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Abstract 

 The activation of O2 is an important process for a variety of reactions from the 

electrochemical reduction of O2 for fuel cells to thermochemical oxidative dehydrogenation 

reactions. Platinum particles supported on carbon are often reported to be highly active catalysts 

for these reactions, but their high costs limit their large-scale use. This high cost has prompted 

research into atomically efficient transition metal ions (M) doped into a conductive nitrogen-

carbon support (N-C). These M-N-C catalysts have shown promise for comparable activity on the 

same magnitude as platinum electrodes for the electrochemical oxygen reduction reaction (ORR) 

and Pt nanoparticles for the thermochemical oxidative dehydrogenation of alcohols. Although the 

M-N-C catalysts facilitate O2 activation for both thermal and electrochemical reactions, the 

coordination environment surrounding the active site and the mechanism for O2 activation remain 

elusive. To avoid the complications of solvent and applied potential, CO oxidation and 2-propanol 

oxidative dehydrogenation were used as probe reactions in this dissertation.   

  A catalyst with isolated Co ions in nitrogen-doped carbon (Co-N-C) was synthesized and 

imaged by scanning transmission microscopy, confirming the presence of isolated Co ions. The 

Co-N-C catalyst converted CO at temperatures as low at 198 K, with a negative apparent activation 

energy at low temperatures, whereas low temperature catalytic activity was not observed for the 

other Co-containing materials (mixed Co oxide, Co on carbon black, and Co on silica). 

Comparison of the reaction orders measured over the Co-containing catalysts revealed nearly first-

order behavior in both CO and O2 over the Co-N-C catalyst compared to zero order in CO and 

positive order in O2 for the other Co-containing catalysts. Isotope transient analysis indicated the 

surface coverage of reactive intermediates leading to CO2 on Co-N-C was low relative to CO and 

the turnover frequency was high (exceeding 0.3 s-1), even at 273 K.  
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 Quantum chemical density functional theory (DFT) calculations indicated weak binding of 

both CO and O2 to the Co ion surrounded by 4 pyridinic N atoms. Molecular dynamic simulations 

with CO and O2 resulted in a plausible reaction path for CO oxidation whereby CO assisted the 

activation of O2 with the carbon support without involving a redox cycle on the Co ion. The 

reaction path was consistent with the experimental kinetic parameters for low temperature CO 

oxidation on the Co-N-C catalyst.  

 A quantum chemical DFT screening of other M-N-C catalysts for similar interactions 

between the transition metal and reactants CO and O2 suggested that the transition metals in the 

same column as Co are potentially good catalysts for low temperature O2 activation. Thus, a Rh-

N-C catalyst was synthesized and tested for CO oxidation activity. Steady-state CO oxidation at 

low temperature over Rh-N-C had positive reaction orders in both CO and O2 as well as a nearly 

zero apparent activation energy, whereas supported Rh nanoparticles were not active at these low 

temperatures. The experimental observation of low temperature CO oxidation catalyzed by Rh-N-

C validates the results from the DFT screening study. 

 The gas phase oxidative dehydrogenation of 2-propanol was also explored on Co-N-C. 

High initial activity for the Co-N-C catalyst at 473 K sharply deactivated to a steady-state rate that 

was similar to a metal free N-C catalyst. The similar steady-state rates of a Co-containing material 

and a Co-free material indicate that Co sites may not turn over at the steady state. The reaction was 

also tested in aqueous solvent and similar to the gas phase reaction, the Co-N-C catalyst had high 

initial activity but deactivated completely by 15 min. The observed performance of highly active 

species (associated with Co) and the less active N-C (Co-free) warrant further study.  
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Chapter 1 Introduction 
 

1.1 Importance of Dioxygen Activation 

 

The activation of O2 is a critical step in many heterogeneous oxidative processes such as 

some thermocatalytic and electrocatalytic reactions.1-8 The importance of O2 activation has only 

increased due to new demands for storing renewable energy, producing fuels, and converting these 

fuels into electricity. Electrochemical fuel cells have been investigated intensively since they can 

operate at efficiencies exceeding those of combustion engines with small levels of emission.9 

Specifically, the proton-exchange fuel cell consists of a negative electrode (anode) and positive 

electrode (cathode) with an electrolyte in between. The cathodic process involves the reduction of 

O2 to H2O or H2O2 (Fig. 1). The electrochemical oxygen reduction reactions (oxygen reduction 

reaction (ORR) and oxygen evolution reaction (OER)) on the cathode are sluggish and inefficient 

relative to the hydrogen evolution reaction (HER) on the anode due to the difficulty in O2 activation 

and oxide removal.10-12 The difficulty in O2 activation has focused research on increasing the 

efficiency of the cathode.10-12 The highest reported activity for the ORR is on platinum catalysts 

supported on conductive carbon substrates.2, 8 Although highly active and efficient, the high costs 

of Pt limits large scale industrial and consumer applications. These Pt catalysts typically sinter into 

larger nanoparticles on the carbon support (Pt/C) under reaction conditions, which renders many 

Pt atoms inaccessible and thus causes inefficient use of the already expensive metal.13-16 

Furthermore, the often-acidic environment of the electrolyte has been shown to negatively impact 

the Pt activity for the ORR.8 Competitive adsorption of acids such as HCl, HBr, HI and inorganic 

acids such as sulfuric and phosphoric diminishes the activity of the catalysts.8 These problems 
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surrounding using Pt catalysts have motivated exploration of earth-abundant elements in tunable 

chemical environments for stable and efficient O2 activation.   

 

 

Figure 1.1. Activation of O2 occurs on the cathode during the ORR (yellow portion of the figure).  
 

1.2 Metal Ions in Nitrogen-Doped Carbon 

 

1.2.1 Introduction to Materials with Metal Ions in Nitrogen-Doped Carbon 

Although platinum group metals (PGM) are still regarded as having the highest activity for 

reactions involving molecular oxygen, newer earth abundant catalysts have recently been 

developed with transition-metal atoms (M) deposited onto nitrogen-doped carbon (N-C).17 The 

most commonly synthesized M-N-C catalysts use first-row transition-metal ions such as Fe, Co, 

and Cu but a wide variety of transition metal ions in nitrogen-doped carbon have been 

synthesized.17-19 The synthesized graphene-supported single-atom catalysts include Au, Co, Fe, 

Mn, Ni, Pd, Pt, Ru, and Rh.17 These M-N-C catalysts are the heterogeneous analog of the 
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homogeneous porphyrin catalysts (for example, a Co phthalocyanine is depicted in Figure 1.2 a) 

that are abundant in nature and known for their tunable redox potentials and ability to catalyze 

reactions involving O2.20, 21 Although the porphyrin complexes have shown activity for O2 

activation reactions, heterogeneous catalysts are preferred for industrial applications. 

Heterogeneous catalysts account for ~ 80 % of the industrial catalytic processes since they are 

generally more robust and are easier to recover than their homogeneous counterparts.22 The desire 

to make heterogeneous versions of enzymatic and homogeneous catalysts have led to the 

deposition of porphyrin structures onto the surface of carbon.23 These anchored M-N-C catalysts 

have gained stability through the nitrogen-carbon substrate and have resistance to harsh redox 

environments.21 Beyond being stable, the tunability of these metal centers with ligands in different 

environments is a feature that researchers hope to utilize to catalyze a wide variety of reactions.24, 

25 Indeed, these metals can catalyze reactions such as the ORR,26 oxidation of alcohols,27-31 

decomposition of formic acid,32, 33 and CO2 reduction reaction.34, 35 Moreover, some transition 

metals such as Co and Fe doped in N-C have promise in replacing Pt/C catalysts.36, 37 The synthesis 

of these catalysts, however, leads to many issues in determining the active species and quantifying 

the number of active sites. 
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Figure 1.2. a) An example of a Co phthalocyanine complex (CoPc). b) An example of the structure 
often seen after the synthesis of M-N-C catalysts. 
Panel a was generated using VESTA with the structure a reference to one described in Ref. 38.38  
Panel b is reprinted with permission from Chem. Rev. 2023. 123 (9), 6233-6256. Copyright 2022 
American Chemical Society.19 
 

1.2.2 Synthesis of Metal Ions in Nitrogen-Doped Carbon Materials 

Many different synthesis methods have been used to make M-N-C catalysts with different 

structures and compositions.39 Figure 1.2 b shows a common visual of the materials with a sheet 

of carbon with defect sites and metal doping.19 The use of a thermal treatment is the most common 

component of a synthesis method to form these M-N-C materials.19 The thermal treatment process 

involves the use of high temperatures between ~ 873 - 1273 K under a flow of inert gas (such as 

Ar or N2) or a reactive gas (such as NH3 or H2) to decompose a mixture of transition metal salt in 

the presence of nitrogen precursor deposited onto a carbon substrate. The high temperature causes 

volatilization of the decomposed precursors, which incorporates the components into the carbon 

structure. The high temperature results in an unpredictable heterogeneity of structures formed in 

the material. This heterogeneity causes catalysts with similar metal weight loadings to exhibit 

a) b) M-N-C Structure 



18 
 

different reaction rates, indicating that not all sites formed have the same activity.40 For example, 

the effect of thermal treatment temperature on the activity for both Co and Cu N-C materials was 

studied and revealed that there was an optimal temperature for decomposition and active site 

formation.40 Beyond just site distributions, the volatilization of metal complexes often leads to the 

aggregation of transition metal ions into nanoparticles.18, 19, 41 Without the removal of the 

nanoparticles via techniques such as acid leaching, further characterization and active site 

determination becomes difficult.19, 40, 42 Removal of the nanoparticles is imperative since both 

metal nanoparticles and isolated sites have been proposed to be active.43, 44 To remove 

nanoparticles, a post-treatment of these catalysts in acid is often used with a second high 

temperature thermal treatment to clean the surface and produce the final catalyst.40, 45 Although 

these acid washed catalysts are often assumed to be devoid of accessible nanoparticles, the 

decomposition at high temperatures means it is possible that some nanoparticles become buried 

under the surface carbon layer even as pores are created in the carbon structure.41, 46, 47 The 

resulting materials are both mesoporous48 and microporous with sites that may also become 

inaccessible in the pores.41, 46, 47  Nanotubes have been synthesized to avoid burying sites but these 

materials often still have nanoparticles on them after synthesis. 49-51 Further complications with 

nanotubes include possible ligand formation on the bottom of the sites when they are not anchored 

on other carbon planes.49-51 In order to make more well-defined materials, other synthesis methods 

have been investigated.  

 Synthesis of M-N-Cs using templates and metal organic frameworks (MOFs) attempt to 

avoid site heterogeneity by making specific sites before thermal treatment.52-54 This templating 

synthesis strategy involves using high temperature decomposition of MOFs, polymeric precursors, 

or sacrificial supports to form well defined sites. Templating with MOFs typically involves using 
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a sacrificial Zn species to spatially distribute transition metal ions before evaporating the lower 

boiling point Zn atoms at high temperature and subsequently decomposing the 3-D structure.55, 56 

Residual Zn from the synthesis complicates both characterization as well as kinetic studies since 

the activity can be the convolution of multiple transition metals.56 Another variation of the 

templating synthesis method involves sacrificial templating with silica particles.48, 57 The use of 

silica particles for templating requires HF to dissolve them in the post treatment.57 These catalysts 

are ideally free of buried species and have a higher amount of exposed sites.57 However, the left-

over silica and the leaching of active sites from the carbon structure can cause further problems 

with characterization or activity respecitvely.57 Similar to the silica templating method, sacrificial 

templates can be used to localize the transition metal on the surface of a nitrogen-containing 

template before thermal treatment to decompose the structure.58 This method still suffers from the 

same nanoparticle formation as other methods involving thermal treatments but has a benefit in 

specific nitrogen coordination of the transition metal with the aniline backbone structure.58  

Regardless of the way that these catalysts are synthesized, it is important to characterize them to 

help understand their site structure and quantify the number of sites. 

 

1.2.3 Characterization of M-N-Cs 

As previously discussed, the heterogeneity of M-N-C catalysts complicates the exploration 

of the active site for reactions involving O2 activation. Thus, many characterization methods are 

used to understand the nature of active sites. For example, high-angle annular dark field scanning 

transmission electron microscopy (HAADF-STEM) is often used to understand the isolated nature 

of transition metals since there is high z-

N and C atoms.59 Elemental mapping and analysis techniques such as electron 
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dispersive X-ray (EDX) and electron energy loss spectroscopy (EELS) have been used in 

conjunction with STEM to investigate the composition of the M-N-C catalysts, the isolated nature 

of the transition metal, and the N content surrounding the metal atom.30 Although useful for 

investigating the presence of isolated metal ions with N nearby, it is difficult to confirm the 

coordination number of N around the singular metal atoms through elemental mapping. The low 

resolution complicates the differentiation of N or C moieties coordinating to the metal atom and 

the quantification of these ligands.60, 61 The difficulty in understanding the bulk composition of 

isolated transition metal sites requires that multiple spectroscopic techniques be utilized. Thus, 

even when confirming the isolated nature of the sites with STEM, groups still utilize X-ray 

absorption spectroscopy (XAS) to understand the coordination environment around the metal ion. 

Both the near edge (XANES) and extended X-ray absorption fine structure (EXAFS) 

regions of XAS are often collected for the K or L3 edges of transition metals to assist in 

understanding the coordination environment. The coordination environment is analyzed by fitting 

the first shell scattering path of the M with light elements N/C/O. It is difficult to differentiate the 

light element scattering paths due to their small backscattering amplitudes.62 Thus when fitting the 

first-shell that is commonly found in the EXAFS region of M edges for M-N-C catalysts, the light 

element could be N, C, or O. The N atoms are most commonly associated with the scattering due 

to the presence of excess amounts of N needed to for site formation being present when 

synthesizing M-N-Cs. The MNx species (where X is the number of N atoms coordinated to the M) 

is therefore reported as the most abundant species formed during high temperature thermal 

treatment.24, 40, 63 Phthalocyanine structures have been used as a standard for fitting the first-

scattering shell due to their structure being similar to the sites formed during synthesis of M-N-Cs 

and thus could be helpful for understanding the coordination number.40 A coordination number 
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greater than 3 is typically reported and thus the MN4 motif is often assumed to be the most 

abundant site for M-N-C catalysts.24, 64, 65 Investigations of the active sites usually begin with the 

MN4 site even if a minority site may be more active. Although this M-N path is typically the only 

scattering path observed, occasionally a first shell scattering path for M-M moieties is present if 

nanoparticles have not been leached.40 After leaching the catalyst, this M-M scattering path is often 

absent from EXAFS, which may indicate the absence of or the small contributions of 

nanoparticles.40 However, since XAS is a bulk technique, the presence of nanoparticles and other 

minority sites may be missed. The focus of activity still remains on the MN4 sites with another 

spectroscopic technique such as X-ray photoelectron spectroscopy (XPS) often used to determine 

the type of nitrogen in the material, such as pyridinic, pyrrolic, and graphitic. 

Various groups have utilized XPS to understand the effect of the N ligands on the transition 

metal ion.66-69 Since N could be incorporated into the carbon substrate in multiple modes, XPS can 

assist in determining which are present. For example, Wu and coworkers investigated the presence 

of graphitic, pyrrolic, and pyridinic N-types by changing the thermal treatment temperature when 

synthesizing Fe based Fe-N-C catalysts for ORR, as reported in Fig. 1.3.56 By increasing the 

temperature, they apparently changed the formation rate of graphitic N and the total N content 

while keeping Fe content the same after each thermal treatment temperature, therefore ensuring 

sufficient quantities of the commonly reported pyridinic and pyrrolic N needed to stabilize the 

Fe.67, 70 The increased activity with a higher presence of N indicates that there may be another role 

of the N in activating O2 beyond forming the isolated sites. Further study into the role of metal-

free N-C structures is therefore needed. Recent studies have probed the role of N-C for 

hydrodeoxygenation of 5-hydroxymethylfurfural to 2,5-dimethylfuran but it was discovered that 

part per million levels of iron were in the material from the purchased activated carbon and was 
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likely contributing the most to the activity of the catalyst.66 Although the presence of metals can 

complicate the investigation of activity for metal-free N-C, there are many groups that propose 

interesting O2 activation paths and sites for activation.71-76 The investigation of N-C sites is beyond 

the scope of this dissertation where the activation of O2 on isolated transition metal sites is 

explored. Although it has been difficult to understand the presence of the metal sites after 

synthesis, many groups have attempted to quantify the number of sites and determine the 

mechanism for O2 activation. 

 

 

Figure 1.3. Quantification of N-types from XPS are used to normalize ORR activity to determine 
the effect of the N-types on the activity of catalysts for the ORR. 
Reprinted with permission from J. Am. Chem. Soc. 2017. 139 (40), 14143-14149. Copyright 2017 
American Chemical Society.56 
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1.3 Determining the Active Site and Mechanism for O2 Activation on M-N-Cs 

 

 The focus of this introduction has mainly been on the extensive electrochemical ORR 

work, which these catalysts were initially designed for, but features of both the electrocatalytic 

and aerobic oxidation reactions are similar. In both cases, O2 needs to bind and reduce on the 

catalyst surface via protons and electrons from an electrode (ORR) or an organic molecule from 

the substrate (aerobic oxidation). For the thermochemical aerobic oxidation reaction, two 

mechanisms have been proposed and are presented in Fig. 1.4.19 One of these is an inner-sphere 

reaction (ISR) where there is direct interaction between the organic molecule and O2.19 The ISR 

has been invoked for transformations on various molecular structures with N and O ligands around 

the transition metal.77, 78 These molecular structures lack the conductive carbon support and 

therefore complete the entire reaction at their metal center.77-80 Although it is clear that molecular 

catalysts often complete an ISR, heterogeneous catalysts are more complicated. They could 

complete the first mechanism described (ISR) or an independent redox half-reaction (IHR) where 

the organic molecule is oxidized separate from the reduction of O2.19 For example, two 

independent studies on benzyl alcohol oxidative dehydrogenation over M-N-C catalysts found 

different results.40, 81 One study found that the catalyst surface was saturated by O2 but was 

inhibited by the alcohol and product aldehyde.81 These findings led the authors to invoke an ISR 

path wherein the competitive adsorption of the O2 and alcohol to the same site led to inhibition.81 

Conversely, another group found that both alcohol and O2 had saturated the surface and could not 

differentiate whether it was occurring at the same site.40 Another reaction system studied both of 

the reaction paths (ISR vs IHR) during the aerobic oxidation of hydroquinone (HQ) on Fe-N-C 

and Co-N-C materials in acidic media.82, 83 Two different setups were used to probe the reaction 

path. One involved a suspended slurry in a semibatch reactor while the other involved coating 
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Nafion-bound film attached to a glassy electrode without applied potential. While the slurry-phase 

conditions resulted in positive order behavior O2, the HQ order of reaction was ~0. This zero order 

dependence pointed to an ISR type path where HQ has high surface coverage and supports direct 

hydrogen-atom transfer from HQ to O2. Conversely, for the Nafion-bound system, the Nafion 

seems to lower the HQ adsorption equilibrium constant, which disfavors the ISR mechanism, as 

exemplified by more positive order in HQ and near zero order behavior for O2. While the ISR 

mechanism may still be applicable to both, the Nafion evidently hindered the ISR mechanism.19, 

82 The complicating effects of liquid phase in all of these examples indicates that gas-phase systems 

could be better systems for investigating the active sites and mechanism for O2 activation. 

 Many of the reactions in the presence of M-N-C catalysts are performed in the liquid phase 

where additives have been used to try to quantify the active sites.19, 40, 84, 85 For example, CO has 

been used to reversibly poison Fe-N-C catalysts during the ORR in 0.5 M H2SO4.84 This poisoning 

did not completely inhibit the reaction since different sites had various binding energies of CO. 

Other poisoning experiments have involved cyanide and NO- stripping, but these were complicated 

by the overcounting of non-metal sites.86 Recently, batch reactions used for the oxidative 

dehydrogenation of benzyl alcohol on M-N-C catalysts revealed that there was an inhibitory effect 

by the production of benzoic acid and this acid product was useful in poisoning sites during the 

reaction.40 However, the addition of benzoic acid did not linearly decrease the activity with higher 

moles of acid. Instead, the authors proposed that some sites were resistant to poisoning while others 

were poisoned by the acid.40 Since not all sites are poisoned, other methods of site quantification 

are needed. 

 Strasser and co-workers utilized CO pulse cryo-chemisorption (193 K) to quantify active 

sites for ORR.45, 68 As previously described, CO present during the ORR was found to deactivate 
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an Fe-N-C catalyst under ORR conditions.84 Although deactivation occurs, the calculated binding 

energies of CO on M-N-Cs are typically lower than the platinum group metal catalysts that are 

known to be strong binders of CO and thus cryo-temperatures were chosen.87 The work by Strasser 

and co-workers suggested that some metals such as Fe and Mn in N-C could bind CO while others 

such as Ni-N-C catalysts lacked uptake of CO.88 Indeed, quantum computational modelling using 

density functional theory (DFT) from the Mavrikakis group has suggested that metal ions in 

graphene structures with two vacancy sites and 4 N atoms coordinated to the transition metal have 

significantly different binding energies of CO (0 to -260 kJ mol-1).89 Although these results suggest 

that quantification of active sites with CO on certain metal ions may be difficult, the unique 

properties of various transition metal ions in N-C have allowed a group to synthesize a catalysts 

for the oxidation of CO by O2 to investigate a gas-phase oxidation reaction on the M-N-Cs.90 

 The gas-phase oxidation of CO with O2 is a well-studied reaction without the complicating 

effects of solvents and applied potentials that are present with the liquid-phase oxidative 

dehydrogenation reactions or electrochemical ORR. The catalytic CO oxidation reaction was 

investigated for Fe-N-C, Co-N-C, and dual metal materials containing both Co and Fe (Co,Fe-N-

C).90 Interestingly, the Co-N-C and Co,Fe-N-C materials had observed activity at temperatures as 

low as 193 K.90 The lack of low temperature activity for the  Fe-N-C catalyst is consistent with 

high barriers calculated via DFT for the activation of O2 on Fe-N-C materials with CO.89 As 

evidenced by the activity of the Co-N-C, apparently the specific metal plays a role in the low 

temperature activity. Although the mechanism for the activity on the Co catalyst was not 

determined, the authors suggested that the co-doped catalyst utilized both adjacent transition metal 

sites to activate O2 with each metal binding a CO or O2 molecule.90 The observed low temperature 

activity for some of these M-N-C catalysts is the main motivation for this dissertation, wherein we 
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hope to understand how these catalysts are able to activate O2 at low temperatures. The 

investigation of these sites will require the use of DFT calculations to complement spectroscopic 

and experimental observations as the literature suggests a wide range of techniques are essential 

for validation of a mechanism and active site determination. 

