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Abstract: 

Selective oxidation of alcohols to aldehydes and acids is an important reaction in organic 

synthesis and will likely play a significant role in the development of a sustainable route to 

value-added chemicals from biomass. Under environmentally-friendly conditions (<400 K, 

dioxygen as oxidant, aqueous solution), platinum can efficiently catalyze the oxidation of 

biomass-derived alcohols, such as 5-hydroxymethylfurfural, glycerol and 1,6-hexanediol to 

the corresponding carbonyl compounds. However, the high cost of Pt as well as the severe 

deactivation during reaction limits the application of this process on large scale and 

distributed systems. Therefore, the motivation of this project is to rationally develop an 

efficient, stable and affordable catalyst based on the mechanistic understanding of the 

reaction and deactivation path. 

During Pt-catalyzed 1,6-hexanediol oxidation, the initial rate decreases significantly with 

reaction time as the result of competitive adsorption of products and irreversible adsorption of 

unknown strongly-bonded species. To identify the poisoning species, in situ surface-enhanced 

Raman spectroscopy (SERS) and solid-state 13C nuclear magnetic resonance (NMR) 

spectroscopy were applied in this work. In situ SERS during 1,6-hexanediol oxidation revealed 

an accumulation of di-σ-bonded olefinic species with features at ~1150 cm-1 and ~1460 cm-1 on 

the poisoned Pt surface. Consistent with SERS, results from 13C NMR spectroscopy of a Pt 

catalyst deactivated from oxidation of 13C-labeled 1,4-butanediol revealed a C=C feature 

associated with ethylene. Molecules containing olefinic groups are two orders of magnitude 

more effective at competing for Pt surface sites compared to the aldehyde and acid products 

from alcohol oxidation. The poisoning olefinic species were generated by decarbonylation of 

product aldehyde (as revealed by head space analysis) and could be easily removed from the 

deactivated catalyst by mild treatment in H2. 

In an attempt to suppress the deactivation and increase the rate of alcohol oxidation, a 



 

series of carbon-supported bimetallic Bi-Pt catalysts with various Bi/Pt atomic ratios was 

prepared by selectively depositing Bi on Pt nanoparticles. The catalysts were evaluated for 

1,6-hexanediol oxidation activity under different dioxygen pressures. The rate of diol 

oxidation based on Pt loading over a Bi-promoted catalyst was three times faster than an 

unpromoted Pt catalyst in 0.02 MPa O2, whereas the unpromoted catalyst was more active 

than the promoted catalyst in 1 MPa O2. After liquid-phase catalyst pretreatment and 

1,6-hexanediol oxidation, migration of Bi on the carbon support was observed. The reaction 

order in O2 was zero over Bi-promoted Pt/C compared to 0.75 over unpromoted Pt/C in the 

range of 0.02 – 0.2 MPa O2. Under low O2 pressure, rate measurements in D2O instead of 

H2O solvent revealed a moderate kinetic isotope effect (𝑟𝑎𝑡𝑒𝐻2𝑂/𝑟𝑎𝑡𝑒𝐷2𝑂) on 1,6-hexanediol 

oxidation over Pt/C (KIE = 1.4) whereas a negligible effect was observed on Bi-Pt/C (KIE = 

0.9), indicating that the promotional effect of Bi could be related to the formation of surface 

hydroxyl groups from reaction of dioxygen and water. However, no significant change of 

product distribution or catalyst stability was observed with Bi promotion, regardless of the 

dioxygen pressure, which is likely related to the high mobility of Bi. 

From the perspective of replacing the expensive Pt catalyst, an atomically-dispersed Fe 

catalyst on nitrogen-doped carbon (Fe-N-C) containing bio-mimic nitrogen-coordinated Fe 

sites (FeNx) sites was provided by collaborators using inexpensive ferrous iron salt and 

nicarbazin as precursors, which exhibited modest activity in the oxidation of benzyl alcohol 

and 5-hydroxymethylfurfural by O2 in the aqueous phase. Whereas deactivation was observed, 

the activity of the catalyst can be regenerated by a mild treatment in H2. An observed kinetic 

isotope effect indicates β-H elimination from the alcohol is the kinetically-relevant step in the 

mechanism, which can be accelerated by substituting Fe with Cu. Dispersed Cr, Co and Ni 

also convert alcohols, demonstrating the general utility of metal-nitrogen-carbon materials for 

alcohol oxidation catalysis. Although oxidation of aliphatic alcohols was substantially slower 



 

than that of aromatic alcohols, addition of 2,2,6,6-tetramethyl-1-piperidinyloxy as a 

co-catalyst with Fe can significantly improve the reaction rate. 

Among the series of M-N-C catalysts that we tested, highest reaction rates of benzyl 

alcohol oxidation were observed over Co-N-C and Cu-N-C. The selective poisoning of highly 

active Co sites allowed for the estimation of a turnover frequency, which was determined to 

be nearly the same as that over Pt nanoparticles under identical conditions. Whereas 

highly-active CuNx sites also catalyze the reaction, they are approximately of an order of 

magnitude less active than the CoNx moieties. Results from X-ray absorption spectroscopy 

suggest the active CoNx sites are also coordinated to oxygen, which can be removed by H2 at 

523 K or higher. Since spectroscopy results showed that the CoNx sites do not reduce up to 

750 K, they were tested and shown to be active catalysts for propane dehydrogenation at 773 

K. Characterization of CuNx sites revealed that reduction of the Cu cations begins above 473 

K, which indicates that the atomically-dispersed Cu catalysts can only be effective at low 

reaction temperature. The quantification and identification of active sites provides insights for 

the optimization of M-N-C catalysts in the future. 
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Chapter 1. Introdsuction 

1.1. Alcohol oxidation reaction 

The oxidation of alcohols is widely applied in many fields, such as synthesis of 

chemicals,1 production of electricity2,3 and treatment of wastes.4 In the field of chemical 

synthesis, selective oxidation of hydroxyl groups to corresponding carbonyl groups (Figure 

1.1) is important in the production of bulk chemicals that are used in industry and 

agriculture5,6 as well as fine chemicals such as pharmaceuticals and cosmetics.7,8 Alcohols, 

such as methanol, ethanol, ethylene glycol and glycerol, also exhibit high volumetric energy 

density and are easy to store and transport, which makes alcohol a promising source of 

carbon and hydrogen for fuel cells.2,3 In the direct alcohol fuel cells, alcohols are oxidized to 

CO, CO2, acids or aldehydes over the anode, while dioxygen is reduced to water or OH- over 

the cathode to generate electric power. Additionally, as an organic component commonly 

detected in waste water, alcohols are usually removed by a wet oxidation process during the 

waste water treatment.4,9 

 

Notably, alcohol oxidation reactions will also likely play a significant role in the 

development of a sustainable route to value-added chemicals from biomass.10 In this process, 

biomass raw materials, such as starch, cellulose and fatty oils, are usually converted to some 

versatile platform molecules, which are further converted to valuable chemicals or 

intermediates.10 Among these platform molecules, biomass-derived alcohols, such as 

5-hydroxymethylfurfural (HMF), glycerol, ethanol and 1,6-hexanediol,11 can be converted to 

the valuable corresponding carbonyl compounds via alcohol oxidation reaction.  

R-CH2OH + 1/2 O2 → R-CHO + H2O 

R-CHO + 1/2 O2 → R-COOH  

Figure 1. 1. Reaction path of selective oxidation of primary alcohols to aldehydes 

and acids 
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1.2. Supported metal catalysts for alcohol oxidation 

The use of stoichiometric reagents to oxidize alcohols, though decreasing, is still 

widespread in the field.12 These strong oxidizing reagents, which commonly contain 

chromium, manganese, oxalyl chloride or hyper-valent iodine, are usually toxic and can 

cause severe environmental problems.13,14 In contrast, the catalytic oxidation of alcohol can 

use molecular oxygen as oxidant, which only generates water as the by-product.14–16 

Although homogeneous transition metal complex have demonstrated remarkableactivity 

selectivity and stability in this reaction,17 heterogeneous supported catalysts are preferred on 

industrial scale because they are easier to recover, reuse and usually do not have corrosion 

problems on the reactor wall.18–20  

    Alcohol oxidation over supported noble metal nanoparticles, such as Pd, Pt, Au, Ru and 

Rh, has been thoroughly investigated and summarized in several reviews.17–20 These 

nanoparticles with great redox activity, can readily activate the dioxygen and alcohol 

molecules under mile reaction conditions, usually under 400 K. A generally-accepted 

mechanism of alcohol oxidation is shown in Figure 1.2. In the first step, a reversible 

deprotonation of the alcohol to form alkoxide species happens on metal surface or in the 

solution. The extent of this step can be represented by the pKa of the alcohol, which is 

approximately in 14-16, and is closely related to the pH of the solution.20 When the alkoxide 

species is in proximity with the surface of the nanoparticle, the α-H will be eliminated from 

the alkoxide by metal sites themselves or adsorbed hydroxyl group, negatively-charge oxygen 

or peroxides on the metal, depending on the nature of the metals and reaction conditions.21 

This step is well-recognized to be kinetically-relevant, as evidenced by a kinetic isotope 

effect, usually of ~2, when replacing the α-H with a deuterium.20 After the two 

dehydrogenation steps, the resulting aldehyde or ketone can desorb from the catalytic surface 
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or be hydrated to germinal diol, which may be oxidized to acids with similar dehydrogenation 

steps.20–22 At last, the residual hydrogens or hydroxyl species on catalytic surface would be 

removed by activated oxygen to close the redox cycle.23  

 

1.3. Deactivation of supported metal catalysts in alcohol oxidation reaction 

Although supported precious metal nanoparticles efficiently catalyze the selective 

alcohol oxidation reaction, activity loss during reaction is widely recognized, making it one 

of the main barriers to the large-scale application of this process.19,20,24 Therefore, it is 

imperative to elucidate the deactivation path, based upon which catalysts with better stability 

can be ration designed. The common characterization methods and reported deactivation 

causes are summarized below.  

 

1.3.1. Characterization methods for deactivation study 

Kinetics 

    Reaction kinetics is widely used to elucidate the deactivation path.25,26 After measuring 

 

Figure 1. 2. The general scheme for primary alcohol to aldehyde and acid. * 

represents the metal active sites and   represents the metal sites or adsorbed 

oxygen, hydroxyl group or peroxides on metal.  
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the reaction rates under different reaction conditions with varying substrate concentration, 

temperature, additives and reaction time, kinetic models with elementary steps, which usually 

evidenced by spectroscopic or computational results, can be established and evaluated by 

comparing fitted results with experimental data. With the well-fitted kinetic model, 

deactivation path can be illustrated. For example, during Pt-catalyzed aerobic oxidation of 

methylglucoside, the deactivation mode was significantly dependent on partial pressure of O2. 

A kinetic model including mass transfer, adsorption, desorption, surface reaction and 

transformation of Pt to PtOx, which was established and fitted well with the experimental 

results, suggests the formation of PtOx as the cause of deactivation.27–30  

 

Computational simulation 

Benefitting from increasing computational calculation capacity, complicated many-body 

system can be simulated with reasonable accuracy. In the case of heterogeneous catalysis, the 

density functional theory (DFT) is widely adopted to calculate the energy barriers of 

elementary steps.31 Since the uncertainty of energy barrier calculated from DFT can be as 

high as 10 kJ mol-1, DFT is usually combined with Monte Carlo methods or microkinetics to 

derive observable kinetic parameters,32,33 which can be verified by experimental kinetic 

measurements. Computational simulation can be used to verify the proposed reaction 

mechanism as well as provide detailed interpretation of each elementary steps that are 

difficult to be experimentally measured. A recent work by Chibani et al. investigated the 

deactivation path of ethanol oxidation over Pt and proposed the decarbonylation of aldehyde 

intermediates likely caused the decrease of reaction rate based on DFT calculation.34    

 

Infrared Spectroscopy (IR) 

    Infrared spectroscopy measures the vibrational and rotational modes in a system. Based 
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on the characteristic vibrational modes, reaction intermediates with corresponding functional 

groups can be determined. Different techniques has been developed to measure the IR of 

adsorbed species on heterogeneous catalysts under reaction conditions, such as diffuse 

reflectance infrared fourier transform spectroscopy (DRIFTS), attenuated total reflection 

infrared spectroscopy (ATR-IR) and polarization modulation infrared reflection-absorption 

spectroscopy (PM-IRRAS).35–37 The IR spectra of adsorbed probe molecules are able to 

provide information about electronic and geometric properties of active sites. Additionally, 

the in situ IR spectra also shows capacity to illustrate the molecular structure of intermediates 

and poisoning residuals.38–46 

 

