with a FWHM of 6-8 cm-1. 

Figure 3.5 pH optimization for producing Ptiso. IR spectra of CO adsorbed at saturation coverage and room 

temperature to 0.05 wt% Pt/TiO2 SEA catalysts prepared a 2900 m2/L surface loading, precursor solution 

addition rate of 2 mL/hr, and varying solution pH’s. All catalysts were reduced at 240 °C in H2 prior to CO 

adsorption. The spectra were normalized to the intensity of the band at 2112 cm-1, assigned to CO adsorbed to 

Ptiso, to enable direct comparison of the influence of synthetic conditions on the relative proportion of CO 

adsorption sites existing as Ptiso species. Catalysts were pretreated in flowing H2 for 1 hour at 240 °C. 
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The narrow bandwidth and appearance of exactly one CO stretch adsorbed to Pt suggests 

that the synthesis produced a highly homogeneous catalyst that may have a single 

adsorption site geometry.18 Catalysts synthesized at closer to neutral pH contained CO 

adsorption sites on Ptmetal and broadened asymmetric CO bands centered at 2112 cm-1. 

This emphasizes the importance of a fundamental approach to synthesis and the 

significant influence of pH on the production of Ptiso.  

As presented, the SEA approach seems to have fully enabled the production of 

exclusively Ptiso under optimized conditions. However, consistency from batch to batch 

was a major issue and often times, even at optimized pH values, the presence of CO 

adsorbed to metallic Pt adsorption sites suggested further refinement could enable a 

consistent means of production. A secondary facet of the SEA approach to synthesis is 

consideration of a parameter called surface loading. Surface loading is defined in 

Equation 3.1 and is a measure of the area of a support per volume of surface with units of 

m2/L.  

Equation3.1 

Surface Loading =
Masssupport*Surface Areasupport

Volumesolution
 

As a point of reference, a dry impregnation synthesis has the highest achievable 

surface loading (several hundred thousand m2/L) while wet impregnation can be orders of 

magnitude below that. In principle, the higher the surface loading is the wider the plateau 

in the PZC curve. Practically speaking though, pH meters struggle to accurately measure 

the paste-like materials produced at ultra-high surface loadings. High surface loadings are 
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most useful for determining an accurate PZC. Lower surface loadings on the other hand 

typically yield less uptake create a sharper distinction of the optimum pH range for metal 

uptake. In order to consistently achieve atomic dispersions, it was found that is necessary 

work under dilute conditions (i.e. low surface loadings). By working in dilute solutions, 

the metal complexes should remain more homogeneously distributed and in low enough 

concentrations to rarely interact with the same support particles as the solutions are at pH 

values where the precursor complexes already have repulsive interactions that keep them 

far apart.  

In Figure 3.6 it can be seen that as the surface loading was decreased (more dilute 

synthesis condition), the intensity of the CO band associated with Ptiso increases relative 

to the intensity of the broad band associated with CO adsorption on Ptmetal sites 

suggesting that dilute solutions promote the formation of Ptiso. This helped increase 

consistency to a degree but primarily, it validated the idea that working in dilute 

conditions could help. This led to the introduction of using a programmable syringe pump 

to inject the Pt precursor solution into the support solution over long periods (> 12.5 h) to 

further promote a homogeneous distribution of Pt across all support particles under 

continuous stirring. Combining these details proved crucial to the consistent synthesis of 

Ptiso, but even still, it could only be synthesized at low weight loadings. 
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3.3.4 Influence of Pt Loading 

It was hypothesized that the preparation of exclusively Ptiso species with high 

stability could be achieved by depositing ~1 Pt atom per support particle. In this 

geometry, the required migration between support particles should minimize 

agglomeration to form Pt multimers, even if Pt atoms were mobile on the oxide surface. 

Figure 3.7 shows a series of IR spectra of CO adsorbed at saturation coverage taken on 

Pt/TiO2 catalysts with varied Pt loading prepared under the optimized conditions 

described:  Pt precursor addition rate of 0.025 mg of Pt per hour, surface loading of 2,900 

m2/L, pH of 12.2 It can be seen that when there was nominally less than 1 Pt atom/TiO2 

Figure 3.6 Surface loading optimization for producing Ptiso. (A). IR spectra of CO adsorbed at saturation 

coverage and room temperature to 0.1 wt% Pt/TiO2 SEA catalysts prepared at a pH of 12 and precursor 

solution addition rate of 2 mL/hr and varying surface loadings. The spectra were normalized to the intensity 

of the band at 2112 cm-1, assigned to CO adsorbed to Ptiso, to enable direct comparison of the influence of 

synthetic conditions on the relative proportion of CO adsorption sites existing as Ptiso species. Catalysts were 

pretreated in flowing H2 for 1 hour at 240 °C. 
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particle during the synthesis (0.025-0.05 wt%) a single, sharp CO stretching band with a 

frequency at 2112 cm-1 was observed. When the Pt weight loading was increased above 1 

Pt atom/TiO2 particle (> 0.1 wt%) a second CO stretching band formed with a frequency 

ranging from 2040-2090 cm-1, signifying CO on Ptmetal sites.  

The ratio of the band intensity at 2040-2090 cm-1 increased relative to the 2112 cm-1 band 

as the Pt weight loading was increased. Figure 3.7 validates the hypothesis and offers a 

convincing explanation of the necessity of working under low weight loadings when 

utilizing this approach. It also provides an additional framework to consider for 

production of atomically dispersed atoms on other supports. Specifically, the surface area 

and size of the support crystals should be used to approximate the expected density of 

metal atoms deposited per particle in order to operate in a one atom per particle regime. 

Figure 3.7 Weight loading dependence. A series of Pt/TiO2 SEA catalysts with varying weight loading were 

prepared using an otherwise identical protocol with a pH of 12, surface loading of 2900 m2/L, and metal precursor 

injection rate of 2 ml/hr. All catalysts were calcined in air at 450 °C for 4 hours with a 10 °C/min ramp to 450 °C. 

Catalysts were sieved to less than 75 μm and reduced (1 hour in H2 at 240 °C) prior to characterization by CO 

saturation and He flushing. Comparative spectra were collected 2 minutes after beginning He flushing for all 

catalysts to ensure all gas phase CO was removed while maintaining the greatest intensity of the CO-Ptiso stretch. 

The spectra are aligned from left to right in order of increasing Pt weight loading (indicated above the spectra).  

Below each spectrum is the calculated number of atoms expected per particle assuming homogeneous distribution 

across the 5 nm TiO2 particles. A clear trend emerges with the lowest weight loading showing nearly exclusively 

isolated Pt production and the presence of metallic nanoclusters or particles increased at higher weight loadings and 

a large increase in the presence of nanoparticles when the expected number of Pt atoms per TiO2 particle exceeds 1. 
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This idea suggests that higher weight loadings can produce exclusively atomically 

dispersed metal atoms if the crystal sizes are small enough.  

3.3.5 Synthesis Procedure 

By integrating each of the synthesis parameters optimized throughout this chapter, a 

consistently replicable synthesis method was developed and is described here. In a typical 

synthesis of Ptiso 1 g of TiO2 was crushed, sieved to a powder finer than 75 µm, and dried 

in a vacuum oven at 120 °C overnight prior to synthesis. 25 mL of deionized water was 

mixed with 75 mL of NH4OH to dissolve the TiO2 support, resulting in a solution pH of 

12.2. Separately, 10 mg of TAPN was dissolved in 5 mL of deionized water from which 

300 μL were taken, corresponding to a 0.025% Pt loading, and added to 25 mL of 

NH4OH to create a precursor solution with a pH of 12.2.  The 25 mL TAPN solution was 

injected over 12.5 hours into the support solution while constantly stirring to achieve a 

final total solution volume of 125 mL with a surface loading of 2900 m2/L. Following the 

slow precursor addition, the final solution was heated to 70 °C until completely dried. 

The catalyst was again sieved to a powder finer than 75 µm, then calcined in a tube 

furnace at 450 °C for 4 hours in flowing air after ramping up to temperature at a rate of 

10 °C/min. The high temperature and extended duration of the calcination ensures 

removal of all remaining amine or nitrate ligands from the TAPN precursor which are 

completely decomposed under these conditions.19 So far, it has been found that this 

synthesis can be scaled to produce batches up to 2.5 g at a time and retain the exclusive 

production of Ptiso though this has not been tested beyond that scale. 
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3.4 Conclusions 

  The synthesis of catalysts containing a predominance of Ptiso species was 

achieved by building upon the principles of a wet impregnation technique called strong 

electrostatic adsorption (SEA)11 which guided the use of basic solution pH values (10-

12.5) for a cationic precursor on a neutral PZC support. Specifically, this combination 

promoted repulsive interactions between Pt ions in solution and attractive interactions 

between Pt ions and the TiO2 surface.11,20–22 By modifying the TiO2 support surface 

through pH adjustment by the addition of NH4OH, hydroxyls were deprotonated to form 

O- anions at the TiO2 surface that Coulombically attract [(NH3)4Pt]+2. To mitigate the 

clustering of Pt atoms that would be expected on a stochastic basis and promote a 

homogeneous deposition of the Pt atoms across the support particles, large synthesis 

volumes were coupled with Pt precursor addition over long time periods, creating an 

evenly mixed and dilute slurry. Finally, by using small support crystals in conjunction 

with sufficiently low Pt weight loadings (0.025-0.05 wt %) it was expected that there was 

a high probably to deposit one atom per support particle for the production of catalysts 

containing exclusively stable Ptiso. Characterization of catalysts exhibiting all 

optimizations exhibited a single CO stretching band with frequency 2112 cm-1 and 

FWHM of 6-10 cm-1 confirming the production of exclusively Ptiso. The consistent 

synthesis of Ptiso supported on ceria utilizing the same approach is described in Chapter 6 

and further validates the robustness of the synthesis methodology. 
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Chapter 4. Catalyst architecture for stable single atom dispersion 

enables site-specific spectroscopic and reactivity 

measurements of CO adsorbed to Pt atoms, oxidized Pt 

clusters and metallic Pt clusters on TiO2 
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4.1 Summary  

In this chapter the synthesis architecture to enable the production of atomically 

dispersed Pt atoms described in Chapter 3 is validated with extensive supporting 

characterization. Analysis of reactivity is detailed. The synthesis approach is validated by 

characterization correlating Scanning Transmission Electron Microscopy imaging and 

CO probe molecule infrared spectroscopy for the case of Pt supported on anatase TiO2. In 

these structures isolated Pt atoms, Ptiso, remain stable through various conditions and 

spectroscopic evidence suggests Ptiso species exist in homogeneous local environments. 

Comparing Ptiso to ~1 nm pre-oxidized (Ptox) and pre-reduced (Ptmetal) Pt clusters on TiO2, 

we identify unique spectroscopic signatures of CO bound to each site, and find CO 

adsorption energy is in the order: Ptiso<<Ptmetal<Ptox. Ptiso species exhibited a 2-fold 

greater turnover frequency for CO oxidation than 1 nm Ptmetal clusters, but share an 

identical apparent reaction mechanism. We propose the active catalytic sites are cationic 

interfacial Pt atoms bonded to TiO2 and that Ptiso exhibits optimal reactivity because 

every atom is exposed for catalysis and forms an interfacial site with TiO2. This approach 

should be generally useful for studying the behavior of supported precious metal atoms 

and has successfully been extended to produce atomically dispersed Pt on ceria. 

4.2 Introduction 

Supported Pt-group metal catalysts are of critical importance due to their use in a broad 

range of chemical conversion technologies,1,2 with the highest demand in terms of metal 

mass coming from automotive three-way catalytic convertors.3,4 Due to a naturally low 

abundance of Pt-group metals in the earth’s crust,5,6 significant efforts have been devoted 
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to developing approaches that maximize metal utilization efficiency thereby reducing 

costs and promoting sustainability.7 The primary approach to maximize metal utilization 

efficiency is increasing the metal surface area to volume ratio by decreasing the size of 

nanometer scale particles, leaving a greater fraction of the total metal atoms in the 

catalyst available to drive chemistry.8 At the ultimate limit, this corresponds to single 

metal atoms deposited on supports, a class of materials called single atom, atomically 

dispersed, or isolated site catalysts, which exhibit perfect metal utilization, where all 

atoms are exposed to reactants and available for driving catalytic reactions.9 The critical 

consideration in motivating the development of isolated site Pt-group metal catalysts is 

whether these materials will maintain, or enhance, the inherent reactivity of small 

nanoparticles to enable improvements in specific activity and reduced catalyst costs.10,11 

Additional interest in isolated site Pt-group metal catalysts has been fueled by the idea 

that these materials could bridge the gap between heterogeneous and homogeneous 

catalysis, potentially providing unique opportunities to tune selectivity in difficult 

chemical conversions.12–15 

Research into isolated Pt-group, and more broadly, precious metal atoms on oxide 

supports has spanned decades with initial focus on providing spectroscopic evidence of 

their existence. For example, following the assignment of the Rh gem dicarbonyl species, 

Rh(CO)2, to CO bound to isolated Rh atoms on oxides using infrared (IR) spectroscopy, 

efforts were devoted to identifying the structure, formation mechanism, and local 

geometry of these species.16 While initial research focused on the spectroscopic 

identification of isolated precious metal atoms on oxide supports, the ability to directly 



77 

 

observe single heteroatoms on supports by aberration corrected scanning transmission 

electron microscopy (STEM) has sparked renewed interest into the synthesis, 

characterization, and potentially unique reactivity of isolated site precious metal 

catalysts.17 There is a growing body of literature reporting the reactivity of isolated site 

precious metal catalysts for reactions including water gas shift,18–21 CO2 hydrogenation,22 

ethylene dimerization,23 butadiene hydrogenation,13 and NO reduction,24 suggesting a 

broad and exciting range of potential applications. One system that has received 

significant attention is the adsorption and oxidation of CO on oxide supported isolated Pt 

atoms (Ptiso). Attention stems from the apparent simplicity of the reaction, but more 

relevantly from the potential to use Ptiso species to reduce the massive demand of Pt for 

use in automotive (mostly in diesel engines) CO oxidation catalysis.25,26 Interestingly, 

significant variations exist in the reported strength of interaction between CO and oxide 

supported Ptiso, and the reactivity of these species in CO oxidation. For example, there are 

theoretical and experimental reports that CO binds weaker8,27–31 and stronger32,33 to Ptiso 

species compared to metallic Pt cluster (Ptmetal) surfaces, with binding energies on Ptiso 

ranging from 20 to >200 kJ/mol depending on support and analysis approach. Similarly, 

there are variations in reports regarding the comparative reactivity of Ptiso and Ptmetal 

clusters for CO oxidation, where Ptiso species have been identified as the more and less 

reactive active site.27,32–35 

Variations in the strength of interaction and reactivity of CO on oxide supported Ptiso 

species are certainly related to the specific metal oxide support composition, which acts 

as a ligand modifying Ptiso species reactivity. However, given the range of conclusions 
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with inconsistency across similar classes of supports (i.e. reducible, such as CeO2, FeOx, 

TiO2) it is likely that variations in reported activity and strength of interaction between 

CO and Ptiso are also related to challenges associated with the synthesis of stable Ptiso 

species on oxide supports and the unambiguous identification of these species. While 

different approaches have been used to deposit Ptiso species on oxide supports, it has been 

consistently reported that agglomeration into small Pt clusters occurs during high 

temperature oxidation (calcination),35 reduction,36 or exposure to reaction conditions.37 

The lack of Ptiso stability in response to standard treatments used in the activation of Pt 

catalysts makes the rigorous identification of Ptiso reactivity difficult. For example, a lack 

of stability in high temperature calcination conditions necessitates mild oxidation 

treatments, which results in retained existence of ligands or counter ions on the catalyst 

that could influence reactivity and mobility of the Pt complex.31,35,38,39 Furthermore, if 

Ptiso species cannot be exposed to H2 at elevated temperature, there exists the possibility 

that small, oxidized Pt (Ptox) clusters co-exist on the support,40 which are difficult to 

differentiate from Ptiso species given the similar cationic charge and local bonding 

environment of Pt in these structures. Finally, a lack of stability under reaction conditions 

makes it difficult to separate the reactivity of Ptiso species from Ptmetal clusters. For 

rigorous analyses of the reactivity of supported Ptiso species it is critical to develop 

strategies to maintain their structure under standard pretreatments used for supported Pt 

catalysts. 

In addition to the synthesis of stable Ptiso species, rigorous sample-averaged and site-

specific characterization approaches are needed to differentiate Ptiso, Ptmetal clusters and 
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Ptox clusters. While STEM imaging provides visual evidence of the presence of single 

atoms, the statistically limited nature of the technique coupled with the inability to 

provide 3-D representations of a support surface at atomic resolutions from the 2-D 

projections that make up images suggest that STEM should be coupled with 

complimentary characterization techniques. Photon-based spectroscopies, such as X-ray 

absorption spectroscopy (XAS) and X-ray photoelectron spectroscopy (XPS), have been 

widely used to identify the charge state and local coordination of supported metal 

catalysts.41 The utility of these techniques to differentiate characteristics of Ptiso species, 

such as a cationic charge or coordination only to oxygen atoms is hindered because these 

are also signatures of small supported Ptox clusters. Because of these similarities, 

differentiation of Ptiso and Ptox by XPS or XAS requires maintained cationic charge and 

lack of Pt-Pt coordination in conditions where Ptox clusters reduce to Ptmetal clusters. 

Furthermore, the existence of even a few Pt clusters in a sample can lead to inconclusive 

results as the signal of all Pt species are averaged in the calculation of coordination 

numbers in XAS. 

Probe molecule infrared (IR) spectroscopy with CO is a widely used characterization 

technique that allows probing of the local structure, oxidation state, and coordination 

environment of supported precious metals.42 CO probe molecule IR is a sample-averaged 

technique that also is site-specific due to the varying vibrational frequency of CO when 

adsorbed to different types of supported metal sites, and it can be operated in a 

temperature programmed manner to extract information about the chemical reactivity of 

distinct precious metal sites.22 Similar to issues with XAS or XPS, distinguishing 
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vibrational bands of CO when adsorbed to Ptiso and Ptox clusters requires consideration, as 

previous reports on these species identify their stretching frequencies both existing in the 

range ~2080-2130 cm-1.40,43–45 The similar vibrational frequency of CO when adsorbed to 

Ptiso and Ptox, which is blueshifted (higher frequency) from the stretching frequency of 

CO on Ptmetal (2030-2100 cm-1), arises from the similar cationic charge of Pt in both 

structures.  

It is consistently seen across all characterization approaches that the development of 

synthetic approaches to create stable Ptiso species on oxide supports that survive through 

calcination, reduction, and reaction conditions is required to unambiguously distinguish 

Ptiso, Ptox clusters and Ptmetal clusters. The importance of distinguishing these species is 

substantiated by reports showing that Ptox species ranging from small clusters containing 

a few Pt atoms to extended single crystal surfaces exhibit strong interactions with CO and 

minimal CO oxidation reactivity,46–48 potentially obfuscating measurements of Ptiso 

reactivity if these species are not differentiated and distinctly compared.49  

Using a correlated STEM and CO probe molecule IR characterization approach it was 

shown that Pt remains site isolated on TiO2 particles through high temperature (450 °C) 

calcination, reduction in H2 (300 °C), exposure to CO oxidation reaction conditions for 

~3 days, and when aged on the shelf for ~1 month. CO adsorption on Ptiso is 

characterized by a sharp (6-8 cm-1 full with at half maximum, FWHM) band centered at 

2112 cm-1 that does not change frequency, width, or symmetry with coverage, while CO 

adsorption on 1 nm diameter Ptmetal (2040-2100 cm-1) and Ptox (2100-2125 cm-1) clusters 

is characterized by broader bands (>20 cm-1) that shift in frequency and shape with 
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coverage. Temperature programmed analysis showed that the interaction strength 

between CO and Pt species is in the order Ptiso << Ptmetal < Ptox. The reactivity of Ptiso and 

Ptmetal was compared in steady state CO oxidation measurements void of heat and mass 

transfer effects, which showed that Ptiso exhibited a 2-fold higher turnover frequency 

(TOF) compared to 1 nm Ptmetal clusters at 200 °C, but an identical reaction mechanism. 

We interpret the results in terms of the active site for CO oxidation on TiO2 supported Pt 

being interfacial cationic Pt atoms, demonstrating that when supported on TiO2, Ptiso 

species exhibit optimal reactivity on a per-mass and site basis because every atom is 

exposed for catalysis and creates an interfacial site with the support. It is expected that 

the approach demonstrated here would be generally useful for making rigorous 

assignments of spectroscopic and reactivity behavior of isolated precious metals on 

various oxides. 

 

 

 

4.3 Experimental Methods  

4.3.1 Materials   

High purity (99.995%) Tetraammineplatinum(II) nitrate (TAPN) was purchased from 

Sigma-Aldrich (#482293) and used as the Pt precursor. 5 nanometer diameter anatase 

TiO2 (99.5%) crystals with high surface area (290 m2/g) were purchased from US 

Research Nanomaterials (Stock # US3838) and used as the support in this study. Reagent 

grade NH4OH (28-30% concentration) used in catalyst synthesis was obtained from 
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Acros Organics (#423300250). SiO2 gel (Davisil Grade 62, pore size 150 Å, 60-200 

mesh, Part #243981, Sigma Aldrich) and acid purified SiO2 (Sigma Aldrich, #84880) 

were used for catalyst co-impregnation and catalyst dilution, respectively. For the IR and 

steady state reactivity experiments, the following gases were used: 10% H2/Ar (±2%, 

Airgas), He (UHP, 99.999%, Airgas), 10% O2/He (±2%, Airgas), and 10% CO/He (±2%, 

Airgas) in an Al tank to prevent metal carbonyls from entering reactant streams. 

4.3.2 Catalyst Synthesis 

The synthesis of catalysts containing a predominance of Ptiso species was achieved by a 

wet impregnation technique called strong electrostatic adsorption (SEA)50 using low Pt 

weight loadings (0.025-0.15 wt%), large synthesis volumes to promote homogeneous 

deposition of Pt on the support, and controlled solution pH (8-12.5). Details of the 

development of the synthesis procedure used to produce Ptiso are given in Chapter 3. For 

the synthesis of 1 wt% Pt catalysts containing Pt clusters and no Ptiso species, an incipient 

wetness (dry) impregnation (DI) procedure was used.  In a typical synthesis of 1 g of 

catalyst, 20 mg of TAPN was dissolved in 1200 μL of deionized water and the solution 

was added to 990 mg of TiO2 (dried and sieved as mentioned above), forming a paste. 

The paste was heated to 70 °C until completely dried. The dried catalysts were placed in 

a vacuum oven at 120 °C overnight and sieved to 75 µm.  

All catalysts were calcined in a tube furnace at 450 °C for 4 hours in flowing air after 

ramping up to temperature at a rate of 10 °C/min. The high temperature and extended 

duration of the calcination ensures removal of all remaining amine or nitrate ligands from 

the TAPN precursor which are completely decomposed under these conditions.51 
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4.3.3 STEM Imaging  

STEM imaging was performed on a JEOL JEM-ARM300F Grand ARM transmission 

electron microscope equipped with two spherical aberration correctors and a 300 kV cold 

field emission gun. High-angle annular dark field (HAADF)-STEM images were 

recorded using a convergence semi angle of 22 mrad and inner and outer collection 

angles of 83 and 165 mrad, respectively. 20-30 images were collected of each sample to 

observe of at least 100 Pt species and enable convincing structural assignments of the CO 

IR spectra. STEM imaging conditions were set to minimize the electron beam effect. A 

relatively small probe current 20 pA was used for imaging. Meanwhile, the magnification 

was always kept below 8,000,000 and the acquisition time was less than 16 seconds. 