 

 

Figure 1.4. Inner-sphere reaction (a) and independent half-reactions (b) on a Co-N-C catalyst. 
Reprinted with permission from Chem. Rev. 2023. 123 (9), 6233-6256. Copyright 2022 American 
Chemical Society.19 
  

a) 

b) 
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1.4 Quantum Chemical Density Functional Theory Studies of M-N-C Catalysts 

 

The complexity of M-N-Cs and the difficulty in exploring the reaction paths 

spectroscopically has led many groups to model the active site for oxygen reduction reactions with 

quantum chemical DFT calculations for both thermochemical and electrochemical systems.25, 89, 

91-96 Calculations with DFT enable fundamental studies using well defined potential active centers 

to understand which structural motifs may allow for the most energetically favorable paths for O2 

reduction on M-N-C catalysts.97 Examples of potential active sites can be found in Fig. 1.5.84 The 

structures commonly investigated include edge, planar and defect sites. Formation energy studies 

on transition metals in N-doped carbon have found that Nx species tend to enable the binding of 

transition metals such as Fe to the support but that weaker binding occurs with decreased numbers 

of coordinated N. Edge sites are undercoordinated with only N0-2 and are likely to bind adsorbates 

stronger than planar sites since the undercoordination leads to strong interactions with the 

adsorbates.84 Computational studies of the edge sites and defect sites have shown that the reactants 

do indeed bind stronger on these sites compared to planar sites.84 In particular, a variety of sites 

were probed for the binding of intermediates (O2) and known inhibitors (CO) of the ORR.84 The 

authors of that study noted that FeN4/C pyridinic and FeN4/C pyrrolic planar sites had higher 

binding energies for CO compared to O2 and thus would be inhibited by CO during ORR.84 The 

stronger binding of CO compared to O2 matched experimental data which had shown that ORR 

activity decreased after exposure to CO.84 The stronger adsorption of reactants was proposed to 

restrict turnover due to the Sabatier principle.84 Although experimental studies did not preclude 

other active sites from being present, as the poisoning with CO was only partial, the results were 

consistent with FeN4C sites providing a majority of the activity.84 While these sites appear to be 

active, the mechanism was not thoroughly explored. 
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One of the major questions regarding the mechanism for O2 activation is how the molecule 

activates on an isolated transition metal site. Computational studies on the mechanism for O2 

activation on M-N-C often involve the binding of O2 first with the isolated transition metal 

breaking the bond through interaction with liquid or gas molecules of reductant as previously 

discussed with the ISR.92, 93, 98 Binding energy calculations for O2 on Fe-N-C found that O2 could 

bind in a bidentate mode to the isolated transition metal and subsequently interact with the 

hydrogen atoms in the bulk fluid to reduce one oxygen atom at a time.99 This mechanism is similar 

to Eley-Rideal (ER) type mechanisms where an adsorbate on the surface can interact with liquid 

or gas molecules above the surface.100 Although the ER mechanism with bidentate O2 on the 

surface has been proposed, not all transition metals contain the necessary bonds to form bidentate 

complexes of O2 in their isolated state in nitrogen-doped carbon.89 Cobalt ions are only able to 

form monodentate structures under typical conditions which then is reduced by hydrogen first 

interacting with the oxygen furthest away from the surface and then either forms a hydroxyl group 

on the surface or reduces the oxygen bound to Co and forms H2O2.101 Computational modelling of 

the ORR has proven to be difficult to compare with experimental results due to the complicating 

effects of solvents (i.e. hydrogen bonding or formation of hydroxyl groups) and potentials (since 

the carbon support is conductive) and so fundamental studies on mechanistic activation of O2 is 

lacking in the literature.   

 The difficulty of studying the ORR has led groups to explore the activation of O2 through 

CO oxidation using DFT. These computational studies have looked at the binding of adsorbates to 

the surface of the transition metal to understand the mechanism for CO oxidation.100, 102, 103 For 

example, Yang and coworkers studied both the Langmuir-Hinshelwood (LH) and ER mechanisms 

for CO oxidation on CoN3-pyridinic graphene and found that O2 preferentially bound to the Co 
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ion and the ER mechanism had higher barriers the LH mechanism.100 The LH mechanism involved 

the binding of both CO and O2 to the same Co ion, which is unlikely due to bond order 

conservation, and also resulted in a high transition state barrier (83 kJ mol-1).104 Although the 

barrier could be overcome at high temperatures, it is not consistent with the previously reported 

low temperature activity for Co-N-C.89 Similar to the reported high barrier for Co-N-C, other 

studies on mechanisms of CO oxidation for Fe and Mn in N-C have found similar results with 

barriers above 60 kJ mol-1.102 These barriers are fairly high and may not be representative of 

mechanisms that facilitate low temperature CO oxidation. Clearly, complementary DFT and 

experimental studies are needed to support a mechanism. 

   

 

Figure 1.5. Structures a through h are proposed planar, edge, and defect structures of transition 
metal sites that could be formed during synthesis. 
This figure is not all inclusive of possible motifs with other motifs possibly forming but are not 
commonly studied. Reprinted with permission from J. Phys. Chem. C 2016. 120 (28), 15173-
15184. Copyright 2016 American Chemical Society.84 
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1.5 In this Work 

 

Although M-N-C catalysts have reported activity and selectivity comparable to expensive 

Pt-based electrodes for the ORR and Pt nanoparticles in the catalytic oxidative dehydrogenation 

of alcohols, the mechanism of O2 activation and the quantification of active sites remains elusive 

in many cases. The known heterogeneity of M-N-C catalysts with different potential structural 

motifs of the isolated transition metal ions complicates the characterization and computational 

modeling of the system and requires a wide range of techniques to propose a mechanism of O2 

activation. This dissertation attempts to clarify the nature of O2 activation on isolated M sites. By 

combining reaction kinetics with characterization and quantum chemical modelling, a mechanism 

for low temperature O2 activation is proposed. In Chapter 2 of this dissertation, a Co-N-C catalyst 

was investigated for CO oxidation since the gas-phase reaction does not have the complicating 

effects of solvents and applied potentials. Extensive characterization such as STEM, XAS, and 

steady-state isotopic transient kinetic analysis was combined with DFT calculations to propose a 

mechanism for O2 activation. In Chapter 3, the mechanism proposed for O2 activation during CO 

oxidation on Co-N-C was investigated for a variety of other metals through screening of 

descriptors using DFT. Based on the screening results, a Rh-N-C catalyst was selected for 

synthesis, characterization, and evaluation in low temperature CO oxidation. In Chapter 4, a Co-

N-C catalyst was investigated for the oxidative dehydrogenation of 2-propanol in both a down-

flow, continuous gas flow, packed bed reactor and in a liquid phase batch reactor with aqueous 

solvent.  
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The objectives of this work are as follows:  

1. Gain mechanistic insights on the activation of O2 on isolated transition metal ions in Co-

N-C. 

2. Understand if the mechanism for O2 activation for Co-N-C is consistent across other 

transition metals. 

3. Apply the knowledge of the O2 activation mechanism to an oxidative dehydrogenation 

reaction with complicating effects of solvent and substrate.  

 

The findings presented in this dissertation will enable a deeper understanding of a facile O2 

activation path. The tools designed in this dissertation can serve as a guide for future exploration 

of other M-N-C catalysts for various other reactions involving O2 activation.  
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Oxidation of CO Catalyzed by Isolated Co Ions in 
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Abstract 

Isolated cobalt ions on nitrogen-doped carbon (Co-N-C) catalyze CO oxidation at temperatures as 

low as 196 K, but the active site and mechanism for this reaction remain elusive. In this work, 

steady-state CO oxidation around 273 K over Co-N-C revealed nearly first order behavior in both 

CO and O2 as well as a negative apparent activation energy. Isotopic transient analysis of the 

reaction confirmed a rapid turnover frequency and low surface coverage of adsorbed intermediates 

leading to CO2 (< 10% of the Co). Results from kinetics experiments combined with quantum 

chemical calculations and molecular dynamics simulations are consistent with a reaction path 

involving weak adsorption of CO onto Co ions followed by a low barrier for the CO-assisted 

activation of weakly adsorbed O2. This proposed mechanism for O2 activation does not involve a 

redox cycle with the transition metal ion and may be important in other low temperature catalytic 

reactions involving O2.   
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2.1 Introduction 

 

Transition metal ions (M) isolated in a nitrogen-doped carbon matrix (M-N-C) have 

demonstrated high activity for both electrocatalytic1-7 and thermocatalytic8-12 reactions with 

molecular oxygen. Some of these M-N-C materials even exhibit activity and selectivity 

comparable to expensive Pt-based electrodes in the electrochemical oxygen reduction reaction 

(ORR) and Pt nanoparticles in the catalytic oxidative dehydrogenation of alcohols.1, 2, 8-10, 13 

Although M-N-C catalysts facilitate both thermal and electrochemical reactions involving O2 

activation, both the coordination environment around the isolated metal center and the mechanism 

for O2 activation remain controversial.8-10  

To investigate O2 activation over M-N-C catalysts in the absence of the complicating 

effects of solvents and applied potentials, gas phase oxidation of CO by O2 has been used. Catalytic 

CO oxidation was recently investigated on Fe-N-C, Co-N-C, and materials containing both Co and 

Fe (Co, Fe-N-C), with the Co-containing samples promoting oxidation catalysis even at dry-ice 

acetone temperatures.14 The reported high conversion achieved at low temperature over Co, Fe-N-

C specifically was attributed to the relatively weak but preferential binding of CO to Co 

simultaneous with O2 binding on nearby Fe.14 Strasser and co-workers confirmed with cryo-CO 

chemisorption measurements that CO indeed adsorbs on Fe and FeNi M-N-C type catalysts 

strongly while other metals such as Ni catalysts exhibit low heats of adsorption.15, 16 In the well-

studied catalytic oxidation of CO on transition metal particles such as Pt and Pd, chemisorption of 

reactants to the metal prior to surface reaction is required to form product CO2 in a Langmuir-

Hinshelwood type mechanism (LH).17, 18 The strong binding of CO to platinum group metals 

restricts the use of nanoparticle-based catalysts to higher temperatures for CO oxidation as 
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competitive adsorption of CO at lower temperature actually inhibits catalytic turnover.18 Other 

potential reaction paths for CO oxidation are of the Eley-Rideal (ER) type (involving reaction of 

a gas phase species with an adsorbed species) and the Mars-van Krevelen-type (MvK) (involving 

transfer of lattice oxygen followed by re-oxidation of the lattice).19, 20 Very recently, results of 

studies with isolated Ir atoms supported on Mg/Al2O4 are consistent with an interesting mechanism 

involving a spectator CO molecule binding to the Ir site, while the CO oxidation reaction proceeds 

through an ER type mechanism involving surface oxygen.21 Low temperature CO oxidation has 

also been reported to occur on Au nanoparticles supported on reducible oxides where CO binds 

weakly to Au and the reducible oxide support is involved in the activation of O2, which can be 

considered to occur through an MvK-type mechanism.22-24  

Some unique formulations of Co oxides also demonstrate catalytic activity in CO oxidation 

at sub-ambient temperature and the reaction is proposed to occur through an MvK mechanism.25-

27 The catalytic cycle is hypothesized to proceed through a Co3+ / Co2+ redox cycle involving labile 

O2  sites from the support.27-29 As the Co-N-C catalysts with isolated Co2+ ions lack labile O2- sites, 

as well as sites containing multiple Co ions required to activate O2 through a standard redox 

process, it is unclear how CO oxidation might occur through a redox cycle on these materials. 

Given the unusual behavior of a nominally single site M-N-C catalyst that can activate O2 at 

temperatures as low as 196 K, there is a need for a molecularly detailed understanding of the 

reaction mechanism. 

Here, we explore a potential mechanism of low temperature CO oxidation on Co-N-C 

catalysts using steady-state and transient kinetic experiments, quantum chemical calculations, and 

molecular dynamics simulations. Our experimental and computational results are consistent with 

a mechanism for O2 activation involving interactions with weakly adsorbed CO on the Co-N-C 
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catalyst, emphasizing the important role of co-adsorbates in surface-catalyzed reactions. This 

proposed mechanism differs from previously described strong binding systems that utilize support 

oxygen species and redox cycles to catalyze reactions involving O2 activation.  

 

2.2 Methods 

 

2.2.1 Synthesis of Co Catalysts 

The Co-N-C catalyst was synthesized via a modified method of high temperature pyrolysis 

similar to previously reported methods.8, 9, 30 Cobalt nitrate hexahydrate (0.492 g) (Sigma-Aldrich 

Corporation) was dissolved in 10 cm3 of distilled, de-ionized (DDI) H2O and added to a solution 

of 1,10 phenanthroline (0.611 g) (Sigma-Aldrich Corporation) in 15 cm3 ethanol (Sigma-Aldrich 

Corporation) to make a 1:2 molar ratio of Co: phenanthroline before stirring for 20 min at 353 K. 

This mixture was subsequently added dropwise to a 0.1 M NaOH slurry with Carbon Black Pearls 

2000 (Cabot Corporation) at 353 K and stirred for 2 h. The slurry was then washed with 3000 cm3 

of DDI H2O and vacuum filtered before drying overnight at 343 K. The sample with deposited Co 

phenanthroline complex was then impregnated with 80 wt % dicyandiamide relative to the 

complex. The solution was vigorously stirred at 343 K and then dried overnight. The impregnated 

sample was subsequently ramped in ultra-high purity (UHP) N2 (100 cm3 min-1) (99.999 %, 

Praxair) at 10 K min-1 and then held at 973 K for a high temperature thermal treatment. To ensure 

removal of nanoparticles, the Co-N-C catalyst (100 mg) was then acid washed with a vigorously 

stirred 1 M HCl solution (100 cm3) at room-temperature for 12 h. The acid washed catalyst was 

then thoroughly washed and filtered before drying overnight at 343 K. To reduce the possibility 

of Cl- ions being deposited on the surface, a second thermal treatment was conducted. The catalyst 
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was ramped at 10 K min-1 to 673 K and held for 2 h in flowing UHP H2 (100 cm3 min-1) (5 % 

H2/Ar). This catalyst was subsequentially used as synthesized. The nitrogen-carbon (N-C) catalyst 

without metal was synthesized via impregnation of an aqueous solution of 0.4 g dicyandiamide 

(Sigma-Aldrich) into 0.5 g of Carbon Black Pearls 2000 using the same thermal treatment method 

described above for the metal loaded catalyst. The 5 wt % CoOx/SiO2 catalyst was synthesized by 

incipient wetness impregnation wherein cobalt nitrate hexahydrate (0.5 g) was dissolved in 2.5 

cm3 of DDI H2O and added dropwise to silica gel (2 g) (Davisil 636 Silica Gel).31, 32 The catalyst 

was then dried overnight at room temperature before drying for two hours in an oven at 393 K. 

The catalyst was then ramped at 10 K min-1 to 673 K and thermally treated for 2 h in flowing air 

(Medical Grade, Praxair). The 10 wt % Co/CB catalyst was synthesized by incipient wetness 

impregnation of cobalt acetate (0.04 g, Aldrich) dissolved in 1 cm3 DDI H2O onto Carbon Black 

Pearls 2000 (0.2 g). The mixture was then dried at 393 K overnight. The catalyst was then 

thermally treated at 973 K for two hours after ramping at 10 K min-1 in UHP He (99.999 %, 

Praxair). The Co3O4 (Co (II, III) Oxide, Alfa Aesar) was used from the bottle and thermally treated 

for 5 hours at 673 K in 100 cm3 min-1 flowing air after ramping at 10 K min-1.  

 

2.2.2 Characterization of Catalysts 

High-angle annular dark-field STEM imaging was performed using an aberration-

corrected STEM JEOL NeoARM, operating at 80 kV and using a convergence semi-angle of 27 

mrad. 

All inductively coupled plasma optical emission spectroscopy (ICP) analyses were 

completed at Galbraith Laboratories Inc. (2323 Sycamore Drive, Knoxville, TN 37921). The metal 
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loadings of the Co catalysts were determined using ICP-OES on a PerkinElmer Optima 5300V, 

8300DV, or Avio 500 ICP-OES.  

X-ray photoelectron spectroscopy (XPS) measurements were performed using a PHI 

VersaProbe III spectrometer equipped with a Monochromatic Al k-alpha X-rays (1486.6 eV) and 

and an X-

consisting of an internal electron flood gun (1 eV) and a low energy Ar ion gun was utilized during 

data collection. Binding energies for all elements were referenced to the C 1s peak at 284.8 eV. 

X-ray absorption spectroscopy (XAS) at the Co K edge was performed on beamline 8-ID 

at the National Synchrotron Light Source II at Brookhaven National Laboratory with a ring energy 

of 3.0 GeV and a beam current of 400 mA. A Co metal foil (Goodfellow Corporation) was used 

as a reference for the Co (7709 eV) K edge. Samples were prepared by dilution of catalyst in boron 

nitride and adjusted to provide an adsorption edge jump of close to unity. The spectra were 

collected by utilizing a temperature-controlled transmission cell previously described.33 A flow of 

H2 or CO at 10 cm3 min-1 was flowed over the samples that were enclosed in the Kapton window 

chambers. The XAS data were processed using the Demeter software package.34 The Co-N 

amplitude reduction factor was obtained from Xie et al. using Co phthalocyanine as a reference 

material at the same beamline.9 

 

2.2.3 Oxidation of CO 

The oxidation of CO was carried out in a stainless-steel, down flow, continuous packed 

bed reactor (Fig. A1). The catalyst was diluted with 0.25 g of SiC (Universal Photonoics, Inc., 150 

mesh) for each reaction. Reaction conditions were: 160 cm3 min-1 total gas flow with 1 % CO 
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(Praxair 4 % CO/He), 1 or 13 % O2 (Praxair 20 % O2/He), 1 % Ar (Praxair UHP, 99.999 %), and 

balance He (Praxair UHP, 99.999 %) at 3 atm. The He, Ar, and H2 lines were passed through OMI-

2 indicator filters while the CO and O2 gases were purified through silica traps in a dry ice-acetone 

bath. Prior to any reaction run, the catalyst was thermally pretreated in situ by ramping at 10 K 

min-1 to 673 K and held for 2 h in He before cooling to the reaction temperature. The reactor 

effluent was analyzed using a Balzers Quadrupole Mass Spectrometer. Signals associated with 

masses (m/e) 28, 29, 40, 44, and 45 amu were recorded at a voltage of 1200 V and dwell times of 

50 ms for all masses except 44 and 45, which were measured at 100 ms.  

 

2.2.4 Steady-State Isotopic Transient Kinetic Analysis 

Transient kinetic experiments were conducted using the same reactor setup and gas flows 

as for the oxidation of CO (Fig. A1). The Co-N-C catalyst (0.03 g) was loaded with SiC diluent 

(0.25 g) into the packed bed reactor. A pretreatment in flowing He at 673 K was done before 

cooling to 273 K for the steady-state isotopic transient kinetic analysis (SSITKA) experiments. A 

full explanation of the methodology for SSITKA can be found in the review by Shannon and 

Goodwin.35 Briefly, integration of the area between the normalized transient responses, Fi, of 

product 12CO2 or 13CO2 and Ar (to account for the gas phase holdup of the system) following a 

switch at equal temperature and pressure allows for the average residence time of surface 

intermediates leading to product, , to be calculated according to: 

 

                      (1) 

 
 

The  determined from the transient response of the product can also include the influence of re-

adsorption on the catalyst prior to exiting the reactor, causing the calculated  for CO2 production 
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to be a convolution of the intrinsic kinetics of the CO oxidation reaction and a time delay caused 

by re-adsorption on the catalyst. Evaluation of  at various flow rates can be helpful to determine 

if product re-adsorption in the catalyst bed is affecting the measurement.35, 36 According to Fig. A2 

a and b, the conversion of the CO oxidation reaction was strictly proportional to the inverse of the 

flow rate, confirming the rate of reaction was constant over the range of conversions and flow rates 

used. 

 

2.2.5 Density Functional Theory Calculations 

We performed spin-polarized periodic supercell density functional theory (DFT) 

calculations with a plane wave basis set and an energy cutoff of 500 eV using the Vienna ab initio 

simulation package (VASP)37 version 5.4.4. All structures were converged to a criterion of 10-6 

eV and 0.01 eV/Å for self-consistent-field (SCF) energies and atomic forces, respectively. We 

used a 8.5 Å x 9.8 Å graphene supercell with 14 Å vacuum in the z-direction with two vacancies 

for a total of 31 C atoms (when the number of nitrogen atoms is zero) as well as zero to four 

pyridinic N atoms and a Co atom (corresponding to a density of 1.2 Co nm2). All structure files 

are provided as supporting files to this dissertation. Monkhorst-Pack k-points were used with a 4 

x 4 x 1 mesh. We considered multiple binding modes (e.g. monodentate and bidentate O2 on Co) 

and spin states for each structure; all structure files are included as a supporting information 

attachment. To test the sensitivity of our results to the cell size and Co density in the supercell we 

computed CO and O2 binding energies in larger supercells that contained 1-2 Co atoms (Table A1) 

and found they were insensitive to the Co density in the supercell between 0.3  1.2 Co nm2. We 

report only energies and not free energies because the reaction intermediates are weakly adsorbed 

and not amenable to standard free energy approximations. To reduce computational cost, we 
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neglected vibrational zero-point energy corrections, which are expected to have a negligible 

contribution to our reaction energies for this system. 

Recent reports on similar structures38,39 indicate that reaction energies for these materials 

are sensitive to functional choice. Therefore, the gas phase CO oxidation reaction energy 

(Appendix Table A2), CO and O2 binding energies, and reaction mechanism calculations were 

performed with a variety of commonly used functionals (Appendix Table A3). The CO and O2 

binding energies on CoN4 vary from -92 to -50 kJ mol-1, and -82 to -57 kJ mol-1, respectively, 

depending on the choice of DFT functional (Appendix Table A3). However, the trend of weaker 

binding energies with increasing N substitution is preserved across all functionals. We chose to 

report the values computed with the vdW-DF functional40 in the main text because this functional 

accounts for nonlocal electron correlation dispersion interactions (important for weak adsorption), 

reproduces the experimental enthalpy of reaction for gas phase CO oxidation as reported in 

Appendix Table A2, and the experimental CO binding energy determined by microcalorimetry14 

(-58.8 kJ mol-1) on Co-N-C materials with isolated Co sites.14 For comparison we also report the 

corresponding PBE-D341 and vdW-DF242 reaction coordinate diagrams in Appendix Fig. A3.  