Raman spectroscopy 

The vibrational and rotational modes can also be measured by Raman spectroscopy, which 

has a different selection rule from IR. Under some circumstances, intermediates or poisoning 

species with functional groups that has negligible IR signal can be detected by Raman, such 

as C=C bond. Additionally, some strong IR features, such as hydroxyl group from water, are 

very weak in Raman spectroscopy, making it possible to avoid the noisy background. For 

example, Lucarelli et al. detected the Raman fingerprints of carbonaceous compounds on the 

deactivated Au/CeO2 catalyst after aldehyde synthesis.47 Moreover, a significant enhancement 

effect with a factor up to 1011 in Raman spectroscopy has been observed when using Au or 

Ag as the substrate, which makes it possible to detect poisoning species even at a low 

concentration.48 The Au nanoshells (with or without Pd layers), for example, has been 

successfully reported by Heck and co-workers to investigate the trace adsorbates during 

catalytic oxidation of glycerol and hydrodechlorination of 1,1-dichloroethene in the aqueous 

phase.49,50   
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High resolution electron energy loss spectroscopy (HREELS)  

    Commonly used in surface science study, HREELS measures the inelastic scattering 

process of electrons related to the vibrational modes of adsorbates on the surface. Ultra-high 

vaccum are required for HREELS measurement, limiting the application of this 

characterization method under reaction conditions. However, HREELS can still provide 

insights in the transformation of substrates or intermediates on the surface of catalyst. A study 

in 2013 by Besson’s group successfully measured the transformation of ethanol to CO and 

hydrocarbon residuals over Pt by HREELS, which supported that decarbonylation is likely 

the side reaction causing the deactivation.34  

 

Metastable de-excitation spectroscopy (MDS) 

MDS utilizes the energy associated with the metastable states of rare-gas atoms to induce 

electron emission from adsorbates and is very surface sensitive.51 Similar to HREELS, the 

technique also requires ultra-high vacuum. MDS has been successfully applied by Wilson’s 

group to probe the oxidation of crotyl alcohol over Pd(111).51 The propylidyne, which was 

generated from decarbonylation of crotonaldehyde, was observed by MDS and attributed to 

the deactivation of Pd. 

 

Nuclear magnetic resonance (NMR) 

Another method to identify organic molecular species with high specificity is NMR, which 

measures the nuclear magnetic resonance and is characteristic of specific chemical 

environment of molecules. Detecting poisoning species on metal is challenging, considering 

that the metal-bound species would be too small in concentration to give detectable signals 

and furthermore broadened or shifted too strongly for useful spectroscopic analysis.52–55 

Developments in two-dimensional NMR, multiple cross polarization and 
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chemical-shift-anisotropy filter, however, significantly promoted the sensitivity of NMR.56,57  

For example, evidence from NMR helped identify the carbonaceous species over deactivated 

MnO2/CeO2, which was proposed to cause the deactivation.58  

 

X-ray photoelectron spectroscopy (XPS) 

    XPS measures the kinetic energy and counts of emitted electrons activated by X-ray 

photons. The kinetic energy of electrons, which can be derived from measured kinetic energy, 

is characteristic of specific element and closed related to the chemical state of the element. 

Additionally, the measured counts of emitted electrons are proportional to the amount of the 

elements. Therefore, XPS spectra can be used to analytically identify the oxidation state of 

element and its surrounding chemical environment as well as quantitively analyze the relative 

amount of each species. For deactivation study, XPS is commonly used to analyze the 

oxidation state of deactivated metal nanoparticles as well as the chemical state of carbon and 

oxygen in the poisoning residuals.42,44,59–70 Recently, ambient-pressure XPS has been 

developed and enabled the XPS measurements under reactive atmosphere,71 which provided 

an opportunity to investigate the evolution of catalysts in situ. 

 

Electrochemical analysis 

    Electrochemical analysis methods, such as potentiometry and cyclic voltammetry, have 

successfully been applied by Baiker’s lab in deactivation study.60,72,73 The in situ 

potentiometry measurement showed the increase of Pt potential after the deactivation 

happened. The results indicated that the active Pt was transformed into platinum oxide but 

not the main cause of deactivation. The subsequent cyclic voltammetry results on deactivated 

catalyst showed a significant decrease in area of hydrogen sorption region, suggesting that the 

active sites were likely covered by some irreversibly adsorbed products. 
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Electron paramagnetic resonance spectroscopy (EPR) 

EPR is generated from the spinning of unpaired electrons and has been used by Pan et al. in 

the deactivation of TiO2 during photocatalytic oxidation of benzyl alcohols.67 The EPR signal 

at g = 2.004 over the used sample was assigned to the electrons trapped on the oxygen 

vacancy, which was attributed to the loss of photocatalytic activity.   

 

Temperature programmed desorption (TPD) 

TPD is a general method to investigate the desorption or transformation of poisoning 

residuals on the deactivated catalysts.40,42,44,47,59,62,63,74–80 Under reducing, oxidizing or invert 

environment, the solids with adsorbed molecules are treated in temperature-programmed 

process. To detect the desorption or transformation of adsorbed molecules, TPD is usually 

coupled with other characterization methods. Thermal conductivity detector and mass 

spectroscopy are commonly used to detect the composition of gas flow. Highly sensitive 

balance can be used to measure the change of mass, which is also known as 

thermogravimetric analysis when coupled with TPD. Various spectroscopic characterization 

techniques mentioned above, such as IR, UV-vis, XPS, XAS, Raman spectroscopy, MDS, 

HREELS and NMR, are also applied to study the chemical environment of catalyst and 

molecular structure of adsorbates during temperature-programmed processes.  

 

Electron microscopy 

Electron microscopy, including scanning electron microscopy (SEM) and (scanning) 

transmission electron microscopy ((S)TEM) is an important tool to measure the size and 

structure of catalysts. The size distribution of metal nanoparticles is a direct evidence to 

determine whether aggregation happened during the reaction, which has been proposed to be 
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responsible for the deactivation.42,44,64–66,81–85 Additionally, high-resolution (S)TEM can be 

coupled with energy-dispersive X-ray spectroscopy, electron energy loss spectroscopy and 

high-resolution electron energy loss spectroscopy and special cells have been developed for 

in situ microscopy study.86 The higher resolution, in situ capacity and coupled spectroscopic 

information make microscopy a promising tool to investigate the deactivation path in the near 

future. 

 

X-ray absorption spectroscopy (XAS) 

In contrast to the electron beam that requires high vacuum, X-ray has better penetration 

properties. Therefore, XAS has been widely applied to investigate the evolution of catalyst in 

situ. The size of nanoparticles is reflected by coordination number from extended X-ray 

absorption fine structure (EXAFS).62,63,69,87,88 Additionally, the X-ray absorption near edge 

structure (XANES) reflects the chemical state of the metals, which is powerful to determine 

whether over-oxidation happened.89,90  

 

Ultraviolet–visible spectroscopy (UV-Vis) 

    The UV-vis measures the scattering and adsorption of light pass through a sample. The 

UV-vis adsorption band of nanoparticles depend strongly on the shape and size of 

nanoparticles, which can be used to monitor the structural change of catalytically-active 

nanoparticles under reactions. For example, Bṻrgi observed an increasing intensity of 

absorption band at 330 nm during alcohol oxidation over Pd/Al2O3 and attributed the 

irreversible change to the Pd corrosion.40 

 

Atomic spectroscopy  

Atomic spectroscopy measures the electromagnetic radiation absorbed or immitted by atoms. 



10 

 

Because of the characteristic atomic spectra of different elements, the atomic spectroscopy is 

applied for identifying and quantifying the element. The atomic absorption spectroscopy 

(AAS) and atomic emission spectroscopy (AES) have been commonly used to determine 

whether catalytically-active sites leached during the reaction and caused the 

deactivation.60,83,84,91–93 

 

1.3.2. Causes for catalyst deactivation 

Leaching  

    Acid, as an oxidation product from alcohol, is a strong chelating ligand that can lead to 

the leaching of metals. In fact, leaching of active components has been frequently reported 

during liquid-phased alcohol oxidation reaction over different catalysts, including supported 

Au, Pt, Pd and Ru as well as vanadium silicate molecular sieves.65,70,83,84,91–94 Leaching of 

catalytically active components can be easily detected by AAS or AES, as introduced above. 

Also, since leaching is usually irreversible, the loss of reaction activity in the recycle 

experiments is another indication.  

 

Restructuring  

A common restructuring type observed during alcohol oxidation is the aggregation of metal 

nanoparticles because of their high surface energy. The growth of particle size decreases the 

amount of exposed surface sites, which can cause the loss of activity.62,81,83–85,87,88 

Additionally, in some structure-sensitive catalytic systems, the change of coordination 

environment can lead to significantly different reaction rate and product distribution.95 To 

determine metal aggregation, (S)TEM characterization on fresh and used samples is 

commonly used. The in situ EXAFS has also been reported to monitor the change of particle 

size during the alcohol oxidation reaction.  
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Other types of catalyst restructuring have also been reported and attributed to the deactivation. 

For example, during photocatalytic ethanol oxidation over CdS, Nasalevich et al. reported the 

transformation of surface sulfur ions to SO4
2-

 groups.96 In gas-phase oxidation of benzyl 

alcohol over Ag-Ni, the formation of carbide was observed and attributed.77 In another case 

of catalytic benzyl alcohol oxidation, Liu et al. reported the reduction of immobilized active 

Pd2+ complex to Pd particles associated with a significant decrease of rate.68 Since the 

restructuring only occurred on the surface with small amount, characterization methods with 

high sensitivity, such as XPS, ESR and UV-vis, are required to demonstrate the process.   

 

Over-oxidation  

    Under alcohol oxidation reaction conditions, catalysts are exposed to both reducing and 

oxidizing agent. With the consumption of alcohol and increasing oxidizing potential, the 

adsorbed oxygenate species can saturate the metal surface and even irreversibly oxidize 

nano-sized metal to metal oxides,97 which has been observed in several studies58,60,88–90,98–101 

and attributed to the gradual loss of activity during the reaction.27,30,58,75,88,89,99–108 The 

reversible adsorption of oxygenate groups can be removed by treating the catalysts in alcohol 

oxidation under oxygen-free conditions and activity can be recovered.109 The formation of 

bulk metal oxides, however, usually lead to the irreversible deactivation. The formation of 

adsorbed oxygenates can be detected by potentiometry and the bulk metal oxides can be 

characterized by XAS, TEM and XPS. Additionally, water, as the product of oxidation of 

adsorbed hydrogen, has been proposed to be an indicator of over-oxidation, which can be 

detected by IR.100 Kinetic model containing over-oxidation steps of Pt also fitted well with 

the deactivation behavior during alcohol oxidation reaction.27–30  

 

Strongly-adsorbed species 
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    The strong adsorption of species can block the active sites, which leads to the decrease 

of activity. Poisoning species have been proposed to be oxidation products, impurities and 

byproducts generated from agglomeration, decomposition of substrates or oxidation 

products.24,38,41,42,45–47,51,58–61,63,72,76,78,89,98,100,103,107,110–130 Loss of activity from competitive 

adsorption of oxidation products are easy to discriminate by kinetic measurement with 

addition of known chemicals.118,119,126,128 The oxidation products have also been detected on 

deactivated catalyst by IR and Raman.38,128 And kinetic measurement of alcohol oxidation 

reaction using purified substrate can determine whether the deactivation is from impurities.127 

The identification of poisoning byproducts is quite challenging because of their trace amount 

and vulnerability when exposed. Therefore, in situ characterization methods with ultra-high 

sensitivity combined with other indirect experimental evidence are required to identify the 

poisoning species. For example, carbon monoxide, generated from decarbonylation of 

aldehydes or acids, has been identified by in situ IR during alcohol oxidation reaction under 

O2 transfer-limiting region.39,44,100 And unsaturated residuals from aldehyde decarbonylation 

was proposed to cause the deactivation as evidenced by kinetics measurements, solid-state 

NMR, TPD, in situ IR and in situ Raman.44,128 

 

Procedures to investigate deactivation during alcohol oxidation reaction 

    Catalyst deactivation during alcohol oxidation reaction depends significantly on the 

reaction conditions, substrates and catalysts. Therefore, all possible causes for deactivation 

mentioned above need to be examined to reach an unambiguous conclusion. A recommended 

process for deactivation study on alcohol oxidation over supported metal catalysts is briefly 

summarized in Figure 1.3. Deactivation caused by impurities can be easily determined by 

purifying the reagents. Characterization on metal concentration in filtered reaction medium 

and size distribution after reaction is able to discriminate whether leaching or aggregation 
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causes the deactivation. The characterization of deactivated catalysts can also examine 

whether irreversible over-oxidation happens. To differentiate chemical poisoning from 

reversible over-oxidation poisoning, deactivated catalyst can be pre-treated in alcohol 

oxidation under oxygen-free conditions. If this pretreatment regenerates the activity, the 

deactivation is likely caused by reversible oxidation. If not, the strongly-adsorbed poisoning 

species can be characterized by methods introduced above.  