Single Pt atoms were observed to be stable under these conditions. 

4.3.4 IR Characterization  

Prior to collecting CO probe molecule IR spectra, catalysts were loaded into a Harrick 

High Temperature Reaction chamber (ZnSe windows) mounted inside a ThermoScientific 

Praying Mantis diffuse reflectance adapter set in a Nicolet iS10 FTIR spectrometer with a 

Mercury Cadmium Telluride (MCT) detector cooled by liquid nitrogen. Mass flow 

controllers (Teledyne Hastings) were used to control the gas flow rates across the reactor 

bed and all gases were first passed across both an isopropyl alcohol-liquid nitrogen cold 

trap held at -80 °C and a glass trap filled with Drierite desiccant to remove trace 

moisture. The surface temperature in the catalyst bed was calibrated using an optical 

pyrometer due to the known gradient in the bed of the Harrick reactor.52,53 
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CO probe molecule IR spectroscopy was used to identify unique vibrational signatures of 

CO adsorbed to various Pt structures. To examine the spectral features of CO on each 

structure, as well as the stability of CO and reactivity in an O2 flow, the following 

protocol was used. First, an in-situ oxidation (300 °C for 30 min in a 10% O2/He mixture 

at 50 sccm) or reduction (240 °C for 1 hour in pure H2, 50 sccm) pre-treatment was 

performed to allow differentiation of Ptox clusters from Ptmetal clusters and Ptiso species. 

Next, catalysts were cooled to room temperature in He flowing at 100 sccm. Once at 

room temperature, CO was adsorbed until saturation coverage by flowing 10% CO/He at 

50 sccm for 10 minutes, where it was observed that bands associated with CO adsorption 

on Pt no longer changed. The system was flushed for 2 minutes in He at 100 sccm to 

remove any gas phase CO, which has vibrational bands that overlap with bands 

associated with CO adsorbed on cationic Pt species. Next, the stability of remaining 

chemisorbed CO was probed either in a temperature programmed desorption (TPD) 

experiment or in a temperature programmed oxidation (TPO) experiment. In the TPD 

experiment, the temperature was ramped from room temperature to 500 °C at a rate of ~7 

°C/min in 100 sccm of He flow. Alternatively, in the TPO experiment, oxygen was 

introduced (50 sccm of 10% O2/He) to the chemisorbed CO still held at room temperature 

and a temperature ramp to 500 °C at a ramp rate of 10 °C/min followed. Spectra were 

recorded throughout the entirety of experiments in Kubelka Munk (KM) units with 32 

scans and 0.482 cm-1 data spacing being averaged into a spectrum, allowing half-minute 

increments between each measurement. 
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4.3.5 Steady State CO Oxidation Kinetics 

Differential reactor measurements were made in a glass tubular packed-bed reactor to 

directly measure and compare the steady state CO oxidation reactivity of the various 

prepared catalysts. In all cases, a half-inch glass tube was used with a 4:1 length to 

diameter ratio of the catalyst bed to minimize the possibility of channeling. Calcined 

Pt/TiO2 catalysts were sieved to < 75 µm and co-impregnated with inert SiO2 gel at a 1:4 

ratio of catalyst to SiO2. The mixture was sonicated for 30 minutes in a round bottom 

flask with water and stirred overnight. The flask was then transferred to a rotary 

evaporator and vacuum dried over a 30 minute period at 110 rpm. The entire batch of co-

impregnated catalyst was then further diluted 5:1 by an acid purified SiO2 (Sigma 

Aldrich, #84880) and loaded into the packed bed reactor. The dilution and co-

impregnation steps were used to minimize (1) the pressure drop that would occur with 

gas flow through a packed bed of 5 nm diameter TiO2 particles, (2) the size of domains 

containing 5 nm TiO2 particles, which would introduce mass transfer and diffusion effects 

on the kinetic rates, and (3) hot-spot formation that is associated with this highly 

exothermic reaction.  No pressure drop across the catalyst bed was observed following 

the co-impregnation of the catalyst and across all flow rates of interest the reaction rate 

stayed constant as seen below in Figure 4.1 suggesting no mass transfer limitations were 

present (i.e. kinetic measurements were made in a reaction limited regime). 
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For steady state CO oxidation measurements, 50 mg of catalysts were loaded into the 

reactor and pre-treated with a 2 hour reduction in pure H2 at 20 sccm and 300 °C. The 

catalyst was cooled Partial pressure dependent measurements were made utilizing a 

home-built programmable Arduino controller that automated a solenoid valve control that 

allowed the reactants to bypass the reactor for baseline measurements in the MS before 

and after every change in pressure. An identical pretreatment to the activation barrier 

measurements preceded the partial pressure dependent measurements including the 10 

hours on stream at 200 °C. Following the activation period, instead of cooling, the partial 

pressure dependent measurements were executed at 200 °C. The total flowrate for all 

Figure 4.1 Ruling out mass transfer limitations. In Figure 4.1, the CO oxidation rates of the 

co-impregnated 0.025 wt% SEA and 1 wt% DI catalysts were measured as a function of total 

flow rate (varied from 100 to 300 sccm in a feed stream of 1% CO 1% O2 98% He), with the x-

axis reported as (U/dp)1/2, where U is the free stream velocity (m/s) and dp is the pellet diameter 

(m). All kinetic measurements reported in the main text were made using a 200 sccm total flow 

rate. External mass transfer limitations occur when the rate of reaction is limited by reactant 

mass transfer from the bulk fluid to the support surface. The constant measured CO oxidation 

rate across a wide range of total flow rates in Figure 4.1 demonstrates that measured rate is 

control by surface kinetics. 
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partial pressure measurements was 200 sccm in a balance of He. The CO partial pressure 

dependence was run first, beginning with the highest CO feed ratio of 1.5% CO to 0.5% 

O2 and ending with the lowest CO feed ratio of 0.25% CO to 0.5% O2. At the start and 

end of each feed ratio, the reactants were flowed for 20 min bypassing the reactor to get a 

baseline signal in the MS. In between baseline measurements, the reactants were flowed 

across the catalyst bed for a period of 2 hours to obtain a steady state signal. Immediately 

following the lowest CO feed composition, while still at 200 °C, the O2 partial pressure 

dependent measurements began with the highest O2 feed ratio (0.5% CO to 1.5% O2) 

following a 40 min bypass period. The alternating bypass/reactor cycle continued for 7 

steady state measurements with sequentially decreasing O2 feed composition and constant 

CO pressure, ending with a feed ratio of 0.5% CO to 0.25% O2. For both sets of reaction 

experiments and for all catalysts, the reported kinetic measurements are an average of at 

least 3 unique measurements (i.e. new catalyst preparations were loaded into the reactor) 

to ensure repeatability and consistency. Temperature was controlled in the home-built 

furnaces using programmable PID controllers (Omega CN7800). Flowrates were 

controlled by calibrated mass flow controllers (Teledyne Hastings). Gas streams were 

cleaned of humidity prior to the reactor using a Drierite bed (tests with the addition of an 

isopropyl alcohol-liquid nitrogen trap showed no effect on rate), and though no metal 

carbonyl traps were used, Al-lined CO tanks were purchased to prevent metal carbonyl 

formation and ensure clean CO streams. All effluent gases were measured using 

calibrated online mass spectrometry (Halo 201, Hiden Analytical). 
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4.4 Results 

4.4.1 Synthesis and vibrational band assignments of CO adsorbed to Ptiso  

The preparation of exclusively Ptiso species was thoroughly detailed in Chapter 3 

but can be succinctly summarized by Figure 4.2 which demonstrates the key design 

elements.  The synthesis of stable Ptiso species was achieved by using small oxide 

nanoparticles as supports to deposit ~1 Pt atom per support particle. To enable the 

homogeneous deposition of 1 atom per support particle principles from the strong 

electrostatic adsorption (SEA) wet impregnation technique were used to promote 

repulsive interactions between Pt ions in solution and attractive interactions between Pt 

ions and the TiO2 surface.50,54–56 This was achieved through pH adjustment by the 

addition of NH4OH to modify the TiO2 support surface. Specifically, surface hydroxyls 

were deprotonated to form O- anions which then Coulombically attract [(NH3)4Pt]+2. In 

the absence of strong electrostatic effects (in this case under neutral pH), a stochastic 

distribution of Pt atoms deposited onto TiO2 particles would produce a significant 

fraction of TiO2 particles containing >1 Pt atom, see Figure 4.2(A). 

 

Figure 4.2 Synthesis approaches for producing site-isolated Pt and Pt clusters on TiO2. (A). Schematic of the strong 

electrostatic adsorption based synthetic protocol used to deposit 1 Pt atom per 5 nm diameter TiO2 particle through 

controlling weight loading, solution volume, and solution pH. By tuning the solution pH, a Coulombic attraction between 
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the surface oxygen anion (O-) and the cationic precursor [(NH3)4Pt]+2 promotes the deposition of 1 Pt atom per TiO2 

particle. (B). A schematic of the dry impregnation approach for producing exclusively Pt clusters, where higher weight 

loadings, no control of pH and smaller solution volumes are used to deposit the Pt precursor onto TiO2 particles. 

As a comparison for the designed synthesis of Ptiso catalysts, a 1 wt% Pt/TiO2 

catalyst was prepared by incipient wetness (dry) impregnation (DI) with the goal of 

exclusively producing Pt clusters, Figure 4.2(B). The 1 wt% loading dictates that on 

average ~8.4 Pt atoms would be deposited per TiO2 particle, with low solution volume 

and lack of pH modification eliminating the expected driving force for Ptiso formation. 

Even with the lack of specific efforts to control Pt particle size in this synthesis, 

nanometer and sub-nanometer diameter particles were expected to form due to the 

required migration between TiO2 particles for particle sintering and the relatively small 

number of Pt atoms deposited per TiO2 particle.  

Due to its high sensitivity to local bonding environment, CO probe molecule IR 

spectroscopy was utilized to analyze how synthesis parameters influenced the resulting Pt 

structure. Characterization of structural properties and charge of supported Pt catalysts 

using CO as a probe molecule with IR is abundant in literature.42,57 For supported Ptmetal 

particles there are well-established values for vibrational frequency of adsorbed CO.58 

When CO is adsorbed to Ptmetal sites the band center increases from 2040 to 2100 cm-1 as 

Pt-Pt coordination number increases from ~5 (characteristic of corners or defect sites on 

Pt particles) to 9 (characteristic of extended (111) surfaces on Pt particles).58 In contrast, 

when CO is adsorbed to oxide supported cationic Pt species (Ptox clusters, Ptiso species, or 

Pt coordinated with oxidizing ligands) the CO vibrational frequency is blueshifted from 

the Ptmetal adsorption sites, typically to >2100 cm-1.59 The blueshifted frequency for CO 

adsorbed to cationic Pt sites compared to Ptmetal sites derives from the decreased charge 
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transfer to CO and from the CO bond distance being closer to that of the gas phase CO 

distance.60 We hypothesized that for catalysts synthesized using the SEA approach 

described above, which were pretreated through harsh calcination (4 hours at 450 °C in 

air) and in-situ reduction (1 hour at 240 °C in H2), any IR bands of CO adsorbed to Pt 

sites with stretching frequencies > 2100 cm-1 must be due to the presence of Ptiso species, 

as all oxidizing ligands from synthesis would be removed by the calcination and any Ptox 

clusters would be reduced to Ptmetal clusters during the reduction.  

 

Figure 4.3(A) shows the IR spectra of CO adsorbed at saturation coverage and room 

temperature to 0.05 wt% SEA catalysts synthesized at a pH of 12, Pt precursor addition 

rate of 0.025 mg of Pt per hour, and varying surface loading (inversely proportional to 

synthesis solution volume, or qualitatively, dilution). The spectra were normalized to the 

intensity of the CO stretching band at 2112 cm-1 to compare the relative amount of CO 

adsorbed to Ptmetal sites (2040-2090 cm-1). It can be seen that as the surface loading was 

decreased (more dilute synthesis condition), the intensity of the band associated with CO 

adsorption at a cationic Pt site (2112 cm-1) increases relative to the intensity of the broad 

band associated with CO adsorption on Ptmetal sites.  Figure 4.3(B) shows the spectra of 

CO adsorbed at saturation coverage to 0.05 wt% SEA catalysts synthesized at a Pt 

precursor addition rate of 0.025 mg of Pt per hour, surface loading of 3,600 m2/L and 

varying pH between 8 and 12.5. It was observed that as the synthesis pH was increased 

the catalysts trended toward containing a single CO adsorption site with a symmetric CO 

stretching band at a frequency of 2112 cm-1 and a FWHM of < 10 cm-1, with optimized 
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synthetic conditions consistently producing FWHM of 6-8 cm-1. Catalysts synthesized at 

closer to neutral pH contained Ptmetal CO adsorption sites and broadened asymmetric CO 

bands centered at 2112 cm-1, as seen in Figure 4.3(B).  

A series of Pt/TiO2 catalysts were prepared with the optimized conditions of Pt precursor 

addition rate of 0.025 mg of Pt per hour, surface loading of 3,600 m2/L, pH of 12.2 and 

varying Pt loading from 0.025 – 0.5 wt%. The IR spectra of CO adsorbed at saturation 

coverage to this series of catalysts are shown in Figure 4.4. It can be seen that when there 

was nominally less than 1 Pt atom/TiO2 particle during the synthesis (0.025-0.05 wt %) a 

single, sharp CO stretching band with a frequency at 2112 cm-1 was observed. When the 

Pt weight loading was increased above 1 Pt atom/TiO2 particle (> 0.1 wt%) a second CO 

stretching band formed with a frequency ranging from 2040-2090 cm-1, signifying CO on 

Ptmetal sites. The ratio of the band intensity at 2040-2090 cm-1 increased relative to the 

2112 cm-1 band as the Pt weight loading was increased.  

To summarize the influence of synthetic protocol on the CO probe molecule IR 

spectra, it was found that when Pt was deposited onto 5 nm anatase TiO2 particles under 

highly dilute conditions, at high pH, and with weight loadings lower than 1 Pt atom/TiO2 

particle, a single CO stretching band with frequency 2112 cm-1 and FWHM of 6-10 cm-1 

was observed. Given that in all cases the catalysts were pre-treated by H2 under 

conditions known to reduce Ptox clusters into Ptmetal clusters, the retained existence of a 

CO adsorption site with a stretching frequency characteristic of adsorption on cationic Pt 

atoms, alongside the sharpness of the CO band, suggest an assignment of the 2112 cm-1 

vibrational mode to CO adsorbed to Ptiso species on the anatase TiO2 support. 
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To support the IR assignment of CO adsorbed to Ptiso on anatase TiO2, a 

correlated IR-STEM analysis was executed. We focused on 3 samples: (1) 0.05 wt% 

catalyst synthesized by the optimized SEA protocol, (2) 0.15 wt% catalyst synthesized by 

the identical SEA protocol, and (3) 1 wt% catalyst synthetized by the DI approach. Both 

SEA catalysts were prepared using a pH of 12.2, surface loading of 2900 m2/L, and Pt 

precursor addition rate of 0.025 mg of Pt per hour. 

 

Figure 4.3 Correlative IR and STEM for CO vibrational band assignment on Ptiso and Ptmetal. (A-C) IR spectra of 

CO adsorbed at saturation coverage and room temperature to 0.05 wt% Pt/TiO2 SEA, 0.15 wt% Pt/TiO2 SEA, and 1 

wt% Pt/TiO2 DI catalysts, respectively, that had been reduced at 240 °C in H2 prior to CO adsorption. (D-F) 

Representative STEM images of the same 3 catalysts after reduction ex-situ, where IR spectra in (A-C) correlate to 

STEM images of the same catalyst in (D-F). In the STEM images, Ptiso species with diameter of ~175 pm are circled in 

yellow, while clusters with diameter ~1 nm are circled in red. 

For these samples we collected CO probe molecule IR spectra at saturation coverage, see 

Figure 4.5(A-C), and 20-30 STEM images of the same materials, examples of which are 

shown in Figure 4.5(D-F), after they had been calcined and reduced through identical 
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protocols prior to both characterizations. In ~30 STEM images of the 0.05 wt% SEA 

catalyst, Ptiso species were the predominantly observed Pt species with only ~3 Pt clusters 

with diameter <1 nm observed, Figure 4.5(D). An average diameter of 0.176 nm was 

observed for the Ptiso species, see Figure 4.6. The measured diameter of the Ptiso species 

cannot be directly related to the Pt atomic radius, but instead shows that the measured 

size of Ptiso species is larger than the resolution of the instrument and thus, Ptiso species 

can be distinguished from dimers or trimers of Pt. The STEM images identifying Ptiso 

species are in excellent agreement with the IR spectra of the same CO saturated sample, 

Figure 4.5(A), where the intensity of the band at 2112 cm-1 was ~180-times more intense 

than the broad band observed between 2040-2090 cm-1. For the 0.15 wt% SEA catalyst, 

STEM imaging showed a significant increase in the number of Pt clusters (0.84 nm 

average diameter) compared to the 0.05 wt% SEA catalyst and the maintained existence 

of Ptiso species, Figure 4.5(E), in good agreement with the IR spectra of the CO saturated 

catalyst, Figure 4.5(B), which showed an increased relative intensity of the CO stretching 

band at 2040-2090 cm-1 compared to the 0.05 wt% SEA catalyst. Finally, STEM images 

of the 1 wt% DI catalyst showed the existence of predominantly clusters with an average 

diameter of 1.1 nm and a few larger particles with an average diameter of 4.3 nm, Figure 

4.5(F), corroborating the IR of the CO saturated catalyst in Figure 4.5(C), which showed 

almost exclusively CO stretching band intensity between 2040-2090 cm-1.  

STEM imaging showed conclusive evidence of the retained existence of 

predominantly Ptiso species on the 0.05 wt% SEA catalyst following calcination and 

reduction, as hypothesized in the design of the synthesis approach. Furthermore, the 
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correlated STEM-IR analysis provides convincing evidence that the sharp CO stretching 

band at 2112 cm-1 can be assigned to CO adsorbed on Ptiso on anatase TiO2.  

 

4.4.2 Site-specific signatures of CO adsorbed to Ptiso, Ptmetal and Ptox 

With the demonstrated stability of Ptiso species on 5 nm TiO2 particles following 

reductive treatment, we chose the 1 wt% DI (containing predominantly Pt clusters) and 

0.05 wt% SEA (containing predominately Ptiso species) catalysts to identify spectroscopic 

signatures that differentiate CO adsorbed to Ptiso and Ptox clusters, which both contain 

Figure 4.4 Pt species size distribution from STEM analysis of catalysts shown in Figure 4.5. Figure 4.6 

shows the statistical analysis (histogram) of the size distributions for Pt species identified as single Pt atoms 

(< 0.2 nm), Pt nanoclusters (0.2-2 nm), and Pt nanoparticles (>2 nm) measured via ~20-30 STEM images of 

the 0.05 wt% SEA, 0.15 wt% SEA and 1 wt% DI catalysts. In the 0.05 wt% catalyst only isolated atoms 

were identified. At 0.15 wt% a mixture of isolated atoms and nanoclusters were present. Finally, for the 1 

wt% catalysts only nanoclusters and nanoparticles were identified. Quantitative measurements of the size 

distributions for each species are:  (Left) The average Pt atom size of 0.05 wt% sample is d=0.176 ±0.039 

nm, which cannot be directly related to the atomic radius of Pt but is large enough to distinguish from 

dimers and trimers. (Middle) The average Pt atom size in the 0.15 wt% sample was d=0.198 ±0.042 nm and 

the average Pt cluster size was d=0.836 ±0.21 nm. (Right) The average Pt cluster size in the 1.0 wt% 

sample was d=1.097 ±0.23 nm and the average Pt nanoparticle size present was d=4.318±1.12 nm. 
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cationic Pt atoms. To achieve this, both catalysts were first pre-treated for 1 hour at 240 

°C in flowing H2, then exposed to CO at room temperature to saturation coverage and 

characterized by IR. The catalysts were then oxidized to remove adsorbed CO and 

oxidize the Pt structures (280 °C, 30 min in 10% O2), cooled to room temperature, and 

exposed to CO again for characterization by IR.  By performing the experiments 

sequentially on the same catalysts, spectra of CO adsorbed to Ptmetal and Ptox clusters 

could be compared to CO adsorbed to Ptiso species that have been pre-oxidized or pre-

reduced. 

In Figure 4.7(A) it is seen that following reduction, the spectrum of CO adsorbed at 

saturation coverage to the 1 wt% DI catalyst shows two predominant CO stretching bands 

overlapping in the region associated with CO adsorbed to Ptmetal sites centered at 2077 

cm-1, assigned to well-coordinated (WC) Pt sites, and 2058 cm-1, assigned to under-

coordinated (UC) Pt sites.61,62 The spectrum showed almost no intensity in the frequency 

range associated with CO adsorbed to cationic Pt sites (>2100 cm-1), suggesting fully 

reduced Pt clusters.  

Following oxidation of the 1 wt% DI catalyst, the spectrum of adsorbed CO 

showed a decrease in the intensity of bands associated with CO bound to Ptmetal sites 

(2040-2090 cm-1) as compared to the reduced catalyst, and the appearance of a broad 

band associated with CO adsorbed to cationic Pt sites (>2100 cm-1), see Figure 4.7(A). 

Peak deconvolution using a least-squares fit of multiple Gaussian peaks showed that the 

CO stretching band associated with adsorption on cationic Pt sites was centered at ~2118 

cm-1 and had a FWHM of 25-30 cm-1, Figure 4.8. 
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STEM imaging of the 1% DI catalyst following the reductive and oxidative treatment 

showed essentially identical Pt structure geometries, containing predominantly Pt clusters 

with an average of ~1 nm diameter and a few larger Pt particles with an average ~4 nm 

diameter, Figure 4.9. Given the lack of structural change in Pt particles following 

oxidative and reductive treatment, the broad CO stretching band between ~2090-2140 

cm-1 in Figure 4.7A is assigned to CO adsorption on Ptox clusters, consistent with 

previous reports.45,63 The CO stretching bands at frequencies below 2090 cm-1 observed 

in Figure 4.7(A) following oxidative treatment are assigned to Pt structures (or portions 
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Figure 4.5 Differentiating CO adsorbed to Ptiso, Ptmetal and Ptox. (A) CO adsorbed at room temperature and 

saturation coverage to a 1 wt% Pt/TiO2 DI catalyst that had been pre-reduced (red), and pre-oxidized (black), 

sequentially. (B)  CO adsorbed at room temperature and saturation coverage to a 0.05 wt% Pt/TiO2 SEA catalyst that 

had been pre-reduced (red), and pre-oxidized (black), sequentially. The intensity of the spectrum collected from CO 

on the pre-oxidized catalyst was multiplied by 100 to allow comparison. 
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of Pt structures) that were reduced by the flowing CO, as previously observed for Pt/TiO2 

catalysts.64  

However, from the combined IR and STEM data, which showed no significant structural 

changes of Pt following oxidative and reductive treatment,36 it is clear that CO only 

partially reduced the Ptox clusters. This is an important point that will be addressed in the 

discussion section, as the only partial reduction of oxidized Pt clusters by CO suggests 

the possible existence of Pt structures containing reduced Pt metal species in addition to 

retained oxygen and is supported by the observation of CO stretching bands at 

frequencies associated with both adsorption on metallic and cationic Pt atoms. 