Transition states were determined using climbing image nudged elastic band (CI-NEB) 

calculations per the method of Henkelman et al.,43, 44 and are reported in Appendix Fig. A4. We 

calculated TS1 with various spin states and found that although the barrier is sensitive to the choice 

of spin, and generally decreases with lower spin, the reactant energy varies only weakly with spin 

state. Therefore, we report the low spin reaction coordinate (magnetic moment = 0) for the reaction 

corresponding to TS1.  
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2.2.6 Ab Initio Molecular Dynamic Simulations 

For the AIMD simulations we used the PBE-D3 functional for two reasons: 1) it is much 

less computationally expensive than vdW-DF, and 2) CO and O2 binding energies are more 

exothermic with PBE-D3 than vdW-DF (Table A3), which enabled us to run the simulations at 

temperatures high enough (398 K) to frequently overcome low energy barriers without desorption 

of the reactants. This temperature is still low enough that direct dissociation of O2 over Co during 

the AIMD simulation would be prohibitive based on the 66 kJ mol-1 barrier computed with PBE.45 

Appendix Fig. A5 reports the free energies during the AIMD simulations and structural snapshots. 

Movies and structures for the full trajectories are provided as a supporting information attachment. 

All AIMD simulations were run in VASP version 5.4.4 at 398 K using a Nose-Hoover thermostat 

with a time step of 0.5 fs. 

 

2.3 Results 

 

2.3.1 Catalyst Synthesis and Characterization 

The 1.89 wt % Co-N-C catalyst was synthesized using a modified high temperature 

pyrolysis method in N2.9 To disperse Co ions in Co-N-C and remove residual nanoparticles, 

treatment in mild acid solution followed by high temperature treatment in H2 was conducted. To 

confirm the presence of isolated Co ions on Co-N-C, we examined the sample by atomic resolution 

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) which 

is shown in Fig. 2.1. We did not observe any Co nanoparticles, indicating that washing a freshly 

pyrolyzed sample in mild acid solution was effective at removing Co nanoparticles without 

removing Co ions present in the N-C support.  
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Figure 2.1. Atomic resolution HAADF-STEM images of Co-N-C show single atom distribution 
of Co atoms. 
The right panel is an inset of the boxed area in the left panel. The Co atoms in the expanded area 
are circled in yellow.  
 

X-ray photoelectron spectroscopy (XPS) was used to determine the chemical state of the 

Co and N in the catalyst. Spectra associated with the Co 2p3/2 and the N 1s regions are shown in 

Figs. A6 and A7, respectively. The presence of a major peak at a binding energy (BE) of 780.9 eV 

in the Co 2p3/2 spectrum accompanied by a satellite peak at 785.9 eV at one-third the intensity is 

consistent with Co2+.9, 46, 47 Multiple forms of N are usually observed by XPS of similar materials, 

including pyridinic (BE=398 eV), pyrrolic (BE=400 eV), and graphitic (BE=401 eV), with 

pyridinic being commonly associated with formation of the Co active site (Fig. A7).48, 49 Appendix 

Table A4 shows that the molar ratio of pyridinic N relative to Co2+ is ~10:1, which suggests there 

is sufficient pyridinic N content to form commonly proposed CoNx sites (x=4,5,6).6, 50 The surface 

Co loading measured from XPS is 1.2  0.1 wt % which differs slightly from the inductively 

coupled plasma optical emission spectroscopy (ICP-OES) analysis of the bulk catalyst (1.89 wt % 
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Co) but is consistent with a majority of the Co having a homogeneous distribution throughout the 

sample. The N:Co ratio and Co loading on the sample were similar to those reported for a sample 

previously prepared using the same synthesis method and results from characterization of that 

sample by X-ray absorption spectroscopy (summarized in Fig. 2.2 and Table 2.1) suggest the 

majority of the Co is bound to ~4 N atoms, which is consistent with earlier work.9  

 

a) 

 

 

b) 

 

c) 

 

Figure 2.2. Fitting of the extended X-ray absorption fine structure (EXAFS) region of the Co K 
edge for the Co-N-C catalyst. 
a) Contributions of the Co-N path fitted in k space for Co-N-C during H2 or CO flows (10 cm3 
min-1). The catalyst was initially ramped in H2 to 738 K and held for 2 hours before cooling to 303 
K. b) Fourier transforms (Experimental and Fitted) of k2-weighted Co EXAFS for Co-N-C under 
flowing H2 or CO. c) Imaginary components (Experimental and Fitted) of the Fourier transform 
of k2-weighted Co-N-C EXAFS obtained under flowing H2 or CO. 
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Table 2.1. Results of the analysis of Co EXAFS on Co-N-C during H2 or CO flowa 

Conditions Shell CN r (Å) 2 (Å2) o (eV) 

H2 Co-N 4.9 ± 1.6 1.92 ± 0.03 0.01 ± 0.005 -3.2 ± 3.7 

CO Co-N 4.8 ± 1.8 1.93 ± 0.04 0.01 ± 0.01 -1.9 ± 4.3 

a k, 1.5-10 Å-1 R, 1-2 Å; k2 weighting, 
So

2 (Co-N) = 0.775 (obtained from Xie et al. using Co phthalocyanine as a reference material).9  
The Co-N-C catalyst was initially ramped in H2 at 10 K min-1 to 738 K and held for two hours 
before cooling to 303 K in H2.  
 

2.3.2 Oxidation of CO over Co Catalysts 

To determine the effect of support composition on catalytic performance, the oxidation of 

CO was evaluated over a variety of supported Co catalysts over a range of temperatures (273  

453 K) at a total pressure of 3 atm. The total pressure of 3 atm was achieved by adding He gas to 

substantially lower partial pressures of CO and O2 so that pressure transients often observed during 

isotopic transient experiments could be eliminated. All reaction kinetics reported here were 

evaluated in the steady-state regime. Oxidation of CO was not observed over an N-C sample that 

was prepared in the absence of the Co precursor, which illustrates the importance of the Co 

component in the reaction. In addition to Co-N-C, various other Co-containing catalysts were 

investigated, including highly dispersed 4.78 wt % Co/SiO2, nitrogen-free 2.29 wt % Co supported 

on carbon black (Co/CB), and Co oxide (Co3O4). Figure 2.3 illustrates the excellent catalytic 

performance of Co-N-C relative to the other Co catalysts at temperatures < 340 K, with the 

conversion of CO actually increasing with decreasing temperature for Co-N-C.  

Multiple groups have reported on low temperature CO oxidation catalyzed by Co oxide 

structures.28, 29, 51, 52 For example, Schüth and co-workers previously showed that CO oxidation 

can occur on uniquely shaped small Co oxide structures at temperatures as low as 196 K, while 

Haruta and co-workers found that Co spinel structures were also active at temperatures ranging 
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from 198 to 323 K.27, 28 

2.3) observed for our Co-N-C catalyst is reminiscent of results for some Co oxide samples reported 

earlier.27, 51 

temperatures between 273 and 373 K where activity dropped from 100 % conversion at 273 K to 

70 % at 363 K before returning to 100 % at temperatures higher than 373 K.27  One possible 

deactivate the catalyst at ambient temperatures while operation at low temperatures serves as a 

cold trap for water removal and operation at high temperatures minimizes the influence of water 

as an inhibitor.27, 51 

shape was avoided and 100 % conversion was observed at all temperatures investigated.27 This 

inhibition contrasts with reports for some Au catalysts53-55 and FeO-Pt interfaces,56 where surface 

hydroxyl groups are known to promote the low temperature oxidation of CO.  To explore the 

potential influence of water, we evaluated CO oxidation over Co-N-C in the presence and absence 

of co-fed water at 273 and 303 K. Appendix Figure A8 shows cofed water (0.05 vol %) inhibited 

the conversion of CO, but conversion recovered when the water addition was stopped. The 

inhibition of the rate by addition of 0.05 vol % H2O suggests that water is not required for low 

temperature CO oxidation on Co-N-C. 

All the gases in our study were purified (see Methods Section 2.2) to minimize any impacts 

of water on the steady-state rate. Contrary to the report by Schüth and co-workers,27 

of conversion as a function of temperature remained in our study (Figs. 2.3 and 2.4). Moreover, 

Schüth and co-workers reported that high temperature pretreatment of a Co oxide catalyst in H2 

eliminated low temperature activity (<273 K) for CO oxidation.27 They hypothesized that 

reduction of Co3+ surface species to Co2+ accompanied by a loss of labile O2- species was 
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responsible for the loss of low temperature activity.27 To explore the potential influence of 

reducible Co species on the rate of CO oxidation, we evaluated the effect of H2 pretreatment on 

the steady-state reaction. As summarized in Fig. 2.4, an in situ pretreatment of the Co-N-C catalyst 

at 673 K in H2 

Evidently, easily reducible Co species, if present, are not responsible for the CO oxidation reaction 

at sub-ambient temperatures, which is consistent with our XPS results that indicate a majority of 

the Co in Co-N-C is Co2+. A comparison of the X-ray absorption near edge structure (XANES) of 

Co-N-C after high temperature treatment in H2 and subsequent cooling to 303 K with the XANES 

after CO exposure (Fig. 2.5) shows no change in the edge position, confirming that exposure of 

the catalyst to H2 or CO does not alter the oxidation state of the Co. Analysis of the extended X-

ray absorption fine structure (Fig. 2.2 and Table 2.1) indicates exposure of Co-N-C to CO followed 

by a purge in inert gas did not result in a measurable change in the average coordination 

environment around Co in the sample. Evidently, the number of exposed Co ions in Co-N-C that 

strongly bind CO at 303 K was very low. 
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Figure 2.3. Temperature dependence of steady-state CO conversion over Co catalysts. 
All reactions were run with 100 mg of catalyst diluted in SiC with 160 cm3 total flow, 1 % CO, 13 
% O2, 1 % Ar, and balance He at 3 atm. The O2 and CO lines were purified with silica traps in a 
dry-ice acetone bath while the He and Ar lines were purified with an OMI Filter.  
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Figure 2.4. Temperature dependence of steady-state CO conversion over Co-N-C following inert 
or reductive pretreatment. 
The reactions were performed sequentially, (He followed by H2 pretreatment at 673 K) without 
removing the catalyst. The reaction was run with 100 mg of Co-N-C diluted in SiC and with 160 
cm3 total flow, 1 % CO, 13 % O2, 1 % Ar, and balance He at 3 atm. The O2 and CO lines were 
purified with silica traps in a dry-ice acetone bath while the He and Ar lines were purified with an 
OMI Filter. 
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Figure 2.5. Normalized X-ray absorption near edge structure for Co-N-C. 
Comparison of the normalized XANES for Co-N-C under H2 and CO in situ flows (10 cm3 min-

1). The catalyst was initially ramped in H2 to 738 K and held for 2 hours before cooling to 303 K. 
The multiple scans were averaged for each XANES. 
 

The observed orders of reaction during CO oxidation catalyzed by Co-N-C shown in Table 

2.2 were strikingly different compared to those measured over other Co containing catalysts. The 

nearly first order dependence of the rate on CO observed over Co-N-C contrasts the inhibition by 

CO typically observed for platinum group metal catalysts that bind CO strongly.57 Indeed, the 

positive reaction order in CO indicates binding to the active site is weak, which is consistent with 

the EXAFS results discussed above. The reaction orders for CO oxidation on the Co-N-C catalyst 

were not significantly affected by operation in the low (303 K) or high temperature regime (443 

K) (Appendix Fig. A9). An attempt at investigating the kinetics at 196 K proved difficult as the 

activity was outside of the differential regime even when lowering the partial pressures of reactants 

and amount of catalyst (Appendix Fig. A10). Apart from Co-N-C, the CO reaction order measured 

over all the Co-containing catalysts in Table 2.2 was close to zero. Since Co oxide catalysts are 
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believed to catalyze CO oxidation via an MvK type mechanism, the rate of CO reduction of the 

surface is rapid relative to re-oxidation.27, 28, 58 Interestingly, the orders of reaction in Table 2.2 for 

CO oxidation on Co-N-C are similar to those reported for isolated Ir atoms on MgAl2O4, for which 

an ER mechanism of CO oxidation has been postulated.21   

The observed increase in the rate with lowering the temperature of CO oxidation over Co-

N-C results in a negative apparent activation energy of -30 kJ mol-1 in the low temperature region 

of Figs. 2.3 and 2.4. While high temperature CO oxidation on Co containing catalysts has been 

previously investigated,45  the unique low temperature activity regime is relatively unexplored. To 

further explore the origins of the low temperature activity of CO oxidation over Co-N-C, we 

performed isotopic transient analysis of the steady-state reaction. 

 

Table 2.2. Summary of kinetic orders for CO and O2 on various Co containing catalysts along 
with the apparent activation energy for CO oxidation 

 
Catalyst 

Eapparenta 

(kJ mol-1) 
Orders of Reactionb 

CO O2 

Co-N-C    
     Low T regime -30 0.8 0.7 
     High T regime 50 0.4 0.7 
Co/SiO2 36 0.0 0.2 
Co/CB 50 0.0 0.6 
Co3O4 38 0.1 0.4 
Co3O4

c 46.6 0 0.41 
a) Apparent activation energy determined from Arrhenius-type plots shown in Figs. A11 and 

A12.  
b) Kinetic orders were evaluated under steady-state differential conversion (<20 %) and were 

determined by varying the partial pressure (from 1.5 to 4.5 kPa) of CO or O2 while 
maintaining the other.   

c) Reference values from Perti and Kabel57 
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2.3.3 Steady-state Isotopic Transient Kinetic Analysis 

As the number of active sites on the Co-N-C catalyst is unknown, a reaction rate normalized 

by the total Co loading may underestimate the turnover frequency (TOF) of the reaction. To better 

evaluate the TOF, we performed SSITKA of the CO oxidation reaction, which is a kinetic method 

that does not require a priori knowledge of the active site density to normalize the observed rate. 

After achieving steady state during CO oxidation at 273 K, the reactant stream was abruptly 

switched to one that contains 13CO instead of 12CO using the scheme shown in Appendix Fig. A1. 

More experimental details can be found in the Methods Section 2.2 and an example switch between 

12CO/Ar and 13CO/He during steady-state CO oxidation is shown in Fig. 2.6 a. In brief, the 

integration of the areas under the product 12CO2 or 13CO2 subtracted from the tracer Ar signal gives 

the average residence time of surface intermediates leading to product ( ). The strong influence of 

flow rate on  given in Fig. 2.6 b for the case without a co-feed of CO2 indicates the rate is affected 

by conversion or there is a strong influence of product re-adsorption on the measured . As 

illustrated in Appendix Fig. A2, varying the reactant flow rate changes the conversion of CO 

between 6 and 13 % (with no co-fed CO2), resulting in a reaction rate that is independent of 

conversion. Moreover, the conversion extrapolates to zero at infinite flow rate when no CO2 was 

co-fed. These observations are consistent with differential conversion of CO in the reactor and 

lack of any inhibition by product CO2 under the conditions explored. The influence of flowrate on 

 in Fig. 2.6 b is therefore attributed to product re-adsorption in the catalyst bed. Although 

increasing the flowrate through the reactor bed minimizes the influence of interparticle re-

adsorption on , the flowrate does not impact re-adsorption of CO2 within the catalyst pores. Thus, 

co-feeding an excess of 12CO2 can be used to outcompete the re-adsorption of product 13CO2 

formed during a transient experiment.35, 36 Interestingly, co-feeding a high level of CO2 actually 
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inhibited the global steady-state rate (see Appendix Figs. A2 and A13), suggesting competitive 

adsorption on active sites, which will be discussed later. Extrapolating the values to infinite 

flowrate in the presence of co-fed CO2 gives a value that is statistically close to zero (Fig. 2.6b), 

suggesting a high intrinsic turnover rate at 273 K that cannot be accurately quantified by this 

method. Nevertheless, using the result obtained at the highest measured flow rate and 4 % co-fed 

12CO2 (circled point in Fig. 6b) an estimated lower bound on the turnover frequency was 

calculated: 

                            (2) 

 

A material balance on the reactor was used to estimate the upper bound on the number of adsorbed 

species that convert to product at the time of the switch, using the following equation involving  

and the steady-state rate of CO oxidation: 

 
                              (3) 

 
The upper bound of coverage NCOx was calculated to be 10 % of the total Co in the sample as 

evaluated by elemental analysis. Clearly, the high global rate of low temperature CO oxidation on 

Co-N-C is attributed to the high intrinsic TOF with only a small portion of the Co being covered 

with intermediates leading to product.  
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Figure 2.6. Example isotopic transient response following a switch from 12CO and 13CO during 
CO oxidation on Co-N-C.
a) Example isotopic transient response following a switch from 12CO and 13CO during CO 
oxidation on Co-N-C. The reaction was run with 30 mg of Co-N-C diluted in SiC and with 160 
cm3 total flow, 1 % CO, 1 % O2, 1 % Ar, and balance He at 3 atm. The O2 and CO lines were 
purified with silica traps submersed in a dry-ice acetone bath while the He and Ar lines were 
purified with an OMI Filter. The CO2 line was purified by 3 Å molecular sieves. b) Effect of flow 
rate on the with various co-feed partial pressures of 12CO2. The purple circled point was used to 
calculate lower bound of TOF and upper bound of NCOX. In b), the data points and error bars 
represent the average and standard deviation based on analysis of 3 to 6 transient response curves 
over a single catalyst.

2.3.4 Density Functional Theory Screening of Potential Active Sites and Mechanism

The kinetic data in Table 2.2 and the SSITKA results suggest that both CO and O2 bind 

weakly to the active site. Figure 2.7 shows the vdW-DF functional computed CO and O2 binding 

energies for Co-N-C sites in the graphene plane with zero to four N coordinated to the Co ion, 

implicated as active sites on these materials for both ORR and oxidative dehydrogenation 

reactions.4, 9, 59, 60 Full computational details are provided in Methods Section 2.2. Increasing the 

number of N coordinated to Co generally leads to a reduction in binding energy of both CO and 

O2. This result is consistent with previous reports that N substitutions for the C atoms that create 
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pyridinic binding modes to a transition metal center stabilizes the d-orbitals relative to the Fermi 

level and thus weakens binding energies of adsorbates.45  Our results also indicate that the binding 

energy for CO and O2 on CoN4 are significantly weaker than CO on Pt (-155 kJ mol-1), which has 

a negative CO order, in contrast to the positive CO order we observe on our Co-N-C catalyst.61 

The CoN4 site is consistent with the Co2+ oxidation state from XPS (Fig. A6) and coordination 

number from EXAFS (Table 2.1), is very stable relative to other Co-N-C sites,45, 49, 62 and fits the 

criterion for weak binding of both reactants. Thus, even if other Co sites coordinated to less than 

4 N atoms are present as minority species in our catalyst, the strong binding energy of CO on these 

sites is inconsistent with the observed positive CO order and low coverage of CO as a reactive 

intermediate inferred from SSITKA, precluding their participation in the low temperature (< 400 

K) catalytic cycle. Therefore, we next investigated the mechanism for low temperature CO 

oxidation over the CoN4 site.  

Previously calculated barriers for CO oxidation on various transition metals in N-C involve 

direct dissociation of O2 over the metal center, which incurs large activation energies (i.e., 66 kJ 

mol-1 on CoN4), and should alter the oxidation state of Co upon exposure to O2.38, 45 While the 

proposed mechanisms in those studies may explain the CO oxidation activity we observe at > 400 

K (Fig. 2.3), they are incompatible with the activity and negative apparent activation energy 

observed in the low temperature kinetic regime, and also our prior in situ XAS results 

demonstrating no change in the Co oxidation state upon exposure to 10 % O2 at 373 K.9  
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Figure 2.7. Adsorption energies were calculated using the vdW-DF functional because it shows 
good agreement with the experimental enthalpy of reaction for gas phase CO oxidation (Appendix 
Table A2).
The purple circle highlights the binding energies for the CoN4 structure that is displayed in b) side 
view and c) top down.

To explore potential configurations for simultaneous adsorption of CO and O2 we used 

NVT ab initio molecular dynamics (AIMD) starting from a supercell containing the CoN4 site, one 

CO, and one O2; AIMD details are in the Methods Section 2.2, and trajectories and movies are 

provided in a supplemental attachment and in Appendix Fig. A5. Early in the AIMD simulation 

CO binds to the CoN4 site and one of the oxygen atoms in O2 becomes weakly coordinated to CO. 

Surprisingly, the O-O bond distance then increased upon interaction with an adjacent C in the 

graphene sheet, until finally breaking, leaving behind a bent O-C-O complex bound through C to 

the Co, and one oxygen atom bound to carbon on the N-C support (O*). The O-C-O complex then 

rapidly desorbs from Co, forming a linear CO2 molecule with no bonds to Co or the support. To 

complete the catalytic cycle, we ran a subsequent AIMD simulation starting from the previous 
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structure, removing the desorbed CO2, and adding a CO molecule to the cell. The CO binds to the 

Co ion and subsequently reacts with O* to form CO2 and desorb, completing the catalytic cycle. 

The formation of CO2 during both AIMD simulations, without the use of enhanced sampling 

techniques to bias structures along a prescribed reaction coordinate, suggests that these reactions 

occur with very low activation barriers. 

Due to the similar binding energies of CO and O2, we also repeated these two AIMD 

simulations starting from O2 adsorbed to the CoN4 site and did not observe any reactions during 

these simulations. We did not observe co-adsorption of CO and O2 to Co in any of our simulations, 

and geometry optimization of structures with both bound to Co resulted in desorption of either CO 

or O2 depending on the initial structure. To determine if O2 can bind to other surface sites in the 

absence of CO, we optimized structures with O2 initially located on either graphitic C with only C 

nearest neighbors, a C atom with a N nearest neighbor, or a N atom. Regardless of the initial guess 

structure, the subsequent geometry optimization for all three potential binding sites led to either 

movement of the O2 molecule to the Co site (yielding an analogous structure to that of O2CoN4, 

shown in Figure 2.7 b, c), or desorption of the O2 molecule from the surface. Taken together, our 

results indicate that for CoN4 the only two viable sites for O2 adsorption are the Co atom or a CO 

molecule that is bound to Co, suggesting a possible CO oxidation mechanism over CoN4 sites 

whereby O2 dissociation is assisted by CO bound to Co and the N-C support itself. 