 

1.4. Strategies to suppress the deactivation 

Based on the results of deactivation investigation, catalyst can be modified rationally 

with better stability. The deactivation caused by leaching and aggregation of metals can be 

inhibited by strong metal-support interactions, as shown in the case of benzyl alcohol 

oxidation over TiO2-supported Pd.131 Another approach is to encapsulate active metal 

 
 

Figure 1. 3. Flowchart of investigation on supported-metal catalyst deactivation 

during alcohol oxidation reaction. 
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nanoparticles by SiO2, Al2O3, zeolites or metal organic frameworks. Through the tunnels, 

oxygen and substrates can still transport to the active sites and the encapsulation can 

eliminate the aggregation of nanoparticles.132,133 To avoid the over-oxidation of catalyst, a 

simple way is to tune the rate of oxygen feed. When the reaction rate of metal reduction by 

alcohol is not slower than the metal oxidation rate, the catalytically-active metal components 

will keep reduced.60,73,99,100,109 

If the deactivation is caused by strongly-adsorbed byproducts, catalysts needs to be 

modified to suppress the rate of side reaction or adsorption of poisoning species while 

catalyzing alcohol oxidation reaction. Therefore, the strategy of catalyst modification 

depends on the reaction path of alcohol oxidation and the certain side reaction over specific 

catalysts. For example, during alcohol oxidation over Pt-group catalysts, strongly-adsorbed 

species has been recognized to be generated from decarbonylation of aldehyde.44,128 Different 

steps are involved in these two reactions. The activation of O-H and C-H bonds is required 

for the alcohol oxidation whereas the activation of a C-C bond is additionally required for the 

decarbonylation reaction. The rates of these steps are very sensitive to the ensemble size and 

coordination number of metal.134–137 To suppress the C-C cleavage path, Medlin’s group 

modified the surface environment of Pt-group catalysts by self-assembly of thiol monolayers, 

which has been proven to inhibit the deactivation during the alcohol oxidation 

reaction.46,138,139 Another promising approach is to develop bimetallic catalysts that can tune 

the ensemble size and electronic properties. Compared to monometallic Pd catalysts, the 

PdAu catalysts with alloyed structure have demonstrated much better stability during 

oxidation of benzyl alcohol and glycerol.140,141 

 

1.5. Alcohol oxidation over non-precious-metal catalysts 

Heterogeneous precious-metal catalysts have been long recognized as possessing the 
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features needed to catalyze alcohol oxidation by air under mild temperatures (usually <400 

K).19 However, the high cost limits their application on large scale and distributed systems.142 

Therefore, a strong motivation exists to discover or engineer earth-abundant elements in 

chemical environments that catalyze desired chemical transformations similar to those typical 

of precious metals. 

Recently, non-precious metal catalysts confined in a nitrogen-containing carbon matrix, 

which were prepared by pyrolysis or a ball milling method, exhibited decent activity in 

electrochemical reactions143–148 and organic synthesis.149–154 For example, the efficient 

activation of dioxygen has been reported with Fe-containing, nitrogen-doped carbon (Fe-N-C) 

in the electrochemical O2 reduction reaction (ORR), with a comparable activity to the 

well-known Pt ORR catalysts.146 Alcohol oxidation reactions can also be catalyzed by the 

Fe-based catalysts, such as Fe-containing polyoxometalates,155 nano-Fe2O3 particles156,157 and 

encapsulated or supported Fe complexes,158–162 but these catalysts often require the addition 

of peroxides, which is likely the consequence of the poor ability of the catalyst to activate 

dioxygen. Since an Fe-N-C catalyst has previously demonstrated excellent ORR performance, 

we hypothesized that it might also be a promising catalyst for the aerobic oxidation of 

alcohols. Compared to Fe-N-C, M-N-C with other metal centers are less active to activate 

oxygen but exhibited reasonable activity in several organic reactions involving oxidative C-H 

activation at mild temperature,149,150,163–171 which is well recognized as the 

kinetically-relevant step in alcohol oxidation reaction.  

The M-N-C catalysts usually produces a variety of metal environments simultaneously, 

such as exposed or encapsulated metal nanoparticles. Moreover, the atomically-dispersed 

metals can be found in a variety of coordination environments. The co-existence of these sites 

complicates the investigation into the nature of the catalytically active sites. Catalysts 

containing predominantly atomically-dispersed Fe and Co, which also exhibited catalytic 
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activity in ORR or C-H activation, were utilized to study the coordination environment and 

chemical state around the metal.144,147,165,167,169,172–188 Atomic dispersion of the metals on 

these catalysts has been demonstrated by aberration-corrected scanning transmission electron 

microscopy (AC-STEM) and XAS. The chemical state and coordination environment were 

probed by XAS, along with XPS, Mössbauer spectroscopy, EELS and DFT.147,165,167,177–

179,183,184,186,188,189 Although the existence of nitrogen-coordinated metal (MNx) sites has been 

well documented, the coordination number of N atoms to the active metal center is still 

unresolved.170,185,186,188,190 Therefore, the M-N-C catalysts are promising to replace precious 

metal in the alcohol oxidation reaction and it would be quite advantageous to identify the 

atomic and electronic structure of active MNx sites and relate those characteristics to catalytic 

performance in alcohol oxidation, based on which the catalysts can be rationally optimized. 

 

1.6. Objectives of this work 

The motivation of this project is to rationally develop an efficient and affordable catalyst 

based on mechanistic understanding for alcohol oxidation under environmentally friendly 

conditions (water as solvent; dioxygen/air as oxidant; relatively low temperature (<373 K); 

without base addition). Although supported Pt exhibits highest activity to oxidize alcohols 

among various supported metals under such conditions,20 the severe deactivation observed 

during the reaction44 as well as high price and limited amount are potential drawbacks for its 

large-scale application. Therefore, the goals of the dissertation are to: 

1) Understand the deactivation path of supported Pt catalyst during the alcohol 

oxidation reaction;  

2) Promote the catalytic performance of Pt catalyst by synthesizing bimetallic 

nanoparticles; 
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3) Explore the application of non-precious-metal heterogeneous catalysts in alcohol 

oxidation reaction; 

4) Investigate the chemical structure of active sites of non-precious-metal catalysts for 

alcohol oxidation reaction. 

In this dissertation, Chapter 2 discusses the deactivation path of supported Pt catalysts 

investigated by kinetic measurements, comprehensive characterization on fresh and used Pt 

catalyst, and in situ surface-enhanced Raman spectroscopy. To promote catalytic performance 

of Pt, bimetallic Bi-Pt catalysts was explored for alcohol oxidation in Chapter 3 and the 

promotional effect of Bi addition was studied by kinetic isotope effect and detailed 

characterization. Chapter 4 introduces the application of non-precious metal catalysts in 

aerobic alcohol oxidation reaction and preliminary mechanistic study. Subsequently, in 

Chapter 5, the chemical structure of active sites was probed by extensive ex-situ 

characterization methods and the evolution of active sites under different reaction conditions 

was revealed by in situ XAS. To conclude, Chapter 6 remarks on the research works that are 

presented throughout all chapters and presents thought for further researches. 
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Chapter 2. Deactivation of supported Pt catalysts during alcohol oxidation 

A portion of this thesis was previously published as Xie, J. et al. Deactivation of Supported Pt 

Catalysts during Alcohol Oxidation Elucidated by Spectroscopic and Kinetic Analyses. ACS 

Catal. 7, 6745–6756 (2017). 

 

2.1. Introduction 

For catalytic alcohol oxidation reaction, Pt has demonstrated promising activity under 

environmentally-friendly conditions (O2 as oxidant, aqueous phase, mild temperature (<373 

K), without base addition).1,2 However, the deactivation of Pt catalysts can be a significant 

barrier to the large-scale application of this process.3–21 Although sintering,6,11 leaching,7,10,11 

and over-oxidation3,5,10,14,16 have been commonly proposed to account for the deactivation 

behavior, our recently published paper has excluded these as factors for the severe loss of Pt 

activity during oxidation reaction of alcohols under mild reaction conditions.20 Indeed, results 

from thermogravimetric analysis and regeneration studies indicate some strongly adsorbed 

species on the active Pt sites,20 which has also been reported by others based on 

electrochemical characterization, spectroscopy, and kinetics studies.5,8–13,15,17,18,22 The in situ 

attenuated-total-reflectance infrared spectroscopy further excluded CO as the poisoning 

species by demonstrating that CO can be readily removed by O2.
20 To the best of our 

knowledge, however, the poisoning species have not been identified yet and the deactivation 

pathway is still not clear.  

To investigate poisoning species generated during reaction, an in situ characterization 

method is preferential because of the possible change of poisoning species when exposed to 

different conditions. Discovered in 1977,23,24 surface-enhanced Raman spectroscopy (SERS) 

has been widely used to monitor the surface adsorbates under reaction conditions.25–34 

Because of the weak Raman signal of water, SERS is well-suited for aqueous-phase catalysis 
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study.29,35 Roughened Pt has demonstrated SERS activity,25,36–47 but with much weaker 

enhancements than typically observed for Au and Ag.29 One promising approach to enhance 

the Raman signals on Pt is the “borrowed SERS” technique, wherein the SERS-active Au or 

Ag core is fabricated with a thin layer of Pt.33,34,48–62 The Pt-coated Au or Ag exhibited both 

catalytic activity from Pt layer and an enhancement effect on Raman signals from Au or Ag 

cores. To reach enough sensitivity to detect trace amount of adsorbates, a core with 

particularly high Raman-enhanced factors inside Pt layer is required. Efforts have been made 

to engineer the shape of Au or Ag, such as rods, rings, gaps, bowties and shells, which 

increased the Raman-enhanced factor to up to nine orders of magnitude.63–67 For example, 

Heck and co-workers successfully applied Au nanoshells with or without a Pd layer as SERS 

substrates to investigate catalytic oxidation of glycerol and hydrodechlorination of 

1,1-dichloroethene in aqueous phase.35,68  

An alternative method for identifying organic molecular species with high specificity is 

13C nuclear magnetic resonance spectroscopy (NMR). While the adsorption of 13C-enriched 

molecules, such as CO and ethylene, on various transition-metal catalysts have been studied 

by 13C magic-angle spinning NMR in some detail,69–72 relatively few examples of NMR 

studies of the poisoning of transition-metal catalysts have been published.73 This may have 

been due to concerns that the metal-bound species would be too small in concentration to 

give detectable signals and furthermore broadened or shifted too strongly70–72,69 for useful 

spectroscopic analysis. A recent study of 13C-enriched methionine on Pd73 has shown that the 

shifts and broadening are moderate, in fact very suitable to identify the bound species, if the 

metal and the carbon observed are separated by at least one atom.74  

In this study, Pt-coated Au (Au@Pt) nanoshells were synthesized and applied in the in 

situ SERS, which provides information of adsorbed chemicals on Pt surface with a flow of 

O2-saturated HDO solution. Additionally, deactivated Pt catalyst after oxidation reaction of 
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13C-labled diol was recovered and characterized by solid-state NMR. Detailed analysis of 

reaction products in liquid and gas phase under different conditions were performed to 

investigate the influence of proposed poisoning species deduced from SERS and NMR results 

as well as to investigate its formation pathway. 

 

2.2. Experimental methods 

2.2.1. Preparation and characterization of supported Pt nanoparticles 

A carbon-supported 3 wt% Pt catalyst (Pt/C) was synthesized using a NaBH4 reduction 

method.75,76 Activated carbon (2 g, Norit, Ultra SX) was dispersed ultrasonically in 150 cm3 of 

1 mM NaOH solution (Sigma-Aldrich, >98%) for 1 h. Then 0.30 mmol of H2PtCl6 

(Sigma-Aldrich, 99.995%) were dissolved in 25 cm3 of 1 mM NaOH solution and the mixture 

was added to the carbon slurry with vigorous stirring. The Pt was subsequently reduced by the 

rapid addition of 10 cm3 of a freshly prepared 0.3 M NaBH4 solution (Sigma-Aldrich, 98%). 

The slurry was left under vigorous stirring for 2 h. Finally, the slurry was filtered, washed 

thoroughly with distilled, deionized water (D.I. water) and dried in air at room temperature. For 

the solid-state NMR study, 1 wt% Pt/silica was synthesized by incipient wetness impregnation 

using aqueous solution of H2PtCl6 and Davisil 636 silica support (Sigma-Aldrich). After 

impregnation, the catalyst was dried overnight in an oven at 393 K and finally reduced in 

flowing dihydrogen (GTS-Welco, 99.999%) at 923 K for 3 h after heating with a 1 K min-1 

ramp rate. 