In contrast to the behavior of Pt clusters seen in Figure 4.7(A), where the CO 

stretching bands assigned to adsorption on cationic Pt sites only appeared following 

oxidation pre-treatments, for the 0.05 wt% SEA catalyst it was observed that the 

predominant CO stretching band at 2112 cm-1, which we assigned to CO adsorbed to 

Ptiso, is present following pre-treatment in a reducing atmosphere, see Figure 4.7(B). 

However, following pre-oxidation of the catalyst and CO adsorption the overall intensity 

of the CO stretching bands in the IR spectrum significantly decreased (100-fold), 

resulting in bands at 2040-2090 cm-1 and 2090-2130 cm-1, which appear similar to the 

spectrum of pre-oxidized 1 wt% DI shown in Figure 4.7(A). 
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It is proposed that Ptiso species either exhibit preferential adsorption of O2 compared to 

CO or that vacancies in the TiO2 lattice induce migration that poisons the Ptiso 

species.34,65 Thus, following the oxidative treatment, Ptiso species are poisoned and do not 

allow CO to adsorb, while the few Pt clusters in this catalyst exist in a combination of 

reduced and cationic atoms, similar to the 1 wt% DI catalyst. 

Figure 4.6 Peak deconvolution of IR spectrum of CO stretch when adsorbed to Ptox sites in the pre-

oxidized 1 wt% DI. Figure 4.8 above is the output of the MATLAB code used for deconvolution of the IR 

spectrum to obtain the band center and FWHM for the CO stretch associated with CO adsorption on Ptox sites 

on the pre-oxidized 1 wt% DI catalyst shown in Figure 4.7A. The deconvolution used a least-squares error fit 

of 3 Gaussian peaks. The position of the band centers is listed in a table in the bottom half of the plot, which 

includes the residual error of the data. The oscillations visible in the residual error are expected.  
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 To briefly summarize, through the use of the 1 wt% DI and 0.05 wt% SEA 

catalysts, which contain Pt clusters and Ptiso species, respectively, and controlling 

oxidative or reductive pretreatments, we can differentiate the IR spectra of CO adsorbed 

to Ptiso, Ptox clusters, and Ptmetal clusters. This is critical, as CO adsorption on both 

cationic Pt species shows bands with similar stretching frequencies (2112 cm-1 on Ptiso 

and 2118 cm-1 on Ptox clusters), with the main difference being the width of the band (<10 

cm-1 on Ptiso and 25-30 cm-1 on Ptox), making them otherwise difficult to differentiate. 

The rigorous assignment of vibrational bands associated with CO adsorption on Ptiso, Ptox 

and Ptmetal sites enables comparison of the CO adsorption strength and characteristics of 

the CO desorption process on each adsorption site through temperature programmed 

desorption (TPD) experiments in the IR.  
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Figure 4.7 STEM imaging of 1 wt% DI catalyst following pre-oxidation and reduction. (A) Representative STEM 

image of the pre-reduced 1 wt% DI catalyst (1 hour in H2 at 240 °C). (B) Representative STEM image of the same 1 

wt% DI catalyst shown in (A) following calcination in air at 300 °C for 2 hours. (C) Size distribution of Pt clusters and 

nanoparticles derived from 20-30 images of the samples shown in (A) and (B) demonstrating that the oxidative and 

reductive pretreatments had no influence on Pt structure for the 1 wt% DI catalyst and thus change in the IR spectra of 

adsorbed CO were due to oxidation or reduction of the Pt clusters. 
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Figure 4.10 (A-C) shows IR measurements of adsorbed CO respectively on isolated Pt 

atoms (Ptiso), 1 nm metallic Pt clusters (Ptmetal), and 1 nm pre-oxidized Pt clusters (Ptox). 

Figure 1A shows IR spectra CO adsorbed to Ptiso following mild reduction conditions 

(250 °C in 10% H2/He for 1hr) at increasing temperature using a constant ramp rate of β= 

10 °C/min. Following the reductive pretreatment, CO was introduced until saturation 

coverage at cryogenic temperatures (-140 °C), flushed in Ar, and allowed to warm to -25 

°C. A single CO stretch was observed at 2112 cm-1 associated with adsorption to cationic 

Ptiso species with a narrow FWHM of 10.5 cm-1. Total desorption was observed by 5 °C. 

Figure 4.10(B) and 4.11(C) show the IR spectra associated with various temperatures 

recorded during TPD experiments (β = 7 °C/min) performed on 1 wt% DI catalysts that 

had been pre-reduced and pre-oxidized, respectively. On the pre-reduced catalysts, 

desorption of CO was observed to initiate from Ptmetal sites at ~50 °C and be mostly 

completed by 300 °C, Figure 4.10 (B). The desorption temperature was higher than 

Figure 4.8 CO TPD DRIFTS Spectra of Ptiso, Ptmetal and Ptox. (A) CO TPD spectra taken of a pre-reduced 

0.025% Ptiso/TiO2 catalyst after CO saturation at -140 °C and Ar flush. (B). IR spectra following CO adsorption to 

saturation coverage on a reduced (1 hour in H2 at 240 °C) 1 wt% DI catalyst during TPD in He (β= 10 °C/min) 

shows desorption from Ptmetal sites beginning at 50 °C and nearly completed by 300 °C. The characteristic red-shift 

in CO stretching frequency with decreasing coverage was also observed. (C). IR spectra following CO adsorption 

to saturation coverage on an oxidized (2 hours in air at 300 °C) on the identical 1 wt% DI catalyst shown in (A) 

during TPD in He (β= 10 °C/min), showing that CO desorbed from Ptox sites at higher temperature than from 

Ptmetal sites, with significant desorption only above 200 °C and incomplete desorption even by 350 °C. 
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traditionally seen in TPD experiments of CO from Pt clusters. We attribute this 

temperature discrepancy to the time needed to average data collected in a given spectrum, 

causing each spectrum to represent a range of temperatures.62 With increasing 

temperature, a characteristic redshift in CO stretching frequency occurred as the band 

intensity decreased due to the decreased dipole-dipole interactions of neighboring CO 

molecules on the Ptmetal surface. For the pre-oxidized 1 wt% DI catalyst, it was observed 

that CO was bound more strongly to cationic Ptox sites (>2100 cm-1) as compared to 

Ptmetal sites (<2100 cm-1), with significant desorption from Ptox sites occurring only above 

200 °C and incomplete even at 350 °C, Figure 4.10(C). The stronger adsorption of CO to 

Ptox clusters, compared to Ptmetal clusters, is consistent with previous results on Pt single 

crystals and supported Pt.45,47,48,66 During CO desorption from Ptox sites various shifts in 

the CO band frequency and width were observed, suggestive of evolving oxidation states 

and structure of adsorption sites during the temperature ramp. 

While it is obvious that CO binds more weakly to the Ptiso sites compared to Ptmetal or Ptox 

sites, the observed qualitative differences in CO adsorption strength prompted a 

quantitative analysis of adsorption energy of CO for each adsorption site using Redhead 

Analysis.67 By finding the temperature of peak desorption (Tp) for each material, the 

adsorption energy can be calculated using Equation 4.1. Due to the high degree of 

symmetry and unchanging band position as a function of temperature, the CO stretch for 

Ptiso is well approximated by either a Gaussian or Lorentzian function with the latter the 

more appropriate fit for a single site catalyst. However, because the area of both functions 

is linearly proportional to the peak height, the baselined intensity of the spectra can be 
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directly used to quantify the temperature where the rate of desorption is maximized. This 

is calculated by taking a numerical derivative of the change in intensity as a function of 

temperature assuming a constant ramp rate of β= 10 °C/min. The temperature of peak 

desorption was found to be -10 °C, which using the Equation 4.1 with an assumed rate 

constant of ν = 1015 s-1 gives an adsorption energy for CO of 0.87 eV. 

 

Equation 4.1 

𝐸

𝑅𝑇𝑝
= ln (

𝜈𝑇𝑝

𝛽
) − 3.64 

To analyze the adsorption energies of CO bound to various Ptmetal sites, an identical 

pretreatment as used for Ptiso (250 °C in 10% H2/He for 1 hr) was performed but in this 

case, due to stronger CO binding, CO saturation at room temperature and He flushing 

was sufficient. Again, a β= 10 °C/min ramp rate was executed for the TPD, which 

produced the spectra shown in Figure 4.10(B). The Redhead analysis was not as 

Figure 4.9 Peak deconvolution and fitting of Ptmetal (A) and Ptox (B) by Gaussian functions. 
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straightforward as in the case of Ptiso. For Ptmetal, four Gaussian functions of equal 

FWHM (20 cm-1) were used to approximate each spectrum and the remaining parameters 

of the Gaussian (band center and height) were varied manually until the fit was 

sufficiently accurate, see Figure 4.11(A).  

To aid in the fitting, constraints were imposed on the manual fitting. First, 

because it is well known that dipole-dipole coupling blueshifts the band position of CO 

on metal clusters until saturation coverage, the band center frequency of each Gaussian 

function was only ever held the same or decreased during the temperature ramp. Second, 

the height of a peak was only ever increased if a higher frequency CO-Pt stretch had 

decreased suggesting that desorption induced some minor restructuring or possibly that 

CO had readsorbed to a less coordinated Pt site. Once all spectra were fit, a numerical 

derivative of the area of each CO stretch was taken to find local peak desorption 

temperatures. In the case of fitting multiple peaks it proved more useful to look at the 

derivative of the cumulative desorption profile to identify the peak desorption 

temperatures: 75, 180, 265, and 300 °C. The cumulative desorption profile was then 

broken down into two halves, the derivative of the sum of the two higher frequency 

Gaussian fits and of the two lower frequency Gaussian fits as shown in Figure 4.12(A). 

Because IR spectra take time to collect and the ramp rates should be relatively fast for 

TPDs where Redhead analysis is applied, the data spacing and derivatives are slightly 

crude. For this reason, a minimum threshold for dA/dT (> 0.1) was used to filter out 

minor fluctuations in the derivative which should not be considered peak desorption 

temperatures. In Figure 4.12(A) the derivative of the summed higher coordination CO-Pt 



104 

 

stretches have 2 clear local desorption maxima at 75 and 180 °C which are most 

reasonably assigned to CO desorption from the most highly coordinated Pt in the metal 

cluster, respectively, 2079 and 2062 cm-1. For the lower coordination fit local desorption 

maxima at 265 and 300 °C were assigned to 2045 and 2028 cm-1 respectively. 

 

To obtain adsorption energies of CO on Ptox, the 1% Pt/TiO2 catalyst was pretreated 

under mild oxidation conditions (300 °C in 10% O2/He for 1hr). Again, due to stronger 

CO binding, CO saturation at room temperature and He flushing was sufficient and a β= 

10 °C/min ramp rate was executed for the TPD which produced the spectra shown in 

Figure 4.10(C). Due to the additional presence of stretches associated with CO adsorption 

on cationic Pt sites, six Gaussian functions (FWHM = 20 cm-1) were used to fit the 

spectra collected at each temperature and the following CO band positions were 

Figure 4.10 Numerical derivatives of the change in area of the fitted peaks. Numerical Derivative of the 

Area Change of (A) a prereduced 1% Pt/TiO2 catalyst grouped by CO-Pt frequency and (B) a preoxidized 1% 

Pt/TiO2 catalyst grouped by Pt charge. 
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observed: 2117, 2103 cm-1 (CO stretches associated with adsorption on cationic Pt) and 

2085, 2066, 2049, 2031 cm-1 (CO stretches associated with adsorption on metallic Pt 

sites), Figure 4.11(B). We note that CO exposure to the pre-oxidized Pt clusters likely 

induced partial reduction, thus causing the co-existence of CO adsorption to cationic and 

metallic Pt atoms. Numerical derivatives were again taken for the identified stretches 

tracked in the fitting. Directly correlating the CO-Pt stretches to the peak desorption 

temperatures proved difficult due to the multitude of ways six peaks can approximate a 

spectrum accurately. Since the Ptox stretches were of particular interest, it made sense to 

group the areas into generalized cationic and metallic Pt cumulative areas and redo the 

derivative analysis as shown in Figure 4.12(B). In this figure, there are three obvious 

metallic Pt-CO peak desorption temperatures (50, 150, and 270 °C) which correspond to 

the three identified metallic Pt-CO stretches. There is also 3 higher peak desorption 

temperatures for the CO stretches associated with adsorption on cationic Pt sites at 240, 

300, and 350 °C which are assigned to 2115, 2110, and 2105 cm-1. While only two 

stretches associated with CO adsorbed on cationic Pt were initially identified during the 

fitting, it seems likely that an intermediate stretch around 2110 cm-1 was masked by the 

overlap of the other CO stretches associated with cationic Pt. A summary of the CO 

stretches associated with Pt and their corresponding adsorption energies obtained through 

Redhead analysis (see Equation 1) is tabulated in Table 4.1 below. 
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The relationship between the vibrational frequency of each CO stretch and its calculated 

adsorption energy is plotted in Figure 4.13 using the values from Table 1. There is a 

relatively linear relationship between the vibrational frequency of CO at a given Ptmetal or 

Ptox site and the adsorption energy. By looking at the slope, for every 10 cm-1 decrease in 

the vibrational frequency of a CO-Pt stretch, this analysis predicts an increase in 

adsorption strength of 0.15 eV for metallic Pt adsorption sites. There are too few data 

points to draw a relationship for cationic (Ptox) adsorption sites and adsorption energy 

though it also appears to be linear. Ptox has higher CO adsorption energies (1.72-2.10 eV) 

than Ptmetal (1.16-1.93), except at the lowest coordinated Pt sites (i.e. edges, corners). It 

seems as if the CO adsorption energy increases with decreasing Pt coordination, which 

should be correlated with decreasing CO stretching frequency.  Ptiso has the lowest 

observed adsorption energy (0.87 eV). It is interesting that Ptiso has a significantly 

decreased CO adsorption energy as compared to Ptox sites. This could likely be explained 

by analysis of the local coordination of model versions of these sites in the DFT 

calculations. 

Material Description Band Center (cm-1) Tp (°C) Eads (eV)

0.025% Pt/TiO2 

250 °C Reduction
Homogeneous 

single site
2113 -10 0.87

1% Pt/TiO2

250 °C Reduction

Higher Coordination
2079 75 1.16

2062 180 1.51

Lower Coordination
2045 265 1.81

2028 300 1.93

1% Pt/TiO2

300 °C Oxidation

Cationic

2117 240 1.72

2110 300 1.93

2105 350 2.10

Metallic

2086 50 1.07

2070 150 1.41

2056 270 1.82

Table 4.1 Summary of adsorption energies of CO to Ptiso, Ptmetal, and Ptox calculated using Redhead analysis   
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With a quantitative understanding of the comparative strength of interaction of CO with 

the various adsorption sites, we also wanted to analyze the relative reactivity of CO 

bound to these sites in transient experiments. We focused on CO bound to Ptmetal and Ptox 

sites, because CO binds too weakly to Ptiso sites to analyze reactivity in transient 

experiments. Figure 4.14(A) and (B) show IR spectra collected on respectively reduced 

and oxidized 1 wt% DI catalysts, during the following experimental protocol: CO 

adsorption to saturation at room temperature, He exposure at room temperature for 10 

minutes, a 10% O2/ He mixture for 10 minutes, and a temperature programmed oxidation 

(TPO) ramp (β = 10 °C/min) to 500 °C in the 10% O2 mixture. It is seen in Figure 

4.14(A) that CO adsorbed to Ptmetal sites is stable in the presence of He at room 

temperature, consistent with Figure 4.10(B). Upon exposure to the 10% O2/He mixture at 

room temperature, CO reacts to produce CO2.
33 During the TPO, the remaining CO is 
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converted to CO2 almost completely by 120 °C, with only a small amount of CO 

adsorbed to Ptox sites (formed during the oxidation ramp) remaining intact until above 

300 °C. This shows the high reactivity of CO on Ptmetal sites for oxidation by O2, as is 

well known. 

 

Conversely, in Figure 4.14(B) it was observed that CO bound to Ptox sites on the pre-

oxidized 1 wt% DI catalyst is significantly less reactive than CO bound to Ptmetal sites 

observed in Figure 4.14(A), with minimal reactivity until > 160 °C. As in Figure 4.7(A), 

initially the pre-oxidized catalyst has some metallic character due to reduction of Ptox 

clusters by CO, as evidenced by the CO stretching frequencies characteristic to 

adsorption on Ptmetal sites (2040-2090 cm-1). The difference in reactivity of CO bound to 

Ptox and Ptmetal sites is highlighted in Figure 4.14(B) by the almost complete loss in CO 
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adsorbed to a reduced 1 wt% DI catalyst during a He and O2 flush at room temperature and a TPO ramp. (B). 

CO adsorbed to an oxidized 1 wt% DI catalyst during the identical protocol as (A).  
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bound to Ptmetal sites following O2 introduction at room temperature, with the retained 

existence of CO bound to Ptox sites until much higher temperature. 

The TPD and TPO experiments on Ptiso, Ptmetal and Ptox sites highlight several unique 

characteristics distinguishing site-specific spectroscopic and reactive characteristics of 

adsorbed CO. First, CO adsorption strength is in the order Ptiso << Ptmetal < Ptox 

respectively, 0.87 eV, 1.16-1.93 eV, and 1.72-2.10 eV. Second, CO adsorbed to the Ptiso 

species exhibit constant FWHM, band position, and band symmetry with changing 

coverage, which is in stark contrast to observations on Ptox and Ptmetal sites, demonstrating 

the homogeneity of the produced Ptiso species and further substantiating the IR 

assignment.68 Third, CO adsorbed to Ptox sites is significantly less reactive in O2 than CO 

adsorbed to Ptmetal sites, suggesting Ptox sites play no role in steady state CO oxidation 

reactivity measurements on Pt/TiO2 catalysts. 

In addition to the low stability of CO observed on Ptiso sites, throughout desorption the 

CO stretching band remained symmetric and the FWHM stayed constant at ~8 cm-1. 

Furthermore, as CO desorbed, the vibrational frequency of the band was constant. The 

absence of a coverage dependent shift in the stretching frequency of CO on Ptiso sites 

shows there is no interaction between adsorbed CO molecules and CO must therefore be 

spatially isolated on atomically dispersed Pt atoms, in contrast to the behavior observed 

on Ptmetal and Ptox sites in Figure 4.14(A) and (B).67 Lastly, the retained symmetry and 

FHWM of the vibrational band of CO on Ptiso during desorption is strong evidence that 

the Pt-CO species are homogeneous in nature, likely all located at a common adsorption 

site on the TiO2 support.68  
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4.4.3 Steady state CO oxidation reactivity of Ptiso and Ptmetal 

 To directly compare the reactivity of Ptiso and Ptmetal sites for the CO oxidation reaction, 

steady state measurements were executed under strict kinetic control as a function of 

temperature and reactant partial pressure. 1 wt% DI and 0.025 wt% SEA catalysts were 

used to compare the reactivity of these sites, as the 1 wt% DI material contains almost 

exclusively 1 nm Pt clusters, while the 0.025 wt% SEA material contained almost 

exclusively Ptiso species. 

To minimize the partial pressure drop across the catalyst bed, hot spot formation, and 

mass transfer limitations, the catalysts were co-impregnated onto a SiO2 gel support and 

further diluted in SiO2, as described in the methods section. Flow rate dependent kinetic 

measurements provide evidence of kinetic control in the rate measurements, see Figure 

4.2. The catalysts were reduced for 2 hours in 20 sccm of pure H2 at 300 °C to ensure all 

clusters were Ptmetal and then were exposed to 1% CO, 1% O2, 98% He at 200 °C for 10 

hours to reach steady state reactivity. Figure 6(A) shows the rate of CO oxidation as a 

function of temperature over the two catalysts, where it was observed that the apparent 

activation energy (Eapp) on the Ptiso species is higher than on the 1 nm Ptmetal clusters (69 

kJ/mol on Ptiso versus 53 kJ/mol on Ptmetal sites). The measured Eapp for both catalysts are 

consistent with previous measurements for CO oxidation over Pt on reducible supports, 

which range from 40-70 kJ/mol on CeO2
69 and 50-60 kJ/mol on TiO2.

70 Higher barriers 

around 85 kJ/mol are typically observed when Pt is supported on non-reducible supports 

like Al2O3.
52,71 Ptiso species exhibited enhanced CO oxidation rates on a per gram Pt basis 

as compared to 1 nm Ptmetal clusters, ranging from 4x greater at 140 °C to 6x greater at 
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200 °C. At 140 °C, the TOF on Ptiso sites is ~12% higher than on 1 nm Ptmetal clusters, 

while at 200 °C the TOF is ~2x greater on Ptiso compared to 1 nm Ptmetal clusters. Partial 

pressure dependence measurements were made on the two catalysts at 200 °C, as shown 

in Figure 4.15(B). From the slopes of the linearized plots in Figure 4.15(B), we found 

that the reaction rate is not dependent on CO partial pressure and dependent on O2 partial 

pressure with a ½ order dependence, and thus we derive a consistent rate law on both 

catalysts of, 𝑅𝑎𝑡𝑒 ∝ 𝑃𝑜2

1/2.69,72  

The difference in rates between the 1 nm Ptmetal clusters and Ptiso species in the partial 

pressure dependent measurements was comparable to the difference measured at 200 °C 

in the temperature dependent studies (Figure 4.15(A)), with Ptiso species being 6-8x more 

reactive on a per-gram Pt basis. To ensure that the Ptiso and 1 nm Ptmetal clusters retained 

their structures following the ~64 hours on stream under CO oxidation conditions that 

was required to obtain kinetic data, the two catalysts were characterized by CO probe 

molecule IR pre- and post-reaction. In Figure 4.17(A) and 7(B), the IR spectra associated 

with CO adsorbed to the 0.025 wt% SEA catalyst pre- and post-reaction is shown as a 

function of time in a He flow at room temperature. 
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Figure 4.13 CO oxidation kinetics. (A). Arrhenius plots showing temperature dependence of the per-gram Pt rate 

(mol·s-1·gPt
-1) for CO oxidation on each catalyst from 160-200 °C in a 200 sccm flow of 1% CO, 1% O2, balance He. 

(B) Linearized per-gram rates (mol·s-1·gPt
-1) as a function of CO and O2 pressure. The reported data is an average of 

three unique sets of measurements on freshly loaded catalysts into the reactor, ensuring reproducibility. 

The pre- and post-reaction catalysts show almost identical spectra, with an 8 cm-1 FWHM 

for CO adsorbed to Ptiso at 2112 cm-1 that displays a constant frequency and FWHM as 

CO readily desorbs at room temperature. This is convincing evidence that the 

predominant Ptiso structure is retained even after ~64 hours on stream under CO oxidation 

conditions. Furthermore, to substantiate that kinetic measurements were not skewed by 

structural changes to the catalyst as it aged on the shelf between repetitive measurements, 

the 0.025 wt% SEA catalyst was characterized by CO probe molecule IR one month after 

initial synthesis and showed no change in the reported signatures CO on Ptiso sites, see 

Figure 4.18, further substantiating the excellent stability of Ptiso species in the catalyst 

architectures used in this study.  
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     In Figure 4.17(D) and (F), the IR spectra of CO adsorbed to the reduced pre- and 

post-reaction 1% DI catalyst at saturation coverage and room temperature are shown.  