Structures derived from the AIMD simulations were subsequently used for detailed 

calculations of the reaction coordinate. Figure 2.8 shows the resulting potential energy diagram, 

schematic representations, and vdW-DF computed structures. We report only energies and not free 

energies because the reaction intermediates are weakly adsorbed and not amenable to standard free 

energy approximations. Our AIMD simulation results and the similar binding energies of CO and 
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O2 on CoN4 (Fig. 2.7) suggest the mechanism initiates with CO adsorbed on CoN4 (2). This is 

followed by weak interaction of O2 with CO (3) and subsequent dissociation of O2 upon interaction 

with the N-C support to form an O-O-C=O transition state (TS1) and subsequently O* and CO2 

(4).  This reaction sequence is followed by adsorption of CO to Co (5). The reaction of Co-bound 

CO with O* has a barrier of only 0.2 kJ mol-1 (TS2), and CO2 desorbs from Co (1) to close the 

catalytic cycle. Throughout this reaction cascade the 16 kJ mol-1 activation energy (TS1) is the 

only significant barrier.  

 

 

Figure 2.8. Schematic depicting reaction coordinates for the complete CO oxidation mechanism. 
a) vdW-DF computed reaction coordinate for the complete CO oxidation mechanism over CoN4. 
b) Schematic of the complete catalytic cycle. c) Molecular structures corresponding to the reaction 
coordinate. Changes in the Co oxidation state were calculated using a normalized Bader charge 
analysis (Appendix Fig. A14). 
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Bader charge analysis (Fig. 2.8 a and Appendix Fig. A14) confirmed that the Co remained 

in a ~ 2+ oxidation state throughout the entire reaction mechanism. The lack of change in oxidation 

state indicates that Co does not undergo redox during the mechanism and is consistent with the 

lack of influence of gaseous environment on the Co K-edge XANES (CO or H2 exposure in Fig. 

2.5 and  O2 or H2 exposure in reference 9).9 The weak binding of CO and O2 on the CoN4 site is 

consistent with the positive experimental reaction orders and SSITKA results, and the low 

activation barrier for the rate determining step suggests that this reaction mechanism is plausible 

for CO oxidation in the low temperature (< 400 K) kinetic regime.    

  

2.4 Discussion 

 
The proposed reaction path is energetically downhill at every step and the elementary step 

involving O2 activation (through transition state TS1) has a low barrier of 16 kJ mol-1 (Appendix 

Fig. A4 a). To explain the observed reaction kinetics (observed reaction orders and apparent 

negative activation energy), we need to account for the weak binding of reactants. The rate of the 

reaction step involving dioxygen activation (through TS-1) should be proportional to the overall 

reaction rate as the sequential oxidation of CO with the second oxygen atom is nearly barrierless 

(see results for TS-2 in Appendix Fig. A4b). Thus, we can write an expression for the observed 

rate as:  

                                 (4) 
 

where [CO-O2]ads represents the surface concentration of the surface complex that is formed by 

adsorption of CO on Co followed by very weak adsorption of O2 next to CO to give the structure 

depicted as 3 in Fig. 2.8. Although the results in Fig. 2.7 suggest that CO and O2 will compete for 

binding on the Co site and subsequent MD simulations indicate only the adsorbed CO will lead to 
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reaction, the low coverages suggest that a first order model could be assumed. Thus, a standard 

Langmuir isotherm for competitive adsorption can be utilized to calculate the fractional coverage 

of CO on the hypothetical lattice of non- CO) in the limit of low coverage of 

both CO and O2: 

                    (5) 

 
where the K values represent the adsorption equilibrium constants of CO and O2 on bare Co ions. 

Likewise, the very weak adsorption of O2 adjacent to the adsorbed CO is approximated by 

the linear portion of an adsorption isotherm, i.e. the adsorbed amount is proportional to the 

adsorption equilibrium constant of O2 next to CO (KO2 2. The 

observed rate is therefore approximated as: 

 
                          (6) 

 
which compares well the experimentally measured orders of reaction near unity for both CO and 

O2. Using the expression in (6), the apparent activation energy (Eapparent) of the CO oxidation 

reaction can be evaluated from the barrier to form TS1 (Ea) and the heats of adsorption of CO 

adsorbed on Co and O2 adsorbed adjacent to CO according to: 

 
                         (7) 

 
Substituting the calculated barrier of O2 activation through TS1 (16 kJ mol-1) and the binding 

energies from the DFT calculations (-57 for CO on Co, and ~ 0 kJ mol-1 for O2 adjacent to adsorbed 

CO) into (7), we estimate Eapparent = -41 kJ mol-1, which is within reasonable agreement with the 

experimental value of -30 kJ mol-1 and is consistent with our proposed mechanism for low 

temperature CO oxidation.  
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Whereas we focused primarily on the low temperature mechanism of CO oxidation, the 

reaction at elevated temperature may proceed through a high barrier path that was previously 

reported by Mavrikakis and co-workers.45 Their mechanism involves dissociation of O2 on the 

subsequently oxidized Co site prior to reacting with CO to form two CO2 molecules. In addition, 

a small number of undetected Co oxide particles may also be present on the surface of Co-N-C, 

which could catalyze CO oxidation at elevated temperatures via the MvK mechanism known to 

occur with Co oxide. 27, 28, 63-66 

We realize that a simplified kinetic analysis has been applied to the low temperature 

regime, but the model accounts for the key features of the reaction, namely the nearly first order 

behavior in both CO and O2 and a negative apparent activation energy. In this model, lower 

temperatures increase the number of adsorbed species on the surface without compromising the 

fast rate of O2 activation. In other words, the implication of a very low barrier for O2 activation is 

that the observed rate is dictated primarily by the number of adsorbed intermediates that lead to 

product. Furthermore, the proposed mechanism for low temperature CO oxidation over Co-N-C 

catalysts involves the CO-assisted activation of O2 through a O-O-C=O transition state that is 

similar to that proposed previously for the reaction occurring on CO-saturated Pt clusters at much 

higher temperatures. Under reaction conditions that saturate a Pt surface with CO, the 

unavailability of adjacent surface vacancies on the Pt prevents dissociative chemisorption of O2 

on the catalyst.67 The reaction under those conditions is therefore proposed to proceed through a 

CO-assisted O2 dissociation step involving the decomposition of an O-O-C=O surface 

intermediate to give CO2 and a surface oxygen atom, which rapidly reacts with adsorbed CO to 

form another CO2.67 The barriers to form and react the proposed intermediate are quite low, 

consistent with the results reported here. The mechanism presented in our study is also comparable 
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to that proposed for CO oxidation on Au stepped surfaces whereby O2 weakly binds to Au in the 

presence of adsorbed CO to form an O2-CO surface intermediate that can subsequently 

decomposes to form CO2.68 To the best of our knowledge, these types of reactive intermediates 

have not been proposed previously for the low temperature oxidation of CO over Co-N-C type 

materials. 

We attribute the low coverage of reactive intermediates leading to product, as revealed by 

SSITKA, to the weak binding energy of reactants to the isolated Co ions and relatively low partial 

pressures used in the study. Although there may be multiple motifs for Co to reside on Co-N-C, 

the CoN4 motif that is often proposed to be the majority species in M-N-C catalysts is entirely 

consistent with all of the observations reported in this work. Thus, we do not need to invoke the 

presence of a trace species of Co to account for the observations. 

We realize the above model does not include any potential inhibition by CO2. As shown in 

Fig. A2, inhibition by CO2 is not observed when the conversion of CO is differential and CO2 is 

not co-fed. When the concentration of CO2 was co-fed at orders of magnitude higher levels, there 

was an inhibitory effect on the rate as summarized in Fig. A13. This observation is entirely 

consistent with the model discussed above as high pressures of CO2 are expected to eventually 

CO in Equation 5 can be easily modified 

to include competitive adsorption of CO2 on the Co sites. In addition, the presence of high levels 

of CO2 could inhibit the weak interaction of O2 with CO during the formation of the O-O-C=O 

surface complex. 
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2.5 Conclusions 

 
Our results suggest that isolated Co ions doped into nitrogen-carbon can utilize reductant 

molecules to activate O2 via the surrounding carbon support at low temperatures. Further, both our 

calculations and experiments suggest Co maintains a 2+ oxidation state upon exposure to the 

reaction gas mixture or individual components of it, completing the catalytic reaction without 

undergoing a redox cycle between Co2+ and Co3+. Since the metal ion is not required to undergo a 

redox cycle to facilitate the reaction, we anticipate that further studies on other metal ions in N-C 

could yield similar results.  
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Chapter 3 Low Temperature CO Oxidation over Rh Supported 

on N-Doped Carbon 

 

Abstract 

As discussed in Chapter 2, a mechanism for CO oxidation at temperatures as low as 196 K 

was proposed for isolated Co ions in nitrogen-doped carbon (Co-N-C) but it was unclear if this 

mechanism was applicable to other transition metals (M-N-Cs). The low barrier mechanism for 

CO oxidation progressed by a weakly adsorbed CO molecule assisting activation of O2 with the 

carbon support without redox on the transition metal. The weak adsorption and lack of redox on 

the metal center indicates that the mechanism may be applicable to other M-N-Cs.  In this work, 

the screening of various M-N-Cs using quantum chemical calculations revealed that transition 

metals in the same column as Co could bind CO in a range that is competitive with O2 on the 

surface and also could form a stable CO-O2 intermediate. A Rh-N-C catalyst was synthesized to 

determine if it did indeed have low temperature activity for CO oxidation. Steady-state CO 

oxidation at low temperature over Rh-N-C had positive reaction orders in both CO and O2 with 

nearly zero apparent activation energy. Results from kinetic experiments and quantum chemical 

calculations are consistent with a reaction path involving weak adsorption of CO onto Rh ions with 

turnover coming from CO-assisted activation of weakly adsorbed O2. The mechanism was similar 

to the previously reported mechanism for CO oxidation on Co-N-C and thus appears to be general 

in nature and may be useful for the design of other catalysts for reactions involving O2 activation.  
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3.1 Introduction 

 

Transition metal ions (M) isolated in a nitrogen-doped carbon matrix (M-N-C) have 

demonstrated activity for reactions involving molecular oxygen in both electrocatalytic1-6 and 

thermocatalytic7-11 processes but the coordination environment around the isolated metal center 

and the mechanism for O2 activation remain controversial.7-9, 11 Oxidation of CO through O2 

activation has been studied over M-N-C catalysts since the reaction lacks complicating effects 

such as solvents and applied potentials.11, 12 Specifically, catalytic CO oxidation was investigated 

on Fe-N-C, Co-N-C, and materials containing with both Co and Fe (Co,Fe-N-C), with the Co-

containing catalysts exhibiting activity even at dry-ice acetone temperature.12 In that work, the 

low-temperature activity was attributed to weak but preferential binding of CO to Co with O2 

binding on the adjacent Fe.12 In a related study, results from CO  pulse cryo-chemisorption showed 

that CO chemisorbed on Fe-N-C and Fe,Ni-N-C catalysts whereas CO did not chemisorb on Ni-

N-C.13, 14 Clearly, CO adsorption and O2 activation are highly dependent on the nature of the 

transition metal element in M-N-C materials. 

We recently used kinetic measurements, ab initio quantum chemical calculations, and 

molecular dynamics simulations to study a Co-N-C catalyst for low temperature CO oxidation.11 

Results from that work are consistent with a mechanism for O2 activation that avoids direct 

dissociation of O2 on the transition metal ion.11 Instead, weak adsorption of CO onto Co ions 

followed by CO-assisted activation of weakly adsorbed O2 with the carbon support produced CO2 

in a reaction path with an apparent activation energy that is negative.11 Interestingly, the proposed 

mechanism did not involve a redox cycle on the isolated Co metal ion.11 The absence of a redox 
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cycle on the metal and the weak interactions of the reactants with the isolated transition metal ion 

suggests that other M-N-C catalysts may also be active for CO oxidation at low temperatures. 

A variety of M-N-C catalysts have been synthesized (i.e. Ag, Au, Cd, Cr, Cu, Fe, Ir, Mn, 

Ni, Pd, Pt, Rh, Ru, and Zn) and their activity and stability in O2 activation reactions varies 

accordingly.15  For example, Cr, Co, and Cu  N-C materials exhibited high initial catalytic activity 

for the oxidative dehydrogenation of benzyl alcohol, but the activity for the Cu samples was not 

recovered upon recycle or regeneration.7 Evidently, although M-N-Cs with various transition 

metals can be synthesized, not all of them may be stable under catalytic conditions. The stability 

of M-N-C structures was investigated by quantum chemical calculations using the formation 

energy of transition metals in graphite and N-doped structures.16 The study showed that many M-

N-Cs in the same N-doped double vacancy motif that we previously studied are stable.16 The 

stability of other metals indicate that other M-N-Cs could be synthesized, explored for low 

temperature CO oxidation, and compared to DFT calculations mechanisms.  

 In this study, we computationally screened various reportedly stable M-N-C catalysts to 

determine CO and O2 adsorption energy trends that might enable the low-temperature activation 

of O2 on various M-N-C catalysts. Rhodium ions in N-doped carbon (Rh-N-C) as well as Ir ions 

in N-doped carbon (Ir-N-C) are predicted to activate O2 through a mechanism similar to that 

described in our previous publication on Co-N-C (Chapter 2).11 To confirm the mechanism 

descriptors are correct in predicting a mechanism for CO oxidation on metals, we chose to 

synthesize Rh-N-C and tested it in low temperature CO oxidation. The low temperature CO 

oxidation kinetics are consistent with our computationally derived mechanism with CO-assisting 

the activation of O2 with the participation of the carbon matrix.  
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3.2 Methods 

 

3.2.1 Quantum Chemical Density Functional Theory Calculations 

We performed spin-polarized periodic supercell density functional theory (DFT) 

calculations with a plane wave basis set and an energy cutoff of 500 eV using the Vienna ab initio 

simulation package (VASP)17 version 5.4.4. For all structures, convergence criteria of 10-6 eV and 

0.01 eV Å-1 for self-consistent-field (SCF) energies and atomic forces, respectively, were used. 

Structures in various graphene supercell sizes may have different adsorbate binding energies so 

two different cell sizes were generated to compare to the literature. An 8.5 Å by 9.8 Å graphene 

supercell with 14 Å vacuum in the z-direction with two adjacent carbon vacancies to add in the 

metal ion (corresponding to a density of 1 M per 0.8 nm2) was generated by using a total of 30 C 

atoms (when the number of nitrogen atoms is zero). The carbon atoms surrounding the metal added 

to the defect site were then substituted with 4 pyridinic N atoms. A previous study used a supercell 

with less M density (1 M per 1.3 nm2)16, thus for comparison we generated a graphene supercell 

with 58 C (without N substitutions) and 15  Å vacuum in the z-direction. All of the structure files 

for optimized geometries are included as Supplemental Files submitted with this dissertation. 

Monkhorst-Pack k-points were used with a 4 X 4 X 1 mesh since they were the optimized k-points 

for the small cell (Appendix  Fig. B1). A variety of metals were used so the spin states for each 

were checked by doing an optimization starting from a low spin state on the entire structure by 

setting NUPDOWN to 0 and then doing a second optimization starting from a high spin state on 

the metal by setting MAGMOM to 5 for just the metal atom. Geometry optimizations for O2 

adsorption were started from both bidentate and monodentate initial configurations, and the more 

exothermic binding mode after geometry optimization is reported here. Only energies are reported 
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and not free energies since the reaction intermediates have been shown previously to weakly 

adsorb in the case of Co ions doped in nitrogen-carbon (Co-N-C)11 and thus are not amenable to 

standard free energy approximations. Vibrational zero-point energy corrections were neglected to 

reduce computational costs as they are expected to have a negligible contribution to reaction 

energies for our system. Mavrikakis and co-workers16 reported binding energies of CO and O2 on 

a variety of metals calculated with the Perdew, Burke, and Ernzerhof (PBE)18 functional and the 

previously described larger supercell. Our PBE computed adsorption energies were analogous to 

theirs (Appendix Table B1), with the exception of CO binding to Fe-N-C. Our computed binding 

energy for CO on Fe-N-C is more exothermic but has a value that is consistent with other PBE-

computed binding energies for CO on Fe-N-C.19-21 Finally, we chose to report van der Waals 

density functional (vdW-DF)22 computed values in the main text (PBE values are reported in 

Appendix Table B1 for comparison) because this functional reproduces the experimental enthalpy 

of reaction for gas-phase CO oxidation,11 was previously benchmarked for the binding energy of 

CO on Co-N-C,11 and accounts for nonlocal electron correlation dispersion interactions that are 

important for weak adsorption. 

 Transition states for the CO oxidation reaction on Rh-N-C structures were determined 

using climbing image nudged elastic band (CI-NEB) calculations derived from the method of 

Henkelman et al. and are reported in Appendix Fig. B2.23, 24 The transition state calculations were 

completed using the higher metal density structures (small supercell) since for Rh-N-C the binding 

energies were within 15 kJ mol-1 of each other (-68 and -68 kJ mol-1 for CO and O2 respectively 

in the higher metal density cell and -54 and -60 kJ mol-1 respectively for the lower metal density 

cell). For transition state one (TS1), we investigated multiple spin states and found that although 

the barrier is sensitive to spin and typically decreases with lower spin, the reactant binding energies 
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only weakly vary with the spin state (Appendix Fig. B3). Therefore, we report the low spin reaction 

coordinate (magnetic moment = 0 for the whole structure) for the CI-NEB for TS1.  

 

3.2.2 Synthesis of Rh Catalysts 

The Rh-N-C catalyst was synthesized by a modified high-temperature pyrolysis method 

similar to previously used methods.8, 11, 25 A solution of Rh nitrate (0.293 g) (Aldrich, rhodium(III) 

nitrate solution ~10 % (wt/wt) Rh in > 5 wt. % nitric acid) was added to  10 cm3 of distilled, 

deionized (DDI) H2O and added to a solution of 1,10 phenanthroline (0.358 g) (Sigma-Aldrich 

Corporation) in 15 cm3 ethanol (Sigma-Aldrich Corporation) to make a 1:2 molar ratio of 

Rh/phenanthroline (stirring for 20 min at 353 K). This mixture was subsequently added dropwise 

to a 0.1 M NaOH slurry with Carbon Black Pearls 2000 (Cabot Corporation) at 353 K (stirring for 

2 h). A washing of the slurry with 3000 cm3 of DDI H2O via vacuum filtration was then done 

before drying overnight at 343 K. A small portion of the carbon black with Rh/phenanthroline 

complex (0.1 g) was then impregnated with 80 wt % dicyandiamide (Aldrich) relative to the 

complex. This slurry was stirred vigorously at 343 K until all the solution evaporated and the solid 

was dried overnight at the same temperature. This batch was then combined with another batch to 

reach (0.2 g) before ramping in ultrahigh purity (UHP) N2 (100 cm3 min-1) (99.999 %, Praxair) at 

10 K min-1 and holding at 973 K for a high temperature thermal treatment. The thermally treated 

Rh sample was then treated in a solution of 11 M HCl and 1 wt % H2O2 for 3 h at 333 K in an 

attempt to remove any Rh metal nanoparticles formed during pyrolysis. Approximately 0.2 g (two 

combined batches of acid-washed samples) were heated at 10 K min-1 to 673 and held for 2 h in 

flowing UHP H2 (100 cm3 min-1) (5 % H2/Ar) to produce the as synthesized Rh-N-C catalyst. The 

0.29 wt % Rh/SiO2 catalyst was synthesized using incipient wetness impregnation. An aqueous 
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solution of Rh nitrate (Aldrich, rhodium(III) nitrate solution ~10 % (wt/wt) Rh in > 5 wt. % nitric 

acid)) (0.053g) was added to 2.5 cm3 of DDI H2O and added dropwise to silica gel (2 g) (Davisil 

636 Silica Gel).26, 27 The catalyst was then dried overnight at room temperature before heating in 

air for 2 h at 393 K. The catalyst was then heated at 10 K min-1 to 673 K and thermally treated for 

2 h in flowing air (Medical Grade, Praxair). A commercial 5 wt % Rh/C catalyst (Aldrich) was 

used from the bottle with no further treatment prior to going into the reactor.   

 

3.2.3 Characterization of the Catalysts 

High-angle annular dark-field scanning transmission electron microscopy (STEM) 

imaging was performed using an aberration-corrected STEM Themis, operating at 200 kV and 

using a convergence semi-angle of 25 mrad. 

All inductively coupled plasma optical emission spectroscopy (ICP-OES) analyses were 

conducted at Galbraith Laboratories Inc. (2323 Sycamore Drive, Knoxville, TN 37921) using a 

PerkinElmer Optima 5300V, 8300DV, or Avio 500 ICP-OES. 

A Micromeritics ASAP 2020 adsorption system was used for H2 chemisorption. The 

Rh/SiO2 catalyst was evacuated for 2 h at 673 K following reduction at that temperature for 2 h in 

flowing H2 (99.999 %, Praxair UHP). After reduction, the system was cooled under vacuum to 

308 K for analysis. Available metal sites were determined by extrapolating the high pressure, linear 

portion of the isotherm to zero pressure. A prior study of the highly dispersed Rh metal particles 

has shown that the stoichiometric ratio of H to surface Rh atoms can be as high as 2:1.28  
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3.2.4 Oxidation of CO 

The oxidation of CO was carried out in a stainless steel, down-flow, continuous packed 

bed reactor. Silicon carbide (2 g) (Universal Photonics, Inc., 150 mesh) was used to dilute the 

catalyst in each reaction. The reaction conditions involved 160 cm3 min-1 total gas flow with 1 % 

CO (Praxair, 99.99 %), 2 % O2 (Praxair 99.99 % O2) and balance He (Praxair UHP, 99.999%) at 

3 atm total pressure. The He was passed through an OMI-2 indicating purifier while CO and O2 

were passed through silica traps immersed in a dry-ice acetone bath to remove trace water and 

trace carbonyls (from CO). Before initiating the reaction, the catalyst was thermally treated in situ 

in flowing He by ramping at 10 K min-1 to 673 K and holding for 2 h before cooling to the reaction 

temperature. A Balzers Quadrupole Mass Spectrometer was used to analyze the reactor effluent 

with signals associated with masses (m/e) 28, 29, 44, and 45 amu recorded at a voltage of 1200 V 

and dwell times of 50 ms for all masses except 44 and 45 which were measured at 100 ms. A 

cooling bath for reactions at 199 K was made by adding dry-ice to acetone. 