The fraction of available Pt on the surface (dispersion) of Pt/C and Pt/silica was estimated 

by H2 chemisorption using a Micromeritics ASAP 2020 automated adsorption analyzer. The 

catalysts were heated to 473 K at 4 K min−1 under flowing H2 and reduced for 2 h. The samples 

were then evacuated for 2 h at 473 K before being cooled to 308 K for analysis in the pressure 

range of 1.33 – 59.9 kPa. The amount of exposed Pt was evaluated by the total amount of 
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H2 adsorbed, extrapolated to zero pressure, assuming a stoichiometry (H/Ptsurf) equal to unity. 

         The X-ray diffraction (XRD) patterns of Pt/C were recorded using a PANalytical 

X'Pert Pro MPD (Multi-Purpose Diffractometer) instrument with Cu Kα radiation (45 kV, 

40 mA) and scanning of 2θ from 20° to 80° with a step size of 0.0025° at a rate of 0.125° min−1.  

Scanning transmission electron microscopy (STEM) of Pt/C was performed on an FEI 

Titan 80-300 operating at 300 kV. To prepare a sample, ∼1 mg of sample was suspended in 

10 cm3 of ethanol by agitating the mixture for 30 min in a sonication bath. Subsequently, a 

copper grid with a holey carbon film (Ted Pella, 400 mesh) was dipped into the suspension to 

capture the particles. 

 

2.2.2. Preparation and characterization of Au and Au@Pt nanoshells 

The Au nanoshells were prepared by a slightly modified approach based on the method 

developed by Halas and co-workers.67,68 Briefly, 1 cm3 of aminated silica nanospheres 

(Nanocomposix, 120 nm diameter, 10 mg cm-3) was diluted in 200 cm3 ethanol (Sigma-Aldrich, 

99.8%). Then, 7.5 cm3 of diluted aminated silica nanospheres were added to 150 cm3 of a 

solution of 1-2 nm Au nanoparticles, which were previously prepared via the Duff method 77 

and aged at 277 K for at least one week. The silica–Au seeds were aged overnight, centrifuged, 

and re-dispersed in D.I. water three times, leaving a final seed volume of 7.5 cm3. The solution 

of seeds (volume ranging from zero to 3.92 cm3) was added to 21 cm3 of 293 μM K-gold 

solution (0.050g K2CO3 (Sigma-Aldrich, >99%) and 0.062 g 30 wt% HAuCl4 (Sigma-Aldrich, 

99.99%) in 200 cm3 D.I. water, aged overnight) to find the optimum Au nanoshell thickness. 

Under vigorous shaking, 0.14 cm3 of formaldehyde solution (Sigma-Aldrich, 36.5-38% in 

water) was added dropwise to the mixture of silica–Au seeds and K-gold solution to form the 

Au nanoshells. After 15 min, the sample was centrifuged and re-dispersed in D.I. water three 

times to give a final volume of 2 cm3.  
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The Pt layer was coated on the Au nanoshells by reducing an aqueous solution of H2PtCl6 

with ascorbic acid (Sigma-Aldrich, 99%).34 Briefly, 1 cm3 solution of previously-prepared Au 

nanoshells and 0.0176 cm3 of 1 mM H2PtCl6 solution was added to 9 cm3 of D.I. water and 

heated to 353 K. Subsequently, 1 cm3 of 1 mM ascorbic acid was added dropwise while stirring 

and kept for 20 min. After the sample was cooled to room temperature, it was centrifuged and 

re-dispersed in D.I. water three times to give a final volume of 1 cm3.  

The Au or Au@Pt nanoshells were immobilized on a silicon wafer (Ted Pella, 5 mm × 5 

mm) for SERS analysis using a similar method as reported by Lu et al. 48 The silicon wafers 

were cleaned for 20 min in a freshly prepared Piranha solution (3:1 H2SO4:30% H2O2) and then 

rinsed three times with D.I. water and ethanol, respectively. The cleaned silicon wafers were 

submerged overnight in a dilute solution of 0.3 cm3 3-aminopropyltrimethoxysilane (APTMS) 

(Sigma-Aldrich, 97%) in 3 cm3 methanol. The APTMS-coated silicon wafers were 

subsequently rinsed three times with ethanol and D.I. water. Finally, 30 μL of solution of Au or 

Au@Pt nanoshells were pipetted onto the APTMS-coated wafers for 3 h to immobilize the 

nanoshells. 

The ultraviolet–visible spectra (UV-vis, 450 to 850 nm) of the Au nanoshell solutions 

with different thicknesses were obtained using a UV-vis spectrophotometer (Varian CARY 3E) 

with D.I. water as reference. 

Transmission electron microscopy (TEM), scanning transmission electron microscopy 

(STEM) and energy dispersive spectroscopy (EDS) of Au or Au@Pt nanoshells were 

performed on an FEI Titan 80-300 operating at 300 kV that is equipped with a Gatan 794 

Multi-scan Camera (EFTEM) and an energy dispersive spectrometer for elemental X-ray 

analysis. To prepare a sample, a copper grid with a holey carbon film (Ted Pella, 400 mesh) 

was dipped into the solution of Au or Au@Pt nanoshells and dried. 

Scanning electron microscopy (SEM) of SERS analysis chips immobilized with Au or 
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Au@Pt nanoshells was performed on an FEI Quanta 650 FEG-SEM operated at 15 kV and a 

working distance of 10 mm under the secondary electron imaging mode. The sample was 

prepared by adhering the prepared SERS analysis chips to a carbon conductive tape on a 

sample stage. 

 

2.2.3. Oxidation of 1,6-hexanediol 

Semi-batch alcohol oxidation reactions were performed in a 50 cm3 Parr Instrument Company 

4592 batch reactor with a 30 cm3 glass liner. The Pt/C, Pt/silica, Au or Au@Pt nanoshells and 

12 cm3 of D.I. water were added to the glass liner. The glass liner was inserted into the reactor, 

sealed, purged with 0.3 MPa H2 (GTS-Welco, 99.999%), heated to 343 K and held for 20 min. 

The reactor was then flushed with He (GTS-Welco, 99.999%). The reaction was initiated by 

adding calculated amounts of 1,4-butanediol (Sigma-Aldrich, 99%), 1,6-hexanediol 

(Sigma-Aldrich, 99%), 5-hydroxypentanal (Ark Pharm, 97%), 1,5-pentanedial (Sigma-Aldrich, 

Grade I, 25% in water), 6-hydroxyhexanoic acid (Alfa-Aesar, 95%), adipic acid 

(Sigma-Aldrich, 99.5%), 3-hydroxybutanal (Sigma-Aldrich), mesityl oxide (Sigma-Aldrich, 

98%), polyvinyl alcohol (Sigma-Aldrich, Mw 89,000-98,000, 99+% hydrolyzed), 

4-penten-1-ol (Sigma-Aldrich, 99%), 4-pentenoic acid (Sigma-Aldrich, 97%),  3-pentenoic 

acid (Sigma-Aldrich, 95%), 2-pentenoic acid (Sigma-Aldrich, 98%) and/or allyl alcohol 

(Sigma-Aldrich, 99%) followed by pressurizing the reactor with 1 MPa of O2 (GTS-Welco, 

99.993%). Liquid samples were periodically removed and the catalyst was filtered using a 

0.2 μm PTFE filter before product analysis with a Waters e2695 high performance liquid 

chromatograph (HPLC). The HPLC was equipped with refractive index detector. Product 

separation in the HPLC was accomplished on an Aminex HPX-87H column (Bio-Rad) 

operating at 318 K with an aqueous 5 mM H2SO4 solution as mobile phase flowing at 

5 cm3 min−1. The retention times and calibration curves were determined by injecting known 
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concentrations of standards. Carbon balances were always greater than 90%. Under reaction 

conditions, the oxidation reaction rate was not limited by the mass transfer of O2 or alcohol 

substrate, which was examined in our previously published work.78 The initial turnover 

frequency (TOF) [mol alcohol converted (mol Ptsurf)
-1 s-1] was calculated from the initial 

conversion of the alcohol, usually within the first 30 min of the reaction. The fraction of Ptsurf to 

total Pt atoms was determined from H2 chemisorption. Headspace gas composition was 

analyzed using an HP 5890 Series II gas chromatograph equipped with a thermal conductivity 

detector (TCD) and a ShinCarbon 80/100 packed column. 

 

2.2.4. SERS analysis of adsorbates 

A prepared SERS chip was adhered to the bottom of a sealed analysis chamber with inlet 

and outlet ports (Warner Instruments, RC-43, 213 µL volume without analysis chips) that was 

mounted on a heater connected to a temperature controller (Omega). Prior to the acquisition of 

spectra, O2-saturated (0.1 MPa) and H2-saturated (0.1 MPa) D.I. water flowing at a rate of 0.1 

cm3 min-1 was passed over the sample for 30 min at 343 K, respectively.  

To determine the SERS effectiveness of the prepared Au and Au@Pt nanoshells, 10µL of 

440 µM para-mercaptoaniline in ethanol was added to SERS analysis chips and aged overnight, 

which has been used previously to determine SERS efficiency.67,68 The samples were then 

rinsed with ethanol prior to SERS analysis using a Renishaw inVia micro-Raman spectrometer 

with a 785 nm excitation laser and a 50× working distance objective. Spectra were obtained 

using 7.6 mW power and 10 s integration times. For each sample, five spectra were acquired at 

different spots. The standard deviation between spectra for each sample was less than 5%. 

For chemisorption experiments, Raman spectra ranging from 100 to 2500 cm-1 were 

recorded with a 785 nm laser operating at 7.6 mW and using a 10 s integration time. Three 

spectra were obtained at a single spot to establish a baseline. A He-saturated (0.1 MPa) solution 
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of 0.05 M 1,6-hexanediol, 1,5-pentanedial, adipic acid, 4-penten-1-ol, or 4-pentenoic acid was 

passed through the SERS chamber at a flow rate of 0.1 cm3 min-1 for 10 min followed by 

collection of Raman spectra at the same spot where the background was acquired. In a different 

experiment, water that was saturated with ethylene (0.1 MPa, Sigma-Aldrich, 99.9%) was 

passed through the chamber (0.1 cm3 min-1 for 10 min) prior to spectral acquisition. 

Additionally, a Raman spectrum was acquired after flowing an aqueous solution of 0.05 M 

1,5-pentanedial saturated with 0.1 MPa O2 at a flow rate of 0.05 cm3 min-1 for 2 h. 

The oxidation reaction of 1,6-hexanediol was also monitored by in situ SERS. Raman 

spectra ranging from 100 to 2500 cm-1 were obtained using 0.76 mW to minimize the influence 

of localized heating during reaction. As described above, three spectra were obtained at a 

single spot to establish a baseline. A 10 mM 1,6-hexanediol solution saturated with 0.1 MPa O2 

was passed through the SERS chamber at the flow rate of 0.05 cm3 min-1. After 500 min, D.I. 

water was purged through the SERS chamber at the rate of 0.2 cm3 min-1 for 90 min. Raman 

spectra were collected throughout the process at the same spot where the background was 

acquired. The samples of the reaction medium after different reaction times were collected and 

analyzed by HPLC to measure the conversion and product distribution. 

 

2.2.5. NMR spectroscopy of adsorbates 

To prepare samples for solid-state NMR spectroscopy, we ran the oxidation reaction of 

isotope-enriched 1,4-butanediol-13C4 (Toronto Research Chemicals) over the Pt/silica catalyst 

for 40 h in the Parr reactor as described in Section 2.3. The used catalyst was then recovered, 

washed thoroughly with D.I. water, dried in air at room temperature for 1 h and packed into a 

2.9-mm inner diameter zirconia NMR rotor under Ar atmosphere in a glove box. To provide a 

Pt-free reference material, the filtered reaction solution containing 1,4-butanediol-13C4 and all 

of its products and byproducts after 40 h of reaction was utilized to treat Pt-free silica support 
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for another 2 h at 343 K under 1 MPa O2. The treated silica sample was then recovered, washed 

with D.I. water, dried in air and packed into a rotor for solid-state NMR analysis. NMR rotors, 

caps, and the packing tool used were brand new and were not opened in the NMR laboratory to 

avoid any potential contamination with 13C-enriched compounds previously used in this space. 

Solid-state NMR experiments were performed on a Bruker (Billerica, MA) DSX-400 

spectrometer at a resonance frequency of 100 MHz for 13C with high-power 1H decoupling 

using a double-resonance magic-angle spinning (MAS) probe for 4-mm rotors. Typical 1H and 

13C 90° pulse lengths were 4.2 µs. The multiCP pulse sequence79 under 14 kHz MAS was used 

to obtain signals from both mobile and bound molecules at ambient temperature. Considering 

the low concentration of carbon-containing molecules in the sample, parameters were set to 

maximize the signal-to-noise ratio. A 1.25-s recycle delay and three cross polarization periods 

(2 × 1.1-ms and 0.55-ms) with two 0.5-s 1H recovery periods and a measuring time of 2 days. 