Some small changes in the shape of the CO IR spectrum in the post-reaction catalyst is 

evident, suggesting some restructuring of the Pt catalyst due to exposure to CO 

oxidation conditions, which has been reported previously.52,73 However, the 

reconstruction of Pt particles induced by CO oxidation conditions is minimal and 

known to occur on very rapid time scales prior to steady state reactivity being reached, 

thus reconstruction does not influence the kinetic comparison.  
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Figure 4.14 CO oxidation TOF and per-gram Pt rate comparison. (A) The TOF data presented is a direct 

mathematical transformation of the data in Figure 4.16(B). For the 0.025 wt% SEA catalyst (all Ptiso) the Pt 

dispersion was assumed to be 100%. For the 1 wt% DI catalyst, repetitive, averaged CO chemisorption 

measurements made prior to co-impregnation were used to obtain dispersions (~30%). (B) The per-gram rate data 

corresponding to Figure 4.15A expressed in a non-linearized plot as a function of temperature. Error bars were 

derived from 3 repeated measurements on different catalysts from the same synthesized batch are included for all 

data points though it may not always be visible due to the size of the data points.  
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 To obtain insights into the operating state of Ptiso and Ptmetal clusters under CO oxidation 

conditions, in-situ IR spectra were taken at reaction conditions (1% CO, 1% O2, 98% He 

at 200 °C) over a 2 hour period at which point subsequent spectra were identical 

indicating steady state CO oxidation had been achieved. In Figure 4.17(C), a 

representative in-situ IR spectrum collected from the 0.025 wt% SEA catalyst spanning 

the CO and CO2 IR stretching frequencies is shown. Bands in the range of 2250-2400 cm-

1 shows that CO2 production is occurring, while the bands between 2150-2200 cm-1 and 
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Figure 4.15 Catalyst stability under reaction conditions and in-situ analysis. IR spectrum of CO adsorbed at room 

temperature and saturation coverage to the 0.025 wt% Pt/TiO2 SEA catalyst during a He flush prior to reaction, (A), 

and after 64 hours on stream, (B). (C) In-situ IR spectrum collected at 200 °C after 2hr of CO Oxidation (1% CO, 1% 

O2, balance He) from the 0.025 wt% Pt/TiO2 SEA catalyst. IR spectrum of CO adsorbed at room temperature and 

saturation coverage to the 1 wt% DI catalyst during a He flush prior to reaction, (D), and after 64 hours on stream, (E). 

The band centered at 2080 cm-1 is assigned to CO on well-coordinated Ptmetal sites, CO-Ptmetal,WC, while the band 

centered at 2060 cm-1 is assigned to CO on under-coordinated Ptmetal sites, CO-Ptmetal,UC. (F) In-situ IR spectrum 

collected at 200 °C after 2hr of CO Oxidation (1% CO, 1% O2, balance He) from the 1 wt% Pt/TiO2 SEA catalyst. 
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2050-2150 cm-1 are associated with gas phase CO vibrations. Interestingly, there is no 

visible stretch associated with CO adsorbed to Ptiso sites under steady state reaction 

conditions.  A small shoulder around 2060 cm-1 is present, which is likely due to CO 

adsorbed to the minority of sub-nm Pt clusters present on the 0.025% SEA catalysts. 

The in-situ spectrum collected from the 1 wt% DI catalyst shows the presence of gas 

phase CO2 and CO, consistent with the 0.025 wt% catalyst, but two bands at 2080 and 

2060 cm-1 are also present, suggesting CO is adsorbed to Ptmetal sites at significant 

coverage under reaction conditions. Overlapping with the gas phase CO is a broad band 

associated with CO adsorbed to a cationic Pt site at 2120 cm-1.  The in-situ IR spectra 

provide an interesting insight that while the Ptiso and 1 nm Ptmetal cluster active sites 

exhibit very similar rate laws, the coverage of CO on these sites under reaction conditions 

is quite different. The mechanistic implications of this result will be discussed below. 
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4.5 Discussion 

Compared to previous reports where Ptiso species were observed to form Pt clusters under 

oxidative conditions, reductive conditions, reaction conditions, or under an electron beam 

in a TEM, the Ptiso species reported here on TiO2 nanoparticles retained their structure 

and homogeneous distribution under all considered conditions.33,34,37 The lack of stability 

for most Ptiso species under various conditions is not surprising, given the known 

mechanism of Pt sintering through Pt atom emission and migration on supports.74 One 

Figure 4.16 CO IR spectra collected from 0.025 wt% SEA catalyst that had been sitting on the shelf for 1 

month after synthesis during He flush at room temperature. Following an identical in-situ reduction, CO 

adsorption to saturation, and He flush as used in the analysis of Figure 4.15(A) and (B), the spectra above were 

obtained using a 0.025 wt% SEA catalyst that had been sitting on the shelf for 1 month. This was the same 

catalyst that was mixed with SiO2 gel for co-impregnation for the kinetic studies. The 1-month aged catalyst 

shows no spectroscopic differences compared to the freshly prepared sample shown in Figure 4.7 and Figure 4.15, 

exhibiting the identified signatures of CO bound to Ptiso including: low stability in flushing He, unchanging band 

position (2112 cm-1) with coverage, and narrow FWHM. 
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approach to overcome the low stability of Ptiso species is to provide anchoring sites, for 

example coordinatively unsaturated Al3+ sites or square planar binding pockets on CeO2, 

where Ptiso species bind particularly strongly.8,32,75,76 However, even in these cases there is 

no evidence that Ptiso species remain stable under reduction conditions, which are 

required to differentiate the reactivity of Ptiso species and Ptox clusters.  

An alternative approach, which was proposed here, is to isolate a single Pt atom on a 

single support particle – effectively marooning Ptiso species on TiO2 islands – such that Pt 

aggregation would require an energetically unfavorable hop between support particles.77 

This idea has been proposed recently, where phosphotungstic or phosphomolybdic acids 

have been used to host single Pt or Rh atoms.78,79 These small acidic clusters are 

interesting supports for single metal atoms because they are well-defined and small. 

However, the stability of these catalysts is limited by the low stability of the supports, 

which degrade below 200 °C, thus limiting their applicability.  

The evident stability of the Ptiso species reported here under a wide range of conditions, 

with no specific anchoring sites on the support, is suggestive that our synthesis strategy 

was successful in primarily depositing a single Pt atom per TiO2 particle. In an analysis of 

the STEM imaging of the 0.05% SEA catalysts shown in Figure 3D, only 2 of the 30 

images containing Ptiso species showed evidence of multiple Ptiso species per TiO2 

particle, see Figure 4.19 for examples. Even in these cases, overlapping TiO2 particles in 

the images could not be ruled out as a source of close Ptiso species proximity. Thus, the 

STEM imaging supported the hypothesis that primarily 1 Pt atom was deposited per TiO2 

particle. 
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Together these considerations provide strong evidence that our synthetic strategy induced 

the deposition of ~1 Pt atom per TiO2 particle when operating at sufficiently low weight 

loadings and that this architecture was the primary reason the Ptiso species exhibited 

excellent stability. The high stability was critical to differentiate the spectroscopic 

signatures and reactivity of the Ptiso species from Ptmetal and Ptox clusters.  

 

We next focus on the IR spectra and adsorption energy of CO on the various Pt sites. CO 

adsorption on Pt surfaces, nanoparticles, and clusters has been studied in great detail 

using IR and TPD and our results on Ptmetal and Ptox clusters agree well with previous 

reports. CO adsorbed to 1 nm Ptmetal clusters on the 1 wt% DI catalyst exhibited two 

distinct stretches centered at 2077 cm-1 and 2058 cm-1 respectively assigned to CO 

adsorbed to WC and UC Pt atoms on the clusters.52,58,61,62 Greater intensity was observed 

for the stretch associated with CO adsorption on UC sites, which is consistent with the 

expected higher concentration of UC sites compared to WC sites given the distribution of 

Figure 4.17 HAADF-STEM images of 0.05% Pt-TiO2 sample. (a) Typical STEM image showing one Pt 

atom per TiO2 nanoparticle. Yellow dashed circles indicate the single Pt atoms. (b) One exception showing 

three Pt single atoms on one TiO2, but still at a very low density of Pt atoms per TiO2. 
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Pt cluster and particle sizes observed by STEM (1 nm diameter clusters with some 4 nm 

particles). On the pre-oxidized 1 wt% DI catalyst, the IR spectrum of adsorbed CO 

exhibited a broad band at 2118 cm-1 that was assigned to CO adsorption on Ptox clusters.64 

This assignment has been made previously and was substantiated here by STEM analysis 

showing constant Pt particle size regardless of reduction or oxidation pretreatment, 

Figure 4.9. The blueshifted stretching frequency of CO adsorbed to Ptox clusters, 

compared to Ptmetal clusters of the same size derives from the decreased charge transfer to 

CO, due to the cationic oxidation state of Pt in Ptox clusters. All of the IR analysis is 

consistent with previous results.40,45,64  

The adsorption energy of CO was observed by TPD to be stronger on Ptox clusters than 

on Ptmetal clusters, indicated by the higher desorption temperature. This is in line with 

previous results where the maximum rate of CO desorption from Ptox was observed to 

occur at temperatures 100 °C higher than on Ptmetal (280 °C for Ptox versus 180 °C for 

Ptmetal) during TPD experiments from reduced and oxidized Pt single crystals.47,48 The 

stronger adsorption energy of CO on Ptox clusters explains why these sites exhibit 

extremely low reactivity for CO oxidation – CO poisons the catalytic surface. This also 

highlights the importance of differentiating Ptiso and Ptox species in analysis of reactivity, 

because without differentiation the large adsorption energy of CO and low CO oxidation 

reactivity on Ptox could confuse the inherent reactivity of Ptiso sites. 

While IR spectroscopic analysis of CO bound to Ptmetal and Ptox clusters is abundant in 

literature, there are far fewer rigorous analyses of CO bound to oxide supported Ptiso 

species. Previous reports of the vibrational frequency for assigned bands associated with 
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CO bound to Ptiso species vary with changes in the support (Ptiso/H-Mordenite,40 2123 cm-

1; Ptiso/H-ZSM-5,33 2115 cm-1; Ptiso/CeO2, 2095 cm-1;32 Ptiso/FeOx,
27 2080 cm-1), but are 

generally comparable to 2112 cm-1 reported here for Ptiso/TiO2. The variation in band 

position of CO bound to Ptiso species is likely caused by varying interactions of the Ptiso 

species with the support, where previous studies have found that the stretching frequency 

of CO bound to supported metals redshifts when going from more acidic to more basic 

supports.68 Consistent in all reports is the ~40 cm-1 blueshift of the frequency of CO when 

bound to Ptiso species compared to Ptmetal clusters. The common blueshifted CO stretching 

frequency on Ptiso species derives from the cationic oxidation state (likely 2+), which 

stems from direct coordination of Ptiso with oxygen atoms on the oxide support. 

Additionally, similar to a few of the previous reports, the band associated with CO 

stretching when adsorbed to Ptiso/TiO2 was observed to exhibit a constant frequency as a 

function of CO coverage, which occurs due to the lack of dipole-dipole coupling of 

adjacent CO ligands on dispersed adsorption sites, and is a critical spectroscopic 

signature of CO bound to isolated metal sites.27,40,44 

Two emerging and important questions associated with single metal atom catalysts on 

oxide supports are: (1) Are these single site catalysts, meaning all metal atoms sit on the 

same site on the support, or are metal atoms distributed over many types of sites on the 

support? (2) Where on the support do the precious metal atoms sit? It has been proposed 

that the FWHM of the adsorbed CO stretching frequency can be used to qualitatively 

address the question of how homogeneously the metal atoms are distributed on a support, 

with the idea that a broader CO stretching FWHM is suggestive of isolated metal atoms 
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sitting in a variety of local environments, which creates a range of varying interactions 

between the metal atom and CO.68 Previous reports of IR spectra for CO adsorbed to Ptiso 

species have shown relatively broad FWHM, ranging from 15 to > 30 cm-1 (Ptiso/H-

Mordenite,40 ~18 cm-1; Ptiso/H-ZSM-5,33 ~25 cm-1; Ptiso/CeO2,
32 30 cm-1; Ptiso/FeOx,

27 >30 

cm-1), signifying that Ptiso species are adsorbed to a range of different sites on the support. 

In comparison, we report much tighter FWHM between 6-10 cm-1 for the CO stretching 

band when adsorbed to Ptiso/TiO2, which is indicative that the Ptiso species are 

homogeneously distributed at a single (or a few very similar) adsorption site on the TiO2 

support. A recent analysis of Ir single atoms on carefully prepared zeolite supports 

reported a ~5 cm-1 FWHM, which compared well to a 4 cm-1 FWHM for a homogeneous 

organometallic Ir carbonyl complex in solution, revealing that the zeolite supported 

single Ir atoms is likely a single site material. Comparing the Ir case to the 6 cm-1 FWHM 

observed for the CO stretch when adsorbed to Ptiso/TiO2 observed here, it seems that our 

synthetic approach is able to localize the Ptiso species at a single adsorption site on TiO2, 

although we do not have a homogeneous Pt-CO analogue for direct comparison to prove 

this. Interestingly, it can be seen in Figure 4.3 that when catalysts were synthesized with 

lower pH the CO band broadens (for example to a FWHM of 22 cm-1 at a synthesis pH of 

8) and loses symmetry, suggesting the existence of Ptiso species at multiple adsorption 

sites on the TiO2 support.  Thus, it seems that careful control of synthetic conditions are 

required to deposit Ptiso species at consistent sites on the support. 

While we cannot comment directly on the structure of the TiO2 site where Ptiso is 

predominantly adsorbed, we can use the observed CO adsorption strength to infer some 



122 

 

characteristics of the site. A very weak adsorption energy of CO on Ptiso/TiO2 can be 

inferred from the observed facile desorption of CO at room temperature in an inert 

atmosphere. This is similar to the predicted weak adsorption on CO on Ptiso species 

adsorbed in square planar configurations to CeO2 surfaces, where the Ptiso species is 

calculated to be adsorbed very strongly to CeO2.
8,29 Thus, it is hypothesized that Ptiso 

species reported here are bound to a location (or a few similar locations) on the TiO2 

support with a very strong adsorption energy, such that their strong coordination to the 

support reduces the binding energy of CO. The weak Pt-CO interaction for Ptiso/TiO2 

reported here suggests that CO does not render the Pt atom mobile as has previously been 

observed,80 which is in agreement with the tight FHWM of the CO stretching frequency 

that indicates Pt is primarily located at a single location on the support. 

A previous report examined the adsorption location of Ptiso species on rutile TiO2, which 

suggest O-vacancies are the most stable sites, although this information cannot be 

directly related to our work because the TiO2 support nanoparticles were 100% anatase.81 

However, given the small size and high density of defects that are expected to exist on 5 

nm diameter anatase crystals used as supports in this study it would not be surprising if 

the predominant adsorption site for Ptiso species was a defect or step site on TiO2. It 

should be noted that it is possible that impurities in the TiO2 could provide an anchoring 

site for Ptiso species, although the quantity of any single impurity in the TiO2 used here is 

smaller than the amount of Pt, suggesting impurities did not provide a stable binding site. 

Our results are suggestive that the Ptiso species analyzed here are essentially single site 
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materials, and that Ptiso is adsorbed strongly enough to the TiO2 support to minimize 

metal atom mobility, creating a weak interaction with CO.  

An interesting apparent paradox that emerges from our results is the significant difference 

in CO adsorption energy on Ptiso species and Ptox clusters. The Ptox clusters form from 

partial CO reduction of pre-oxidized Ptmetal clusters, and contain CO adsorption sites that 

are characteristic of Pt2+ and Pt0, Figure 4.7 and 4.10. We propose that on these partially 

oxidized Pt clusters, some Pt2+ species remain in under-coordinated geometries, perhaps 

bound locally to only 2 oxygen atoms, enabling strong binding to CO. Conversely, the 

weak binding between Ptiso species and CO suggests that these Pt2+ species are strongly 

locally coordinated to oxygen atoms in TiO2. We propose that the two Pt species with 

apparently similar oxidation state (likely Pt2+) exhibit strong differences in interaction 

strength with CO due to differences in their local coordination.82 These details will be 

explored more in the future. 

Next we discuss the steady state CO oxidation reactivity of Ptiso/TiO2, and comparative 

reactivity of 1 nm Ptmetal clusters on TiO2, in the context of previous reports for Ptiso on 

other supports. A previous report of CO oxidation over Pt/FeOx catalysts showed a ~2-

fold increase in CO oxidation TOF for Ptiso sites compared to Ptmetal sites on 1 nm Pt 

clusters, which is in excellent agreement with our results for similar Pt species on TiO2.
27 

However, the Ptiso/FeOx catalyst exhibited significantly higher CO oxidation TOF as 

compared to our reported Ptiso/TiO2 catalyst, where the same TOF (~0.1 s-1) observed on 

Ptiso/TiO2 at 200 °C was observed at room temperature for Ptiso/FeOx. More recently, it 

was reported that Fe2O3 supported Ptiso exhibited a CO oxidation TOF that is ~4-fold 
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higher than Ptiso/TiO2 reported when correcting for differences in O2 partial pressure.83 

ZnO supported Ptiso was also examined in the same report showing almost identical TOFs 

(when corrected for differences in O2 partial pressure) as observed here for TiO2. We 

attribute reactivity differences for Ptiso on these reducible supports to differences in the 

activation energy for oxygen abstraction from the supports, as discussed below.84 

In contrast to the comparison with Ptiso reducible supports, Ptiso/TiO2 exhibited 

significantly higher reactivity for CO oxidation as compared to Ptiso/Θ-Al2O3
34 and 

Ptiso/γ-Al2O3.
83 Ptiso/TiO2 showed ~10x higher TOF compared to Ptiso/Θ-Al2O3 at 200 °C 

(0.013 s-1 vs .11 s-1) despite the 3.7x higher oxygen partial pressure in the experiments on 

Ptiso/Θ-Al2O3, which given our deduced rate law suggest a 20x higher inherent TOF for 

CO oxidation on Ptiso/TiO2. Similarly, ~4x higher TOF was observed compared to Ptiso/γ-

Al2O3 despite 4x higher oxygen partial pressure, suggesting roughly 8x higher inherent 

TOF for CO oxidation on Ptiso/TiO2. A comparison of CO oxidation on Ptiso/Θ-Al2O3 and 

1 nm Ptmetal clusters on Θ-Al2O3 showed a 5x higher reactivity for Ptmetal clusters. This 

can be understood by the required activation of oxygen from Θ-Al2O3 in the catalytic 

cycle on Ptiso, which is energetically difficult, compared to the known CO oxidation 

mechanism on Al2O3 supported Pt clusters where the entire reaction cycle occurs on 

Pt.52,71 

Ptiso species in a KLTL zeolite were reported to achieve TOFs of 0.0038 s-1 prior to 

oxidation of tetraammine Pt complexes, and 0.012 s-1 following oxidation of the catalysts 

when operating at 150 °C in 1% CO, 5% O2, 94% He at atmospheric pressure.35 On 

Ptiso/TiO2 at 150 °C and 5x lower O2 partial pressure a TOF of 0.015 s-1 was measured, 
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which suggests that at the same O2 partial pressure the Ptiso/TiO2 catalyst would be ~3x 

more active than the Ptiso/KLTL catalyst. In this case no direct comparison to the 

reactivity of Pt clusters was made. We find that the reactivity of Ptiso is highly dependent 

on the support, and that only for reducible oxide supported Ptiso species is the CO 

oxidation reactivity of Ptiso enhanced compared to Ptmetal clusters. 

To interpret the support dependent reactivity of Ptiso and the site dependent reactivity of 

Ptiso versus 1 nm Ptmetal species, we consider the observed CO oxidation rate law and 

activation barriers. Both the Ptiso and the 1 nm Ptmetal containing catalysts exhibited 

identical rate laws with half order dependence in O2 partial pressure and zero order 

dependence in CO partial pressure. This is consistent with CO oxidation measurements 

made under similar conditions on CeO2 supported Rh, Pt, Pd and Ni particles.69,72 We 

observed via in-situ IR that the Ptiso species had low steady state coverage of CO, while 

the Ptmetal sites have significant coverage of CO under reaction conditions. However, the 

observation of CO coverage on Ptmetal sites under reaction conditions does not mean that 

there is a significant coverage of CO on sites at the interface between Ptmetal cluster and 

the TiO2 surface, where direct bonding between Pt and oxygen on TiO2 renders Pt atoms 

cationic.  

These results suggest that the reaction proceeds via a Mars van Krevlen mechanism on 

both TiO2 supported Pt structures, where the rate-limiting step involves the migration of 

atomic oxygen from TiO2 onto Ptiso or interfacial Pt atoms on Ptmetal clusters, which is 

known as reverse oxygen spillover.29,69,85  The half order reaction dependence in O2 

partial pressure demonstrates that O2 dissociation is an unlikely rate limiting step, as this 
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would produce a first order O2 dependence.69,72 The hypothesis of reverse oxygen 

spillover from TiO2 to interfacial Pt atoms occurring in the catalytic cycle and being the 

rate-limiting step is consistent with well-known behavior of late transition metal atoms 

promoting the reducibility of oxides.82 For example, it was inferred from microkinetic 

modeling that under water gas shift reaction conditions on Pt/TiO2 catalysts, a non-

negligible concentration of oxygen vacancies at the Pt/TiO2 interface could be stable. 

This is in contrast to the low vacancy concentration on bare TiO2 under the same 

conditions.82,86 Experimental studies using isotopic labeling of oxygen have also 

implicated oxygen atoms in TiO2 as active species in the water gas shift reaction on 

Pt/TiO2 catalysts.87  

In addition to evidence that Pt can promote the reducibility of TiO2, there is strong 

evidence of relatively facile reverse oxygen spillover from oxides to small metal clusters 

and single atoms. For example, it has been demonstrated via experiments and theoretical 

calculations that reverse oxygen spillover from CeO2 to Pt (or Rh) is an exothermic 

process and can occur under mild conditions.88,89 Furthermore, it has been shown via 

theoretical calculations that for small Ru and Ni clusters on TiO2, reverse oxygen 

spillover is energetically thermoneutral or exothermic and it was further postulated that 

this process would be more exothermic on nanoparticles of TiO2, as were used in our 

experiments, compared to extended TiO2 surfaces used in the models. Thus, we conclude 

that oxygen migration from TiO2 to interfacial Pt species could be both energetically 

feasible and the rate limiting step under the explored CO oxidation conditions consistent 

with our partial pressure dependent measurements and with precedent from previous 
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analyses of reverse oxygen spillover energies and the known ability of metals to promote 

oxide reducibility.90,91 

In addition to addressing the half order dependence of rate on O2 partial pressure, it is 

important to understand mechanistically how there could be a lack of dependence on CO 

partial pressure. The lack of CO partial pressure dependence requires that neither gas-

phase CO nor  adsorbed CO be involved in the rate limiting step and further that the 

coverage of CO on the active site is essentially zero. For the case of Ptiso active sites, in-

situ IR analysis showed no measurable coverage of CO on Ptiso species, which is 

consistent with kinetic assessments based on the observed partial pressure dependences. 

However, on the 1 nm Ptmetal clusters, significant CO coverage was observed under 

reaction conditions. It is proposed that interfacial Pt atoms, which are cationic due to 

coordination with oxygen atoms at the TiO2 surface, exhibit reduced CO binding energies 

compared to metallic Pt atoms that exist on the clusters away from the 

interface.46,83,84,87,92–94 The reduced CO binding energy at interfacial Pt atoms, which are 

coordinated to both the Pt cluster and the support, minimizes CO coverage under reaction 

conditions, enabling a mechanism and rate law that is consistent with observations on 

Ptiso species. 