 

3.3 Results 

 

3.3.1 Density Functional Theory Screening of Metal Ions for Low Temperature CO Oxidation 

Activity 

We used DFT calculations with vdW-DF (full calculation details are provided in the 

Methods Section 3.2) to investigate the viability of O2 activation through a CO-assisted mechanism 

on a variety of isolated transition metal ions in N-doped carbon.  Briefly, a previous mechanism 

for Co-N-C involved CO binding to the metal and interacting with O2 to form a CO-O2 complex, 

which evolves into 2 CO2 molecules with subsequent reactions.11 Limited charge transfer to Co 
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occurred throughout the cycle, indicating other metal ions may also be viable active centers. This 

low-temperature mechanism requires: 1) an exothermic enough CO binding energy to the metal to 

result in non-negligible CO coverage 2) a CO binding energy that is at least competitive with the 

O2 binding energy (to the metal) to prevent O2 poisoning, and 3) the ability to form a stable CO-

O2 complex. Consequently, for screening purposes we used a CO binding energy < -30 kJ mol-1, 

CO and O2 binding energies that are within 30 kJ mol-1 of each other, and a convergence to a local 

minimum CO-O2 complex (additional details for how we arrived at these numbers can be found in 

Appendix Figs. B4 and B5). We screened 15 candidate metal ions in four-fold coordinated 

pyridinic N sites with a double vacancy since this motif is reported for many synthesized 

catalysts11, 15, 16, 29-32 and has been shown computationally to stabilize the metal.16, 33, 34 The 

transition metals for screening were chosen based on their proximity to Co in the periodic table or 

similar electronegativity in the case of Ga35 and experimental evidence that they can be synthesized 

in the double vacancy motif (Ag and Mo were neglected since both were found to be unstable in 

the double vacancy motif).15, 16  

Figures 3.1 and 3.2 show the vdW-DF computed CO and O2 binding energies for various 

metal ions coordinated to four N atoms (M-N-C) catalysts. Candidate metals in groups 10-13 bind 

CO weakly, apart from Cd, and are unlikely to have non-negligible CO coverage. Weak binding 

to Ni-N-C is consistent with the observed lack of CO uptake on Ni-N-C, even at cryo-

temperatures.13, 14 Conversely, transition metal ions in groups 6-9 have reasonably exothermic CO 

binding energy values in a wide range (-226 to -50 kJ mol-1) and therefore require application of 

the other criterion to differentiate. The Cr, Mn, and Cd N-C cases bound O2 stronger than CO by 

at least 56 kJ mol-1, which indicates that O2 would poison these sites for a low temperature path 

initiated with CO bound to the transition metal. The preference for binding O2 over CO does not 
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preclude low temperature CO oxidation, but only higher energy mechanisms for O2 starting on the 

transition metal atom have been reported.16 Previous reports from Mavrikakis and co-workers have 

found a higher barrier mechanism using quantum chemical calculations where O2 dissociates on 

the transition metal and undergoes an Eley-Rideal type mechanism that has barriers in the range 

of 66 kJ mol-1, which is not consistent with low temperature activity.16 Thus, in the search for 

metals that follow a low-temperature mechanism similar to Co, application of the first two criteria 

narrow the search to metals in groups 8 and 9.  

Optimization of structures, starting from our previously reported CO-O2 complex that 

forms on Co, were used to differentiate groups 8 and 9 further. For the transition metals in group 

8, the optimization of a structure starting with CO bound to the metal atom in a bent configuration 

and O2 coordinated to the CO (e.g. Fig. 3.3 structure 3) resulted in the CO relaxing to a linear 

orientation with a large distance (3.5 Å) between the carbon atom in CO and either of the oxygen 

atoms in the O2 molecule (see Supplemental Files submitted with this dissertation). The inability 

of Fe-N-C to form this complex, and our assumption that this precludes participation in low-

temperature CO-oxidation, is consistent with prior experimental results where an Fe-N-C catalyst 

was reported to be catalytically inactive for low temperature (200 K) CO oxidation.12 The 

application of these criteria therefore leaves only the transition metal atoms in group 9 which can 

form stable CO-O2 complexes with reasonable bond distances between the carbon atom in CO and 

an oxygen atom in the O2 (1.5 Å). Group 9 includes Co, which we used to establish the selection 

criteria, but also Ir-N-C and Rh-N-C.11 Rhodium-N-C catalysts have previously been 

experimentally synthesized25, 36 so the Rh-N-C catalyst was chosen instead of Ir-N-C for 

subsequent calculations of the reaction coordinate and comparison with experimental data. 
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Group 6 Group 7 Group 8 Group 9 Group 10 Group 11 Group 12 Group 13

Cr Mn Fe Co Ni Cu Zn Ga 

CO -87 CO -92 CO -128 CO -65 CO -15 CO -15 CO -19 CO -30
O2 -212 O2 -148 O2 -104 O2 -85 O2 -27 O2 -31 O2 -66 O2 -161

  Ru Rh Pd  Cd  

    CO -226 CO -54 CO -14   CO -157   
Adsorption Energy O2 -175 O2 -60 O2 -26   O2 -222   

is in kJ mol-1  Ir Pt Au   

      CO -79 CO -14 CO -13     
      O2 -48 O2 -26 O2 -43     

 

Figure 3.1. Adsorption energies of CO and O2 computed with vdW-DF. All metal ions were bound 
to four pyridinic N atoms. 
For O2 binding, the more exothermic optimized binding motif (bidentate or monodentate O2) was 
reported. All structure files can be viewed as a Supplemental Attachment and magnetic moments 
are reported in Appendix Fig. B6.  
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Figure 3.2. Adsorption energies of CO and O2 computed with vdW-DF. 
The black line bisecting the figure is a representation of equal binding energies for CO and O2 on 
the metal. The vertical blue line indicates the -30 kJ mol-1 binding energy needed for CO to adsorb 
on the metal atom (criteria 1). The diagonal red line indicates the -30 kJ mol-1 excess O2 binding 
energy relative to CO (criteria 2). The yellow circle indicates the metals that fit all of criteria 1-3.  
 

The Rh-N-C catalyst provides an opportunity for both experimental validation and an 

exploration of potential intermediates in a catalytic cycle using structures from the previously 

described Co-N-C mechanism.11 The first step in the catalytic cycle involves adsorption and as 

discussed earlier, calculations for CO and O2 revealed they had similar binding energies on the Rh 

so either structure could be the starting structure for the catalytic cycle. Although Rh is known to 

form Rh gem-dicarbonyl structures,37 optimization of Rh gem-dicarbonyl structures resulted in the 

desorption of one molecule of CO, leaving only one CO bound to the metal. The next step involves 



99 
 

interaction of both CO and O2 and the mechanism could start with either CO or O2 initially 

adsorbed but calculations with O2 bound to the metal ion and CO in the gas phase did not result in 

a CO-O2 complex forming. The inability to form the CO-O2 complex suggests that CO binding to 

the Rh metal is the first step in the catalytic cycle and is denoted in the potential energy diagram 

in Fig. 3.3 as (step 2). The CO molecule then interacts with a gas phase O2 molecule to form a CO-

O2 complex on the Rh (step 3). The complex then goes through a transition state where the bound 

O2 molecule interacts with the carbon support (step TS1) before dissociating and forming O* on 

the carbon support and producing a gas phase CO2 molecule (step 4). The reaction sequence is 

then closed by the binding of a new CO molecule to Rh (5) before interacting with the O* on the 

carbon surface through a negligible barrier of ~ 0 kJ mol-1 (TS2) to form a gas phase CO2 molecule. 

Thus, the only significant barrier during the overall reaction sequence is the 20 kJ mol-1 activation 

energy (TS1). The barriers associated with this mechanism are similar to those of our previously 

calculated barriers for CO oxidation on a Co-N-C catalyst, with its most significant barrier being 

16 kJ mol-1.11 The mechanism for Co-N-C did not involve a redox cycle on the Co and thus redox 

on the Rh atom was further explored.11  

The oxidation state of Rh was investigated with Bader charge analysis (Fig. 3.3 and 

Appendix Fig. B7) by first calibrating the charge with references (1+ and 3+).38, 39 The oxidation 

state for Rh in the bare structure was 1.4+. An oxidation state of 1.4+ is less than the 2+ reported 

for Rh in similar N-doped Rh complexes but is within the metallic to 3+ range typically reported 

for Rh.40, 41 The binding of CO and the formation of the CO-O2 transition state (TS1) resulted in 

the largest change in oxidation state (2.4+). This change in oxidation state is consistent with 

electron sharing with the adsorbate or the movement of Rh from the plane. It is possible that a 

nonclassical carbonyl formed on the Rh atom. The electrostatic Rh-CO interaction is potentially 
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-bonding than the Co case and thus the C-O bond is contracted 

as negative charge gets placed onto the C atom in the CO molecule.42, 43 These results contrast with 

the Co-N-C mechanism which did not involve significant electron sharing.  Evidently, although 

only very limited charge transfer occurred for Co, the Rh mechanism seems to follow a similar 

path with increased charge transfer.11 

 

Figure 3.3. Reaction coordinate for the low-temperature CO oxidation mechanism over Rh-N-C 
computed with vdW-DF. 
Molecular structures corresponding to the reaction coordinates are included. Rhodium oxidation 
state changes were calculated using a normalized Bader charge analysis as reported in Appendix 
Fig. B7.  
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3.3.2 Catalyst Synthesis and Characterization 

 The quantum chemical calculations suggest that Rh-N-C sites may utilize a mechanism 

that involves weak binding of reactants and a low transition state barrier for low temperature CO 

oxidation. To investigate isolated Rh in N-doped carbon for low temperature CO oxidation, a 1.26 

wt % Rh-N-C catalyst was synthesized via a modified high-temperature pyrolysis method similar 

to previous Co8, 11 and Rh-N-C25 catalysts. To confirm the presence of isolated Rh ions on Rh-N-

C, we examined the Rh-N-C by atomic-resolution HAADF-STEM, as shown in Fig. 3.4. Although 

atomically dispersed Rh ions are apparent and are likely stable since they are present after 

treatments in acid-peroxide solution and high-temperature H2, some nanoparticles were still 

observed. The similar content of Rh before and after treatment (1.23 versus 1.26 wt %) indicates 

that a significant amount of Rh single atoms are not removed and thus can be investigated for low 

temperature CO oxidation. 

 

  

Figure 3.4. Atomic-resolution HAADF-STEM images of Rh-N-C show isolated Rh atoms and 
small Rh nanoparticles. 
The left panel shows a small area where the isolated atoms of Rh are visible and the right panel 
shows an expanded view with few nanoparticles of Rh present. Some isolated Rh atoms in the 
image are circled in yellow. Rhodium nanoparticles are circled in red. 
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3.3.3 Oxidation of CO over Rh Catalysts 

 The steady-state activity of 1.26 wt % Rh-N-C for CO oxidation was compared to those 

measured over a nitrogen-free commercially available 4.63 wt % Rh/C and a highly dispersed 0.29 

wt % Rh/SiO2 catalyst. All of these catalysts were evaluated over a range of temperatures (199 to 

460 K) at a total pressure of 3 atm. Temperatures were alternated between high and low to ensure 

that any potential hysteresis could be explored. Figure 3.5 shows the catalytic activity of Rh-N-C 

at temperatures < 418 K, with activity being observed as low as 199 K. The high activity for the 

Rh-N-C contrasts with the other Rh catalysts which contain metal particles that are known to be 

covered in CO, blocking the O2 adsorption needed for turnover, at the lower temperatures used 

here. Indeed, the other Rh containing catalysts exhibited no detectable activity at low temperatures 

(273 K and lower). As the N-C support exhibited negligible conversion at the temperatures studied, 

it is likely the activity is coming from the isolated Rh.11 Interestingly, a Rh/TiO2 catalyst was 

previously reported to have low temperature CO oxidation activity and its performance was 

attributed to the formation of a CO-O2 complex similar to the one proposed in this study.44 In that 

work, a CO bound on Rh was used to activate O2 with the reducible TiO2 support. Although our 

Rh-N-C catalyst does not have a reducible support, its low temperature CO oxidation activity is 

consistent with the CO-assisted activation of O2 as described earlier. In the higher temperature 

regime (> 418 K), the activity begins to increase with temperature. The presence of nanoparticles, 

as confirmed by STEM, could account for the observed high temperature activity of Rh-N-C. 

Fortunately, reaction kinetics can be used to discriminate between the participation of metal 

nanoparticles versus isolated Rh cations in the CO oxidation reaction. 
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Figure 3.5. Influence of temperature on the steady-state CO conversion over Rh catalysts. 
The reactions were run with 0.1 g of catalyst diluted in SiC with 160 cm3 min-1 total flow, 1 % 
CO, 2 % O2 and balance He at 3 atm.  
 

The observed steady-state orders of reaction during CO oxidation catalyzed by Rh-N-C as 

shown in Table 3.1 were strikingly different at low temperature (273 K) compared to high 

temperature (498 K). The positive order dependence of the rate on CO for the low temperature CO 

oxidation over Rh-N-C contrasts with the inhibition by CO observed over Rh/C and Rh/SiO2 in 

this study (Table 3.1) and other reported platinum-group metal catalysts.45, 46 The positive CO 

reaction order is consistent with the weak adsorption of CO on the active site, as suggested by 

DFT. The calculated binding energy of CO on Rh-N-C is significantly weaker than on Rh metal (-

120 kJ mol-1), which has a negative CO order under similar concentrations of CO and O2.47 As CO 

oxidation does not occur to any measurable extent on Rh nanoparticles at low temperature, the 

reactivity results are attributed solely to the isolated Rh ions in Rh-N-C and the neighboring Rh 
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nanoparticles are merely spectators on the Rh-N-C. While the reaction order for CO in the high 

temperature regime (> 418 K) is different than that at low temperature, the nearly zero order 

dependence in CO is consistent with high temperature catalytic activity being a convolution of the 

reaction occurring on the nanoparticles (observed using STEM) and on the isolated Rh ions. 

Evidently, inhibition by CO on isolated Rh nanoparticles and positive order in CO on isolated Rh 

combine to a nearly zero-order dependence at the temperature used here. A previous study on 

catalysts with various ratios of both nanoparticles and isolated atoms (Ir-MgAl2O4) reported 

changes in the reaction order with reaction conditions being used to probe isolated atoms versus 

nanoparticles.48 By raising the partial pressure of CO, which inhibited reaction on nanoparticles, 

the kinetics of the isolated atoms could be studied.48 In our case, the higher partial pressures of CO 

did not result in a low enough contribution of the inhibited nanoparticles. The reaction order in O2 

is positive on both nanoparticles and isolated Rh at both low and high temperatures, so it cannot 

be used to discriminate between the different types of sites. 

Table 3.1 shows the apparent activation energies for CO oxidation over the Rh containing 

catalysts. The rate being invariant with temperature in the low temperature regime for Rh-N-C (< 

413 K) is consistent with a negligible apparent activation energy (~0 kJ mol-1). The low 

temperature regime contrasted with the high temperature regime (413  460 K) wherein the rate 

increased significantly with temperature. Similar to the reported orders of reaction in this high 

temperature regime, the apparent activation energy is likely a convolution of rate occurring on 

both the isolated Rh atoms and the Rh nanoparticles. The apparent activation energies measured 

in the high temperature regime (413  460 K) for the other Rh containing catalysts, Rh/C and 

Rh/SiO2, are consistent with CO oxidation on Rh nanoparticles.45 Thus, the reaction orders and 

apparent activation energy for the Rh-N-C at high temperatures are not consistent with the CO-
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assisted O2 activation mechanism depicted in Fig. 3.3,  whereas the low temperature CO oxidation 

kinetics over Rh-N-C are completely consistent with that mechanism.  

 

Table 3.1. Summary of Kinetic Parameters for CO and O2 on Various Rh-Containing Catalysts 
for CO Oxidation 

 
catalyst 

 
Eapparent

a (kJ mol-1) 
orders of reactionb 

CO O2 

Rh-N-C    
low-T regime < 403 K 0 0.6 0.6 
high-T regime > 403 K 40 0 1.1 

Rh/C 98 -1.0 1.5c 

Rh/SiO2 110 -1.0 1.5c 

aApparent activation energies were determined from Arrhenius-type plots (Appendix Fig. B8). 
bKinetic orders were evaluated under steady-state differential conversion (< 40 %) and were 
determined by varying the partial pressure of one while holding the other constant (Appendix Fig. 
B9 a, b). cKinetic orders for O2 on Rh/C and Rh/SiO2 were calculated at a constant 3 % CO instead 
of the 1 % CO reaction condition to stay in the differential conversion regime.  
 

3.4 Discussion 

 

 To understand if the mechanism and elementary steps reasonably approximate the 

experimental kinetics, a rate expression for the reaction path was derived. The reaction path 

involves the weak adsorption of reactants on the surface, which is consistent with the observed 

reaction kinetics (observed reaction orders and the approximately zero apparent activation energy). 

The deviations from first-order dependence suggests that there is some non-saturated coverage of 

CO or competition between the CO and O2, which is apparent with the similar computationally 

calculated binding energies for the small cell (-68 and -68 kJ mol-1 for CO and O2 respectively).  

The overall rate of reaction should be proportional to the reaction step involving dioxygen 

activation (TS1 in Fig. 3.3), (CI-NEB presented in Appendix Fig. B2 a) as the sequential oxidation 
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of CO with the second oxygen atom from Fig. 3.3 is nearly barrierless (CI-NEB (TS2) in Appendix 

Fig. B2 b). Thus, we can write the expression for the observed rate as  

 
                      (1) 

 
where [CO-O2]ads represents the surface concentration of the complex that is formed by the first 

adsorption of CO on Rh followed by the adsorption of O2 next to CO to give structure 3 in Fig. 

3.3. The rate is therefore proportional to the fractional coverage of O2 on the adsorbed CO, 

exemplified by the following equation 

 
                       (2)  

 
A standard Langmuir isotherm for competitive adsorption can be used to represent the fractional 

CO) 

 

           (3) 

 
where the and represent adsorption equilibrium constants of CO and O2, respectively, on 

O2 term in equation 2 is not related to the adsorption 

equilibrium constant of O2 on Rh. This term is associated with the weak adsorption of O2 adjacent 

O2 is approximated by the linear, low coverage, portion of an adsorption 

isotherm (structure 3 in Fig. 3.3) denoted by . To compare with the proposed rate 

expression with experiment, the Langmuir isotherm can be approximated as a power law 

expression to give an observed rate expression as: 

 

           (4) 
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sted to account for the experimentally determined orders of reaction 

to give the following expression in (5), which can be used to explore the temperature dependence 

of the rate. 

                    (5) 

 
The DFT derived values for heats of adsorption of CO or O2 adsorbed on Rh (-68 kJ mol-1), the O2 

adsorbed adjacent to the CO (-14 kJ mol-1), and the Ea associated with TS1 (20 kJ mol-1) are 

substituted into (5) to give an apparent activation energy (Eapparent) as calculated in (6) 

 
              (6) 

 
The estimated Eapparent = -1 kJ mol-1 is in reasonable agreement with the experimental value of 

approximately zero and is consistent with the mechanism for low-temperature CO oxidation 

proposed by our DFT calculations.  

The proposed low-temperature mechanism of CO oxidation on Rh-N-C does not preclude 

other potential mechanisms for low or high temperature CO oxidation occurring on the isolated 

Rh sites. For example, other screened metals had various binding energies of CO and O2 to the 

metal ion. Metal ions that bound CO stronger than the binding energy of CO to Co or Rh were 

unable to form the O-O-C-O transition state. Transition metals such as Fe have been previously 

investigated with O2 binding first to give a higher barrier transition state but apparently would not 

be suitable for low temperature CO oxidation.16 This indicated that while there could be other 

barriers for O2 activation, the one studied here seems amenable to this particular column of the 

periodic table as it is completely consistent with at least two metals. 

A simplified kinetic analysis was applied to the low-temperature regime but the model 

accounts for the change in binding energy and potential competition of CO and O2 on the surface 
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of the Rh ion. The model does still account for the positive order behavior of both CO and O2 

along with the nearly zero apparent activation energy. This similarity implies that there is a small 

barrier for O2 activation, and the rate is instead dominated by the number of adsorbed intermediates 

leading to product and the competition of CO and O2 for the same surface sites. This contrasts with 

the literature on platinum group metals and supported Rh nanoparticles where CO inhibits 

adsorption of O2 to adjacent surface vacancies and thus prevents dissociative O2 chemisorption, 

leading to a negative order for CO.46, 49 Conversely, in the previously described Co-N-C case, there 

was a negative apparent activation energy, which contrasts with the nearly zero activation energy 

in this study. The difference appears to be due to the more exothermic binding energy of the CO 

and O2 (-68 and -68 kJ mol-1, respectively) for Rh, versus the CO and O2 binding energies on Co 

(-57 and -73 kJ mol-1, respectively). The more exothermic binding energies indicate that the Rh 

case will have a lower reaction order.11  

Interestingly, similar transition states have previously been attributed to low temperature 

CO oxidation on Rh and Ir. For example, Rh/TiO2 was found to have a low barrier with the 

reducible support enabling the formation of O-O-C=O and activation through vacancies in the 

TiO2.44 The similarity to other Rh systems indicates that other isolated Rh ions may be able to 

active O2 in a similar mechanism. Indeed, another transition metal in the Co column, Ir, was 

previously investigated as an isolated Ir-on-MgAl2O4 catalyst.50 The proposed mechanism for CO 

oxidation involved a spectator CO molecule which enables an Eley-Rideal-type mechanism with 

surface oxygen.50 Isolated atoms appear to  enable interesting interactions with surface groups 

surrounding the transition metal site. 

After screening metals for reaction paths similar to the previously derived CO-assisted 

mechanism, it appears that the column containing the Co, Rh, and Ir on the periodic table has 
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characteristics that enable low temperature CO oxidation through a CO-assisted mechanism. Other 

metals may be active for low temperature O2 activation but for those transition metals it appears 

that O2 is activated through different mechanisms as they either lacked CO uptake or were unable 

to form stable CO-O2 complexes.  