Corresponding spectra of nonprotonated C and mobile segments were obtained after 68 μs 

recoupled 1H-13C dipolar dephasing before detection.80 Direct polarization (DP) spectra with 

0.5-s and 2-s recycle delays were measured under 14 kHz MAS at 300 K, 310 K and 320 K to 

document changes in the amount of weakly adsorbed ethylene. 

 

2.3. Results 

2.3.1. Characterization of supported Pt nanoparticles 

The carbon supported Pt catalyst (Pt/C) was characterized by STEM, H2-chemisorption 

and XRD for metal particle size analysis. As shown in Figures 2.1a and 2.1b, the dark-field 

STEM showed a relatively narrow size distribution of the supported Pt nanoparticles, with an 

average size of 3.4±1.0 nm according to a Gaussian fit of the size distribution of more than 300 

particles (Table 2.1). The surface-weighted and volume-weighted average diameters are 4.0 nm 

and 4.5 nm, respectively, as derived from a statistical analysis of the STEM images of Pt/C. 
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Chemisorption of H2 measured the ratio of adsorbed hydrogen atoms to total Pt atoms as 0.21, 

which indicates a surface-weighted average diameter as 4.7 nm.81 In addition, a line 

broadening analysis of the X-ray diffraction peaks associated with Pt (111) and Pt (200) (Figure 

2.1c) gives an volume-weighted average diameter of 5.2 nm (Table 2.1). The size of Pt 

nanoparticles on Pt/C determined by H2 chemisorption, TEM and XRD is quite consistent. The 

dispersion of Pt/silica was also characterized by H2 chemisorption, which had an H/Pt ratio of 

0.40, indicating the Pt particles on Pt/silica are about half the size of those on Pt/C. 

 

Table 2. 1 Platinum metal particles sizes on Pt/C evaluated from electron microscopy, 

H2-chemisorption and X-ray diffraction 

Avg. Diameter (nm) Surface-weighted  

Avg. Diameter (nm) 

Volume-weighted  

Avg. Diameter (nm) 

TEMa TEMb H2 chemisorptionc TEMd XRDe 

3.4±1.0 4.0 4.7 4.5 5.2 

a: Obtained from a Gaussian fit to the size distribution. 

b: Obtained from Σd3/Σd2. 

c: Estimated from the inverse of the dispersion of Pt, which was determined from 

H2-chemisorption, assuming a nominal loading of Pt and a H:Pt ratio of 1:1. [124] 

d: Obtained from Σd4/Σd3. 

e: Estimated from the width of the Pt (111) X-ray diffraction peak using the Scherrer equation. 
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Figure 2. 1. a) STEM image, b) particle size from STEM and c) XRD and fit curves from 

as-prepared Pt/C catalyst. 

 

2.3.2. Competitive adsorption of oxidation products and generation of poisoning 

byproducts 

As shown in Figure 2.2, carbon- or silica-supported Pt catalysts efficiently catalyzed 

1,6-hexanediol oxidation initially but gradually lost activity during the reaction. During the 

oxidation of α,ω-diols, ω-hydroxy aldehydes, ω-hydroxy acids, α,ω-dialdehydes, ω-oxo acids 

and α,ω-diacids were produced. To investigate the influence of oxidation products on the 

reaction rate, the initial rate of 1,6-hexanediol oxidation over Pt/C in the presence of different 

concentrations of aldehydes or acids was measured. As shown in Figure 2.3, the initial TOF of 

1,6-hexanediol oxidation decreased with increasing concentration of added aldehydes or acids 

in the range of 0 to 0.04 M, which is likely related to the competitive adsorption of additives. 

The influence of competitive adsorption can be modeled simply as: 

TOF =
TOF0

1+K×[Additive]
                                                            (1) 

where TOF is the initial 1,6-hexanediol oxidation rate in the presence of aldehydes or acids, 

TOF0 is the initial 1,6-hexanediol oxidation rate without any additive, K represents an 

equilibrium adsorption constant and [Additive] is the concentration of additive. As shown in 

Figure 2.3, the experimental results could be well fitted by the competitive adsorption model. 

The equilibrium adsorption constants (K) of the different additives are fairly similar, varying 
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from 27 M-1 (for ω-hydroxy aldehyde) to 82 M-1 (for ω-hydroxy acid), as summarized in Table 

2.2.  

 

 

Figure 2. 2. Reaction profile of a) 1,6-hexanediol oxidation over Pt/C and b) 1,4-butanediol 

oxidation over Pt/silica. Reaction conditions: 343 K, 1 MPa O2, 12 cm-3 aqueous solution of 

0.1 M 1,6-hexanediol or 1,4-butanediol, Pt:substrate = 1:1000. 
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Figure 2. 3. Influence of aldehyde and acid additives on the initial rate of 1,6-hexanediol 
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oxidation over Pt/C. Individual points represent the measured initial TOFs and the dashed lines 

are the fitted results from Equation 1. Reaction conditions: 343 K, 1 MPa O2, 12 cm3 aqueous 

solution of 0.1 M 1,6-hexanediol, Pt:1,6-hexanediol = 1:1000. 

 

Table 2. 2 Apparent adsorption coefficients (K) of different additives during oxidation of 

1,6-hexanediola 

Additive K (M-1) 

5-Hydroxypentanal 27 ±2 

1,5-Pentanedial 77 ± 11 

6-Hydroxyhexanoic acid 82 ± 15 

Adipic acid 46 ± 08 

4-Penten-1-ol (1.0 ± 0.2)×104 

a: The values of K were fitted from the initial turnover frequencies of 1,6-hexanediol oxidation 

over Pt/C by TOF =
TOF0

1+K×[Additive]
. The experimental results are presented in Figure 2.3 and 

Figure 2.17. Reaction conditions: 343 K, 1 MPa O2, 12 cm3 aqueous solution of 0.1 M 

1,6-hexanediol, Pt: 1,6-hexanediol = 1: 1000. 

 

In addition to the competitive adsorption of oxidation products, byproducts from the side 

reactions of aldehyde and acid products could be strongly bonded to the Pt surface, leading to 

the observed loss of activity with time. To differentiate the influence of trace byproducts from 

that of major products, we measured the initial rate of alcohol oxidation over fresh and used 

Pt/C. As shown in Table 2.3, the TOF of 1,6-hexanediol oxidation over used Pt/C dropped to 

0.035 s-1 after 4 h of reaction, compared to the initial TOF of 0.54 s-1. We also measured the 

TOF of 1,6-hexanediol oxidation over fresh Pt/C in a reaction medium that also contained 

aldehydes and acids at a similar composition as the reaction medium after 4 h of 1,6-hexanediol 
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oxidation reaction. In this case, only competitive adsorption of aldehydes and acid could 

influence the activity. The activity was measured to be 0.090 s-1, which was three times greater 

than the activity over used Pt/C after 4 h of reaction (0.035 s-1). The significant difference 

between the initial oxidation rate in the presence of aldehydes and acids and the rate after 4 h of 

oxidation reaction (which produced a similar amount of aldehydes and acids) indicates that 

poisoning byproducts that are not detected in solution deactivated the catalyst. Treatment of a 

deactivated Pt/C catalyst in the composite reaction medium with 0.3 MPa H2 at 343 K for 30 

min regenerated the catalyst to give a rate of 0.081 s-1, which was quite similar to that over 

fresh Pt/C in the presence of aldehydes and acids (0.090 s-1), indicating the poisoning species 

was removed by H2. In previously published work, we also reported that the activity of 

deactivated Pt/C could be regenerated by a H2 treatment at 473 K.20 

 

Table 2. 3 Turnover frequencies of 1,6-hexanediol oxidation over fresh, used and regenerated 

Pt/C in the mixture of alcohol, aldehyde and acida 

Catalyst TOF (s-1) 

Fresh Pt/C 0.090 

Used Pt/Cb 0.035 

Regenerated Pt/Cc 0.081 

a) Reaction conditions: 343 K, 1 MPa O2, 12 cm-3 aqueous solution of 0.061 M HDO, 0.031 

M ω-hydroxy aldehyde and 0.008 M ω-hydroxy acid products, 0.0078 g Pt/C. Turnover 

frequencies were calculated based on the measured conversion of 1,6-hexanediol within the 

first 30 min. 

b) The Pt/C after 4 h of 1,6-hexanediol oxidation reaction at 343 K under 1 MPa O2 is 

denoted as used Pt/C. 

c) The reaction mixture after 4 h of 1,6-hexanediol oxidation reaction was treated under 0.3 
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MPa H2 at 343 K for 30 min. The catalyst was denoted as regenerated Pt/C. 

 

2.3.3. Au@Pt nanoshells for SERS analysis 

To investigate the trace amount of poisoning byproduct on Pt, Au@Pt nanoshells were 

prepared for in situ SERS analysis. The size of our Au nanoshells was first optimized by 

varying the volume of silica–Au seeds while holding constant the amount of Au salt and 

formaldehyde. As indicated by the black line in Figure 2.4, in the absence of seeds, Au salt was 

reduced directly by formaldehyde to colloidal Au nanoparticles with a peak at ~550 nm in 

UV-vis spectrum. By increasing the amount of silica–Au seeds in the solution, a higher fraction 

of the Au salt was reduced to form nanoshells on the silica. Simultaneously, less Au salt was 

available to deposit on each seed particle. As shown in Figure 2.5, the diameter of the resulting 

Au nanoshells decreased from 180 nm to 146 nm when the volume of the seed solution 

increased from 0.49 cm3 to 1.47 cm3. The UV-vis peak positions and the observed colors of the 

nanoshell solutions varied simultaneously with the change of Au thickness. The optimized seed 

volume was determined to be 0.98 cm3, corresponding to a 20 nm thickness of the nanoshells 

(Figure 2.5b). The absorption peak of the optimized Au nanoshells was observed at 748 nm 

(Figure 2.4d), which is close to the wavelength of the laser (785 nm) used for Raman 

spectroscopy.  
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Figure 2. 4. UV-vis spectrum of gold shell growth on 120 nm silica nanospheres. a) 0, b) 0.49, 

c) 0.70, d) 0.98, e) 1.19, d) 1.47 and f) 1.96 cm-3 Au-adsorbed silica seeds were added to 21 

cm-3 of 293 μM K-gold and the gold salt was reduced by formaldehyde. 

 

 

Figure 2. 5. TEM images and visible color of Au nanoshells prepared in 21 cm-3 of 293 μM 

K-gold solution and a) 0.49, b) 0.70, c) 0.98 and d) 1.47 cm-3 suspension of silica seeds 

covered with 2 nm Au nanoparticles. 

 

Approximately, 1-2 Pt layers (nominal loading) were deposited on the optimized Au 

nanoshells, as demonstrated by the STEM-EDS study in Figure 2.6. In the EDS mapping area 

indicated by the red square in Figure 2.6a, both Au (Figure 2.6b) and Pt (Figure 2.6c) EDS 

signals appeared simultaneously. Additionally, as shown in Figure 2.6d, the EDS spectrum of 
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the area labeled by the star in Figure 2.6a revealed the characteristic X-ray emission of 

Pt-LIIIMV (9.44 KeV) and Au-LIIIMV (9.71 KeV).82 The Au and Au@Pt nanoshells assembled 

on the APTMS-modified silicon were also characterized by SEM. As shown in Figure 2.7, both 

Au and Au@Pt nanoshells were well dispersed on the silicon wafer. 

 

 

Figure 2. 6. STEM-EDS mapping of Au@Pt nanoshells. a) STEM image of Au@Pt nanoshells, 

with the EDS-mapping area outlined by the red square; L-edge EDS-mapping of b) Au and c) 

Pt and d) EDS spectrum taken at the star-labeled position in Figure 2.6a. 
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Figure 2. 7. SEM images of a) Au and b) Au@Pt nanoshells. 

 

The SERS effectiveness of Au and Au@Pt nanoshells was characterized by the 

chemisorption of para-mercaptoaniline. As shown in Figure 2.8, a feature near 400 cm-1 was 

observed over both Au and Au@Pt nanoshells, which was attributed to the coupling between 

the metal-sulfur bond stretch and a para-mercaptoaniline ring deformation.83 The intensity of 

the para-mercaptoaniline SERS spectrum over Au@Pt nanoshells was significantly lower 

compared to that over Au nanoshells without Pt. The decrease in Raman enhancement after the 

Pt deposition has been attributed to the damping of the plasmon resonance of Au.34,68 The 

intensity of the para-mercaptoaniline SERS spectra taken at different places (more than 5 

points) on the SERS chip were within an error of 5% over Au or Au@Pt nanoshells, indicating 

the nanoshells were well distributed on the silicon wafer. 
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Figure 2. 8. Raman spectra of para-mercaptoaniline (PMA) chemisorbed on Au and Au@Pt 

nanoshells. 