The involvement of support oxygen in the CO oxidation catalytic cycles on Ptiso species 

suggests the support dependent TOF measured for CO oxidation on Ptiso likely stems 

from the differing activation energy associated with abstraction of atomic oxygen from 

the oxide support. This can be further understood by considering the measured CO 

oxidation Eapp and rate law compared to previous measurements. CO oxidation by Ptmetal 
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clusters supported on Al2O3 under similar conditions as reported here shows an Eapp of 

~85 kJ/mol, a rate law that is first order in O2 and negative first order in CO, and further 

shows significantly lower TOF than reported here for Pt/TiO2. These differences provide 

evidence that the entire reaction cycle occurs on WC sites on the Ptmetal clusters and that 

the Ptmetal surface is saturated by CO.52,71 Comparison to the Pt/TiO2 results for both Ptiso 

and Ptmetal sites (where a different rate law and decreased Eapp were observed) strongly 

suggests that the CO oxidation mechanism is different under identical conditions for 

reducible and non-reducible oxide supported Pt structures, and that the difference stems 

from the participation of the support in the catalytic cycle on reducible oxides.  

It is hypothesized that the lower Eapp observed for 1 nm Ptmetal clusters compared to Ptiso 

on TiO2 (53 versus 68 kJ/mol) is due to the weaker influence of Ptiso species on the 

reducibility of TiO2 and as a result the increased barrier for oxygen migration onto Pt 

sites. Even with the increased barrier on Ptiso, the TOF for CO oxidation is greater than on 

1 nm Ptmetal clusters, which indicates that more of the total exposed sites in the Ptiso/TiO2 

catalyst are active sites for CO oxidation as compared to on 1 nm Ptmetal clusters. 

Based on the above analysis we propose that the catalytic CO oxidation cycle for both 1 

nm Ptmetal clusters and Ptiso species involves reverse oxygen spillover from TiO2 to 

interfacial Pt atoms in the rate-limiting step. The interfacial Pt atoms in these structures 

are suggested to be well-coordinated to their local environment and cationic, causing the 

CO adsorption energy to be relatively weakened mitigating CO poisoning that is well 

known for metallic Pt atoms under similar conditions. It is important to point out that if 

cationic Pt atoms exist in an under-coordinated local environment and thus bind CO more 
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strongly, as seen for our Ptox case, these sites will be poisoned by CO until the oxygen is 

abstracted to form metallic sites. Thus, a careful balance between charge on the Pt atom 

and coordination to local environment, in addition to existence at an interface with a 

reducible oxide that enables reverse oxygen spillover, is requisite for forming the most 

active sites on reducible oxide supported Pt structures. 

This hypothesis is consistent with recent work analyzing 2 to 20 nm Pt, Pd and Ni 

particles on CeO2 where a model was developed that related the concentration of 

interfacial metal atoms to the CO oxidation TOF, but extends this trend down to the limit 

of a single metal atom active site. As the fraction of total metal atoms existing at the 

interface increases 10x when shrinking clusters from 2 nm down to a single atom, this 

significantly benefits metal utilization efficiency. This conclusion is supported by a 

comparison of the CO oxidation rate per-gram Pt and TOF on the Ptiso and 1 nm Ptmetal 

clusters on TiO2, where a proposed 1 nm Pt cluster structure is shown in Figure 4.20. 

Assuming interfacial Pt atoms are the only active site, catalysts containing exclusively 

Ptiso species are predicted to be 3x more active on a per-gram Pt basis compared to 1 nm 

Ptmetal clusters, whereas a 4-6x difference was measured; similarly Ptiso are predicted to 

have a 1.75x greater TOF than the 1 nm Ptmetal clusters, whereas a ~1.12-2x difference 

was measured. The agreement between the relative measured rates and model predicted 

values is quite good considering the calculated rates and TOFs assumed a 1 nm Pt cluster 

structure while STEM analysis confirmed a few larger Pt particles existed in the 1 wt% 

DI catalyst and that there was a small difference in the activation barrier of the two sites 

(Ptiso vs Ptmetal) stemming from their differing ability to induce support reduction. 
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Therefore, it is concluded that Ptiso/TiO2 catalysts are the most efficient utilization of Pt in 

CO oxidation when supported on TiO2, because every atom is exposed for catalysis and 

interfaces with support which provides relatively mobile O atoms for the catalytic cycle 

via reverse oxygen spillover and weakens the CO binding.  

 4.6 Conclusions 

In conclusion, we demonstrated a synthetic approach and catalyst architecture where Ptiso 

species were dispersed on 5 nm diameter TiO2 particles at a ratio of < 1 Pt atom per TiO2 

particle, creating Ptiso species that were stable through a wide range of conditions. Using 

a correlated STEM imaging and CO probe molecule IR characterization approach, 

distinguishing IR signatures of CO bound to Ptiso, Ptox clusters and Ptmetal clusters on TiO2 

were identified that allow rapid identification and characterization of each type of site. It 

was found that the Ptiso species produced through the SEA synthesis approach were 

essentially single-site species, inferred from the tight ~6-10 cm-1 FWHM of the adsorbed 

CO stretching frequency. Using the inferred spectroscopic signatures, the order of CO 

adsorption energy on these sites was identified to be Ptiso<< Ptmetal < Ptox, respectively, 

0.87 eV, 1.16-1.93 eV, and 1.72-2.10 eV, where adsorbed CO on Ptox was essentially 

inactive for oxidation of CO below ~200 °C.  

Rigorous kinetic measurements for steady state CO oxidation on Ptiso and 1 nm 

Ptmetal clusters showed that the Ptiso sites are inherently more reactive because every Pt 

atom on the catalyst interfaces with the support where the reaction takes place and is 

exposed to reactants. This work demonstrates that Ptiso on certain reducible supports 

provide the most efficient metal utilization for CO oxidation and further that the 
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architecture and synthetic approach proposed here could be generally useful for probing 

spectroscopic signatures and reactivity of isolated previous metal atom catalysts. 

 

  

Figure 4.18 Proposed scheme of the active site of Ptiso and Ptmetal clusters. The scheme above highlights the 

proposed active sites (green) for Ptiso and Ptmetal species in CO oxidation. All Ptiso sites are active, while on 1 nm 

Ptmetal clusters, only 33% of total atoms (or about 60% of exposed surface atoms) are active interfacial sites. The 

blue Pt atoms are non-active sites, which are saturated with CO in reaction conditions but are proposed not to 

participate in the reaction. 

Non-Active atoms

Active interfacial atoms

100% Active Sites

Ptiso atom 1nm Ptmetal Cluster
33% Active Sites



132 

 

4.7 References 

(1)  Faur Ghenciu, A. Curr. Opin. Solid State Mater. Sci. 2002, 6 (5), 389. 

 

(2)  Prins, R.; De Beer, V. H. J.; Somorjai, G. A. Catal. Rev. 1989, 31 (1–2), 1. 

 

(3)  Burch, R.; Breen, J. P.; Meunier, F. C. Appl. Catal. B Environ. 2002, 39 (4), 283. 

 

(4)  Shelef, M.; McCabe, R. . Catal. Today 2000, 62 (1), 35. 

 

(5)  Mudd, G. M. Ore Geol. Rev. 2012, 46, 106. 

 

(6)  Hunt, L. B.; Lever, F. M. Platin. Met. Rev. 1969, 13 (4), 126. 

 

(7)  Tollefson, J. Nature 2007, 450, 334. 

 

(8)  Bruix, A.; Lykhach, Y.; Matolínová, I.; Neitzel, A.; Skála, T.; Tsud, N.; Vorokhta, 

M.; Stetsovych, V.; Ševčíková, K.; Mysliveček, J.; Fiala, R.; Václavů, M.; Prince, 

K. C.; Bruyère, S.; Potin, V.; Illas, F.; Matolín, V.; Libuda, J.; Neyman, K. M. 

Angew. Chemie Int. Ed. 2014, 53 (39), 10525. 

 

(9)  Liu, J. ACS Catal. 2017, 7 (1), 34. 

 

(10)  Yang, X.-F.; Wang, A.; Qiao, B.; Li, J.; Liu, J.; Zhang, T. Acc. Chem. Res. 2013, 

46 (8), 1740. 

 

(11)  Liang, S.; Hao, C.; Shi, Y. ChemCatChem 2015, 7 (17), 2559. 

 

(12)  Zhang, C.; Chen, L.; Cheng, H.; Zhu, X.; Qi, Z. Catal. Today 2016, 276, 55. 

 

(13)  Yardimci, D.; Serna, P.; Gates, B. C. ACS Catal. 2012, 2 (10), 2100. 

 

(14)  Lu, J.; Serna, P.; Gates, B. C. ACS Catal. 2011, 1 (11), 1549. 

 

(15)  Lu, J.; Serna, P.; Aydin, C.; Browning, N. D.; Gates, B. C. J. Am. Chem. Soc. 

2011, 133 (40), 16186. 

 

(16)  Yang, A. C.; Garland, C. W. J. Phys. Chem. 1957, 61 (11), 1504. 

 

(17)  Flytzani-Stephanopoulos, M.; Gates, B. C. Annu. Rev. Chem. Biomol. Eng. 2012, 

3, 545. 

 

(18)  Fu, Q.; Saltsburg, H.; Flytzani-Stephanopoulos, M. Science. 2003, 301 (5635), 

935. 



133 

 

 

(19)  Yang, M.; Allard, L. F.; Flytzani-Stephanopoulos, M. J. Am. Chem. Soc. 2013, 135 

(10), 3768. 

 

(20)  Zhai, Y.; Pierre, D.; Si, R.; Deng, W.; Ferrin, P.; Nilekar, A. U.; Peng, G.; Herron, 

J. A.; Bell, D. C.; Saltsburg, H.; Mavrikakis, M.; Flytzani-Stephanopoulos, M. 

Science. 2010, 329 (5999), 1633. 

 

(21)  Lin, J.; Wang, A.; Qiao, B.; Liu, X.; Yang, X.; Wang, X.; Liang, J.; Li, J.; Liu, J.; 

Zhang, T. J. Am. Chem. Soc. 2013, 135 (41), 15314. 

 

(22)  Matsubu, J. C.; Yang, V. N.; Christopher, P. J. Am. Chem. Soc. 2015, 137 (8), 

3076. 

 

(23)  Serna, P.; Gates, B. C. Angew. Chemie Int. Ed. 2011, 50 (24), 5528. 

 

(24)  Korhonen, S. T.; Fickel, D. W.; Lobo, R. F.; Weckhuysen, B. M.; Beale, A. M. 

Chem. Commun. 2011, 47 (2), 800. 

 

(25)  Wilburn, David R.; Bleiwas, D. I. U.S. Geol. Surv. Open-File Rep. 2004, No. 

1224, 1. 

 

(26)  Alonso, E.; Field, F. R.; Kirchain, R. E. Environ. Sci. Technol. 2012, 46 (23), 

12986. 

 

(27)  Qiao, B.; Wang, A.; Yang, X.; Allard, L. F.; Jiang, Z.; Cui, Y.; Liu, J.; Li, J.; 

Zhang, T. Nat. Chem. 2011, 3 (8), 634. 

 

(28)  Zhou, X.; Yang, W.; Chen, Q.; Geng, Z.; Shao, X.; Li, J.; Wang, Y.; Dai, D.; 

Chen, W.; Xu, G.; Yang, X.; Wu, K. J. Phys. Chem. C 2016, 120 (3), 1709. 

 

(29)  Tang, Y.; Wang, Y.-G.; Li, J. J. Phys. Chem. C 2017, 121 (21), 11281. 

 

(30)  Aleksandrov, H. A.; Neyman, K. M.; Hadjiivanov, K. I.; Vayssilov, G. N. Phys. 

Chem. Chem. Phys. 2016, 18, 22108. 

 

(31)  Gao, H. Appl. Surf. Sci. 2016, 379, 347. 

 

(32)  Jones, J.; Xiong, H.; DeLaRiva, A. T.; Peterson, E. J.; Pham, H.; Challa, S. R.; Qi, 

G.; Oh, S.; Wiebenga, M. H.; Pereira Hernandez, X. I.; Wang, Y.; Datye, A. K. 

Science. 2016, 353 (6295), 150. 

 

(33)  Ding, K.; Gulec, A.; Johnson, A. M.; Schweitzer, N. M.; Stucky, G. D.; Marks, L. 

D.; Stair, P. C. Science. 2015, 350 (6257), 189. 



134 

 

 

(34)  Moses-DeBusk, M.; Yoon, M.; Allard, L. F.; Mullins, D. R.; Wu, Z.; Yang, X.; 

Veith, G.; Stocks, G. M.; Narula, C. K. J. Am. Chem. Soc. 2013, 135 (34), 12634. 

 

(35)  Kistler, J. D.; Chotigkrai, N.; Xu, P.; Enderle, B.; Praserthdam, P.; Chen, C.-Y.; 

Browning, N. D.; Gates, B. C. Angew. Chemie Int. Ed. 2014, 53 (34), 8904. 

 

(36)  Moliner, M.; Gabay, J. E.; Kliewer, C. E.; Carr, R. T.; Guzman, J.; Casty, G. L.; 

Serna, P.; Corma, A. J. Am. Chem. Soc. 2016, 138 (48), 15743. 

 

(37)  Peterson, E. J.; DeLaRiva, A. T.; Lin, S.; Johnson, R. S.; Guo, H.; Miller, J. T.; 

Hun Kwak, J.; Peden, C. H. F.; Kiefer, B.; Allard, L. F.; Ribeiro, F. H.; Datye, A. 

K. Nat. Commun. 2014, 5 (4885), 1. 

 

(38)  Camacho Rodrigues, A. C.; Fontes Monteiro, J. L. J. Therm. Anal. Calorim. 2006, 

83 (2), 451. 

 

(39)  Munoz-Paez, A.; Koningsberger, D. C. J. Phys. Chem. 1995, 99 (12), 4193. 

 

(40)  Zholobenko, V. L.; Lei, G.-D.; Carvill, B. T.; Lerner, B. A.; Sachtler, W. M. H. J. 

Chem. Soc. Faraday Trans. 1994, 90, 233. 

 

(41)  Sun, S.; Zhang, G.; Gauquelin, N.; Chen, N.; Zhou, J.; Yang, S.; Chen, W.; Meng, 

X.; Geng, D.; Banis, M. N.; Li, R.; Ye, S.; Knights, S.; Botton, G. A.; Sham, T.-

K.; Sun, X. Sci. Rep. 2013, 3, 422. 

 

(42)  Lamberti, C.; Zecchina, A.; Groppo, E.; Bordiga, S. Chem. Soc. Rev. 2010, 39 

(12), 4951. 

 

(43)  Chakarova, K.; Mihaylov, M.; Hadjiivanov, K. Microporous Mesoporous Mater. 

2005, 81 (1–3), 305. 

 

(44)  Stakheev, A. Y.; Shpiro, E. S.; Tkachenko, O. P.; Jaeger, N. I.; Schulz-Ekloff, G. 

J. Catal. 1997, 169 (1), 382. 

 

(45)  Ivanova, E.; Mihaylov, M.; Thibault-Starzyk, F.; Daturi, M.; Hadjiivanov, K. J. 

Mol. Catal. A Chem. 2007, 274 (1–2), 179. 

 

(46)  Ke, J.; Zhu, W.; Jiang, Y.; Si, R.; Wang, Y.-J.; Li, S.-C.; Jin, C.; Liu, H.; Song, 

W.-G.; Yan, C.-H.; Zhang, Y.-W. ACS Catal. 2015, 5 (9), 5164. 

 

(47)  McCabe, R. .; Schmidt, L. . Surf. Sci. 1977, 65 (1), 189. 

 

(48)  McCabe, R. .; Schmidt, L. . Surf. Sci. 1976, 60 (1), 85. 



135 

 

 

(49)  Asokan, C.; DeRita, L.; Christopher, P. Chinese J. Catal. 2017, 38 (1), 1. 

 

(50)  Jiao, L.; Regalbuto, J. R. J. Catal. 2008, 260 (2), 329. 

 

(51)  Oudenhuijzen, M. K.; Kooyman, P. J.; Tappel, B.; van Bokhoven, J. A.; 

Koningsberger, D. C. J. Catal. 2002, 205 (1), 135. 

 

(52)  Kale, M. J.; Christopher, P. ACS Catal. 2016, 6 (8), 5599. 

 

(53)  Matsubu, J. C.; Zhang, S.; DeRita, L.; Marinkovic, N. S.; Chen, J. G.; Graham, G. 

W.; Pan, X.; Christopher, P. Nat. Chem. 2017, 9 (2), 120. 

 

(54)  Schreier, M.; Regalbuto, J. R. J. Catal. 2004, 225 (1), 190. 

 

(55)  Miller, J. T.; Schreier, M.; Kropf, A. J.; Regalbuto, J. R. J. Catal. 2004, 225 (1), 

203. 

 

(56)  Lambert, S.; Job, N.; D’Souza, L.; Pereira, M. F. R.; Pirard, R.; Heinrichs, B.; 

Figueiredo, J. L.; Pirard, J.-P.; Regalbuto, J. R. J. Catal. 2009, 261 (1), 23. 

 

(57)  Ryczkowski, J. Catal. Today 2001, 68 (4), 263. 

 

(58)  Kappers, M. J.; van der Maas, J. H. Catal. Letters 1991, 10 (5), 365. 

 

(59)  Primet, M.; Basset, J.; Mathieu, M.; Prettre, M. 1973, 29, 213. 

 

(60)  Ewing, G. E. J. Chem. Phys. 1962, 37 (10), 2250. 

 

(61)  Hayden, B. E.; Kretzschmar, K.; Bradshaw, A. M.; Greenler, R. G. Surf. Sci. 1985, 

149 (2–3), 394. 

 

(62)  Lundwall, M. J.; McClure, S. M.; Goodman, D. W. J. Phys. Chem. C 2010, 114 

(17), 7904. 

 

(63)  Barshad, Y.; Zhou, X.; Gulari, E. J. Catal. 1985, 94 (1), 128. 

 

(64)  Hadjiivanov, K.; Saint-Just, J.; Che, M.; Tatibouët, J.-M.; Lamotte, J.; Lavalley, J.-

C. J. Chem. Soc. Faraday Trans. 1994, 90 (15), 2277. 

 

(65)  Bennett, R. A.; Stone, P.; Bowker, M. Catal. Letters 1999, 59 (2/4), 99. 

 

(66)  Hadjiivanov, K. I. J. Chem. Soc. Faraday Trans. 1998, 94 (13), 1901. 

 



136 

 

(67)  Hoffmann, F. M. Surf. Sci. Rep. 1983, 3 (2–3), 109. 

 

(68)  Hoffman, A. S.; Fang, C.-Y.; Gates, B. C. J. Phys. Chem. Lett. 2016, 7 (19), 3854. 

 

(69)  Cargnello, M.; Doan-Nguyen, V. V. T.; Gordon, T. R.; Diaz, R. E.; Stach, E. A.; 

Gorte, R. J.; Fornasiero, P.; Murray, C. B. Science. 2013, 341 (6147), 771. 

 

(70)  Bamwenda, G. R.; Tsubota, S.; Nakamura, T.; Haruta, M. Catal. Letters 1997, 44 

(1), 83. 

 

(71)  Allian, A. D.; Takanabe, K.; Fujdala, K. L.; Hao, X.; Truex, T. J.; Cai, J.; Buda, 

C.; Neurock, M.; Iglesia, E. J. Am. Chem. Soc. 2011, 133 (12), 4498. 

 

(72)  Zafiris, G. S.; Gorte, R. J. J. Catal. 1993, 143 (1), 86. 

 

(73)  Avanesian, T.; Dai, S.; Kale, M. J.; Graham, G. W.; Pan, X.; Christopher, P. J. Am. 

Chem. Soc. 2017, 139 (12), 4551. 

 

(74)  Carrillo, C.; Johns, T. R.; Xiong, H.; DeLaRiva, A.; Challa, S. R.; Goeke, R. S.; 

Artyushkova, K.; Li, W.; Kim, C. H.; Datye, A. K. J. Phys. Chem. Lett. 2014, 5 

(12), 2089. 

 

(75)  Kwak, J. H.; Hu, J.; Mei, D.; Yi, C.-W.; Kim, D. H.; Peden, C. H. F.; Allard, L. F.; 

Szanyi, J. Science. 2009, 325 (5948), 1670. 

 

(76)  Zhang, Z.; Zhu, Y.; Asakura, H.; Zhang, B.; Zhang, J.; Zhou, M.; Han, Y.; Tanaka, 

T.; Wang, A.; Zhang, T.; Yan, N. Nat. Commun. 2017, 8, 16100. 

 

(77)  Dai, Y.; Lim, B.; Yang, Y.; Cobley, C. M.; Li, W.; Cho, E. C.; Grayson, B.; 

Fanson, P. T.; Campbell, C. T.; Sun, Y.; Xia, Y. Angew. Chemie 2010, 122 (44), 

8341. 

 

(78)  Zhang, B.; Asakura, H.; Zhang, J.; Zhang, J.; De, S.; Yan, N. Angew. Chemie Int. 

Ed. 2016, 55 (29), 8319. 

 

(79)  Zhang, B.; Asakura, H.; Yan, N. Ind. Eng. Chem. Res. 2017, 56 (13), 3578. 

 

(80)  Parkinson, G. S.; Novotny, Z.; Argentero, G.; Schmid, M.; Pavelec, J.; Kosak, R.; 

Blaha, P.; Diebold, U. Nat. Mater. 2013, 12 (8), 724. 

 

(81)  Chang, T.-Y.; Tanaka, Y.; Ishikawa, R.; Toyoura, K.; Matsunaga, K.; Ikuhara, Y.; 

Shibata, N. Nano Lett. 2014, 14 (1), 134. 

 

(82)  Ruiz Puigdollers, A.; Schlexer, P.; Tosoni, S.; Pacchioni, G. ACS Catal. 2017, 7, 



137 

 

6493. 

 

(83)  Lou, Y.; Liu, J. Ind. Eng. Chem. Res. 2017, 56 (24), 6916. 

 

(84)  An, K.; Alayoglu, S.; Musselwhite, N.; Plamthottam, S.; Melaet, G.; Lindeman, A. 

E.; Somorjai, G. A. J. Am. Chem. Soc. 2013, 135 (44), 16689. 

 

(85)  Yang, T.; Fukuda, R.; Hosokawa, S.; Tanaka, T.; Sakaki, S.; Ehara, M. 

ChemCatChem 2017, 9 (7), 1222. 

 

(86)  Ammal, S. C.; Heyden, A. J. Chem. Phys. 2010, 133 (16), 164703. 

 

(87)  Kalamaras, C. M.; Panagiotopoulou, P.; Kondarides, D. I.; Efstathiou, A. M. J. 

Catal. 2009, 264 (2), 117. 

 

(88)  Bruix, A.; Migani, A.; Vayssilov, G. N.; Neyman, K. M.; Libuda, J.; Illas, F. Phys. 

Chem. Chem. Phys. 2011, 13 (23), 11384. 

 

(89)  Vayssilov, G. N.; Migani, A.; Neyman, K. J. Phys. Chem. C 2011, 115 (32), 

16081. 

 

(90)  Tosoni, S.; Chen, H.-Y. T.; Paccschioni, G. Surf. Sci. 2016, 646, 230. 