 

3.5 Conclusions 

 

Our results suggest that the other transition metal ions in N-C in the Co column have 

characteristics of preferential binding of CO, non-negligible coverages CO on the transition metal 

ion, and the ability to form a CO-O2 complex similar to our previous report on Co-N-C (Chapter 

2). Detailed quantum chemical calculations on the Rh-N-C catalyst suggest that Rh-N-C catalyst 

could proceed through a low temperature mechanism involving CO-assisted O2 activation with the 

carbon support. Gas-phase CO oxidation over a synthesized isolated Rh-N-C catalyst showed low 

temperature activity and reaction orders that are consistent with the quantum chemical 

calculations. Application of the kinetic parameters with the DFT derived adsorption and barrier 

values resulted in a predictive rate expression. The results suggest that O2 could be activated 

through a CO assisted method on the transition metal atoms in group 9.  
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Chapter 4 Aerobic Oxidation of 2-propanol over Co 

Containing Catalysts 

 

Abstract 

As described in earlier chapters, isolated transition metal ions in N-doped carbon (M-N-C) 

have been proposed to activate O2 through a CO-assisted mechanism during low temperature (< 

273 K) CO oxidation catalysis. The Co-N-C and Rh-N-C catalysts utilize the N-doped carbon 

support and adsorbed CO to activate the O2 with a low activation barrier. Whereas a low activation 

barrier for O2 activation at low temperature was consistent with quantum chemical calculations, 

the high temperature kinetics of CO oxidation were not accounted for in the mechanism. In this 

chapter, the oxidative dehydrogenation of alcohol is explored as another reaction probe for O2 

activation. The high temperature catalysis (>273 K) for oxidative dehydrogenation of primary 

alcohols has been explored in liquid phase systems, but the studies are complicated by the effect 

of solvent and the production of acid, which can deactivate the catalyst. Here, we explore the 

oxidative dehydrogenation of 2-propanol over Co-N-C in both liquid and gas phase systems. The 

gas phase oxidative dehydrogenation over Co-N-C at 473 K has significant conversion for hours 

but decreases to a steady-state value similar to that observed with N-C, indicating the Co sites may 

not be turning over. While no conversion was observed over N-C in the liquid phase (in water 

solvent) at 393 K, the Co-N-C catalyst was active but stopped production of 2-propanone after 15 

min. To probe the deactivation of this reaction in liquid water, 2-butanone was added to the 

reaction mixture. The addition of 2-butanone inhibited the reaction, which indicates that formation 

of product ketone deactivates the catalyst. These results suggest that there may be a highly active 

site for the oxidative dehydrogenation of ketone, but it deactivates quickly. The results may be 
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useful for understanding the mechanism where it appears that a stable product is forming that may 

further block the binding of reactants to turn over the catalyst.  

 

4.1. Introduction 

 

Transition-metal ions (M) isolated in a nitrogen-doped carbon matrix (M-N-C) have been 

shown to be active for reactions involving O2 activation, with examples in both electrocatalytic1-5 

and thermocatalytic reactions.6-8 For both of these catalytic systems, various M-N-Cs have even 

been shown to exhibit activity and selectivity comparable to Pt-based electrodes in case of the 

electrochemical oxygen reduction reaction (ORR)5, 9, 10 and Pt nanoparticles for the organic 

reactions involving C-H activation at mild temperatures.7, 8, 11, 12 Although these M-N-C catalysts 

exhibit high activity, mechanistic insights into the activation of O2 have remained elusive due to 

the complicated effects of solvents in the case of thermocatalytic reactions or applied potentials in 

electrocatalytic systems.  

Two mechanisms are often invoked for the thermocatalytic aerobic oxidation of organic 

molecules with M-N-C: (1) direct inner-sphere reactions (ISR) where organic molecules directly 

interact with activated O2 or (2) two independent redox half-reactions (IHR) where oxidation of 

the organic molecule and reduction of O2 occur separately.12 Recently, thermocatalytic systems 

without the complications of these effects were studied. For example, the gas phase oxidation of 

CO was investigated on Fe-N-C, Co-N-C, and samples containing both Co and Fe (Fe-Co-N-C).13 

The Co-N-C catalyst exhibited activity at temperatures as low as dry-ice acetone.13 Another study 

by our group investigated a mechanism for CO oxidation on Co-N-C using quantum chemical 

density functional theory (DFT) and experimental work at these low temperatures (See Chapter 
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2).14 The mechanism utilized a CO molecule adsorbed on the Co ion in the N-C structure before 

activating the O2 with the carbon structure and producing CO2.14 The binding energies of the CO 

and O2 during the reaction were quite weak so the surface coverage, and therefore CO oxidation 

rate, decreased with increasing temperature.14 The proposed mechanism explained the 

experimental results at low temperatures whereas the high temperature kinetics of CO oxidation 

could not be explained by that model. As the high temperature regime (> 400 K) is where liquid 

phase alcohol oxidative dehydrogenation reactions are often studied, we chose to explore the 

alcohol oxidation reaction as a complement to our prior studies on CO oxidation. 

Prior work on the liquid phase oxidative dehydrogenation of benzyl alcohol showed 

various M-N-C catalysts were catalytically active, with Co-N-C exhibiting both high activity and 

decent stability.7 Kinetic isotope effect (KIE) experiments revealed that the kinetically relevant 

elementary step in alcohol oxidation involved C-H activation.8 An attempt at titrating the active 

sites involved adsorption of low amounts of benzoic acid as the rate decreased upon its addition.8 

After titrating for active sites, the Co-N-C catalyst was shown to have turnover frequencies for 

benzyl alcohol oxidative dehydrogenation on the order of Pt nanoparticles under identical 

conditions.8 Interestingly, higher additions of acid did not continue to proportionally decrease the 

rate and thus it is possible not all sites were quantified.8 Since not all sites were quantified and 

solvation effects may play a role in the mechanism, further study in the absence of some of these 

complicating effects is necessary to understand the mechanism and active sites for oxidative 

dehydrogenation on these catalysts.  

In the current work, Co-N-C is investigated for both the liquid and gas phase oxidative 

dehydrogenation of 2-propanol. Since benzoic acid was previously used to titrate the Co sites, 

alcohols that can form acid products should be avoided. Therefore, we chose the short chain 2-
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propanol molecule to explore as the product ketone will be unable to form an acid product. Our 

experiments show that while the Co-N-C catalyst initially converts the 2-propanol in both the 

liquid and gas phase, the gas phase reaction may not actually turn over and conversion observed 

at longer times might be the result of N-C. This suggests that the initial burst of activity observed 

with Co-N-C might be related to Co sites that are poisoned by product while the steady-state 

activity may be due to the N-C. Although these M-N-C catalysts are often proposed to be active 

for oxidative dehydrogenation reactions, they significantly deactivate over time and thus the highly 

active sites may not be catalytic.  

 

4.2. Methods 

 

4.2.1. Synthesis of Co Catalysts 

The Co-N-C catalyst was synthesized using a modified high-temperature pyrolysis method 

that was previously developed.7, 8, 14 To briefly summarize, Co nitrate hexahydrate (0.49 g) (Sigma-

Aldrich Corporation) was dissolved in 10 cm3 of distilled, deionized (DDI) H2O before combining 

with a solution of 1, 10 phenanthroline (0.61 g) (Sigma-Aldrich Corporation) in 15 cm3 ethanol 

(Sigma-Aldrich Corporation). This 1:2 molar ratio of Co/phenanthroline was then stirred for 20 

min at 353 K. The mixture was then added dropwise to a 0.1 M NaOH (Sigma-Aldrich) slurry that 

contained 2 g of Carbon Black Pearls 2000 (Cabot Corporation) at 353 K and stirred for 2 h. The 

slurry was then washed and vacuum filtered with 3000 cm3 of DDI H2O before drying overnight 

in an oven at 343 K. This slurry with deposited Co-phenanthroline was then impregnated with 80 

wt % dicyandiamide (Aldrich) relative to the slurry complex in 10 cm3 acetone (Fischer Chemical, 

Historical Grade). The solution was vigorously stirred at 343 K and dried overnight. Multiple 
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batches were combined until 0.2 g could be heated in ultrahigh purity (UHP) N2 (100 cm3 min-1) 

(99.999 %, Praxair) at 10 K min-1 and held at 973 K. Any nanoparticles that formed during the 

thermal treatment were removed via a vigorously stirred 1 M HCl (VWR Chemicals, ACS Grade) 

solution (100 cm3) with 0.1 g of catalyst at room temperature for 12 h. The acid-washed catalyst 

was then washed with 3000 cm3 of DDI H2O before drying overnight at 353 K. A thermal treatment 

in flowing UHP H2 (100 cm3 min-1) (5 % H2/Ar, Praxair) with a 10 K min-1 ramp to 673 K and a 

hold at 2 h was used to produce the as synthesized Co-N-C. A metal-free nitrogen-carbon catalyst 

(N-C) was also synthesized via the impregnation of an aqueous solution of 0.4 g dicyandiamide 

into 0.5 g Carbon Black Pearls 2000 with the same thermal treatment method described for the 

Co-N-C catalyst. A 4.78 wt % Co/SiO2 catalyst was synthesized via incipient wetness 

impregnation of Co nitrate hexahydrate (0.5 g) dissolved in 2.5 cm3 of DDI H2O into silica gel (2 

g) (Davisil 636).15, 16 The catalyst was subsequently dried overnight at room temperature before 

another 2 h drying in an oven at 393 K. A thermal treatment with a ramp of 10 K min-1 to 673 K 

(2 h hold) in flowing air (Medical Grade, Praxair) was used to decompose the nitrate and leave 

behind the Co on silica (Co/SiO2). A 2.29 wt % Co/CB catalyst was synthesized by incipient 

wetness impregnation of Co acetate tetrahydrate (0.04 g, Aldrich) dissolved in 1 cm3 DDI H2O 

onto Carbon Black Pearls 2000 (0.2 g). The mixture was dried at 393 K overnight before thermally 

treating at 973 K for 2 h (ramp at 10 K min-1) in flowing UHP He (99.999 %, Praxair). A Co3O4 

sample (Co (II, III) oxide from Alfa Aesar) was thermally treated for 5 h at 673 K in 100 cm3 min-

1 flowing air (ramp at 10 K min-1) and used as treated.  
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4.2.2. Calculation of the Exposed Co on the Co3O4 Sample 

Dinitrogen physisorption was performed on a Micromeritics ASAP 2020 automated 

adsorption system to determine the surface area of the Co oxide. Prior to N2 physisorption at 77 

K, a degas of the sample was done at 723 K under vacuum. The Brunauer-Emmett-Teller (BET) 

method was used to calculate the total surface area of the oxide catalyst, yielding 239 m2 g-1. Since 

this surface area is inclusive of all surface sites including the exposed O and Co species, further 

calculation was needed to determine the grams of Co on the surface to normalize rates by Co. By 

using the density of Co3O4 (6.11 g cm-3) and the relationship between surface area and volume of 

the particles, a radius based on the average particle size was calculated (2.05 nm). The volume 

based on the surface area was then calculated with this radius and the density of Co oxide with 

allow for Co per volume to be calculated. Now that the moles of Co per particle is known, the 

surface moles of Co can be calculated by understanding the Co per surface area in a unit cell. Thus, 

a (111) plane of Co3O4 was used since it has been reported to be the most common plane for 

Co3O4.17 Taking the unit cell diameter and the number of exposed Co atoms per unit cell (2) we 

can determine the moles of Co m-2. Using the radius of the particles we can calculate the amount 

of Co on the surface as we can calculate the surface area of an average particle. By dividing this 

number with the previously calculated Co per bulk particle, we can get the dispersion. The 

dispersion then is multiplied by the mass of Co added to the reaction to yield the grams of Co on 

the surface of the particles. This value was used to determine the reaction rate g-1
Co

 s-1. 

 

4.2.3. Oxidative Dehydrogenation of Gas Phase 2-propanol in a Continuous-Flow Reactor 

The oxidative dehydrogenation of 2-propanol was carried out in a stainless steel, down 

flow, continuous packed bed reactor. The catalyst (0.2 g) was diluted in 3 g of SiC (Universal 
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Photonics, Inc, 150 mesh) for each reaction. The reaction was run with 43 cm3 min-1 total gas flow 

with 6.7 % 2-propanol (Fischer Chemical, ACS Plus grade), 14 % O2 (Medical Air, Praxair), and 

balance He (Praxair, 99.999 %) at atmospheric pressure. Prior to the reaction run, each catalyst 

was thermally pretreated in situ by ramping at 10 K min-1 to 673 K and holding for 2 h in He before 

cooling down in He to the reaction temperature. The 2-propanol was introduced to the reactor by 

a saturator that was fed by a liquid pump with a mixture of air and diluent He comprising the rest 

of the reaction gas feed. The reactor effluent was analyzed by an SRI 8610 C gas chromatograph 

(GC) equipped with a flame ionization detector. The products were separated by a Restek MXT-

WAX column operating isothermally at 373 K for 6 min. The retention times and calibration curves 

were determined by injection of known concentrations of 2-propanol (Fischer Chemical, ACS 

Plus) and 2-propanone (Fischer Chemical, Histological Grade). The relative responses were used 

to quantify the production of propene, which was another product formed in low concentrations. 

The conversion was based on product formed, determined by the production of 2-propanone and 

propene. Selectivity was defined as the molar amount of that product formed divided by the molar 

amount of both products formed during reaction. For co-feed experiments, the amount of inert He 

was proportionally decreased to keep the total flow rate through the reactor the same. The co-feed 

experiments were run with silica gel (Davisil 636) instead of the SiC as the diluent. 

 

4.2.4. Oxidative Dehydrogenation of Liquid Phase 2-propanol in a Batch Reactor 

High-pressure, liquid phase, semi-batch alcohol oxidation reactions were performed in a 

50 cm3 Parr Instrument Company 4592 batch reactor with a 30 cm3 glass liner. In a typical reaction, 

the glass liner was filled with 10 cm3 of aqueous 2-propanol (Fischer Chemical, ACS Plus) solution 

(0.01 M) and 0.025 or 0.05 g of catalyst before being inserted into the reactor, sealed, and purged 



124 
 

with O2. The reactor was preheated to the reaction temperature and then the reaction was initialized 

by purging and pressurizing the reactor with pure O2. Liquid samples were taken periodically and 

-

butanol) (Sigma-Aldrich 99.5 % and Sigma-Aldrich 99.8 %, respectively) into an Agilent 7890 A 

GC equipped with a flame ionization detector. The products were separated by a Varian CP-

Poraplot capillary column operating at 393 K for 15 min before ramping at 10 K min-1 to 473 K 

and holding for 10 min with a flow rate of 2.44 cm3 min-1. The retention times and calibration 

curves were determined by injecting known concentrations of 2-propanol and 2-propanone 

(Fischer Chemical, Histological Grade) and a known standard of 0.1 M ethanol or 1-butanol. The 

carbon balance will be further discussed in the Results Section 4.3. For co-feed experiments, the 

reaction was run as previously described but included a solution of the co-feed (NaOH or 2-

butanone (Sigma-Aldrich, 99 + %). These samples were filtered and injected without further 

purification into the GC.  

 

4.2.5. Density Functional Theory Calculations 

We performed spin-polarized periodic supercell density functional theory (DFT) 

calculations with a plane wave basis set and 500 eV as an energy cutoff using the Vienna ab initio 

simulation package (VASP)18 version 5.4.4. The structures were converged to a criterion of 10-6 

eV and 0.01 eV Å-1 for self-consistent-field (SCF) energies and atomic forces, respectively. 

Structures were generated by removing two carbon atoms from a 8.5 Å by 9.8 Å graphene supercell 

with 14 Å vacuum in the z-direction for a total of total of 30 C atoms (when the number of N atoms 

is zero). The carbon atoms surrounding the defect site were modified with 4 pyridinic N to create 

the site often claimed to be active for oxidative dehydrogenation reactions.14, 19 Monkhorst-Pack 
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k-points were optimized to 4 X 4 X 1 mesh. The energies are reported rather than free energies 

since the binding of adsorbates was directly compared to previously calculated binding energies 

of CO and O2 to the isolated Co ion which were weakly adsorbed and thus they are not amenable 

to standard free energy approximations.14 Further, vibrational zero-point energy corrections were 

neglected as they should have a negligible contribution to our reaction energies for this system. 

We are reporting the energies with van der Waals density functional (vdW-DF)20 computed values 

as the functional was previously used to calculate CO and O2 binding energies on the same Co-N-

C structure, which we want to compare our binding energies to. 

 

4.3. Results and Discussion 

 

4.3.1. Oxidative Dehydrogenation of 2-propanol over Co Catalysts in the Gas Phase 

To determine the effect of support composition on catalytic performance, the oxidative 

dehydrogenation of 2-propanol was evaluated over a suite of Co catalysts and the metal-free N-C. 

A 1.89 wt % Co-N-C catalyst was synthesized using a modified high temperature pyrolysis method 

(See Methods Section 4.2).14 This catalyst has been previously investigated by our group, with no 

Co nanoparticles being detected upon inspection with aberration corrected high-angle annular 

dark-field scanning transmission electron microscopy (STEM) (Chapter 2 Fig. 2.1).14 In addition 

to the Co-N-C, various other Co-containing catalysts were investigated, including a commercial 

Co3O4, a highly dispersed 4.78 wt % Co/SiO2, and nitrogen-free 2.29 wt % Co/CB. These catalysts 

were tested for the oxidative dehydrogenation of 2-propanol using a flow reactor over a range of 

temperatures (393 - 473 K) at atmospheric pressure. To understand if background activity was 

present in the system, the Co-N-C catalyst was tested without the presence of O2 over the whole 



126 
 

temperature range. In the reaction run without O2 there was a constant 0.3 % conversion which 

resulted in a rate of dehydrogenation (0.7 x 10-7 mol 2-propanone formed gcat
-1 s-1 formed) over 

the whole range of temperatures. This rate was significantly lower than the observed rates of 

oxidative dehydrogenation and confirmed that O2 was necessary for the measured activity of all 

catalysts. To further probe the background activity, a tube with just the SiC diluent was added to 

the reactor and resulted in a conversion of 0.1 % (an order of magnitude less than the studied 

catalysts at the same temperature).  

Figure 4.1 illustrates the catalytic performance of the Co-containing catalysts (at 

conversions less than 10 %) and a metal free N-C at 473 K. The Co-N-C catalyst exhibits a high 

initial reaction rate that declines over time to the same rate per gram of catalyst as the metal-free 

N-C material. The rates were based on 2-propanone formation since the selectivity for the products 

from all catalyst was > 95 % 2-propanone with the balance being propene. Comparing Co-N-C 

with the other catalysts, the Co/SiO2 and N-C materials have similar rates of 2-propanone 

formation on a per mass basis at these conditions while the Co/CB had a significantly lower rate. 

However, the mass basis of rate normalization improperly estimates the amount of active material 

in each sample. When instead normalizing the rate of reaction in the steady-state regime by the 

mass of Co, the Co/SiO2 and Co/CB catalysts had approximately the same rate of 2-propanone 

formation (220 x 10-7 and 211 x 10-7 mol 2-propanone formed gCo
-1 s-1 respectively). The Co3O4 

had the highest activity on a per mass of catalyst basis and had a higher rate per exposed Co than 

the supported Co catalysts (576 x 10-7 mol 2-propanone formed gCo
-1 s-1). The derivation of this 

Co amount was discussed in Methods Section 4.2.2. but is considered to be an underrepresentation 

of the amount of exposed Co and thus it is possible that the Co/CB, Co/SiO2, and Co3O4 had similar 

rates of reaction on an exposed Co basis. Further, the observed activity for the bulk Co oxide 
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catalyst is consistent with the previously reported conversion of 2-propanol above 430 K for 

unsupported Co3O4 spinel nanoparticles.21 The Co oxide spinel catalyst was proposed to proceed 

through a mechanism involving nucleophilic atomic oxygen species formed from the redox of 

Co3+/Co2+ in the selective production of 2-propanone.21 This mechanism might be applicable to 

the observed activity on small clusters of Co oxide on Co/SiO2, Co/CB, and the high initial activity 

regime for Co-N-C. Although no metal particles have been detected on this catalyst through STEM 

imaging and X-ray absorption spectroscopy (see Chapter 2), small quantities of Co oxide may be 

present on the Co-N-C.  Ultimately a comparison for Co-N-C by amount of Co cannot be made 

since the N-C appears to be active and thus this similarity is further explored.  

The comparable rates of reaction on N-C (on a mass basis) and Co-N-C after a long time 

on stream suggests that the high conversion observed over Co-N-C at short times on stream is 

mostly associated with Co. To investigate this concept, the excess moles of 2-propanone formed 

above the background steady-state rate during the initial period of rapid deactivation was 

calculated by first removing the background conversion associated with N-C, assuming there is a 

comparable amount of N-C in the Co-N-C compared to the just N-C reaction run. In other words, 

the amount of 2-propanone produced above steady state in the initial deactivating period was 

determined by integrating the area under the rate curve in Fig. 4.1 and subtracting the integrated 

amount of 2-propanone formed at the steady state rate. The excess moles of 2-propanone formed 

above steady state was then compared to the amount of Co in the Co-N-C catalyst. The weight 

percent of Co was previously determined by inductively coupled plasma optical emission 

spectroscopy (ICP-OES) to be 1.89 wt %.14 Dividing the moles of 2-propanone by the moles of 

Co gives a ratio of 2:1, which is the stoichiometric ratio predicted from the overall reaction of two 

molecules of 2-propanol reacting with one O2 molecule to produce 2 molecules of 2-propanone 
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and 2 molecules of water. Thus, the initial deactivation appears to be stoichiometric with O2 to Co. 

A deactivated Co-N-C catalyst was thermally treated in He at 673 K for 2 h and cooled to the 

reaction temperature, after which the high initial activity of 2-propanol conversion was again 

observed. The deactivation occurs on various loadings of catalyst as well. Appendix Fig. C1 shows 

the reaction rate in the initial period of deactivation for three different loadings of catalyst (0.05, 

0.1 and 0.2 g). The overlap of the reaction profiles for the 0.05 and 0.1 g catalyst loadings are 

expected since the rate was normalized by catalyst mass. The highest loading of 0.2 g apparently 

had artifacts in the measured rate. Nevertheless, significant deactivation was seen in all cases. 

The steady-state observed orders of reaction for 2-propanol and O2 during the oxidative 

dehydrogenation of 2-propanol for all catalysts are similar (Table 4.1). The similar positive order 

dependence for all catalysts on 2-propanol is indicative of weak adsorption on the reactant on the 

surface. This positive order for 2-propanol for Co-N-C contrasts with the reported zero order 

dependence for both the alcohol and O2 during the benzyl alcohol oxidative dehydrogenation 

reaction in the liquid phase on Co-N-C.7 The zero order dependence could indicate a saturation of 

both reactant species on two separate sites on the catalyst surface. In a two-site mechanism, there 

could be activation of the O2 on one site while C-H activation on the 2-propanol occurs on another. 

This mechanism is reminiscent of the previously reported IHR reaction where two different sites 

complete the reduction of the O2 and the oxidation of the alcohol.12 A significant difference in the 

saturated benzyl alcohol case versus the 2-propanol system could be attributed to the inability of 

the 2-propanol to pi-pi stack on the carbon structure like aromatic molecules can.22 The reaction 

order for 2-propanol was also lower for the N-C catalyst compared to the one over Co-N-C. Since 

all reaction orders were collected in the steady-state regime where Co is assumed to be deactivated, 

it is unclear why the alcohol order is different. Contrasting with the alcohol, the slightly negative 
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reaction order for O2 during the 2-propanol oxidative dehydrogenation reaction over both N-C and 

Co-N-C indicates that there may be competitive adsorption of O2 on the same site as the alcohol. 

More work needs to be done to understand how the O2 and alcohol are activated. Further 

spectroscopic analysis is needed to understand how the O2 is activated on these catalysts.  