 

The Pt layers on the Au@Pt nanoshells exhibited similar catalytic performance to Pt/C. The 

initial TOF of 1,6-hexanediol oxidation over Au@Pt nanoshells was measured to be 0.57 s-1 

and a similar deactivation pattern as Pt/C was observed, as shown in Figure 2.9a. The Au 

nanoshells without a Pt layer were also tested in the semi-batch reactor under the same reaction 

conditions, and negligible conversion (<0.1%) of 1,6-hexanediol was observed, even after 4 h 

of reaction. Additionally, the catalytic performance of Au@Pt nanoshells was investigated in 

the SERS analysis chamber under a flow of O2-saturated (0.1 MPa) 1,6-hexanediol solution. 

After an induction period of 30 min, a conversion of 2.7% was observed over Au@Pt 

nanoshells (Figure 2.9b). The conversion over Au@Pt nanoshells then started to decrease with 

time on stream. After 3 h, the conversion of 1,6-hexanediol decreased to less than 0.5%. 

Considering the similar rate and deactivation pattern of 1,6-hexanediol oxidation over Au@Pt 

nanoshells and Pt/C, we conclude that the Au@Pt nanoshells are suitable materials to 
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investigate the deactivation of Pt under reaction conditions by SERS. 

 

 

Figure 2. 9. The oxidation reaction of 1,6-hexanediol in the a) semi-batch reactor (Reaction 

conditions: Pt/C and Au@Pt nanoshells with the surface Pt amount of 2.5×10-7 mol, 12 cm-3 

0.1 M HDO solution, 1 MPa O2, 343 K); and b) the SERS analysis chamber under flow 

(Reaction conditions: 0.88×10-8 mol Pt on silicon wafer, flowing 10 mM HDO solution at a 

flow rate of 0.05 cm-3 min-1, 0.1 MPa O2, 343 K). 

 

2.3.4. SERS of adsorbates during 1,6-hexanediol oxidation 

Raman spectra of standard chemicals with hydroxyl, carbonyl, carboxylic and olefinic 

groups were first acquired as references (Figure 2.10). Raman peaks at ~1430, ~1290 and 

~1070 cm-1 were observed for alcohols, aldehydes and acids and were attributed to the CH2 

scissoring, CH2 wagging and C-C stretching modes from the carbon backbone, 

respectively.68,84 In addition, the Raman spectra of 4-penten-1-ol, 4-pentenoic acid, adipic acid, 

butyric acid and 5-hydroxypentanal exhibited features of C=O  and C=C at ~1650 and ~1630 

cm-1, respectively.35,68   
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Figure 2. 10. Raman spectra of 4-penten-1-ol, 4-pentenoic acid, adipic acid, 

6-hydroxyhexanoic acid, butyric acid, 5-hydroxypentanal, 1,5-pentanediald and 

1,6-hexanediol. 

 

The chemisorption of alcohols, aldehydes and acids on the Pt surface was also 

investigated by SERS. A relatively flat background was first obtained by flowing O2- then 

H2-saturated D.I. water over Au@Pt nanoshells, as shown in Figure 2.11. Subsequently, the 

He-saturated 1,6-hexanediol, 1,5-pentanedial or adipic acid solution was pumped into the 

SERS analysis cell for 10 min and Raman spectra were acquired. Raman features at ~1430 and 

~1260 cm-1 were observed, representing the CH2 scissoring and CH2 wagging of the carbon 

backbones of 1,6-hexanediol, 1,5-pentanedial and adipic acid. However, the Raman peak at 

~1650 cm-1, associated with C=O, was not observed when 1,5-pentanedial and adipic acid were 

introduced to the Pt surface. Instead, Raman features in the range of 1500-1600 cm-1 were 

observed with adsorbed aldehyde and acid (Figures 2.11b and 2.11c) and were attributed to the 

C-O stretching mode of a carboxylate group.35 The appearance of the carboxylate feature on 
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aldehyde-treated Au@Pt nanoshells was likely the result of the oligomerization of aldehyde or 

dehydrogenation of aldehyde hydrate.22 This feature was also observed when a He-saturated 

(0.1 MPa) solution of 1,6-hexanediol was in contact with the Pt surface (Figure 2.11a). It is 

likely that over the Pt surface, the alcohol was first dehydrogenated to form an aldehyde, which 

could subsequently generate carboxylate species. 

We further investigated the adsorbates on the deactivated Pt by in situ SERS. As shown in 

Figure 2.9b, severe deactivation of Pt@Au nanoshells was observed under a continuous flow 

of O2-saturated 1,6-hexanediol solution through the SERS analysis chamber. Simultaneously, 

the intensity of Raman peaks at ~1530, ~1460, ~1150cm-1 gradually increased (Figure 5). The 

Raman band at 1530 cm-1 in the carboxylate species region was attributed to acid products or 

oligomerization products from aldehydes. The sharp Raman peaks at ~1460 and ~1150 cm-1, 

which were not observed for chemisorbed alcohols, aldehydes or acids, were likely from 

species that deactivated the catalysts. After flowing O2-saturated (0.1 MPa) 1,6-hexanediol for 

500 min, pure D.I. water was passed over Au@Pt nanoshells for 90 min to remove any 

weakly-adsorbed species. The peak in the range of 1500 – 1600 cm-1 decreased significantly, 

indicating the removal of weakly-adsorbed carboxylate species. However, the Raman peak at 

1142 cm-1 remained strong and a Raman signal at 1470 cm-1 was still observed after purging the 

system with water (Figure 2.12c).  
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Figure 2. 11. Surface-enhanced Raman spectra of backgrounds and after chemisorption of a) 

1,6-hexanediol, b) 1,5-pentanedial, c) adipic acid, d) 4-pentenoic acid, e) 4-penten-1-ol and f) 

ethylene as well as b) residues after a 2 h treatment of O2-saturated 1,5-pentanedial over 
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Au@Pt nanoshells. The H2-saturated and O2-saturated D.I. water was passed over Au@Pt 

nanoshells separately to obtain a featureless background. The Raman spectra of chemisorbed 

compounds were acquired after flowing 0.05 M He-saturated solution or ethylene-saturated 

water for 10 min. A Raman spectrum was also acquired after flowing 0.05 M O2-saturated 

1,5-pentanedial solution for 2 h. 

 

 

Figure 2. 12. a) Waterfall plot and b) contour plot of time-resolved surface-enhanced Raman 

spectra gathered during the oxidation of 10 mM 1,6-hexanediol solution over Au@Pt 

nanoshells at 343 K and c) individual scans at 0, 300, and 590 min after injection of 

1,6-hexanediol solution. The 10 mM 1,6-hexanediol solution was saturated with 0.1 MPa O2 

before injection into the Raman cell. After 500 min of reaction, the cell was purged with D.I. 

water for 90 min. 

 

The Raman features at ~1460 and ~1150 cm-1 from strongly-adsorbed species on the 

deactivated Pt surface are attributed to di-σ-bonded olefinic groups based on reported 
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assignments for chemisorbed ethylene 85 and 1,1-dichloroethene.68 This assignment is 

consistent with our reference spectra shown in Figure 2.11, in which adsorbed 4-penten-1-ol, 

4-pentenoic acid and ethylene on Pt gave Raman shifts at ~1530, ~1460, ~1260 and ~1150 cm-1. 

The CH2 scissoring and CH2 wagging modes of π-bonded olefins have features at ~1530 and 

~1260 cm-1.68,85 And Raman features at ~1460 and ~1150 cm-1 were attributed to the CH2 

scissoring and CH2 wagging modes of di-σ-bonded olefinic group. Considering the appearance 

of Raman bands at ~1460 and ~1150 cm-1 on both the deactivated Pt surface after oxidation 

reaction and adsorbed reference compounds with olefinic groups on Au@Pt nanoshells, we 

propose that species containing olefinic groups are likely the strongly-adsorbed poisons 

formed during the oxidation of alcohols over Pt. 

 

2.3.5. Solid-state NMR spectroscopy of deactivated Pt catalyst 

A deactivated Pt/silica catalyst recovered after oxidation of 13C-labeled 1,4-butanediol 

was characterized by solid-state 13C NMR spectroscopy. The 13C NMR spectrum in Figure 2.13 

showed a single, prominent, sharp signal in the C=C spectral region, which ranges from 105 to 

150 ppm (conservatively assessed). In the reference spectrum of a silica sample without Pt 

nanoparticles that was contacted with the recovered reaction medium, a C=C peak was not 

observed (see Figures 2.13), confirming that the C=C feature results from the presence of Pt. 

Since a C=C moiety always involves two carbon atoms and there is only one peak in the C=C 

region, the molecule must be symmetric with identical chemical shifts for both carbon atoms. 

This excludes the possibility that asymmetric molecules such as 3-buten-1-ol or 3-butenoic 

acid are responsible for the C=C feature in Figure 2.13. In addition, no signals of similar 

intensity and narrow line width of other carbon atoms potentially bonded to the C=C moiety 

are observed, and the other large peaks have larger heteronuclear Overhauser enhancements 

(see Figure 2.14). Therefore, we can confidently assign the 125-ppm signal in Figure 2.13 to 
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ethylene. Since changes in chemical shift of a few ppm are typical for weakly adsorbed 

molecules, the chemical shift of C=C in Figure 2.13 (125 ppm) is consistent with that of 

ethylene (123 ppm) as reported in the literature.71 The ethylene detected in the NMR spectrum 

of Figure 2.13 is undergoing large-amplitude motions, as evidenced by its small line width, 

weak C-H dipolar couplings, and short 13C spin lattice relaxation time of ~0.1 s, which 

indicates that it is only weakly adsorbed. It may be in equilibrium with strongly Pt-bound 

ethylene, which could be invisible to high-resolution NMR due to line broadening.71 Support 

for this interpretation comes from two observations: the intensity of the ethylene peak 

increased by more than 60% after temperature cycling (to 320 K and back to ambient) and a 

week of NMR experiments (Figure 2.14), indicating the presence of an invisible pool of 

ethylene in the sample. Secondly, an experiment with cross polarization optimized for 

detecting immobilized hydrogen-bonded carbons with wide lines showed a broad band 

between 200 and 0 ppm (see Figure 2.15) with a maximum between 40 and 80 ppm,72 which is 

distinct from probe-head background (Figure 2.15) and could be due to di-σ-bonded ethylene 

on Pt.  

Other sharp NMR signals of Pt-associated molecules are observed in Figure 2.13 near 29 

and 177 ppm and assigned to -CH2-COO in weakly bound molecules, while a broader band 

near 173 ppm may arise from more strongly Pt-adsorbed COO groups. Aldehydes or ketones 

(resonating between 190 and 215 ppm) were insignificant in either sample. Liquid-state 13C 

NMR spectra of the reaction medium after 40 h of reaction (see Figure 2.16) also showed little 

aldehyde but instead a prominent 98-ppm peak of a lactol (oxolan-2-ol) formed by cyclization 

of 4-hydroxybutanal. 
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Figure 2. 13. MultiCP 13C NMR spectra of molecules derived from uniformly 13C-enriched 

1,4-butanediol (1,4-BD) after oxidation reaction on Pt/silica for 40 hours (thick red line) and 

adsorbed to silica (thin blue line). Peak assignments to 4-hydroxybutyric acid (4-HBA), 

4-butyrolactone (4-BL), succinic acid, and ethylene (~ 2 μg) are indicated (see also Figure 

2.16).  Reaction conditions: 343 K, 1 MPa O2, 12 cm3 aqueous solution of 0.1 M 

1,4-butanediol-13C4, 0.050 g 1 wt% Pt/silica. 
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Figure 2. 14. Solid-state 13C NMR spectra of molecules derived from uniformly 13C-enriched 

1,4-butanediol (1,4-BD) after reaction under oxidative conditions on Pt/silica for 40 hours. 