 

(91)  Chen, H.-Y. T.; Tosoni, S.; Pacchioni, G. J. Phys. Chem. C 2015, 119 (20), 10856. 

 

(92)  Bruix, A.; Rodriguez, J. A.; Ramírez, P. J.; Senanayake, S. D.; Evans, J.; Park, J. 

B.; Stacchiola, D.; Liu, P.; Hrbek, J.; Illas, F. J. Am. Chem. Soc. 2012, 134 (21), 

8968. 

 

(93)  Ammal, S. C.; Heyden, A. J. Phys. Chem. C 2011, 115 (39), 19246. 

 

(94)  Hadjiivanov, K. I.; Vayssilov, G. N. Adv. Catal. 2002, 47, 307. 

 

 

 

 

 

 

 



138 

 

 

 

Chapter 5. Site-specific chemical and catalytic properties of single Pt 

atoms on TiO2 
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5.1 Summary 

In this chapter, the isolated Pt atoms, Ptiso, characterized and studied in Chapter 4 were 

further probed to better understand the reaction mechanism for CO oxidation and the 

stability and reactivity under a variety of environmental pretreatments. Infrared (IR) and 

x-ray absorption spectroscopies (XAS) were used to identify unique local coordinations 

of Pt. It was shown that the oxidation state and local coordination of Ptiso species on TiO2 

can be controlled from a highly oxidized to an almost neutral state by systematically 

decreasing the local Pt-O coordination number through exposure of the catalyst to 

varying levels of oxidative or reductive treatments. CO temperature programmed 

desorption (TPD) experiments measured with IR demonstrated key differences in the 

adsorption energy of CO on each state. Kinetic studies and in-situ x-ray absorption 

spectroscopy identify the relative stability of the local coordinations and unique CO 

oxidation activity identified for each Ptiso state. Finally, it was demonstrated that the 

oxidation state can be reversibly cycled given sufficient treatment. This ability to fully 

control the local coordination and study the impacts of changes in the local environment 

on adsorption energy, catalytic activity and reaction mechanism is critical to the 

development of structure-function relationships and emphasizes the utility of the 

synthesis approach that allowed such insight. 

5.2 Introduction 

The synthesis of oxide supported Pt-group catalysts typically produces metal 

particles with dimensions of a few nanometers.1 Recent work has shown that Pt-group 

species can co-exist as nanoparticles and single atoms,2–6 and that careful synthetic 
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approaches could produce exclusively single atoms.5,7–9 Interest in the reactivity of isolated 

Pt-group atoms on supports stems from the maximized metal utilization efficiency, 

potentially unique reactivity or selectivity, and connection to organometallic catalysts. 

However, it has proven challenging to characterize the intrinsic activity of isolated Pt-

group atom active sites on oxide supports at a level that relates local coordination 

(structure) to function. Challenges exist due primarily to heterogeneity in local 

coordination of single atoms on oxide supports within the same sample and the propensity 

of single atoms to form clusters under various environments. 

Experimental variations have been reported for even “simple” properties of isolated 

Pt-group atoms on oxide supports, for example the adsorption energy of CO on isolated Pt 

atoms (Ptiso). The significant variation suggests that either the low stability or heterogeneity 

of Ptiso species caused inconsistent conclusions across similar studies.5,7–10 We recently 

developed a catalyst architecture and synthetic approach to produce Ptiso species that exist 

in homogeneous local environments (they sit in a predominant site on the support) and do 

not sinter to form Pt clusters during pre-treatment, characterization, or reactivity analysis.11 

In this approach small (~5 nm diameter) oxide nanoparticles are used as supports and either 

0 or 1 Pt atom is deposited per support particle. This structure minimizes agglomeration of 

single atoms to form clusters, as this would require an energetically difficult hop of single 

atoms between support particles. Using this approach it was shown that following 250 °C 

reduction in H2, Ptiso species on TiO2 bind to CO more weakly than to ~1 nm diameter 

metallic (Ptmetal) or oxidized Pt clusters (Ptox), and that Ptiso sites are more reactive for CO 

oxidation than ~1 nm Pt clusters at various reaction conditions.11  
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While these studies provided clarity regarding the reactivity of Ptiso species on TiO2, 

the local coordination of the Ptiso species and how this local coordination changes as a 

function of environmental conditions remained unknown. Here we show that the oxidation 

state and local coordination of Ptiso species on TiO2 can be controlled from a highly 

oxidized to an almost neutral state by systematically decreasing the local Pt-O coordination 

number through exposure of the catalyst to varying levels of oxidative or reductive 

treatments. It is then demonstrated for the first time that there is a correlation between the 

stability of the local environment of the Ptiso species and the CO interaction strength and 

CO oxidation reactivity. These results demonstrate the importance of creating 

homogeneously dispersed isolated atoms on supports and considering the response of local 

coordination to environmental conditions when developing structure-function 

relationships.  

Our analysis focuses on catalysts synthesized using strong electrostatic adsorption 

principles to deposit 0.025% wt. Pt on 5 nm diameter anatase TiO2 crystals. This is 

nominally ~0.4 Pt atoms/TiO2 particle, ensuring that Pt cluster (or even dimer) formation 

is minimized. Catalysts were calcined at 450 °C in air to remove ligands remaining from 

synthesis. A majority of the measurements presented here were performed on the same 

batch of catalyst, although consistency was observed across multiple batches and the same 

batch of catalyst exhibited consistent behavior over many months. 
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5.3 IR Spectroscopy 

5.3.1 Identification of Unique Ptiso States 

In order to investigate the influence of the local coordination of Ptiso on its 

chemical and catalytic properties, it was first necessary to see if we could induce changes 

from the originally identified Ptiso state developed and studied in Chapters 4 and 5. For 

this investigation a series of IR characterization experiments were run following 

pretreatments at various temperatures in hydrogen and oxygen to see if the Ptiso site 

identified would remain homogeneous and stable or if its local coordination could be 

influenced by its environmental pretreatment. In this analysis, a large batch of 0.025 wt% 

Ptiso/TiO2 was prepared according the synthesis approach described in Chapter 3 and 

using the specific recipe from Chapter 4. Following the calcination at 450 °C for 4 h, the 

catalyst was loaded into a Harrick Low Temperature Praying Mantis Reactor and 

pretreated in-situ in 50 sccm of a 10% H2/Ar mixture for 1 hr at 250 °C as previously 

studied. However, upon completion of the pretreatment, once the catalyst had cooled to 

room temperature rather than adsorbing CO to probe the catalyst, the system was 

evacuated to ~ -85 kPa and cooled to -140 °C using liquid nitrogen. A background 

spectrum was then collected before introducing CO for 10 minutes. At that point a CO 

adsorption isotherm reached equilibrium under the mild vacuum and CO flow was 

replaced by Ar. Under cryogenic temperatures, the thermal energy of the system is 

insufficient to remove CO adsorbed to more weakly bound species enabling the detection 

of additional Ptiso adsorption geometries. Following the 250 °C reduction, the primary 

CO adsorption site observed was the same as previously reported with a CO stretching 
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frequency of 2112 cm-1 and a tight full width at half max (FWHM) of 10.5 cm-1. At very 

low temperatures a small shoulder at a higher frequency was also observed. This was the 

first suggestion that a more cationic Ptiso state existed and this state was later probed 

further by an oxidizing pretreatment. Due to poor sub-ambient temperature control, rather 

than a true temperature programmed desorption experiment, the desorption of CO was 

observed by purging the reactor reservoir of excess liquid nitrogen and allowing the 

system to naturally warm back to room temperature while recording spectra. Here it was 

observed that Ptiso exhibited little change in intensity until about -25 °C at which point the 

intensity of adsorbed CO rapidly dropped, disappearing entirely by about 15 °C.  

In the next experiment, Ptiso was probed under an oxidizing pretreatment. A fresh 

loading of the same catalyst was put in the sample cup and the catalyst was heated to 300 

°C and held in 10% O2/Ar for 1 hour. An identical procedure to the 250 °C reduction 

followed where the catalyst was cooled to room temperature, put under vacuum, cooled 

to -140 °C, and CO was introduced following an IR background collection. Interestingly, 

after switching to Ar, a similarly narrow prominent CO stretch was observed, blueshifted 

compared to the Ptiso site previously reported following a 250 °C reduction. The band 

center of the CO stretch was 2135 cm-1 and the FWHM was 13.5 cm-1.  

When the reactor was allowed to warm, complete CO desorption from this Ptiso 

site was observed by -50 °C suggesting a lower CO adsorption energy. Subsequent tests 

of intermediate pretreatment conditions (i.e. lower oxidation temperature or lower 

reduction temperatures) were found to produce a mixture of both Ptiso sites but no unique 

intermediate CO stretching frequency (i.e. 2135 < ν < 2112 cm-1) could be isolated. 
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Following these findings, similar experiments were run under increasing reduction 

temperatures to see if the Ptiso site could be destabilized. Reductions at 300, 350, and 400 

°C showed similar spectroscopic signatures to those observed at 250 °C, but when the 

reduction temperature was increased to 450 °C, a dramatic redshift in the CO stretching 

frequency was observed from 2040 – 2090 cm-1 with at least two CO stretches centered at 

~2077 and ~2050 cm-1 with broader FWHM, 28 and 36 cm-1 respectively. Figure 5.1 

summarizes these findings with a presentation of four uniquely identified normalized CO 

stretches associated with Ptiso following in-situ oxidation (300 °C in O2), mild reduction 

(250 °C in H2) and harsh reduction (450 °C in H2). The observed vibrational frequencies, 

2135 and 2112 cm-1, reported here for the oxidized and mildly reduced Ptiso/TiO2 states  

are in general agreement with previous reports of the CO vibrational frequency associated 

with Ptiso species on a variety of supports (Ptiso/H-Mordenite,12 2123 cm-1; Ptiso/H-ZSM-

5,8 2115 cm-1; Ptiso/CeO2, 2095 cm-1;13 Ptiso/FeOx,
5 2080 cm-1); the frequencies observed 

following the harsh reduction have generally only been observed for single atom alloys 

(Pt-Cu, 2031 cm-1) where Pt was identified as metallic.30 The significant redshift in the 

band position is indicative of a neutral or nearly neutral oxidation state, Ptδ+ or Pt0 similar 

to CO stretching frequencies reported for metallic Pt clusters. This begs the question: 

how do we know that we have not induced Pt sintering to form small clusters? 
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One piece of evidence that suggests that the observed CO stretches following a harsh 

pretreatment correspond to Ptiso sites can be found in Figure 5.2, which shows the 

normalized intensity of FTIR spectra during temperature programmed desorption (TPD) 

experiments following CO adsorption at -140 °C on Ptiso/TiO2 catalysts that had been pre-

treated via in-situ oxidation (300 °C in O2), mild reduction (250 °C in H2) and harsh 

reduction (450 oC in H2).
14 The different states of Ptiso following each pre-treatment, in 

order of increasing reduction conditions showed desorption by -60 °C, -5 °C, and by 75 

and 110 °C respectively. 
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Figure 5.1 Identification of the unique CO stretches associated with Ptiso following three pretreatments. IR 

spectra of 0.025% Ptiso/TiO2 following pretreatment via in-situ oxidation (300 °C in O2), mild reduction (250 °C 

in H2) and harsh reduction (450 °C in H2) normalized to the max intensity of the CO stretch for each Ptiso site.  
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The desorption of CO from small metallic Pt clusters requires temperatures in 

excess of 250 °C suggesting that the 450 °C reduction did not induce sintering of Ptiso to 

Ptmetal. Additionally, similar to a few of the previous reports, the bands associated with CO 

stretching when adsorbed to Ptiso/TiO2 were all observed to exhibit a constant frequency as 

a function of CO coverage, which occurs due to the lack of dipole-dipole coupling of 

adjacent CO ligands on dispersed adsorption sites, and is a critical spectroscopic signature 

of CO bound to isolated metal sites.5,12,14 

Using the Redhead Analysis described in Chapter 4, the numerical derivative of the 

change in intensity of the spectra as a function of temperature for each Ptiso site was 

analyzed to determine at what temperature the rate of desorption was maximized at each 

Figure 5.2 Normalized intensity of IR spectra of the unique CO stretches associated with Ptiso during 

TPD-IR 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

-150 -100 -50 0 50 100 150 200

I/
Io

Temperature (°C)

300 °C Oxidation

250 °C Reduction

450 °C Reduction



147 

 

site, i.e. the temperature of peak desorption, Tp. Table 5.1 summarizes the difference in the 

CO adsorption energy calculated from Tp for each Ptiso site. Here again the calculated 

adsorption energies for CO on Ptiso following a 450 °C reduction (1.16, 1.38) are much 

lower than those of Ptmetal (1.8 – 1.93 eV). From both Table 5.1 and Figure 5.2 there is a 

clear relationship between the CO stretching frequency and the adsorption energy with the 

more cationic Ptiso sites showing lower adsorption energy.  

 

5.3.2 Stability and Interconversion of Ptiso States 

Following the identification of unique Ptiso states that could be isolated by 

pretreatment, investigation of their stability and their interconversion was of interest. 

Specifically, it was desirable to know whether following the harsh (450 °C) reduction 

case, the cationic Ptiso species could be regenerated. To test this, following an ex-situ 

reduction at 450 °C for 1 hr in 10% H2/ Ar, the material was calcined at 450 °C in dry air 

and then further oxidized by a 30 min 300 °C in-situ oxidation in 10% O2/He and 

characterized by CO saturation at cryogenic temperatures and allowed to warm to room 

temperature. The temperature dependent IR spectra are shown in Figure 5.3 and reveal 

that the highly cationic Pt species (νCO = 2135, 2112 cm-1) can be regenerated from the 

Table 5.1 Calculated CO adsorption energies for Ptiso sites following different pretreatments. Energies 

were calculated from the TPD-IR Analysis shown in Figure 4.2. 

Pretreatment
Band 

Center
Tp (°C ) Eads (eV)

300 °C Oxidation 2135 -70 0.67

250 °C Reduction 2113 -10 0.87

2070 75 1.16

2050 140 1.38
450 °C Reduction
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harshly reduced Ptiso species (νCO = 2077, 2055 cm-1). This evidence strongly supports the 

assignment of the CO stretching frequencies below 2090 cm-1 to nearly metallic Ptiso 

sites. If the CO stretching frequencies were associated with Ptmetal, Ptox would be 

produced following calcination. As TPD-IR analysis of Ptox showed in Chapter 4, CO 

would be bound much more strongly and the observed desorption below room 

temperature shown in Figure 5.3 would not take place.  

 

From the studies in Chapter 4 it was already known that the Ptiso state produced 

by a 250 °C reduction was stable following extended (> 40 h on stream) CO oxidation 

experiments. The stability of the Ptiso
4+ state following oxidation was less well known. 

From the CO TPD experiments, it was evident that CO was weakly bound to Ptiso. By 

Figure 5.3 Regeneration of cationic Ptiso. IR spectra collected following a 450 °C ex-situ reduction, 450 °C 

calcination for 4 h in air, and 1 h in-situ oxidation at 300 °C in 10% O2/Ar. 
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looking for clues across the IR spectrum, additional information about the nature of CO 

bound to the Ptiso species that exists following 300 °C in O2 treatment was found. 

During measurements where CO was “desorbing” from the Ptiso species produced 

following 300 °C in O2 pretreatment, Figure 5.4(B), simultaneous CO2 formation was 

observed, Figure 5.4(A). This CO2 formation was not observed during CO desorption 

from either of the reduced pretreatments, suggesting that CO2 is being formed during 

desorption from the Ptiso site and did so in an almost barrier-less process. It was 

hypothesized that the CO2 formed comes from CO bound to the Ptiso site interacting with 

a neighboring O atom. To understand if the loss of CO from Pt sites through apparent 

CO2 formation influences the stability of the Ptiso site, the following experiment was 

devised and executed: Ptiso/TiO2 was oxidized in-situ at 300 °C for 30 min under 10% 

O2/He.  A series of temperature dependent IR spectra were then recorded every 5 °C as 

the sample warmed to room temperature (e.g. Figure 5.4). Immediately following the 

complete desorption (once no CO stretches were observed), the sample was re-cooled to 

cryogenic temperatures, and CO was re-saturated. Again a series of temperature 

dependent IR spectra were recorded as the catalyst warmed to room temperature. Finally, 

the same material was oxidized a 2nd time at 300 °C for 30 min under 10% O2/He.  
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The results of this experimental series are summarized in Figure 5.5, which show 

the spectra at saturation coverage of CO but after removal of gas phase CO at cryogenic 

temperature (-120 °C). When the sample is immediately re-cooled and re-saturated with 

CO (red) following the initial CO desorption measurement (where CO2 formation was 

observed) there is a total loss of CO adsorption at the Ptiso site, as well as a decrease at the 

CO-Ti4+ stretches (2215, 2180 cm-1). When the sample is re-oxidized (dark blue) there is 

a small increase in the total CO adsorption at all sites compared to the original oxidation 

(green). This phenomenon was observed multiple times in repeat experiments.  

Figure 5.4 Temperature dependent IR spectra following CO adsorption on Ptiso pretreated at 300 °C in 10% 
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By looking also at the CO2 stretches from the experiment in Figure 5.5(A) we see 

that during the 2nd CO desorption, roughly 10x less CO2 is generated throughout the 

experiment represented by a single spectra from each series collected in the experiment at 

the temperature when the CO2 production was maximized, -100 °C in all cases. The 

decrease in CO2 production is consistent with the ~10x reduction in CO uptake on the Pt 

site, which suggests that the observed CO2 production during CO “desorption” on the 

pre-oxidized material is related to the Pt site, rather than Ti. In summary, each of the 

three identified Ptiso states exhibit unique behaviors owing to their differing oxidation 

states. The most oxidized Ptiso state is characterized by low CO adsorption energy which 

easily forms CO2 by removal of a neighboring O atom. The mildly reduced Ptiso state 

exhibits higher CO adsorption energy but has locally stable O atoms by comparison. 
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Figure 5.5 CO-Pt4+ Stability and Regeneration in the CO2 stretching frequency (A) and the CO stretching 

frequency (B) following sequential CO probe experiments. Spectra were collected at -100 °C for comparison 

where CO2 production was found to be maximized.  
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Lastly, the harshly reduced Ptiso state exhibits the highest CO adsorption energy though 

still lower than Ptmetal adsorption sites.  

5.4 In-situ X-ray Absorption Spectroscopy and Reactivity 

To understand changes in the chemical state and local environment of Ptiso on 

TiO2 following the various pre-treatments, we executed in-situ X-Ray Absorption Near 

Edge Structure (XANES) and Extended X-Ray Absorption Fine Structure (EXAFS) 

analysis at the Pt L3 edge on a catalyst consisting of 0.025% Pt wt. loading on TiO2 at the 

Pt LIII edge (2p3/2 to d transition). In the experiments, 16 mg of 0.025% Pt/TiO2 was 

diluted in mesoporous silica (MCM-41) loaded into 2.4mm OD flow-through, quartz tube 

held in a mounted modified Claussen cell15 placed at a 45° angle relative to the x-ray 

source. Fluorescence measurements were collected using a Canberra 100-element Ge 

detector orthogonal (90 °) to the beam path with 4-layers of Al foil to filter Ti lines as 

well as Pb lead shielding to filter other scattering. Operando XANES and EXAFS 

measurements consisted of 4-6 scans collected at 200 °C following three pretreatment 

conditions (350 °C in 5% O2/He, 250 °C in 5% H2/He, and 450 °C in 5% H2/He) and in 

CO oxidation reaction conditions immediately following pretreatment also at 200 °C 

(equimolar 1% CO, 1% O2, balance He). XANES data were treated by subtracting a 

constant background and normalized to an edge-jump of 1. A Pt foil reference was used 

to calibrate the Pt-LIII edge for all spectra using the first inflection point of the incident x-

ray energy.  
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Figure 5.6 summarizes the main findings of the averaged EXAFS collected at 200 °C 

following each pretreatment and under subsequent CO Oxidation conditions. Consistent 

with the hypothesis of a transition from Pt+4 to Pt0 (or slightly positively charged), it can 

be seen from the magenta, blue, and olive EXAFS spectra that the white line intensity 

decreases significantly with reduction treatment. The normalized white line intensity varies 

from about 2, corresponding closely to a Pt(acac)2 reference with 4+ oxidation state, for 

Post- 300 °C Oxidation
CO Ox Post- 300 °C Oxidation

CO Ox Post- 250 °C Reduction

CO Ox Post- 450 °C Reduction
Post- 250 °C Reduction
Post- 450 °C Reduction

Figure 5.6 Normalized EXAFS Spectra Collected at 200 °C following pretreatments and CO oxidation 
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the oxidized pretreatment, to about 1.2 in the highly reduced state nearing the intensity of 

a Pt foil reference. The transition from the post-pretreatment to the in-situ CO Oxidation 

conditions show unique changes in oxidation states. The white line intensity of both the 

oxidized and mild reduction pretreatments trend towards a common final state, while the 

harshly reduced pretreatment shows a significantly lower white line intensity during CO 

oxidation that is similar in intensity to the post-250 °C reduction spectra.  

 

 

The reactivity measurements reported in Figure 5.7, were made following an identical set 

of catalyst preparations and under identical conditions to those described in Chapter 4. This 

was done as a consistency check to verify the previous results were comparable. In the 
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Figure 5.7 CO oxidation Kinetics of Ptiso Following Different Pretreatments. (A). Arrhenius plots showing 

temperature dependence of the per-gram Pt rate (mol·s-1·gPt
-1) for CO oxidation on each catalyst from 140-200 °C 

in a 200 sccm flow of 1% CO, 1% O2, balance He. The reported data is an average of two unique sets of 

measurements on freshly loaded catalysts into the reactor, ensuring reproducibility. 
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experiments presented below, the only differences were the addition of an in-situ oxidation 

prior the pretreatment of interest and small variations in the quantity of catalyst loaded in 

order to improve data quality. Following either a 300 °C oxidation or 250 °C reduction, a 

similar apparent activation barrier of ~ 72 kJ/mol is observed. In contrast, following the 

450 °C reduction, a much lower activation barrier, ~48 kJ/mol is observed with 

correspondingly higher rates across all temperatures measured.  

5.5 Probing Local Structure with Microscopy 

From the IR, XAS, and reactivity measurements, a relatively detailed 

understanding of the local structure has been inferred.  Interested to see if more about the 

local structure could be directly observed by microscopy, the use of a microscope capable 

of rotating the sample to specific zone axes of the support shows promise to provide 

interesting additional insight about the local structure. As previously demonstrated, high 

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) is a 

powerful tool to show the existence of Ptiso species given sufficient z-contrast with the 

support.16  

In Figure 5.8, a micrograph of a 0.025% Ptiso/TiO2 catalyst was taken along the 

[001] zone axis following an ex-situ pretreatment at 250 °C in hydrogen. The zone axis 

alignment was confirmed by measuring the d-spacing between atomic columns.17 
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Figure 5.8 STEM Image (Left) and modelled crystal structure (Right) of Ptiso on anatase TiO2 viewed from the 

[001] zone axis. 