 

 

Figure 4.1. Formation rate of 2-propanone versus time over a variety of Co-containing catalysts. 
Each catalyst was thermally treated in He at 673 K before starting the reactor upon cooling to 473 
K and switching the gas flow to the reactants. The reaction was run with 0.2 g of catalyst diluted 
in SiC with 43 cm3 min-1 total gas flow, 6.7 % 2-propanol, 14 % O2, and balance He at atmospheric 
pressure. The selectivity to 2-propanone was > 95 % throughout the reaction run time. 
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Table 4.1. Summary of Kinetic Parameters for the Oxidative Dehydrogenation of 2-propanol 
over Various Co-Containing Catalysts 

catalyst 
Eaa orders of reactionb 

(kJ mol-1) 2-propanol O2 

Co-N-C 63 0.9 -0.3 

N-C 58 0.5 -0.4 

Co/CBc - 1.4 0 

Co/SiO2 67 0.8 0.2 

Co3O4 80 0.6 0 

aApparent activation energy was determined from an Arrhenius-type plot shown in Appendix Fig. 
C2. 
bKinetic orders were evaluated under steady-state differential conversion (< 20 %) and were 
determined by varying the partial pressure of 2-propanol (6.8 to 12.5 kPa) or O2 (2.0 to 16.4 kPa) 
while maintaining the other. Kinetic order plots are presented in Appendix Figs. C3 a and b. 
cConversion was too low at 473 K to go to lower temperatures for apparent activation energy 
calculations. 
 

The Co-N-C, N-C, and Co/SiO2 catalysts all had approximately the same apparent 

activation energy (Table 4.1) in the long time steady-state regime. Although the Co in the Co-N-

C is assumed to be mainly in isolated Co sites, some Co oxide nanoclusters may have formed 

during the high temperature thermal treatment. Furthermore, even though Co/SiO2 and Co/CB are 

highly dispersed there could be small Co clusters which are known to be difficult to reduce.23  

These Co clusters however, do not explain the similar activity that the N-C has. The similarity 

could be a coincidence since the N-C does not have Co present. The N-C has basic sites on the 

exposed N species that could play a role in the oxidative dehydrogenation as has been previously 

reported to occur for propane oxidative dehydrogenation.24  During that reaction, positive order 

kinetics were reported in both alkane and O2.24 Interestingly, the increase in activity with time was 
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also apparent for the propane oxidative dehydrogenation reaction with the authors attributing the 

the carbon surface.24 The functionalities are carbonyls formed after activating O2 and are  known 

to react with C-H bonds in propane.24-27  

 

4.3.2. Effect of Co-feeds on High Initial Activity for Co-N-C during the Gas-Phase Oxidative 

Dehydrogenation of 2-Propanol 

To further investigate the initial deactivation of the Co-N-C catalyst, a series of molecules 

were co-fed to the reactor. Figure 4.2 shows the effect of various co-feeds on the rate of 2-

propanone formed over time. The rates were unaffected when co-feeding H2O, a product of the 

oxidative dehydrogenation of 2-propanol. Likewise, CO did not have any effect on the reaction 

rate, which is consistent with our earlier work showing weak binding of CO to the Co.14 Moreover, 

the product of CO oxidation, CO2, also did not have an effect on the reaction rate. Interestingly, 

co-feeding NH3 greatly inhibited the 2-propanol reaction, and, after stopping the NH3 feed, the 

conversion of 2-propanol returned to the prior steady-state level before NH3 exposure. Since it was 

unclear how NH3 could inhibit the reaction while CO did not, computational quantum chemical 

calculations with DFT were used. Full computational details are provided in the Methods Section 

4.2. In brief, the bare Co-N-C structures from Chapter 2 were used with the addition of an NH3 

molecule. Figure 4.3 shows the binding of NH3 to Co (a) and the adjacent C (b). Whereas the 

binding energy of CO on the Co ion was 57 kJ mol-1, the NH3 binding energy using the same 

functional and settings was 30 kJ mol-1.14 The weaker binding of NH3 on Co relative to CO and 

the lack of CO inhibition on the 2-propanol reaction suggest the oxidative alcohol dehydrogenation 

reaction may not proceed over the Co ion. The carbon atom adjacent to the pyridinic N was also 
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investigated as another possible site for NH3 binding since it is often reported as the active site for 

metal free (N-C) ORR. This site also had a weak NH3 binding energy of 15 kJ mol-1. Evidently, 

further work is needed to explain the observed deactivation of the oxidative dehydrogenation of 2-

propanol caused by co-feeding NH3. 

 

 

Figure 4.2. Rate of 2-propanone formation on Co-N-C over time with various co-feeds. 
The catalyst was treated in He at 673 K and cooled to 403 K prior to starting reactant flow. The 
reaction was run with 43 cm3 min-1 total gas flow, 6.7 % 2-propanol, 14 % O2, and 21 % co-feed 
with balance N2 at atmospheric pressure. The selectivity to 2-propanone was > 95 % throughout 
the reaction run time. These experiments were run before switching the diluent to SiC. The silica 
gel does appear to have higher background activity compared to the SiC (0.5 % conversion) and 
thus the reaction rates when adding in the catalyst are higher than those reported in Fig. 4.1 even 
though those reaction were run at higher temperatures.  
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a) b) 

 

 

 

 

Figure 4.3. a) Geometry optimized structures for NH3 on Co (a) and C (b) using vdW-DF. 

 

4.3.3. Oxidative Dehydrogenation of 2-Propanol over Co Catalysts in the Liquid Phase 

To probe the effect of solvent on the catalytic performance of the Co-N-C catalyst, the 

oxidative dehydrogenation of 2-propanol was evaluated in liquid water using a pressurized batch 

reactor at various temperatures. The reactor was heated before the addition of the alcohol-water 

solution with catalyst and the reaction was initialized after purging with pure O2 and pressurizing 

with pure O2. Conversion of 2-propanol was observed when Co-N-C was used as a catalyst in the 

temperature range studied (353  403 K) after 60 min of reaction time (Table 4.2), with the other 

Co catalysts being completely inactive or exhibiting only trace conversion of 2-propanol. Figure 

4.4 shows the conversion of 2-propanol with Co-N-C at various time points, up to 90 min. Each 

time point was acquired from a separate reaction run under identical reaction conditions, i.e., Fig. 

4.4 shows results from 4 separate reaction runs. If the catalyst continued to turn over throughout 

the 90 min, conversion should increase with reaction time. In this case, the conversion of 2-

propanol reached about 4% in the first 15 min and remained at that level at longer times. A plateau 
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in conversion was previously reported for the oxidative dehydrogenation of benzyl alcohol and 

was attributed to the formation of benzoic acid, which can poison the catalyst.8 Since 2-propanol 

is a secondary alcohol that forms a ketone upon oxidative dehydrogenation, the deactivation 

observed here is likely attributed to something other than acid formation.  

As the catalyst deactivated quickly in the liquid phase, determining kinetic parameters for 

the reaction is problematic. In an attempt to gain some rudimentary insight into the kinetics of the 

reaction, the average rate of reaction was determined from the conversion after 30 min of reaction. 

In that fashion, the kinetic orders were evaluated at 388 K after 30 min by varying the concentration 

of 2-propanol (0.1 to 0.4 M) or O2 pressure (600 to 1600 kPa) while maintaining the other. The 

kinetics for the liquid phase reaction over Co-N-C are similar to those in the gas phase where 

positive order dependence on the alcohol (0.6) and nearly zero-order dependence on O2 were 

observed. Plots used to determine the reaction orders are presented in Appendix Fig. C4 a and b. 

As discussed earlier, the gas phase reaction deactivated significantly over many hours and the 

liquid phase reaction appeared to follow a similar trend. The conversion evaluated at the earliest 

time point (15 min) of the liquid phase reaction (Fig. 4.4) has likely already been affected by 

deactivation, which complicates comparisons to steady state results measured in the gas phase. 

The reaction of 2-propanol in the liquid phase does need O2 to proceed as reactions run at 

atmospheric pressure without O2 but with N2 (Praxair, 99.999 % and with OMI Indicator) showed 

no activity. We attempted to use the presence or absence of H2O2 during reaction as a signal for 

whether or not a two or four electron reaction path occurs for the oxygen reduction reactions over 

M-N-C catalysts.12, 28 The formation of H2O2 during the reaction was investigated using UV-Vis 

spectroscopy of the product solution in dilute sulfuric acid and TiO2(SO4) as an indicator.29 When 



135 
 

titrating the product solution, no H2O2 was detected. Thus, water is produced as the main reduced 

species from O2 activation, the product of a 4-electron reduction.  

 

Figure 4.4. Time evolution of the oxidative dehydrogenation of 2-propanol in liquid water with 
0.025 g Co-N-C catalyst. 
Each point is a separate reaction run at 393 K. To analyze the conversion, the reactor was first 
cooled down to 273 K before filtering out the catalyst and injecting the solution into the GC. Note 
that the y-axis is from 0 to 20 % instead of 100 % conversion to show relative differences in 
conversion. 
 

To understand why the Co-N-C deactivated, various molecules were added to the solution 

and run with the reaction mixture (Table 4.3). Previous literature has shown that the presence of 

base accelerates oxidative dehydrogenation reactions involving Co-N-C catalysts.8 The presence 

of base during the oxidative dehydrogenation of 2-propanol does seem to accelerate the rate (Table 

4.3). It should be noted that the carbon balance for the reaction run with base is close to 100 %. 

This complete recovery contrasts with the reaction run without base where only 81 % of the carbon 

is accounted for after the same reaction time. This difference might suggest that the base does not 
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actually accelerate the reaction rate but rather promotes desorption of the product ketone. Thus, 

the effect of ketone was also investigated. Table 4.3 shows the effect of the addition of a slightly 

larger ketone (2-butanone) to the 2-propanol reaction. Addition of 0.001 M 2-butanone had no 

detectable impact on the reaction rate after 15 min but higher molarity solutions of 0.01 and 0.1 M 

2-butanone significantly inhibited the rate of oxidative dehydrogenation of 2-propanol. Evidently 

the presence of ketone in the reaction is detrimental to catalytic performance, which could account 

for some of the deactivation of the 2-propanol reaction. For the Co-N-C and N-C catalysts, the 

carbon balance was 20 % lower than complete carbon recovery (Table 4.2). This contrasts with 

the nitrogen-free materials (Co/SiO2, Co/CB, and Co3O4) which did not produce 2-propanone but 

still had ~100 % of the carbon accounted for in the reactor. Evidently, adsorption of product 2-

propanone (and perhaps even 2-propanol) onto the catalyst can account for the decrease in carbon 

recovery on N-C materials. The hypothesis that nitrogen sites of N-C adsorb 2-propanone and 2-

propanol is consistent with studies on the use of N-C as a trap for volatile organic compounds.30, 

31 Quantum chemical DFT calculations on the binding energy of 2-propanone to various N-type 

sites found that 2-propanone would bind to the sites with energies around 45 kJ mol-1 (35 to 55 kJ 

mol-1).32, 33 These binding energies suggest that the adsorption would be weak but the reactor needs 

to be cooled down before removing the aliquot to inject into the GC to condense any evaporated 

alcohol or ketones and thus could be remaining on the catalyst. Moreover, we cannot rule out the 

possibility that aldol condensation of the product 2-propanone on the basic N-C sites to form 

heavier products that do not desorb from the catalyst surface might also lower the carbon 

recovery.34 With these considerations, we cannot confidently claim that the 2-propanol reaction 

over N-C did not take place over the 60 min reaction time.  
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Table 4.2. Liquid Phase Oxidative Dehydrogenation of 2-propanol over Various Catalystsa 

Entry Catalyst Conversion 
(%) 

Recovery (%) 

1 Co-N-C 5.0 81 
2 N-C 0 75 
3 Co/SiO2 0 98 
4 Co/CB 0.2 96 
5 Co3O4 0 99 

aReaction conditions: 10 cm3 of 0.1 M 2-propanol aqueous solution, 1 MPa O2, 393 K with 0.025 
g of catalyst. The reported conversion is after 60 min of reaction. 
 

Table 4.3. Liquid Phase Oxidative Dehydrogenation of 2-propanol over Co-N-C with Additivesa 

Entry Additive Conversion 
(%) 

Recovery (%) 

1 - 3.5 72 
2 0.1 M NaOH 7.9 97 
3 0.001 M 2-butanone 3.5 73 
4 0.01 M 2-butanone 1.5 76 
5 0.1 M 2-butanone 0.5 95 

aReaction conditions: 10 cm3 of 0.1 M 2-propanol aqueous solution, 1 MPa O2, 393 K with 0.025 
g of Co-N-C catalyst. The reported conversion is after 15 min of reaction. 
  



138 
 

4.4. Conclusions 

 

Our results suggest that Co-N-C has a very high initial catalytic activity for both the liquid 

and gas phase oxidative dehydrogenation of 2-propanol but suffers from severe deactivation. The 

steady-state regime of the 2-propanol study indicates that the support N-C may be contributing 

most of the reaction rate and that the Co component of the catalyst may only produce 2-propanone 

in a rapid stoichiometric reaction. In the gas phase, the reaction was severely inhibited by co-fed 

ammonia, which supports the idea that Co is not the active site at the steady state (after 

deactivation). In the liquid phase, addition of 2-butanone inhibited the conversion of 2-propanol, 

indicating product 2-propanone could also impact the reaction. In addition, adsorption of 2-

propanone and 2-propanol on the N-C materials affects carbon recovery and complicates reaction 

kinetics.   
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Chapter 5 Conclusions and Future Work 

 

5.1 Summary of Findings 

 

 In this work, catalytic reactions involving O2 activation were studied on isolated transition 

metal atoms in nitrogen-doped carbon. As discussed in Chapter 2, an isolated Co-N-C catalyst was 

synthesized by a modified thermal treatment method with characterization by STEM revealing the 

isolated nature of the metal in the catalyst. To investigate the activity of isolated Co for a probe 

reaction involving O2 activation, CO oxidation was evaluated over a variety of Co catalysts over 

a range of temperatures. Although Co-N-C catalyzed CO oxidation at temperatures as low as 196 

K, the reaction rate decreased with increasing temperature from 273 K to 400 K. Above 400 K, 

however, the rate increased with temperature as generally expected. The low temperature activity 

of Co-N-C contrasted with the other supported and bulk Co-containing catalysts, which lacked low 

temperature activity and followed Arrhenius-type behavior (increasing rate with temperature) 

throughout the whole temperature range. Investigation of the orders of reaction at low temperatures 

revealed a significant difference between the Co-N-C catalyst and other Co-containing catalysts. 

While the other Co catalysts are known to complete CO oxidation via MvK-type mechanisms, it 

was unclear how the isolated Co-N-C could catalyze CO oxidation via that path. The reaction on 

the Co-N-C had positive orders for both CO and O2 which suggests the reactants have low 

adsorption energies and therefore low coverages on the catalyst. Low coverage was confirmed by 

SSITKA as less than 10 % of the total Co in the sample was observed to be covered with 

intermediates leading to product. The high global-rate of low-temperature CO oxidation on Co-N-

C was therefore attributed to the high intrinsic TOF. 
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 As discussed in Chapter 2, quantum chemical DFT calculations were used to propose a 

mechanism of CO oxidation on the Co-N-C catalyst. The DFT calculations were used to predict 

binding energies of both CO and O2 on the Co structures coordinated to between 0-4 pyridinic N 

atoms.  An increase in the number of pyridinic N atoms coordinated to Co decreased the binding 

energies of the reactants to the metal. The Co bound to 4 pyridinic N had the weakest binding 

energies and was consistent with the weak binding of reactants predicted through the orders of 

reaction and SSITKA, the coordination number calculated from XAS, and the most common motif 

proposed in the literature. Ab initio molecular dynamic calculations on this Co-N-C structure led 

to a mechanistic path for low temperature CO oxidation where the O2 molecule is activated through 

a CO-assisted mechanism. In this mechanism, the reductant molecules and the surrounding N-

doped carbon support combine to activate O2 at low temperatures. Calculation on this mechanism 

with CI-NEB found a transition barrier for O2 activation of only 16 kJ mol-1. A derived rate 

expression utilizing the energetics from DFT is consistent with the negative apparent activation 

energy for CO oxidation as observed experimentally. Interestingly, during the reaction mechanism, 

the Co ion appeared to maintain a 2+ oxidation state. Since the Co ion did not undergo a redox 

cycle to facilitate the reaction, it raised questions about whether other transition metals could yield 

similar low temperature activity through the same mechanism. 

 As discussed in Chapter 3, quantum chemical DFT calculations were used to screen 

transition metals for their ability to facilitate the same reductant-assisted O2 activation reaction 

with the supporting N-doped carbon. Transition metals close to Co on the periodic table with some 

prior experimental evidence of synthesis were used in the screening study. The M-N-Cs were 

screened for three criteria: 1) an exothermic enough binding energy of CO to result in non-

negligible coverage, 2) competitive binding of CO to the metal compared to O2 to prevent O2 
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saturation, and 3) ability to form stable CO-O2 complexes. Inspection of the binding energies of 

CO on the metals revealed that Ni, Pd, Pt, Cu, Au, Zn, and Ga would not have appreciable amounts 

of CO on the surface. Application of the second criteria indicates Cd, Cr, and Mn would be covered 

in O2 at low temperatures. This left the group 8 and group 9 transition metals and geometry 

optimizations of the CO-O2 complex on these atoms revealed that only the group 9 transition 

metals can form the CO-O2 complex. The transition metals in the same column as Co (i.e., Rh and 

Ir) thus fit all three criteria similar to the Co-N-C. Further investigation of Rh-N-C using CI-NEB 

studies revealed that a CO-assisted mechanism for O2 activation was similar to the mechanism 

proposed in Chapter 2 for Co-N-C and resulted in a small barrier (20 kJ mol-1). Thus, it was 

hypothesized that the Rh-N-C catalyst could be active at low temperatures. 

 A Rh-N-C catalyst was synthesized by a modified thermal treatment method and 

characterized by STEM where both isolated Rh and nanoparticles were observed. To understand 

if the isolated Rh ions were active during low temperatures CO oxidation, the reaction rate and 

kinetic parameters were compared for various Rh-containing catalysts. The Rh-N-C catalyst was 

active at temperatures as low as 196 K, with rates that were fairly independent of temperature until 

365 K after which the rates increased with temperature. Conversely, the other Rh-containing 

catalysts did not catalyze CO oxidation at low temperatures (< 400 K). Evaluation of the orders of 

reaction for each catalyst showed a difference between the isolated Rh-N-C catalyst and the other 

Rh-containing catalysts. The Rh-N-C catalyst had positive order behavior in both CO and O2 at 

lower temperatures, contrasting with the negative order seen for the Rh nanoparticle catalysts that 

are known to be inhibited by CO. The reaction order in CO on the Rh-N-C catalyst at higher 

temperatures was ~ 0 and indicated that the reaction rate may be a convolution of both the isolated 

Rh sites and Rh nanoparticles that were observed with STEM. Calculation of the apparent 
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activation energy using the observed reaction orders, the binding energies from DFT, and the 

calculated transition state barrier for O2 activation resulted in a negligible apparent activation 

energy, consistent with experiments in the low temperature regime. While the low temperature 

regime for CO oxidation on transition metal catalysts is consistent with the proposed mechanism, 

the high temperature regimes for both this Rh-N-C system and the Co-N-C in Chapter 2 were 

unexplained by the mechanism, prompting the work in Chapter 4.  

 In Chapter 4, the same Co-N-C catalyst that was used and characterized in Chapter 2 was 

probed for its activity in the oxidative dehydrogenation of 2-propanol. The gas-phase oxidative 

dehydrogenation of 2-propanol was chosen as a probe reaction since prior work on the liquid-

phase oxidative dehydrogenation of primary alcohols was complicated by solvents and the 

production of acid which deactivated the catalyst. The Co-N-C catalyst had high initial activity for 

the gas phase oxidative dehydrogenation of 2-propanol but severely deactivated over several hours 

to a steady-state rate that is similar to the rate of the metal-free N-C. This deactivation to a similar 

rate for both the Co-N-C and the N-C catalyst indicates that the Co sites may not be turning over. 

The similarity between the steady-state Co-N-C and N-C is further confirmed by the similar 

positive order in alcohol and negative order in O2. To understand the deactivation of the Co, 

various co-feeds were run during the reaction. While CO, H2O, and CO2 did not affect the rate, 

NH3 eliminated the reaction, and upon it being switched off, the steady-state activity returned. 

Interestingly, DFT calculations on the binding energy of NH3 to the metal center found that it 

would bind weaker to the Co ions than CO discussed in Chapter 2. The inhibition by NH3 and not 

CO indicates that the reaction may not proceed over the Co ion or involves a deactivation 

mechanism more complicated than simple competitive adsorption. Further work is needed to 

explain why the reaction was severely, but reversibly, inhibited by NH3.  
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 To further probe the effect of solvent on the catalytic performance of the Co-N-C catalyst, 

the oxidative dehydrogenation of 2-propanol was also performed in liquid water. The Co-N-C 

catalyst had high initial activity that deactivated after times shorter than 15 min. After the 15 min 

timepoint, the conversion did not change appreciably up to 90 min. While deactivation for these 

catalysts has been previously seen in liquid water with primary alcohols forming acid products, it 

was unclear why the catalyst would deactivate without acid formation. Further, these reactions 

resulted in only ~ 80 % carbon recovery. To investigate the loss of carbon and to understand 

deactivation, ketone was added to the reaction. Upon addition of 0.1 M of a slightly larger ketone 

(2-butanone), the reaction was inhibited and the carbon balance for 2-propanol and 2-propanone 

was improved. Evidently, ketone appears to be detrimental to the activity of the Co-N-C catalyst 

during oxidative dehydrogenation of 2-propanol. Further, the metal-free N-C appeared to be 

inactive but suffered from carbon balance problems. Thus, it is possible that there is again a highly 

active site involving the Co that ultimately is deactivated quickly. 