Initial spectra (dashed black line) are compared with spectra taken after heating to 50oC about 

a week later (solid red line). (a) MultiCP spectra. (b) Direct-polarization spectra with 2-s 

recycle delay. (c) Direct-polarization spectra with saturation of 1H during the recycle delay, 

giving rise to heteronuclear NOE. All spectra show a significant increase in the ethylene peak 

and a decrease in the other signal intensities.  
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Figure 2. 15. Solid-state 13C NMR spectra of molecules derived from uniformly 13C-enriched 

1,4-butanediol (1,4-BD) after reaction under oxidative conditions on Pt/silica for 40 hours, 

optimized to show broad components. (a) Spectrum after 0.5-ms ramp-CP at 7 kHz MAS, 

without a Hahn spin echo before detection. (b) Spectra after direct polarization (one-pulse 

excitation) with differing durations of the excitation pulse. The spectrum after a 180o pulse, 

which was scaled vertically by 0.53, shows pronounced probe-head background signal (from 

polymers used in the probe head).86 (c) Difference of the two spectra in (b), which is nearly 

free of probe-head background.86 The broad signals observed in (a) and (c) are quite distinct 

from the probe-head background in (b) and likely due to Pt-adsorbed molecules. 
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Figure 2. 16. Solution 13C NMR, recorded at 100 MHz with 1H decoupling at 400 MHz, of 

molecules derived from uniformly 13C-enriched 1,4-butanediol (1,4-BD) after reaction under 

oxidative conditions on Pt/silica for 40 hours. The Pt/silica was filtered out of the solution 
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whose spectrum is shown here. (a) 1D spectrum (with nuclear Overhauser enhancement 

(NOE)). The inset shows no signal between 110 and 140 ppm, where solid-state NMR of the 

filtered-out Pt/silica exhibits a prominent ethylene peak. Conversely, the signals of 

oxolan-2-ol, e.g. at 98 ppm, are much larger than in the solid-state NMR spectrum. (b) 2D 

INADEQUATE spectrum for peak assignments (in particular C1 of 4-BL vs. 4-HBA). The 

nearest-neighbor connectivities are traced. Secondary cross peaks confirm the assignments. 

 

2.3.6. Influence of substrates containing olefinic groups 

The results of SERS and NMR spectroscopy consistently indicate that molecular species 

with olefinic groups are likely responsible for deactivating the Pt catalyst during alcohol 

oxidation. Thus, kinetic studies were performed on the influences of additives containing 

olefinic groups on the initial rate of 1,6-hexanediol oxidation. As shown in Table 2.4, a small 

amount of 4-penten-1-ol addition ([4-penten-1-ol]:[1,6-hexanediol] = 1 mM:100 mM) 

significantly inhibited the activity of the catalyst, with a decrease of 87% in the initial TOF. The 

initial rates of 1,6-hexanediol oxidation with different concentrations of 4-penten-1-ol were 

evaluated, as shown in Figure 2.17, and the results were used to estimate an equilibrium 

adsorption constant of 4-penten-1-ol. The calculated value of 1.0×104 M-1 is 2 orders of 

magnitude greater than that estimated for aldehyde and acid products as reported in Table 2.4. 

Other molecules with an olefinic group, such as 4-pentenoic acid, 3-pentenoic acid, 

2-pentenoic acid, 3-penten-1-ol and allyl alcohol decreased the initial rate of 1,6-hexanediol 

oxidation by more than 70% when added in small amount to the reaction, indicating that a 

broad range of molecules with an olefinic group can strongly adsorb on Pt/C. 
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Figure 2. 17. Influence of 4-penten-1-ol on the initial activity of 1,6-hexanediol oxidation 

over Pt/C catalyst. The points represent the measured initial TOF and the dotted line are the 

fitted results from equation 1 based on a competitive adsorption model. The fitted adsorption 

coefficients are present in Table 2.2. Reaction conditions: 343 K, 1 MPa O2, 12 cm-3 aqueous 

solution of 0.1 M 1,6-hexanediol, Pt:1,6-hexanediol = 1:1000. 
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Table 2. 4 Initial turnover frequencies of 1,6-hexanediol oxidation over Pt/C in the presence of 

trace additivesa 

Additive TOF (s-1) % Decrease in TOF 

None 0.54 -- 

3-Hydroxybutanal 0.50 7.4 

Mesityl oxide 0.49 9.3 

Polyvinyl alcohol 0.53 1.9 

4-Penten-1-ol 0.071 87 

4-Penten-1-ol (+H2)
b 0.53 1.9 

4-Pentenoic acid 0.068 87 

4-Pentenoic acid (+H2)
b 0.48 11 

3-Pentenoic acid 0.16 70 

2-Pentenoic acid 0.10 81 

Allyl alcohol 0.10 81 

a) Reaction conditions: 343 K, 1 MPa O2, 12 cm3 aqueous solution of 0.1 M 1,6-hexanediol and 

0.001 M additive, Pt:additive: 1,6-hexanediol = 1:10:1000. 

b) Catalyst and additives in water were treated under 0.3 MPa H2 at 343 K for 30 min followed 

by He flush, addition of 1,6-hexanediol, and pressurization with 1 MPa O2. 

 

 

As discussed previously, treatment in H2 can effectively remove the poisoning species 

present on a used catalyst (Table 2.3). If species containing olefinic groups are responsible for 

deactivation, it may be possible to hydrogenate those species off of the catalyst under mild 

conditions. As shown in Table 2.4, H2 treatment at 343 K for 30 min is capable of recovering 

the activity of Pt in the presence of 1 mM 4-penten-1-ol and 4-pentenoic acid. Since the 
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hydrogenation of olefins over Pt is generally fast and zero-order in olefin,87 we propose that the 

H2 treatment efficiently saturated the strongly adsorbed species which can then desorb from the 

Pt and recover catalytic activity. 

 

2.3.7. Formation of unsaturated species 

Since olefins can be produced from the decarbonylation of aldehydes and acids,88–98 the 

effect of aldehyde and acid pretreatment on the activity of 1,6-hexanediol oxidation was 

investigated, assuming byproducts of aldehyde and acid reaction would accumulate with time. 

As shown in Table 2.5, the initial TOF of 1,6-hexanediol oxidation after 0, 1 and 4 h of adipic 

acid pretreatment was 0.25, 0.23, and 0.24 s-1, respectively, indicating a negligible amount of 

poisoning species was generated from exposure of Pt to adipic acid. In contrast, the influence 

of pretreatment time with 1,5-pentanedial on initial oxidation rate was significant. The initial 

TOF of 1,6-hexanediol oxidation over Pt/C that was treated with 1,5-pentanedial for 0 h was 

0.20 s-1, which further decreased to 0.10 s-1 and 0.033 s-1 after 1 h and 4 h of pretreatment, 

respectively. The significant decrease of initial rate with increasing pretreatment time in 

1,5-pentanedial indicates that the poisoning species were likely generated from intermediate 

aldehydes produced during alcohol oxidation reaction. 
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Table 2. 5 Initial activity of 1,6-hexanediol oxidation over treated Pt/C with 1,5-pentanedial or 

adipic acid under reaction conditionsa 

Additive Treatment time (h) TOF (s-1) 

1,5-Pentanedial 0 0.20 

1 0.10 

4 0.033 

Adipic acid 0 0.25 

1 0.23 

4 0.24 

a: The Pt/C was treated in 0.02 M 1,5-pentanedial or adipic acid at 343 K under 1 MPa O2 for 0, 

1, or 4 h. The 1,6-hexanediol and the mixture was subsequently treated at 343 K under 0.2 MPa 

He for 20 min. The reactor was then pressurized with 1MPa O2 to start the reaction. Reaction 

conditions: 343 K, 1 MPa O2, 12 cm3 aqueous solution of 0.1 M 1,6-hexanediol and, 

Pt:additive:1,6-hexanediol = 1:200:1000. 

 

In addition to producing olefinic species, the decarbonylation of aldehydes also generates 

CO (or CO2 under oxidative reaction conditions).20,88–98 To measure the amount of CO or CO2 

generated during reaction, the head space of the reactor was analyzed by gas chromatography. 

As shown in Table 2.6, 8.3×10-6 mol of CO2 was generated after 16 h of oxidation reaction and 

no CO was detected. This observation is consistent with previous results, which showed that 

CO on Pt sites can be quickly and thoroughly oxidized by O2 under oxidative reaction 

conditions.[35,36] The oxidation of various aldehydes and acids (5-hydroxypentanal, 

1,5-pentanedial, butanal, butyric acid and adipic acid) was performed under the same 

conditions used for alcohol oxidation (343 K, 1 MPa O2). After 16 h, the amount of CO2 

generated was approximately 1×10-5 mol when aldehydes were oxidized whereas negligible 
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CO2 was generated during acid oxidation. Clearly, the production of CO2 under the conditions 

of this study is from C-C cleavage of aldehydes. As a comparison, the amount of Pt surface 

atoms in the reactor was 7.8×10-6 mol. The similar amount of generated CO2 and surface Pt 

suggests that Pt catalysts are readily poisoned after about one turnover of the aldehyde 

decarbonylation reaction by a strongly-adsorbed olefinic species.  

 

Table 2. 6 Production of CO2 during oxidation reactions over Pt/Ca 

Substrate Production of CO2 (10-6 mol) 

1,6-Hexanediol 8.3 

5-Hydroxypentanal 13 

1,5-Pentanedial 11 

Butanal 9.0 

Butyric acid 0 

Adipic acid 0 

a: The CO2 in the headspace of the reactor was quantified by GC after Pt/C was treated in 0.1 M 

solution of 1,6-hexanediol, 5-hydroxypentanal, 1,5-pentanedial, butanal, butyric acid or adipic 

acid for 16 h. Reaction conditions: 343 K, 1 MPa O2, 12 cm3 aqueous solution of 0.1 M 

substrate, Pt: substrate = 1: 250. 

 

The SERS results on aldehyde-treated Au@Pt nanoshells also support the assumption that 

aldehydes can generate poisoning olefinic groups. After flowing the O2-saturated 

1,5-pentanedial over Au@Pt nanoshells for 2 h, a Raman spectrum was acquired and compared 

with the spectral pattern of chemisorbed aldehyde on the Pt surface. As shown in Figure 2.11b, 

Raman features at ~1150 cm-1 and ~1460 cm-1 associated with di-σ-bonded olefinic groups 

were observed, indicating the generation of poisoning species from aldehyde products. 



76 

 

 

2.3.8. Influence of other possible byproducts 

In addition to decarbonylation, other side reactions of aldehydes have been proposed to 

cause the deactivation of catalyst, such as polymerization, aldol addition and aldol 

condensation.22,99–103 Polyvinyl alcohol, 3-hydroxybutanal and mesityl oxide were selected as 

representatives of the byproducts from the potential side reactions mentioned above and the 

influence of these representative molecules on the initial rate of 1,6,-hexanediol oxidation was 

evaluated. As shown in Table 2.4, the addition of small amounts of 3-hydroxybutanal, mesityl 

oxide and polyvinyl alcohol resulted in decreases in initial oxidation rate by 1.9%, 7.4% and 

9.3%, respectively. Compared to the original rate of 1,6-hexanediol oxidation when a small 

amount of olefinic molecules was added, the results suggest the products from aldehyde 

polymerization, aldol addition and aldol condensation reactions are only weakly adsorbed and 

are likely not responsible for the deactivation of Pt catalyst. 

 

2.3.9. Potential strategies to suppress the deactivation of Pt 

Combining the results from prior and current kinetic and spectroscopic studies, we 

propose the following pathways of alcohol conversion over Pt catalyst, as summarized in 

Figure 2.18:  

1) Alcohols are converted to aldehyde products via oxidative dehydrogenation;  

2) Acids are produced by hydration of aldehydes followed by oxidative 

dehydrogenation; 

3) Aldehydes undergo slow decarbonylation reactions to produce adsorbed olefinic 

molecules and CO; 

4) Adsorbed CO is rapidly oxidized on Pt in the presence of O2; 

5) Strongly-adsorbed olefinic species produced by aldehyde decarbonylation deactivate 
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the Pt catalyst, which can be regenerated by mild treatment in H2. 

Different steps are involved in the overall selective alcohol oxidation reaction and the minor 

aldehyde decarbonylation reaction. The activation of O-H and C-H bonds is required for the 

oxidation reaction, whereas the activation of a C-C bond is additionally required for the 

decarbonylation reaction, which generates the poisoning olefinic species. Our previous work 

has already shown that the alcohol oxidation reaction is structure-insensitive over supported Pt 

nanoparticles in the range of 2 to 6 nm.2  Neurock et al. also demonstrated by 

density-functional-theory methods that the oxidation of alcohol over Pt is not 

structure-sensitive, requiring only 1-2 metal atoms.104 The decarbonylation of aldehydes over 

Pt, however, has been shown to occur on highly stepped surfaces (low-coordinated Pt sites) by 

both experimental and computational methods.105–107 Additionally, the adsorption energies of 

olefinic species were reported to be higher over Pt with lower coordination number by Paul and 

Sautet.108 By minimizing the fraction of low-coordinated Pt sites that facilitate C-C breaking 

and adsorb poisoning olefinic species strongly, it may be possible to suppress the formation 

and/or adsorption of poisoning olefinic species while maintaining the activity for alcohol 

oxidation.  
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Figure 2. 18. Possible reaction paths for oxidation and side reactions of alcohols over Pt/C. 