 

In this head on-view, the brighter Pt atoms seem to sit exactly in line with the 

atomic columns and must be sitting on or in place of a Ti or O atom though from this 

zone axis it cannot be determined exactly where. It is noted that O atoms are not 

observable in the HAADF-STEM images. However, from a [001] view of a 

CrystalMaker modelled structure of the anatase TiO2 support shown beside the 

micrograph in Figure 5.8, it can be seen that O and Ti atoms can overlap. This first piece 

of initial evidence from the microscopy helped to rule out the possibility of Pt sitting at 

interstitial sites in or above the support. By rotating the sample to view a second zone 

axis, [021], additional detail could be determined. In Figure 5.9(A) it can be seen that the 

brighter Pt atoms sit in line with the atomic columns of Ti. The alignment to the [021] 

zone axis is emphasized by a close up of the image depicted in the inset. This zone axis 

differs from [001] in an important way: no oxygen atoms overlap with Ti along this zone 

axis. A hypothetical depiction of a Pt atom sitting atop or in substitution for an oxygen 

[001] 

= Pt       

= O
= Ti
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atom is shown in Figure 5.9(B), a CrystalMaker modeled structure of anatase TiO2 

viewed from the [021] zone axis corresponding to the micrograph, which would appear 

out of line with the atomic columns. This is not what is observed in Figure 5.9(A). 

Rather, the alignment of the Pt atom with the atomic Ti columns shows that Pt must be in 

line with Ti and not O in the lattice, as shown in Figure 5.9(C), an identical structural 

model as in 5.9(B) but with O atoms hidden for clarity. Our collaborators are currently 

working to do similar zone axis analyses as well as in-situ measurements to see if we can 

validate the expected changes in the local coordination of the Ptiso states predicted by the 

IR and XAS.  

 

Figure 5.9 STEM Image (A) of Ptiso on anatase TiO2 viewed from the [021] zone axis and corresponding crystal 

structures modelled in the presence (B) and absence (C) of O atoms. 

= Pt       = Ti= O   

(A) (B)

(C)
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5.6 Microkinetic Modelling of the Reaction Mechanism 

In addition to the multi-faceted experimental characterization approaches 

employed throughout this chapter to better understand how Ptiso catalyzes CO oxidation, a 

microkinetic model was developed based on a follow-up series of partial pressure 

dependent rate measurements collected over two orders of magnitude in variation of CO 

and O2. These experiments were run identically to the experiments presented in Chapter 4 

with the exception of which mass flow controllers were used for the experiments in order 

to enable precise control of flow rates over such a large range. The experiments run and 

the microkinetic model developed sought to develop a series of elementary steps to verify 

that a Mars and van Krevelen reaction mechanism described the observed CO oxidation 

as previously proposed.18–20 Ultimately, we were unable to find a series of elementary 

steps that gave the apparent rate law we (𝑅𝑎𝑡𝑒 ∝ 𝑃𝑂2

1/2
) observed by linearization of the 

data, but the following steps presented provided a complete catalytic cycle and were 

shown to fit the modelled rate law with good agreement, Figure 5.10.  

1. *Pt + *Ti-O ↔ *Pt-O + *Ti            

2. 2 [*Pt-O + CO(g) ↔ CO2(g) + *Pt]  

3. *Ti +O2(g) ↔ *Ti-O2                      

4. *Pt + *Ti-O2→ *Ti-O + *Pt–O (Proposed Rate Limiting Step) 

5. *Pt +CO(g) ↔ *Pt-CO 

By using the pseudo-steady state approximation in which all steps but the 

assumed rate limiting step are in equilibrium, site balances on Pt and the neighboring Ti 

atom were used to derive the following rate expression: 
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Two assumptions were made to simplify the rate expression that seem reasonable. 

The first was negligible Ptiso coverage by CO as evidenced by the lack of CO stretch 

observed in-situ in IR which allows the cancellation of the second and third denominator 

terms in the expression associated with the Pt site balance. The second assumption was 

that a bulk of the Ti adsorption sites were bare rather than covered by O atoms which 

cancels the third term in the denominator of the expression associated with the Ti site 

balance. This gave the following simplified rate expression:  

Equation 5.1 

𝑹𝒂𝒕𝒆 =  𝒌𝟒 ∗
𝟏

(𝟏 +
𝟏

𝑲𝟑𝑷𝑶𝟐

)
 ∝

𝟏

𝟏 +
𝟏

𝑷𝑶𝟐

 

 To try to isolate the rate limiting step the kinetic studies were re-run over two 

orders of magnitude which still showed a zero order dependence in CO and an apparent 

half order in oxygen when linearized. Plotting the rates over a larger range showed good 

agreement with the model and suggested the elementary steps proposed were accurate as 

shown in Figure 5.10. Figure 5.11 is a depiction of the proposed catalytic cycle with the 

final determined rate limiting step.  
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Over the course of the development of the proposed catalytic cycle it became 

apparent that some of the simplifying assumptions made in the model had inherent 

assumptions about the local coordination and geometry of the Pt atom in the support. 

Specifically, as depicted, the Pt atom sits substituted for a Ti cation at an 

undercoordinated step edge, however no evidence had yet suggested such a geometry was 

reasonable.  To study the local coordination, a series of additional in-depth 

characterization approaches were performed. 

Figure 5.10 Microkinetic model fitting of the rate data. Rates plotted as a function of oxygen pressure 

over two orders of magnitude. 
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5.7 Discussion 

5.7.1 Stability of Ptiso across treatments 

The production of a sintering-resistant isolated metal catalyst has been a 

longstanding challenge with previous reports identifying a variety of conditions that 

induced Pt cluster formation of Ptiso species.8,21,22 In our previous work, we identified that 

our approach to synthesis enabled the production of a Ptiso catalyst stable across the mild 

reduction and various CO oxidation conditions tested with temperatures kept below 250 

°C.11 In this work, we extend the conditions identified in which Ptiso stability is 

maintained to temperatures up to 450 °C with the evidence presented in Figure 5.3 

suggesting that though the harsh reduction may cause a loss of homogeneity, it can be 

regenerated by high temperature calcination. Remarkably, in addition to the stability, 

Figure 5.11 Cartoon image rendering of the proposed catalytic cycle for CO oxidation on Ptiso/TiO2.  

1. Reverse Oxygen 
Spillover from Ti to Pt 
(creates O-vacancy)

2. CO Oxidation

3. O2 Adsorption to Ti

4. O2 Dissociation from Ti-
O2 to Ti-O and Pt-O

5. CO Oxidation

= Pt       = Ti

= O        = C

Rate Limiting Step
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from the narrow FWHM of the CO stretch observed for the oxidized and mildly reduced 

Ptiso catalysts (Figure 5.1) it is inferred that the Ptiso sites remain essentially homogeneous 

in their local coordination even after altering the local coordination.23 To support the 

homogeneity claims, follow-up in-situ microscopy underway will greatly benefit the 

interpretation of the IR spectra and provide increased confidence in the accuracy of the 

XAS. The similarity of the width of the CO stretch after oxidation and mild reduction 

(FWHM = 13.5, 10.5 cm-1, respectively) suggests that the Pt atoms did not move 

significantly and are likely still existing as single site catalysts with minor differences in 

the bond lengths of the Pt atom with the support atoms.  This high degree of 

homogeneity, inferred from the FWHM and closer to reports of organometallic 

complexes (FWHM ~5 cm-1)23 is a major improvement compared to previous reports 

where IR spectra for CO adsorbed to Ptiso species have shown relatively broad FWHM, 

ranging from 15 to > 30 cm-1 (Ptiso/H-Mordenite,12 ~18 cm-1; Ptiso/H-ZSM-5,8 ~25 cm-1; 

Ptiso/CeO2,
13 30 cm-1; Ptiso/FeOx,

5 >30 cm-1). The maintained homogeneity of the Ptiso 

states across varying conditions allows the development of direct structure-function 

relationships to be learned from the reaction kinetics providing fundamental insight into 

the nature of the chemical interaction strength and reaction mechanisms taking place as 

discussed in the following two discussions.  

5.7.2 Influence of local coordination on CO interaction strength 

It has long been known that the CO stretching frequency in IR is tied intimately to 

the local coordination in which it adsorbs, with reports of a linear relationship relating the 

frequency to the Pt coordination number24 and general ordering of the stretching 
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frequency by electron deficiency studied by proton adduct concentration of Pt on zeolite 

supports.25 For Ptiso catalysts, the band position is largely a function of the oxidation state 

with CO stretching frequencies typically blueshifted ~50 cm-1 higher than for CO 

adsorbed to metal clusters due to direct coordination with O atoms in the metal oxide or 

zeolite support.12,14,26  

While this is true for the Ptiso states produced by oxidation and mild reduction 

(2135 and 2112 cm-1, respectively), the presence of the CO stretches occurring at ~2077 

and 2050 cm-1 associated with Ptiso species following a 450 °C reduction, Figure 5.1, is 

quite surprising as these frequencies are typical of CO adsorption to Pt metal 

clusters.24,27–29 The stretching frequencies being more consistent with that of adsorption 

to metal clusters might suggest that rather than observing additional Ptiso states, the atoms 

had simply sintered. However, as previously discussed, Figure 5.3 presents evidence that 

the atoms maintain site isolation unless an unlikely cluster disintegration process were to 

take place during calcination. XAS measurements also showed no evidence of Pt-Pt 

interactions. The observation of metallic or nearly metallic single atoms has to our 

knowledge only ever been reported in the context of single atom alloys and was not 

directly proven but also inferred from the CO band position.30 This suggests that the Ptiso 

state produced under high temperature reduction is coordinated to the support weakly, 

likely interacting with only two or three O atoms. This hypothesis is supported by higher 

CO interaction strength (higher temperature required for desorption, Figure 5.2, higher 

CO Eads, Table 5.1). In fact, there is general trend observed between the CO band 

position adsorbed to Ptiso states, which can be considered a proxy for the Ptiso oxidation 
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states, and the calculated Eads for CO reported in Table 5.1 where it is seen that the 

stronger Ptiso interacts with O (likely bonding to more O atoms in the support) the weaker 

it interacts with CO. This is consistent with the intuition that highly electronegative O 

will pull electron density from Pt (giving the cationic charge) and weaken the interaction 

with the O in CO allowing more facile desorption. Specifically, in the highly oxidized 

Ptiso state where from the CO band position we infer a +4 oxidation state, the CO 

adsorption energy was calculated to be only 0.67 eV, similar to the 0.2 eV calculated for 

CO on Ptiso/CeO2 (111), also +4 oxidation state, where the difference in support might 

explain the small difference.18 We note, however, that others have reported much higher 

adsorption energies for Ptiso/CeO2 though their stretching frequencies were also much 

lower (2090-2100 cm-1) and synthesis method used a vapor deposition process.7,10,31 

Similarly, the mild reduction produced an intermediate CO adsorption energy, 0.87 eV 

while the high temperature reduction produced adsorption energies of 1.16 and 1.38 eV 

for the states corresponding to the CO stretches at 2077 and 2050 cm-1. The trend we 

observe in this work seems to generally agree with literature where the lower CO 

stretching frequencies correspond to higher CO adsorption energies. From the white line 

intensities in Figure 5.6 though the oxidation states can’t be quantified, the trend shows 

qualitative alignment with the most oxidized (highest white line intensity) corresponding 

to the highest CO stretching frequency. The work reported here, may be the first to show 

this trend systematically for a single oxide supported isolated catalyst system prepared 

using the same materials and synthesis. 
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5.7.3 Steady State Reactivity across different Ptiso states 

The differences in reactivity observed and reported in Figure 5.7 may also be tied 

to this difference in the degree to which Pt is coordinated to O in the oxide support. From 

the decreased white line intensity of the EXAFS spectra presented in Figure 5.6 it is clear 

that the pretreatment has a significant influence on the Pt oxidation state. A full analysis 

of fittings with calculated average Pt-O coordination numbers is currently underway and 

will help quantify the degree of difference between each of the identified Ptiso states. 

Under reaction conditions, the shift in the white line intensity from the post-treatment to 

in-situ EXAFS spectra collected suggests that the reaction is taking place over a shared 

intermediate Ptiso state from either of the unique homogeneous states identified 

immediately following the pretreatment. The shift might also be consistent with the 

relative lack of stability of the Ptiso
4+ state observed as described in Figure 5.5, which 

under steady state reaction conditions might transform back to a Ptiso state similar if not 

identical to the state produced by mild reduction, with slightly increased oxygen 

coordination owing to the steady state concentration of oxygen.  In contrast, the harsh 

reduction exhibits a significantly lower white line intensity suggesting a more metallic 

state is maintained. We hypothesize that the higher activity and lower activation barrier 

of the more metallic state observed from the Arrhenius plot in Figure 5.7 is a close 

analogue to the interfacial Pt atoms found to be the active site for CO oxidation by Pt and 

other metals on reducible oxide supports.19,32,33 In both cases due to directly interfacing 

with the oxide support, both the interfacial Pt atoms of clusters and nearly metallic Ptiso 

atoms exhibit minor cationic charge (owing to coordination with O in the support) 
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leading to weakened CO interaction strength relative to fully metallic Pt atoms at surface 

of clusters. Conversely, both of the interfacial atom site types are also more metallic than 

the Ptiso states where Pt is highly coordinated to multiple O atoms in the support. For this 

reason we expect that the RLS of the reaction mechanism, reverse oxygen spillover from 

the support to interfacial Pt (see section 5.6), is facilitated relative to the more cationic Pt 

atoms where the more metallic Pt state weakens the oxide O atoms interaction with the Ti 

cations in the support by donation of electron density. This effect of metals inducing 

increased reducibility of oxide supports is well known for metal clusters34,35 but we 

expect a weaker effect for the interfacial Pt atoms and nearly metallic Ptiso atoms and a 

weaker still effect for cationic Pt atoms. Thus it appears that it is the intermediate charge 

state of the interfacial Pt atom between highly oxidized and fully reduced that strikes the 

best balance to facilitate CO and O interaction on the Pt atom for CO2 production. The 

observed activation barrier for the highly reduced Ptiso state (~48 kJ/mol)  is significantly 

lower than that of the shared cationic Ptiso state following the other pretreatments (~70-75 

kJ/mol) but just slightly lower than the barrier for small Pt clusters we previously 

reported (53 kJ/mol).11 These barriers support the hypothesis that this intermediate 

interfacial state is optimal and that the high temperature reduction produces the closest 

proxy to the interfacial Pt atoms observed in metal clusters. The higher barrier for 

cationic Ptiso compared to both the reduced Ptiso state and metal clusters also supports the 

idea that migration of oxygen from the support is less facile when Pt is in a higher 

oxidation state as we previously argued.11 Partial pressure dependent measurements 

currently underway are also expected to follow the same CO oxidation rate law as 
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previously reported where the apparent rate law was 𝑟 ∝ 𝑃𝑂2

1/2
 but more accurately 

modelled as in Equation 5.1,  

𝑹𝒂𝒕𝒆 =  𝒌𝟒 ∗
𝟏

(𝟏 +
𝟏

𝑲𝟑𝑷𝑶𝟐

)
 ∝

𝟏

𝟏 +
𝟏

𝑷𝑶𝟐

 

Thus we conclude that the high temperature reduction used to produce the more 

metallic Ptiso states allows better abstraction of the support O decreasing the barrier for 

the rate limiting step. The agreement in apparent activation barrier between the 

pseudometallic Ptiso state and 1 nm metal clusters, in conjunction with the inferred 

oxidation state from both the CO stretching frequencies observed in IR and the white line 

intensities measured by XAS suggests that this state is most similar to that of interfacial 

Pt atoms in metal clusters and thus we expect it to be the most active state of Ptiso for CO 

oxidation on titania. We hope that future studies analyzing the location of Pt by both in-

situ STEM and DFT calculations will further support this hypothesis to complete the 

story. 

5.8 Conclusions 

Building on the work presented in Chapter 4, follow up IR spectroscopy, STEM, 

and XAS were used to identify multiple unique local coordinations of Pt in varying 

oxidation states controlled by the environmental pretreatment. CO temperature 

programmed desorption (TPD) IR analysis demonstrates unique differences in the 

relative adsorption energy of CO on each state with the most oxidized Ptiso states binding 

CO weakly and the most reduced Ptiso states binding CO much more strongly.  
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Kinetic studies showed that despite the stronger binding energy for the Ptiso state 

observed following a 450 °C reduction, CO oxidation rates are higher across all 

temperatures with a lower activation barrier and yet unknown reaction mechanism than 

the oxidized and mildly reduced Ptiso states. In-situ x-ray absorption spectroscopy helped 

identify the relative stability of the local coordinations which showed over the course of 

the reaction the mildly reduced and oxidized Ptiso states trend towards a common state. 

As depicted in Figure 5.16, regeneration of the Ptiso state was demonstrated to be possible 

through calcination thus throughout all pretreatments tested, Ptiso remains relatively 

homogeneous and can be controlled from a highly oxidized to an almost metallic state by 

systematically decreasing the local Pt-O coordination number through exposure of the 

catalyst to varying levels of oxidative or reductive treatments to dictate the reactivity for 

CO Oxidation. These findings were largely enabled by the catalyst architecture developed 

in Chapter 3 demonstrating the benefits of the approach.  

Figure 5.12 Proposed scheme of Ptiso control through pretreatment. The scheme above shows Ptiso in various 

coordinations following pretreatments listed above. The likely oxidation state is also listed above. The blue, red, 

and white spheres are Pt, O, and Ti atoms respectively. 

250 C Reduction300 C Oxidation 450 C Reduction

Ptiso
4+ Ptiso

2+ Ptiso
δ+ Ptiso
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Chapter 6. Trends in Atomically Dispersed Pt Catalysts on Reducible 

Metal Oxides 
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6.1 Summary 

 In this chapter the synthesis and characterization approaches developed 

throughout this thesis to produce atomically dispersed Pt, Ptiso on an anatase titania 

support are applied to cerium dioxide (ceria). The consistent synthesis of Ptiso across 

supports validates the versatility of the synthesis methodology to produce stable site-

isolated platinum group metal catalysts, PGMiso for oxide-supported catalysts. Support 

differences led to necessary changes in the synthetic conditions to produce Ptiso species 

compared to the titania supported catalyst discussed in Chapters 3 through 5. The 

differences between the supports manifest in the characterization of the materials and 

suggest the stability and behavior of the otherwise similar materials may show quite 

different catalytic behavior. This emphasizes the ligand-like role of the support that acts 

as an extension of the atom in dictating chemistry and helps begin to develop trends for 

atomically dispersed Pt catalysts on metal oxide supports of varying reducibility. 

6.2 Introduction  

A primary goal of this thesis was the development of a robust synthesis approach that 

could be applied to produce Ptiso across many oxide supports that more generally applies 

to PGMiso catalysts. While any number of metal oxide supports could have been chosen 

to demonstrate the versatility of the support ceria was a natural choice for several 

reasons.  
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6.2.1 Role of CeO2 in TWCs 

The ultimate motivation for the production of PGMiso catalysts is to reduce their 

demand by creating superior catalysts for relevant reactions. One of the primary demands 

for both Pt and Rh is in the three way catalyst design of the catalytic convertor1 which 

benefits from the use of CeO2 due to its high oxygen storage capacity with a Ce4+/ Ce3+ 

redox couple.2–4 As a promoter, the role of CeO2 has been debated but it is generally 

considered useful as a possible means to promote noble metal dispersion and increase 

thermal stability of alumina supports. Most relevant to these studies, it is also know to 

favor catalytic activity at the metal-support interface and independently promote CO 

oxidation through lattice oxygen.2 Thus for practical reasons the development of stable 

ceria supported Ptiso catalysts could be reasonably incorporated into a new TWC design if 

the catalysts are shown to be highly active. 

6.2.2 Influence of synthesis on chemical and catalytic activity 

Within the literature, there is conflicting information regarding not only the activity, 

but also the (calculated) CO binding energy, the vibrational frequency, and the catalyst 

stability of atomically dispersed or single atom catalysts. However, the synthesis 

approaches between these conflicting reports also differ. Some theoretical predictions 

suggest very low CO binding energy for Ptiso/CeO2,
5 while other theoretical and 

experimental reports show much stronger interactions between Pt and CO with vibrational 

frequencies of 2090-2100 cm-1.6–8 The synthesis methods used in Jones et al., Nie et al and 

Wang et al, involve vapor deposition of Pt or Pt precursors onto CeO2. There is evidence 

from these reports of a CeO2 facet dependence of where Pt sits, but no evidence of the local 
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coordination of Pt.  

One might suppose that the synthesis approach directly influences or dictates the type 

of interaction a PGM cation has with the support and may ultimately influence or entirely 

dictate the reactivity. From the successful execution of the approach to produce an active 

Ptiso catalyst on titania, there is good reason to believe that the electrostatic approach 

employed should produce a highly active catalyst. It is believed that the synthesis approach 

closely mirrors that of cation exchange in zeolites whereby a metal cation replaces a proton 

in the zeolite; here we expect that the electrostatic adsorption positions the metal complex 

such that it can be doped into the support calcination rather than remaining deposited at the 

surface. If it can be demonstrated that the metal cation is being the doped into the support, 

it is expected that the catalysts should exhibit greater stability and anchoring, mitigate 

sintering, and actually aid in destabilizing local oxygen atoms in reducible metal oxide 

supports leading to enhanced CO oxidation activity. This would provide new insight into 

how the synthesis can impact the utility of PGMiso catalysts even if multiple approaches 

successfully produce atomically dispersed species. Lastly, because a greater understanding 

of how the support influences the chemical and catalytic activity of these catalysts is still 

relatively unknown and disputed, the addition of another support synthesized in an identical 

manner and exhibiting stability that enables reliable characterization and reactivity 

measurements would help to begin to develop trends across reducible metal oxide supports. 

6.3 Materials 

As before, high purity (99.995%) Tetraammineplatinum(II) nitrate (TAPN) was 

purchased from Sigma-Aldrich (#482293) and used as the Pt precursor. For this synthesis, 
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ten nanometer diameter cerium dioxide, CeO2, (99.99%) crystals (35-70 m2 /g) were 

purchased from US Research Nanomaterials (Stock no. US3037) and used as the support 

in this study. Reagent grade NH4OH (28-30% concentration) used in catalyst synthesis 

was obtained from Acros Organics (#423300250). For all characterization experiments, 

the following gases were used: 10% H2/Ar (±2%, Airgas), He (UHP, 99.999%, Airgas), 

10% O2/He (±2%, Airgas), and 10% CO/He (±2%, Airgas) in an Al tank to prevent metal 

carbonyls from entering reactant streams. 

6.4 Validation of the Design Architecture for Atomically Dispersed Pt Catalysts 

6.4.1 Determination of the Point of Zero Charge 

Following the protocol developed in Chapter 3, the first step toward producing 

Ptiso species was to determine the point of zero charge, or PZC, of the support. A series of 

eight solutions were prepared by sequential dilution of nitric acid for the acidic pH values 

and ammonium hydroxide for the basic pH values. The net result was a solution series 

with initial pH ranging from 1 to 11. After adding the ceria support crystals to each pH 

solution an equilibrium was reached and the final pH was plotted as a function of initial 

pH. 

As depicted in Figure 6.1, the buffering effect of the support leads to a plateau in 

final pH of the initially neutral solutions and is equal to a PZC pH value of 3.4. Because 

of the relatively low PZC compared to titania, it is preferable to use a cationic Pt 

precursor such as platinum tetraammine (PTA), [(NH3)4Pt]+2, over an anionic Pt 

precursor such as hexachloroplatinate, [PtCl6]
2-.  As modelled in Figure 6.2 using the 
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RPA code described in Chapter 3, a cationic precursor like PTA has a much more 

favorable pH range to achieve high uptake.9–12  

 

Figure 6.1 pH shifts for Ceo2 with PZC =3.4. Under mildly acidic conditions, the pH is stays relatively 

stable at its PZC. Under mildly basic conditions, the pH is buffered to a lower final pH. The plateau of the 

final pH is the PZC. 