 The results in this dissertation present a mechanism for the activation of O2 on Co-N-C and 

Rh-N-C at low temperatures. The weak binding of adsorbates on the surface with the reductant 

molecule assisting the activation of O2 with the carbon support provided a small transition barrier 

path. While the high temperature activity was inconsistent with the model, results for the oxidative 

dehydrogenation of 2-propanol on Co-N-C suggest that the N-C may play a more significant role 

at these higher temperatures. The findings in this dissertation will facilitate further design of M-

N-C catalysts and provide a guide for mechanistic studies of O2 activation in other reactions 

involving M-N-C catalysts.      
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5.2 Future Work 

 

5.2.1 Investigation of High Initial Activity for both the Oxidative Dehydrogenation of 2-

propanol and CO Oxidation over Co-N-C 

The work in this dissertation has focused on the steady-state activity of the M-N-C catalysts 

for O2 activation but there is evidently a highly active species that deactivates over several hours 

for the both the Co-N-C and Rh-N-C catalysts during the CO oxidation reaction and for Co-N-C 

during the oxidative dehydrogenation of 2-propanol. As discussed in Chapter 4, the Co-N-C 

catalyst had high initial activity for the oxidative dehydrogenation of 2-propanol in the gas phase 

that decreased to a steady-state rate that was similar to the metal-free N-C. Similar deactivation 

was seen for the Co-N-C and Rh-N-C catalyst for low temperature CO oxidation. Interestingly, 

there is a difference in the deactivation between the 2-propanol and CO reactions. During the CO 

oxidation reaction, the steady-state rate was not accounted for by the N-C. Various pretreatment 

flows were used to probe deactivation during CO oxidation and are presented in Fig. 5.1. It appears 

that each of the pretreatments resulted in deactivation from the untreated Co-N-C case. It is unclear 

if the deactivation is due to impurities in the gases or if the co-feeds are inhibiting the reaction. A 

regeneration in He at 673 K for 2 h can, however, recover the deactivated portion of the initial 

conversion suggesting that it is not a problem with catalyst stability. When investigating the 

stability of the Co-N-C catalyst during XAS by flowing CO or H2 at high temperature (673 K) 

(Chapter 2 Fig. 2.5) there was no change of coordination, indicating that the Co ions appear to be 

stable during the reaction at least under reductive conditions.1 Although in Chapter 2 the majority 

species found through EXAFS fitting was coordinated to 4 N atoms, there could minority sites that 

are more active but are difficult to probe spectroscopically. It is proposed that future work attempts 
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to synthesize other metal coordination motifs with N-C and investigate these structures to 

understand if they are contributing to the high initial activity.  

 

 

Figure 5.1. Conversion of CO over time. Each reaction was a fresh reaction run with 0.01 g of Co-
N-C diluted in 0.25 g SiC. 
A thermal treatment of the catalyst at 673 K in He was done before each reaction run. The reactor 
was subsequently cooled to 273 K and pretreated in flowing gas, pure He or 1 % co-feed in He. 
All co-feeds were purified with either a silica trap in a dry-ice acetone bath or an OMI indicator 
filter. The pretreatment was run for 8 h before turning on the reaction gas flows (160 cm3 min-1 
total flow with 1 % CO, 1 % O2, 1 % Ar, and balance He) at 3 atm. 
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5.2.2 Calculations of Binding Energy for Reactants and a Mechanistic Study on Various 

Densities of Transition Metal Ions 

In Chapter 3, the binding energies for CO and O2 on various transition metal ions depended 

on the metal density in the repeated supercell. It is hypothesized that the stability of the transition 

metal in the N-C structure may change based on the metal density, which could cause a change in 

the binding energy. For example, Co bound to 4N is known to be stable and thus did not change 

significantly with metal density.2 Conversely, when investigating less stable Rh-N-C catalyst, the 

binding energy did increase for CO on Rh coordinated to 4 N which is less stable than the Co 

analog (-68 versus -54 kJ mol-1 for CO binding to higher and lower density Rh respectively).2 

Evidently, the binding energy may be affected by the presence of other transition metals nearby to 

the covered M ion. The metal density could also affect the rigidity of the carbon support. The 

mechanism for O2 activation proposed in Chapters 2 and 3 requires some movement of the carbon 

support atoms, which may become more difficult with less metal density. Beyond the carbon 

support itself, the supercells studied in this dissertation are on planar sheets with 15 Å of vacuum 

on both sides but other structures such as hollow tubes or supported planar sheets could alter the 

stability of the M ion and affect binding energies.3, 4 Thus, although spectroscopic analysis often 

suggests that the most common motif of M-N-C is a transition metal bound to 4 pyridinic N, the 

environment surrounding the transition metal ion could greatly affect the activity of the site. These 

considerations could be explored computationally and would be useful in understanding if there 

are better motifs for O2 activation.  
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5.2.3 Investigation of the Metal Free N-C Catalyst for O2 Activation 

As discussed in Chapter 4, the N-C is active for the oxidative dehydrogenation of 2-

propanol. The N-C has been speculated to be active for O2 activation reactions for many years now 

but is often overlooked as earth-abundant M-N-C catalysts are typically reported to have higher 

activities. Even if catalysts are active with transition metals, it is important to further study the 

metal-free N-C for activity since a significant portion of the M-N-C activity may be related to the 

N-C. Determination of the N species (i.e., pyridinic, pyrrolic, or graphitic) responsible for the 

activity during the oxidative dehydrogenation of 2-propanol would be essential for further 

development of metal-free catalysts for O2 activation reactions involving alcohols. Previously, the 

N speciation has been investigated by XPS and a similar study could be done for this catalyst 

system.5 Further computational DFT should be used to find a reaction mechanism since  

mechanisms for O2 activation on these catalysts without an applied potential have not been 

extensively explored. Titrating sites using inhibitors like NH3 in the gas phase or ketone in the 

liquid phase could assist in the quantification of the active sites. The co-feeding of NH3 during the 

gas-phase oxidative dehydrogenation of 2-propanol caused complete inhibition of the Co-N-C, 

apparently deactivating the N-C steady-state activity as well. Computational calculations in 

Chapter 4 could not account for the coverage of either the Co ion or the surrounding carbon support 

and thus further work should investigate the reason NH3 caused deactivation.  
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Appendix A Additional Information for Chapter 2: Mechanistic 
Insights on the Low-Temperature Oxidation of CO 
Catalyzed by Isolated Co Ions in N-Doped Carbon 

 
 

 

Appendix Fig. A1. Setup of the reactor system for both steady state reactions and steady-state 
isotopic transient kinetic analysis (SSITKA). 
All gases were purified prior to the reactor. Silica traps in dry-ice acetone were placed on the CO 
lines to remove trace water and carbonyls that may be present in the cylinders and lines. The CO2 
line was purified with 3 Å molecular sieves. Backpressure regulators were used to control the 
pressure in both lines when doing the SSITKA experiments.  
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Appendix Fig. A2. The effect of flow rate on the reaction rate and conversion during SSITKA. 
Results from experiments without cofed CO2 were averaged over 3 switches back and forth from 
labeled and unlabeled CO, utilizing signals from 12CO2 and 13CO2. Results from experiments with 
cofed 12CO2 were analyzed from the 13CO2 signal only since there was excess 12CO2.  
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Appendix Table A1. Effect of cell size and number of Co on vdW-DF computed binding 
energies of CO and O2. 

Binding Energy (kJ 
mol-1) 

8.5 x 9.8 Å Cell, One 
Co 

17 x 10 Å Cell, Two 
Co 

17 x 20 Å Cell, One 
Co 

CO -57 -60 -54 
O2 -73 -73 -78 

 

Appendix Table A2. Tabulated CO oxidation gas phase reaction energies by functional. 
 

Functional 
 

Experimental 
NISTa 

 

 
 

PBE-
D3 

 

 
 

RPBE 
 

 
 

BEEF 
 

 
 

SCAN 
 

 
 

HSE06 
 

 
 

vdW-
DF 

 

 
 

vdW-
DF2 

 
 

Gas Phase 
Reaction 
Energy 

(kJ mol-1) 
 

 
-566 

 
-630 

 
-590 

 
-584 

 
-610 

 
-615 

 
-563 

 
-560 

a) The NIST value was calculated from https://webbook.nist.gov/ 
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Appendix Table A3. Binding energy dependence on functional for CoN(0-4) structures. 
Structure PBE-D3 

(kJ mol-1) 
RPBE 

(kJ mol-1) 
BEEF 

(kJ mol-1) 
SCAN 

(kJ mol-1) 
vdW-DF 
(kJ mol-1) 

vdW-DF2 
(kJ mol-1) 

 CO O2 CO O2 CO O2 CO O2 CO O2 CO O2 
N0 -

182 
-

157 
-

144 
-122 -

146 
-

132 
-155 -

92 
-153 -159 -145 -172 

N1 -
210 

-
160 

-
167 

-122 -
166 

-
128 

-146 -
58 

-164 -148 -149 -156 

N2 -
177 

-
112 

-
135 

-76 -
136 

-89 -145 -
73 

-133 -104 -120 -112 

N3 -
163 

-86 -
126 

-50 -
123 

-67 -122 -
58 

-122 -80 -111 -88 

N4 -92 -73 -56 -57 -58 -58 -67 -
60 

-57 -73 -50 -82 

 

 

Appendix Fig. A3. Comparison of potential energy diagrams for the oxidation of CO over Co-N-
C with three different functionals. 
The reported vdW-DF diagram from the main text is compared to the often-used PBE-D3 
functional as well as another version of the van der Waals functional (vdW-DF2).1  
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Appendix Fig. A4. Climbing image nudged elastic band calculations for TS1 and TS2. 
a) The CI-NEB for TS1 in the reaction path calculated with vdW-DF. b) The CI-NEB for TS2 in 
the reaction path calculated with vdW-DF. 

a) 

b) 
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Appendix Fig. A5. Temperature, kinetic, potential, total free energies, and structural snapshots 
during 398 K NVT ab initio molecular dynamics simulations. 
a) One CO and one O2 molecule were added to the vacuum above the structure and weakly interact 
with each other as shown in image 1. Image 2 is during the transition state and the large drop in 
total energy occurs when CO2 is formed. Image 3 is when the CO2 desorbs and leaves behind a 
structure with O* that is then used in part b. b) One CO is added to the structure from the first 
AIMD simulation while the product CO2 is removed, resulting in image 1. In image 2, the CO 
molecule binds to the Co sites before interacting with O* in image 3 during the large drop in total 
energy. Image 4 is after CO2 desorbs and turns over the catalyst. Trajectory files attached in other 
supplemental materials. 
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Appendix Fig. A6. X-ray photoelectron spectrum of the Co 2p3/2 region. 
The presence of the satellite peak at ~785.9 eV with a major peak at ~780.9 eV is consistent with 
a Co2+ oxidation state. 
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Appendix Fig. A7. X-ray photoelectron spectrum of the N 1 s region. 
The two major peaks at 399.0 eV and 401.0 eV are indicative of N bound in a pyridinic and 
graphitic mode, respectively. The pyridinic peak is often assigned to the N coordinated to the 
transition metal ion. 
 

Appendix Table A4. Core level binding energies and compositions determined from XPS. a 
 

Sample 
 

Area 
Binding energies (eV) Relative amount (mol %) 
Co NIb NIIc Co NIb NIIc O C 

Co-N-C 1 781.1 398.9 400.8 0.24 2.3 1.4 2.7 93 
2 781.2 399.0 401.1 0.22 2.3 0.8 5.1 92 
3 780.9 399.0 401.1 0.28 3.0 1.1 3.3 92 

Avg - - - 0.25 2.5 1.1 3.7 92 
 - - - 0.02 0.3 0.2 1 0.5 

a) The Co 2p3/2 and N 1s spectra are presented in Figs. A6 and A7 respectively.  
b) The NI peak at ~399.0 eV was assigned to pyridinic N. 
c) The NII peak at ~401.0 eV was assigned to graphitic N. 
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Appendix Fig. A8. The influence of co-fed water on the oxidation of CO over Co-N-C catalyst 
(prior to acid treatment). 
The reaction was performed with 160 cm3 min-1 total flow at 3 atm, 1 % CO, 1 % O2, 1 % Ar, and 
balance He with 10 mg of catalyst. The balance He was adjusted to maintain a constant total flow 
rate in the presence or absence of 0.05 vol % water provided by a water saturator. The O2 and CO 
were purified with silica traps in a dry-ice acetone bath while the He and Ar lines were purified 
with an OMI Filter. 
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Appendix Fig. A9. Reaction order plots for both reactants on various Co-containing catalysts. 
a) Plot of the effect of the concentration (mol %) of CO on the reaction rate for various Co 
containing catalysts while holding the partial pressure (from 1.5 to 4.5 kPa) of O2 constant at 1 %. 
b) Plot of the effect of the concentration of O2 on the reaction rate for various Co containing 
catalysts while holding the partial pressure (from 1.5 to 4.5 kPa) of CO constant at 1 %. The 
temperatures were adjusted to remain under differential conditions. 
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Appendix Fig. A10. Activity of the single atom Co-N-C catalyst for CO oxidation at dry-ice 
acetone temperatures (196 K). 
The reaction was run with 160 cm3 total flow, 1 % CO, 1 % O2, 1 % Ar, and balance He at 3 atm 
and with 30 mg of catalyst. The O2 and CO lines were purified with silica traps in a dry-ice acetone 
bath while the He and Ar lines were purified with an OMI Filter. Even with low loadings of catalyst 
and low gas phase concentrations of reactants, differential conditions were not able to be reached. 
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Appendix Fig. A11. Arrhenius-type plots for the CO oxidation reaction on various Co-containing 
catalysts. 
The reaction was run with 100 mg of Co-N-C diluted in SiC and with 160 cm3 total flow, 1 % CO, 
13 % O2, 1 % Ar, and balance He at 3 atm. The O2 and CO lines were purified with silica traps in 
a dry-ice acetone bath while the He and Ar lines were purified with an OMI Filter. All points were 
collected once steady state was reached at each temperature. Points were collected at alternating 
high and low temperatures.  
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Appendix Fig. A12. Arrhenius-type plot for the low temperature regime of the CO oxidation 
reaction on Co-N-C after various high temperature pre-treatments. 
Pretreatments were done on the same loaded catalyst without removal. Each pretreatment was run 
at 673 K under pure flow of He or 5 % H2/Ar. The reaction was run with 100 mg of Co-N-C diluted 
in SiC and with 160 cm3 total flow, 1 % CO, 13 % O2, 1 % Ar, and balance He at 3 atm. The O2 
and CO lines were purified with silica traps in a dry-ice acetone bath while the He and Ar lines 
were purified with an OMI Filter. 
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Appendix Fig. A13. Reaction order plots for CO2 on the Co-N-C catalyst. 
The points were collected during the SSITKA experiment as each co-fed level of 12CO2 while 
keeping the partial pressure of CO and O2 constant. The points were taken during the 160 cm3 min-

1 flow rate and 3 atm (He:CO:O2:Ar = 85:1:1:1). The reaction rates were determined by the 
conversion of 13CO to 13CO2. 
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Appendix Fig. A14. Bader charges plotted over the course of the reaction coordinate in Fig. 2.8.
Bader charges were computed using the method developed by Henkelman et al.2, 3 The charges 
were referenced to a linear interpolation between the charge of the known 2+ state of the bare Co-
N-C catalyst and a Co3+F3 structure from the Materials Project database (mp-561038).4 The Co3+F3

has a triagonal R3c space group crystal structure.
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Appendix B Additional Information for Chapter 3: Low 
Temperature CO Oxidation over Rh Supported on 
N-Doped Carbon 

  

 
Appendix Fig. B1. Optimization of the Monkhorst-Pack k-point mesh for the small-cell (higher 
density of M) using vdW-DF. 
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Appendix Table B1. Comparison of Binding Energy for CO and O2 from our PBE calculations 
versus PBE literature values 

 
Element 

 
Binding Energy 

Literature 
Binding 
Energy1 

Ag BECO 0 0 
 BEO2 -13 -9 

Au BECO -1 -1 
 BEO2 -22 -14 

Co BECO -73 -77 
 BEO2 -61 -69 

Cr BECO -90 -105 
 BEO2 -182 -198 

Cu BECO 0 -1 
 BEO2 -8 -10 

Fe BECO -146 -78 
 BEO2 -73 -94 

Ir BECO -104 -114 
 BEO2 -40 -48 

Mn BECO -102 -108 
 BEO2 -124 -130 

Ni BECO -1 -2 
 BEO2 -6 -7 

Pd BECO -1 -1 
 BEO2 -5 -4 

Pt BECO -1 -2 
 BEO2 -4 -4 

Rh BECO -73 -82 
 BEO2 -54 -57 

Ru BECO -262 -260 
 BEO2 -177 -171 
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Appendix Fig. B2. Climbing image nudged elastic band calculations for TS1 and TS2. 
Plots for CI-NEB for TS1 (a) and TS1 (b). a and b were calculated with vdW-DF and NUPDOWN 
set to 0. 
  

a) 

b) 
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Appendix Fig. B3. Spin optimization for CI-NEB 1. 
Geometry optimization of the reactant and product state with a magnetic moment of 0 or 1 for the 
CI-NEB were presented in Appendix Fig. B2 a. All of the points for the reaction states are relative 
to the reactant energy with a magnetic moment of 0. 
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Appendix Fig. B4. Coverage of CO plotted as a function of temperature based on theoretical 
binding energy. 
Pressure was fixed at 1 bar and the standard entropy of adsorption was assumed to be -0.19 kJ mol-

1. Previous reports on variation in the binding energy based on functional choice led us to expand 
our criterion by 10 kJ mol-1, indicating that -30 kJ mol-1 would be the cutoff for binding energy of 
adsorption of CO.2 
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Appendix Fig. B5. Coverage of CO and O2 as a function of the difference in enthalpy of binding 
energy. 

CO, O2 O2  CO CO is fixed at -67 kJ mol-1 and the binding 
energy of O2 is varied. The temperature is set at 273 K with pressures of CO and O2 each set to 1 
bar. The standard entropy of adsorption is assumed to be -0.19 kJ mol-1. This analysis combined 
with previous reports for ~10 kJ mol-1 variation in the binding energies based on functional and 
cell size suggest -30 kJ mol-1 would be the cutoff for the difference in O2 and CO binding energies.2 
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Cr Mn Fe Co Ni Cu Zn Ga 
CO 2.0 CO 1.1 CO 0.1 CO 0.7 CO 0 CO 1.1 CO 0 CO 0.3
O2 2.0 O2 3.0 O2 1.8 O2 1.1 O2 1.9 O2 2.8 O2 1.5 O2 1.0

 Ru Rh Pd  Cd  
   CO 0 CO 0 CO 0   CO 0   

Magnetic States O2 -1.3 O2 1.0 O2 1.8   O2 1.3   
from vdW-DF   Ir Pt Au   
optimizations    CO 0 CO 0 CO 0     

     O2 1.0 O2 1.8 O2 1.7     
 
Appendix Fig. B6. Magnetic states of Rh during calculations of CO and O2 binding energy. 
 

 
 
Appendix Fig. B7. Bader charges plotted over the reaction coordinate in Fig. 3.4. 
The Bader charges were computed using the method developed by Henkelman et al.3, 4 An 
interpolation was conducted between Rh metal, carbonylchlorobis(triphenylphosphine)rhodium (Rh 
1+)5, and Rh 3+ from Rh oxide in the Materials Project database.6 These points were fit and the 
oxidation states were referenced to the curve. 
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Appendix Fig. B8. Arrhenius-type plots for CO oxidation on various Rh-containing catalysts. 
The reaction was run with 0.2 g of catalyst diluted in SiC and with 160 cm3 total flow, 1 % CO, 2 
% O2, and balance He at 3 atm. The O2 and CO were purified with silica traps in a dry-ice acetone 
bath while the He was purified with an OMI filter. All of the points were collected at steady-state 
and were collected by alternating between low and high temperature.  
  

1.8 2.1 2.4 2.7 3.0 3.3 3.6 3.9 4.2 4.5 4.8 5.1
-15.6

-15.2

-14.8

-14.4

-14.0

-13.6

-13.2

-12.8

-12.4

-12.0

 Rh-N-C <403 K
 Rh-N-C >403 K
 Rh/C
 Rh/SiO

2

1000/T (K
-1
)



180 
 

 

 

 
Appendix Fig. B9. Reaction order plots for both CO and O2 on various Rh-containing catalysts 
during the CO oxidation reaction. 

a) Plot of the effect of the partial pressure of CO on the reaction rate for various Rh containing 
catalysts by varying the partial pressure (2.0 to 8.8 kPa) of CO and holding the O2 constant 
at 6.3 kPa 

b) Plot of the effect of the partial pressure of O2 on the reaction rate for various Rh containing 
catalysts by varying the partial pressure (6.3 to 14.5 kPa) of O2 and holding the CO constant 
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at 8.8 kPa for all catalysts except the Rh-N-C which collected at 3.1 kPa. The temperatures 
were adjusted to give < 40 % conversion.  
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Appendix C Additional Information for Chapter 4: Aerobic 

Oxidation of 2-Propanol Over Co Containing 

Catalysts 

 

 

Appendix Fig. C1. Rates of reaction for the gas phase oxidative dehydrogenation of 2-propanol 
over various reactor loadings of Co-N-C. 
Each catalyst was thermally treated in He at 673 K before starting the reactor upon cooling to 473 
K and switching the gas flow to the reactants. The reaction was run with the reported amount of 
catalyst diluted in SiC with 43 cm3 min-1 total gas flow, 6.7 % 2-propanol, 14 % O2, and balance 
He at atmospheric pressure. The selectivity was > 95 % to 2-propanone throughout the run. 
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Appendix Fig. C2. Arrhenius-type plots for the gas phase oxidative dehydrogenation of 2-
propanol on various Co-containing catalysts. 
The reaction was run with 200 mg of catalyst diluted in SiC and with 43 cm3 min-1 total flow, 6.7 
% 2-propanol, 14 % O2, 72.3 % N2, and balance He at atmospheric pressure. The He was purified 
with an OMI Filter. All points were collected once steady state was reached at each temperature. 
Points were collected at alternating high and low temperatures. 
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Appendix Fig. C3. Reaction order plots for both gas phase reactants on various Co-containing 
catalysts. 
a) Plot of the effect of the partial pressure of 2-propanol (from 6.8 to 12.5 kPa) on the reaction rate 
for various Co and containing and control catalysts while holding the partial pressure of O2 
constant at 12.6 kPa. b) Plot of the effect of the partial pressure of O2 (from 2.0 to 16.4 kPa) on 
the reaction rate for various Co containing and control catalysts while holding the partial pressure 
of 2-propanol constant at 6.7 kPa. The temperature was kept constant at 473 K. 

a) 

b) 
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Appendix Fig. C4. Reaction order plots for both reactants on Co-N-C in the liquid phase. 
a) Plot of the effect of the concentration of 2-propanol (0.1 to 0.4 M) on the reaction rate for various 
Co and containing and control catalysts while holding the pressure of O2 constant at 1 MPa. b) 
Plot of the effect of the pressure of O2 (0.6 MPa to 1.6 MPa) on the reaction rate for various Co 
containing and control catalysts while holding the concentration of 2-propanol constant at 0.1 M. 
The temperature was kept constant at 388 K. 
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