0

2

4

6

8

10

12

0 2 4 6 8 10 12

Fi
n

al
 p

H

Initial pH

PZC = 3.4



178 

 

 

6.4.2 Theoretical and Experimental Influence of pH on Ptiso Production 

Intuition from the protocol developed for Ptiso production on TiO2 using the same 

cationic precursor would suggest a basic pH should be best for CeO2 as well. In Figure 

6.3, the theoretical uptake for CeO2 and TiO2 is compared where the support-specific 

model parameters were adjusted. The primary influence on the difference in the uptake 

curves is the difference in the PZC value which suggests it should be easier to produce 

Ptiso over a wider range and particularly at more neutral and mildly basic pH values. 

Figure 6.2 Theoretical uptake curves for Pt on CeO2 (PZC =3.4).Due to the relatively low PZC value for 

CeO2, the RPA model predicts low uptake for anionic precursors like hexachloroplatinate (black) and makes 

the use of a cationic Pt precursor, like PTA much more favorable as it exhibits high uptake over a wide range 

of neutral to basic pH values. 
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Figure 6.3 Pt uptake curves for PTA on supports with differing PZCs. Uptake curves were created using the RPA 

model executed in MATLAB. Low PZC values give a broader range of pH for Pt cation uptake while high PZC values 

limit the optimum range for Pt uptake to more basic conditions. 

Infrared (IR) spectroscopy using CO as a probe molecule was once again 

employed to experimentally verify the optimal pH for Ptiso production. With both 

experimental and theoretical guidance suggesting basic pH conditions promote the 

strongest interactions between the metal cations and the support, a series of Pt catalysts 

were prepared an intermediate weight loading, 0.2 wt% Pt, in order to intentionally 

produce a mixture of Ptiso and metallic Pt clusters, Ptmetal when the pH deviated from 

optimal conditions. All catalysts were calcined in air at 450 °C for 4 hours with a 10 

°C/min ramp to 450 °C and were sieved to less than 75 μm prior to any pretreatments or 
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characterizations. The IR spectra were taken after the following conditions. First, 50 

sccm of 10% H2/He was passed over the catalyst for 1 hour at 250 °C to reduce the 

catalyst such that any CO stretches associated with cationic Pt adsorption sites were due 

to Ptiso and not oxidized Pt clusters. Next, the Low Temperature Praying Mantis reactor 

cell was cooled to cryogenic temperatures (-140 °C) for CO adsorption. In order to 

maintain cryogenic temperatures spectra were collected under vacuum. These were 

necessary changes implemented in order to observe CO adsorption due to the low 

adsorption energy of CO on the Ptiso sites on ceria and the first evidence suggesting 

differences in the local coordination produced by this pretreatment. Interpretation of CO 

stretches at cryogenic temperatures can be slightly difficult depending on the support 

because CO may also adsorb to the support metal cations which have similar CO 

stretching frequencies and similar adsorption energies. In the case of CO adsorption to 

Ce4+ and Ce3+ it has been found that the band positions fall within the ranges 2150-2220 

cm-1, depending on the degree of saturated coordination, and 2120-2127 cm-1 

respectively.13–16 Thus in order to ensure meaningful site assignments, control studies 

were run in the absence of Pt deposition. It was found that the CO stretches around 2120-

2127 cm-1 associated with Ce3+ were so weakly binding that within minutes of Ar 

flushing in vacuum, around -90 °C, these CO stretches completely disappeared.   

Figure 6.4 shows a comparison of the IR spectra taken at -90 °C for the 0.2 wt% 

Pt/CeO2 catalysts with pH varied from 6 to 12. It was necessary to allow the catalyst to 

warm slightly in order to remove CO physisorbed to the Ce cations at the surface which 

partially overlap and mask the CO stretch associated with adsorption to Ptiso sites. A Pt 
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precursor addition rate of 0.025 mg of Pt per hour and a highly dilute surface loading of 

2,900 m2/L were used as before. The spectra were normalized to the intensity of the Ptiso 

to compare the relative amount of CO adsorbed to Ptmetal sites (2040-2090 cm-1). It was 

observed that as the synthesis pH approached 9 the catalysts trended toward containing a 

single CO adsorption site with a symmetric stretching frequency of 2125 cm-1, Ptiso.  

Even under optimized synthetic conditions the CO stretch at 2125 cm-1 exhibits a 

relatively broad full width at half maximum, FWHM, of ~45 cm-1. The broader 

bandwidth for the CO stretch adsorbed to Ptiso on ceria compared to titania might suggest 

that there are a greater a variety of stable configurations for Ptiso to sit in the support and 

is therefore less homogeneous rather than a single site catalyst.17 Alternatively, it is 

possible that the broader bandwidth is related to the reducibility of CeO2 lending itself 

towards having less well defined structure such that Pt atoms positioned in relatively 

similar local environments might exhibit slightly higher or lower vibrational frequencies. 

Catalysts synthesized at more neutral and more basic pH values contained CO adsorption 

sites on Ptmetal. The spectra of the catalysts collected at pH 6 and 12 exhibit the same 

overall trend but were excluded from the figure because the ratio of the Ptmetal to Ptiso 

stretch was so high it distorted the scale of the y-axis and masked the more subtle 

differences closer to the optimal pH. It is lastly noted that the experimentally determined 

optimal pH of 9 exhibits excellent agreement with the RPA predicted uptake curve in 

Figure 6.3 and correctly trends to a lower optimal pH than for titania. 
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6.4.3 Influence of Pt Loading 

Figure 6.5 shows a series of IR spectra of CO adsorbed near saturation coverage 

at -90 °C taken on Pt/CeO2 catalysts with varied Pt loading prepared under the optimized 

conditions described:  Pt precursor addition rate of 0.025 mg of Pt per hour, surface 

loading of 2,900 m2/L, pH of 9. As expected the intensity of the CO stretch associated 

with Ptmetal increases with increasing weight loading for the spectra which were 

normalized to the intensity of the CO stretch associated with Ptiso. 

Figure 6.4 pH optimization for producing Ptiso. IR spectra of CO adsorbed near saturation coverage at -90 

°C to 0.2 wt% Pt/TiO2 SEA catalysts prepared a 2900 m2/L surface loading, precursor solution addition rate of 

2 mL/hr, and varying solution pH’s. All catalysts were reduced at 250 °C in H2 prior to CO adsorption. The 

spectra were normalized to the intensity of the band at 2137 cm-1, assigned to CO adsorbed to Ptiso, to enable 

direct comparison of the influence of synthetic conditions on the relative proportion of CO adsorption sites 

existing as Ptiso species. 
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 It is noted that though there is an apparent broadening of the Ptiso stretch with 

decreasing Pt loading, this is likely to be an artifact of difficulty in accurate baselining of 

small signals that is emphasized on a normalized basis. In comparison to Ptiso on TiO2, it 

can be seen that under optimal conditions, a marginally higher Pt loading can be achieved 

on CeO2 while maintaining the exclusive production of Ptiso. Given the broader FWHM, 

this might be due to a sparse number of highly stable Ptiso-support geometries enabling 

some support particles to have more than 1 atom per particle. This is only a hypothesis 

but the trend is otherwise surprising as due to lower surface area and similar particle size, 

Pt loadings from 0.05 to 0.5 wt% have an expected 3.5 to 35 atoms per support particle. 

Figure 6.5 Weight loading dependence. A series of Pt/CeO2 SEA catalysts with varying weight loading were 

prepared using an otherwise identical protocol with a pH of 9, surface loading of 2900 m2/L, and metal precursor 

injection rate of 2 ml/hr. All catalysts were calcined in air at 450 °C for 4 hours with a 10 °C/min ramp to 450 °C. 

Catalysts were sieved to less than 75 μm and reduced (1 hour in H2 at 240 °C) prior to characterization by CO 

saturation and He flushing. Comparative spectra were collected at -90 °C after He flushing for all catalysts to 

ensure all gas phase CO and CO physisorbed to Ce cations were removed while maintaining the greatest intensity 

of the CO-Ptiso stretch. All spectra were normalized to the intensity of the CO stretch assigned to Ptiso.  
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6.4.4 Extended Characterization  

Already several differences have been noted between the Ptiso catalysts produced on the 

two supports studied in this thesis with the primary difference being the colder 

temperatures required to see CO adsorb to Ptiso sites. In Figure 6.6 a side-by comparison 

shows the CO desorption profiles as a function of temperature. As described in Chapter 4, 

the change in intensity as a function of temperature during a temperature programmed 

ramp could be used directly to approximate the CO adsorption energy using Redhead 

Analysis.18 The temperature of peak desorption for CO an 0.05% Ptiso/CeO2 catalyst was 

found to be -75 °C by taking the numerical derivative of the change in intensity vs 

temperature.  

A comparison of the CO adsorption energies is given in Table 6.1 which shows ceria-

supported Ptiso has a lower binding energy than titania-supported Ptiso by about 0.2 eV. 

However, due to the possibility of multiple Pt sites inferred by the broader FWHM, 

distinguishing the temperature of peak desorption was not as sharp and the adsorption 

energy may actually be lower than presented. 

Given all of the differences observed between materials expected to be very similar, it 

was important to corroborate the assignment of the CO stretch at 2125 cm-1 to Ptiso using 

aberration corrected scanning transmission electron microscopy (STEM). Before showing 

the correlated IR and STEM however, it is necessary to explain minor differences used to 

obtain the micrographs. 
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The specific type of STEM microscopy that enables detection of single atoms among the 

metal atoms in the oxide support utilizes an annular dark-field detector. The quality of the 

image relies heavily on the difference in atomic number of the metal atoms being 

contrasted. While for Ptiso on TiO2 the difference was quite high (𝑍𝑃𝑡 = 78 and 𝑍𝑇𝑖 =

0.000
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Figure 6.6 Desorption profile of CO from (A) Ptiso on CeO2 and (B) Ptiso on TiO2. IR Spectra of optimized 

syntheses at 0.05 and 0.025 wt% respectively were collected following an identical calcination at 450 °C for 4 h in air, 

1 h reduction in 10% H2/He at 250 °C, and CO saturation at -140 °C before flushing in He and collecting spectra as a 

function of temperature during warming. 

Material Band Center (cm-1) Tp ( °C ) Eads (eV)

0.025% Pt/TiO2                                  

250 °C Reduction
2113 -10 0.87

0.05% Pt/CeO2                                    

250 °C Reduction
2125 -75 0.65

Table 6.1 CO Adsorption Energy Comparison of Ptiso on TiO2 and CeO2 
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22), the difference for Ptiso on CeO2 is significantly lower (𝑍𝑃𝑡 = 78 and 𝑍𝐶𝑒 = 58). To 

overcome this issue, smaller camera lengths and small-angle tilting were used to enhance 

the Z-contrast. From the higher image quality this produced, it can be seen in Figure 6.6 

that the Pt atoms appear to sit in line with the Ce atoms in the lattice and are likely to be 

sitting atop the Ce atoms or substituted into the lattice replacing a Ce3+ cation. As 

discussed in Chapter 5, the alignment of the Pt atoms above or in place of the Ce cation 

was enabled by perfroming the microscopy along a specific zone axis, [021]. 

 

With an approach to produce high quality micrographs, the correlative IR analysis was 

done to validate the site assignments of the CO stretches as shown in Figure 6.7. Three 

samples were used with different Pt loadings to show a trend that could be correlated with 

the microscopy. First, a 0.05 wt% catalyst synthesized under optimal conditions, second, 

a 0.5 wt% catalyst synthesized identically, and finally a 1 wt% catalyst synthetized by dry 

Figure 6.7 HAADF-STEM micrograph shows Pt sits above or substituted in place of a Ce3+ cation in the 

lattice of the support. The micrographs were collected using 12 and 10 cm camera lengths and taken using small-

angle tilting for increased Z-contrast. 

2 nm
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impregnation. Both of the synthetically optimized catalysts were prepared using a pH of 

9, surface loading of 2900 m2/L, and Pt precursor addition rate of 0.025 mg of Pt per 

hour. For each of these samples CO probe molecule IR spectra taken near saturation 

coverage at -90 °C, see Figure 6.7(A-C), and at least ten STEM images of the same 

materials, Figure 6.7(D-F), were collected after all materials had been calcined and 

reduced through identical protocols prior to both characterizations. 

The STEM images identifying Ptiso species are in excellent agreement with the IR 

spectra of the same CO saturated sample, which validate the infrared CO stretch assigned 

to Ptiso at 2125 cm-1 and show conclusive evidence of the stability of Ptiso species 

following calcination and reduction.  

 



188 

 

 

Figure 6.8 Correlative IR and STEM. (A-C) IR spectra of CO adsorbed near saturation coverage at -90 °C to 0.05, 

0.5, and 1 wt % Pt/CeO2 catalysts respectively all prepared using an otherwise identical protocol with a pH of 9, 

surface loading of 2900 m2/L, and metal precursor injection rate of 2 ml/hr. All catalysts were calcined in air at 450 °C 

for 4 hours with a 10 °C/min ramp to 450 °C. Catalysts were sieved to less than 75 μm and reduced (1 hour in H2 at 240 

°C) prior to characterization. (D-F) Representative STEM images of the same 3 catalysts after reduction ex-situ, where 

IR spectra in (A-C) correlate to the images below (D-F). In the STEM images, Ptiso species are circled in yellow and 

Ptmetal clusters are circled in red. 

The final analysis explored was the stability of the Ptiso across increasingly harsh 

reductive pretreatments. In Figure 6.9, a synthetically optimized 0.05% Ptiso/CeO2 

catalyst was characterized by low temperature CO probe molecule IR. In all cases, the 

same catalyst was freshly loaded into a reactor, pretreated, cooled to -140 °C, saturated in 

CO and flushed in Ar. 
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At -90 °C after most CO physisorbed to Ce cations had been removed, spectra 

were collected for comparison near saturation coverage. It can be seen that unlike Ptiso on 

titania, increasing reduction temperatures does not seem to influence the band position or 

FWHM of the CO stretch associated with ceria supported Ptiso, which showed remarkably 

similar CO stretches. More interestingly, it can be seen that under an oxidative 

pretreatment a more narrow Ptiso stretch is present with a slightly blueshifted band center 

of 2135 cm-1 compared to reductive pretreatments at 2125 cm-1. A preliminary analysis of 
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Figure 6.9 Analysis of pretreatment effects on Ptiso/CeO2. IR spectra of CO adsorbed near saturation 

coverage at -90 °C to a synthetically optimized 0.05 wt % Pt/CeO2 catalyst following various 

pretreatments. 
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the change in intensity of the oxidized Ptiso site shows a comparable temperature of peak 

desorption of -80 °C and adsorption energy of 0.63 eV, though in this case all CO 

desorbs by -30 °C. This is in contrast to the reduced Ptiso states where it is observed that 

after most of the CO has desorbed (by about room temperature) some thermal energy is 

required to remove the remaining CO which seems more strongly bound. Further IR 

studies exploring what temperatures are required to destabilize the Ptiso site would be 

beneficial.  

6.5 Conclusions 

  The approach to synthesis of catalysts containing a predominance of Ptiso species 

described in Chapter 3 was extended to a cerium oxide support validating the versatility 

of the approach to produce stable PGMiso catalysts for oxide-supported catalysts. After 

determining the PZC of the support to tune the synthetic conditions (primarily pH) to 

optimize isolated site production, IR spectroscopy and STEM validated the success of the 

approach. Preliminary comparisons demonstrate the critical relationship between the 

support and the single atom which influences the homogeneity of the isolated site 

production, stability over a variety of pretreatments, adsorption energy of CO, oxidation 

state of stable configurations, and likely the overall kinetics and reaction mechanism. 

Although we were not able to provide direct evidence that the Pt cation is substituted in 

place of a Ce ion in the lattice, the high stability exhibited over harsh reduction 

treatments and electron microscopy do support this hypothesis. 

The unfinished work presented in this chapter is an obvious candidate for 

continued future studies. Specifically, a detailed exploration of the reaction kinetics 
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including the barriers, partial pressure dependencies, and comparisons to TiO2 for CO 

Oxidation would begin to provide fundamental understanding of the trends in the role of 

the reducibility of oxide supports for Ptiso. In-situ IR and x-ray absorption spectroscopy 

under reaction conditions could lend further insight into the stability and changes in the 

local coordination of the atom under varying environments.  
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Chapter 7. Conclusions and Future Outlook 
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7.1 Summary 

This dissertation combined fundamental synthesis approaches with experimental 

characterization techniques to design catalysts exhibiting optimal metal efficiency. 

Building out from strong electrostatic adsorption principles we were able to develop a 

catalyst architecture that enabled the deposition of ~1 atom per support particle for 

isolated Pt atoms, Ptiso, on metal oxide supports that resisted sintering. It was 

demonstrated for the first time that the stability provided by the design approach enabled 

rigorous characterization of the dispersed atoms and their local coordination under 

reaction conditions showing the superior efficiency of the catalyst design for CO 

oxidation. In this chapter, the main conclusions of the thesis and the implications of the 

findings for the field are summarized. The chapter ends with an outlook on future 

research directions stemming from this work. 

7.2 General Conclusions 

In this dissertation synthetic protocols were developed to produce homogeneous and 

stable catalyst designs for important chemical reactions in environmental emission 

control. Specific focus was placed on the development of isolated site catalysts that 

exhibited perfect metal utilization and did not sinter under conditions relevant for 

catalysis, using Pt atoms as a case study. The major conclusions are summarized below 

roughly corresponding to the order of their presentation throughout the thesis: 

 We demonstrated a synthetic approach and catalyst architecture where Ptiso 

species were dispersed on 5 nm diameter TiO2 particles at a ratio of < 1 Pt 
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atom per TiO2 particle, creating Ptiso species that were stable through a wide 

range of conditions.  

 Using a correlated STEM imaging and CO probe molecule IR characterization 

approach, distinguishing IR signatures of CO bound to Ptiso, Ptox clusters and 

Ptmetal clusters on TiO2 were identified that allow rapid identification and 

characterization of each type of site.  

 It was found that the Ptiso species produced through the SEA synthesis 

approach were essentially single-site species, inferred from the tight ~6-10 cm-

1 FWHM of the adsorbed CO stretching frequency.  

 Using the inferred spectroscopic signatures and temperature programmed 

desorption experiments, the order of CO adsorption energy on these sites was 

identified to be Ptiso<< Ptmetal < Ptox, respectively, 0.87 eV, 1.16-1.93 eV, and 

1.72-2.10 eV, where adsorbed CO on Ptox was essentially inactive for oxidation 

of CO below ~200 °C.  

 Rigorous kinetic measurements for steady state CO oxidation on Ptiso and 1 nm 

Ptmetal clusters showed that the Ptiso sites are inherently more reactive (~2x) 

because every Pt atom on the catalyst interfaces with the support where the 

reaction takes place and is exposed to reactants and the two catalyst designs 

share a common reaction mechanism (Mars and Van Krevelen)  

 This work demonstrates that Ptiso on certain reducible supports provide the 

most efficient metal utilization for CO oxidation and further that the 

architecture and synthetic approach proposed here could be generally useful for 
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probing spectroscopic signatures and reactivity of isolated previous metal atom 

catalysts. 

 IR spectroscopy and x-ray absorption spectroscopy were used to identify 

multiple unique local coordinations of Pt in varying oxidation states controlled 

by the environmental pretreatment.  

 CO temperature programmed desorption (TPD) IR analysis further 

demonstrates differences in the relative adsorption energy of CO on each state.  

 Kinetic studies and in-situ x-ray absorption spectroscopy identify the relative 

stability of the local coordinations and identify unique CO oxidation activity of 

each of the stable states.  

 It was shown that the oxidation state and local coordination of Ptiso species on 

TiO2 can be controlled from a highly oxidized to an almost metallic state by 

systematically decreasing the local Pt-O coordination number through 

exposure of the catalyst to varying levels of oxidative or reductive treatments. 

 The design approach to produce isolated Pt was shown to be versatile and was 

used to successfully produce Ptiso on 5-10 nm CeO2 particles. 

 It was shown that across a broad range of high temperature reductions, 

Ptiso/CeO2 catalysts exhibited remarkable stability and sinter resistant 

properties. 
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 From the experimental evidence, it is inferred that for Ptiso/CeO2 the synthesis 

approach enables the Pt atom to substitute into the support during calcination 

providing the high stability and weak CO binding observed. 

 

The work presented in this dissertation was divided into three major components.  

The first component encompassed the development of a synthesis approach to engineer 

atomically dispersed metals on oxide supports motivated by their promise to alleviate the 

demand for scarce metals used in industrial chemical production and environmental 

emissions control. The  synthesis approach put forth enabled the maintained existence of 

atomically dispersed Pt catalysts, Ptiso that exist in a homogeneous spread by depositing 

~1 precious metal atom per support particle with an initial case study using anatase TiO2 

as the metal oxide support, and an extension using CeO2 demonstrating the versatility of 

the approach. The second component of the thesis emphasized the importance of 

rigorously characterizing Ptiso species and drawing definitive conclusions on their 

catalytic activity to address the conflicting reports in literature. The final component of 

the thesis focused on a more fundamental analysis of how the pretreatment and reaction 

environmental conditions influence the local coordination of the novel catalyst design. It 

was demonstrated that the local environment of the Ptiso species controls the strength of 

interaction with CO and CO oxidation reactivity. The results put forth hinged on the 

importance of creating a catalyst architecture to produce homogeneously dispersed 

isolated atoms on supports and develop structure-function relationships which serve as a 
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platform to build out from for the design of more efficient and more selective platinum 

group metal catalysts.  

7.3 Outlook on Future Research 

The unfinished work presented in Chapter 6 is an obvious candidate for continued 

future studies. Specifically, a detailed exploration of the reaction kinetics including the 

barriers, partial pressure dependencies, and comparisons to TiO2 for CO Oxidation would 

begin to provide fundamental understanding of the trends in the role of the reducibility of 

oxide supports for Ptiso. In-situ IR and x-ray absorption spectroscopy under reaction 

conditions could lend further insight into the stability and changes in the local 

coordination of the atom under varying environments. The sixth chapter also introduced 

the first extension of the synthesis approach to another support. A complete study on the 

role of supports might incorporate the addition of a non-reducible support such as silica 

and an even more reducible support than ceria, such as iron oxide. Assuming 

homogeneous and stable Ptiso sites could be produced a comparison of kinetics focused 

on differences in mechanisms between reducible and non-reducible supports as well as 

activation barriers for each system would be interesting. Alternatively, one could 

continue to use the same support and explore the synthesis of other platinum group metal 

single atom catalysts. 

Though the third chapter introduced several concepts that aided in the 

development of stable and homogeneous catalysts synthetic developments could be 

refined or pushed in different directions. For example, the current synthesis approach 

relies heavily on depositing ~ 1 atom per support particle. From a practical stand point, 
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this is a relatively inefficient catalyst design by volume which would likely limit its 

applications in industrial catalysis. The development of an approach to enable higher site 

density of single atoms that maintained the sinter-resistant properties of the current 

design would be a novel breakthrough in the field. 

In the fifth chapter, the local coordination of the Ptiso sites was controlled using 

varying environmental pretreatments which was inferred to change the oxygen 

coordination of the atoms with the support. Controlling the local coordination by 

deposition of adjacent ligands could offer avenues for unique or selective chemistries 

bridging the benefits of heterogeneous catalysis to chemistries presently reserved for 

homogeneous catalysis. These are just a few of the many directions one could build out 

from given the catalyst architecture put forth in this thesis. 

 