 

2.4. Conclusion 

Carbon-supported Pt nanoparticles with an average size of 3.4 nm were prepared and 

utilized in a kinetic study of the deactivation of Pt during the alcohol oxidation reaction. The 

kinetic measurements indicate that product aldehydes and acids competitively adsorb on the 

catalyst but there is also generation of strongly-adsorbed poisoning species. In situ 

surface-enhanced Raman spectroscopy of adsorbates produced during 1,6-hexanediol 

oxidation over Pt revealed features at ~1150 cm-1 and ~1460 cm-1 that were attributed to a 

di-σ-bonded olefinic species. Consistent with SERS, solid-state 13C NMR spectroscopy of 

deactivated Pt/silica after oxidation of 13C-enriched 1,4-butanediol showed a single C=C 

signal at 125 ppm, which was assigned to ethylene. The observed weakly bound ethylene was 

likely derived from strongly adsorbed species on Pt, which would give only a non-distinct 
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broad and low-intensity NMR feature. Kinetic measurements with various additives 

demonstrated that species containing olefinic groups were strongly adsorbed on Pt and 

significantly inhibited the alcohol oxidation reaction. The performance of deactivated catalyst 

after alcohol oxidation and of catalyst poisoned by unsaturated hydrocarbon species could be 

regenerated by a mild H2 treatment at 343 K for 30 min. The poisoning olefinic species are 

likely generated from the decarbonylation of aldehyde products, as evidenced by significant 

decrease of activity after aldehyde pretreatment as well as the similar amount of CO2 

generated after alcohol oxidation reaction and aldehyde pretreatment. 
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Chapter 3. Oxidation of 1,6-hexanediol over bimetallic Bi-Pt catalysts 

A portion of this thesis was previously published as Xie, J. et al. Influence of Dioxygen on the 

Promotional Effect of Bi during Pt-Catalyzed Oxidation of 1,6-Hexanediol. ACS Catal. 6, 

4206–4217 (2016). 

3.1. Introduction 

Selective oxidation of alcohols to carbonyl compounds is an important reaction in 

organic synthesis1,2 and will likely play a significant role in the development of value-added 

chemicals from biomass.3 In particular, the oxidation of biomass-derived alcohols such as 

5-hydroxymethylfurfural (HMF), glycerol and 1,6-hexanediol (HDO), using supported metal 

catalysts and dioxygen has received attention because it offers a green and sustainable path to 

value-added chemicals.2,4–18 Among supported metal catalysts, Au has demonstrated the 

highest activity for alcohol oxidation under basic conditions.16 The use of base, however, is 

not attractive because of the cost and waste involved in neutralizing the product stream to 

recover the free acid. In contrast, alcohol oxidation over Pt does not require high 

concentrations of base.19,15 Unfortunately, severe deactivation was observed during the 

oxidation of HDO over Pt catalysts.20 

Previous work has shown that the addition of Bi can promote the catalytic performance 

of Pt catalysts. Bismuth-promoted Pt catalysts have demonstrated enhanced rate, stability 

and/or selectivity, compared to monometallic Pt catalysts.21–31 For example, enhancements in 

activity by a factor of 1.5 to 66 have been reported for the oxidation of various primary 

alcohols, secondary alcohols and polyols over Bi-promoted Pt catalysts.21,23–25,27,28,31 Addition 

of Bi to Pt has also been claimed to make a catalyst more resistant to deactivation.23,25,32 

During glycerol oxidation over Pt, the presence of Bi promoted the oxidation of the 

secondary hydroxyl group.29,31,33 Based on a kinetic model proposed by Wörz et al., the 

theoretical yield of dihydroxyacetone (DHA) can be as high as 70%,29 but only 4% DHA 
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selectivity was obtained at 37% conversion over unpromoted Pt/C.34 

The promotional effects of Bi are often attributed to preventing the over-oxidation of Pt 

and the leaching of Pt into solution,1,23,25,28,31,35 suppressing the production and adsorption of 

poisoning species,1,23,24,36–38 favoring the formation of adsorbed hydroxyl 

species23,25,27,28,36,39,40 and forming complexes of Bi with reaction intermediates.27,31,33 Mallat 

et al. used electrochemical methods to investigate the in situ catalyst potential of Bi-Pt and Pt 

catalysts during the oxidation of various alcohols and found that the Pt in the Bi-promoted 

catalyst remained reduced under conditions that would oxidize an unpromoted Pt 

catalyst.24,25,27 Results from in situ X-ray absorption spectroscopy (XAS) further confirmed 

that addition of Bi helped maintain Pt in a metallic state.28 The enhanced stability of a Bi-Pt 

catalyst was also attributed to small ensembles of Pt atoms in the promoted catalyst,21,23–

25,27,28 which suppressed the formation and adsorption of hydrocarbon fragments and CO 

generated from C-C cleavage.23,25,27,28,36,38 Another role of Bi might be to form new active 

centers. Using a laser-induced temperature jump method, Feliu et al. studied the interaction 

between water and the Bi-Pt surface and proposed that Bi might induce a surface dipole that 

leads to a reorientation of water and favors the formation of surface hydroxyl groups.39,40 The 

presence of surface hydroxyl groups might participate in the activation of alcohol, and the 

removal of adsorbed remnants on the surface,10,15,18 thus promoting the activity and stability 

of the alcohol oxidation reaction.21,23,25,27,36,41,42 During polyol oxidation, Bi has been 

proposed to form complexes with the substrate and promote the selective oxidation of the 

secondary hydroxyl group, altering the product distribution compared to an unpromoted Pt 

catalyst.29,31,33 

One potential complication with investigating the promotional effects of 

multi-component catalysts is restructuring under reaction conditions. In fact, changes in the 

structure of  PtM (M = Rh,43,44 Ru,45 Pd,46,47 Co,48,49 Au46 and Sn50–52) bimetallic catalysts 
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have been reported during reaction, as revealed by in situ or ex-situ characterization using 

X-ray absorption spectroscopy (XAS), X-ray photoelectron spectroscopy (XPS), sum 

frequency generation vibrational spectroscopy (SFG), (scanning) transmission electron 

microscopy ((S)TEM) and infrared spectroscopy (IR). Although leaching of Pt and Bi    

from supported Bi-Pt catalysts was not detected under alcohol oxidation conditions,27,31 the 

structure of Bi-Pt particles under reaction conditions is still a matter of debate. Therefore, it is 

necessary to examine the influence of the catalytic reaction on catalyst structure to elucidate 

the promotional effect of Bi on Pt oxidation catalysts. 

In this study, a series of carbon-supported, Bi-promoted Pt catalysts was prepared and 

evaluated in the oxidation of HDO in liquid water under different dioxygen pressures without 

the addition of base. Extensive characterization of as-prepared and used catalysts was 

performed in an attempt to correlate reactivity results to catalyst structure. In addition, the 

influence of reaction conditions (HDO concentration, dioxygen pressure, temperature) and 

the kinetic isotope effect of deuterated oxide solvent were investigated over Pt/C and Bi-Pt/C. 

 

3.2. Experimental methods 

3.2.1. Catalyst preparation 

The 2.69 wt% Pt/C (Sigma-Aldrich) catalyst was used as received. The Bi-promoted Pt 

catalysts were prepared by the selective deposition of Bi on Pt nanoparticles.27 First, 2 g of 

Pt/C was pre-reduced by H2 (GT&S 99.999%) flow (100 cm3 min-1) in 250 cm3 distilled and 

deionized water stirred at 600 rpm at room temperature. After 30 min, 0.429 cm3 acetic acid 

(Sigma-Aldrich, 99.9%) was added and an appropriate amount of Bi(NO3)3 ∙ 5H2O 

(Sigma-Aldrich, 99.999%) in 2 wt% aqueous acetic acid solution was dropped into the slurry 

within 30 min under H2 flow. After waiting an additional 15 min, the catalysts were filtered, 

washed thoroughly with distilled and deionized water, and dried at room temperature. The 
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as-prepared catalysts were denoted as xBi-Pt/C, where x is the nominal atomic ratio of Bi to 

Pt.  

To study the effect of reaction conditions on xBi-Pt/C, a catalyst was recovered after HDO 

oxidation at 328 K under 0.02 MPa O2 in 0.1 M HDO solution, washed with distilled and 

deionized water and dried at room temperature. The used catalyst after reaction was denoted 

as xBi-Pt/C-R. To study the effect of the pretreatment of the catalyst prior to reaction, fresh 

xBi-Pt/C that was treated at 328 K under He atmosphere in 0.1 M HDO solution for 30 min 

was recovered, washed and dried at room temperature and was denoted as xBi-Pt/C-P. 

 

3.2.2. Characterization of catalysts 

The specific surface area was measured by N2 sorption using a Micromeritics ASAP 

2020. The samples were evacuated for 600 min at 393 K prior to the N2 sorption, after which 

adsorption isotherms were measured at 77 K. The Brunauer–Emmett–Teller (BET) method 

was used to determine the specific surface area. 

The fraction of available Pt on the surface of a catalyst was estimated by 

H2 chemisorption using the Micromeritics ASAP 2020. The catalysts were heated to 473 K at 

4 K min−1 under flowing H2 (GTS Welco 99.999%) and reduced for 2 h. The samples were 

then evacuated for 2 h at 473 K before being cooled to 308 K for analysis in the pressure 

range of 1.33 – 59.9 kPa. The amount of exposed Pt was evaluated by the total amount of 

H2 adsorbed, extrapolated to zero pressure, assuming a stoichiometry (H/Ptsurf) equal to unity.  

The X-ray diffraction (XRD) patterns were recorded using a PANalytical X'Pert Pro 

MPD (Multi-Purpose Diffractometer) instrument with Cu Kα radiation (45 kV, 40 mA) and 

scanning of 2θ from 10° to 70° with a step size of 0.0025° at a rate of 1° min−1.  

To estimate the metal particle sizes, scanning transmission electron microscopy (STEM) 

was performed on an FEI Titan 80-300 operating at 300 kV. A sample was also characterized 



96 

 

with a JEOL 2010 F operating at 200 kV that is equipped with an Oxford Aztec energy 

dispersive spectrometer (EDS) system for single nanoparticle EDS and with an Hitachi 

HF-3300 that is equipped with a Bruker SDD-EDS system for elemental mapping. To prepare 

a sample, ∼1 mg of catalyst was suspended in 10 cm3 of ethanol by agitating the mixture for 

30 min in a sonication bath. A copper grid was dipped into the solution to capture the 

particles and the ethanol was thoroughly evaporated before microscopy.  

Scanning electron microscopy (SEM) was performed on an FEI Quanta 650 FEG-SEM 

operated at 2 kV and a working distance of 10 mm under the secondary electron imaging 

mode. The sample was prepared by adhering the catalyst powders to a copper conductive tape 

on a sample stage. 

The X-ray photoelectron spectroscopy (XPS) was carried out at the Nanomaterials Core 

Characterization Facility of the Virginia Commonwealth University (Richmond, VA), 

utilizing a Thermo Scientific ESCALAB 250 spectrometer equipped with a focused 

monochromatic Al Kα X-ray radiation source (1486.6 eV) and a hemispherical analyzer with 

a 6-element multichannel detector. The incident X-ray beam was 45° off normal to the sample 

while the X-ray photoelectron detector was normal to the sample. A large area magnetic lens 

with a 500 µm spot size in constant analyzer energy mode was utilized with a pass energy of 

20 eV for region scans. Charge compensation was employed during data collection with an 

internal electron flood gun (2 eV) and a low energy external Ar ion flood gun. All spectra 

were deconvoluted with a curve fitting routine in CasaXPS software. The background was 

corrected using the linear method and the binding energy of the C 1s peak assigned at 284.5 

eV, which is attributed to the support, was used to reference the peak positions.53 The integral 

of each peak was calculated after subtracting the background and fitting with a combination 

of Gaussian and Lorentzian curves of variable proportion. The Pt:Bi surface atomic ratios 

were calculated from peak areas normalized by atomic subshell photoionization cross 

http://www.casaxps.com/help_manual/manual_updates/LA_Lineshape.pdf
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sections of the corresponding element54. The detailed XPS curve fitting parameters are listed 

in Table 3.1. 

 

Table 3. 1 XPS curve fitting parameters used in Casa XPS(Version 2.3.16) 

 

Elemental analysis was used to determine some of the Pt and Bi weight loadings on the 

catalysts and the concentration of leached Pt and Bi in the reaction solution after 4 h of HDO 

oxidation. Elemental analysis was performed by Galbraith Laboratories (2323 Sycamore 

Drive, Knoxville, TN 37921) using inductively coupled plasma – atomic emission 

spectroscopy (ICP-AES).  

X-ray absorption spectroscopy at the Pt LIII and Bi LIII edges was collected at beamline 

X-18B at the National Synchrotron Light Source, Brookhaven National Laboratory. The 

storage ring was operated at 2.8 GeV and 300 mA. The (NH3)4Pt(NO3)2 (Sigma-Aldrich, 

99.995%), Bi(NO3)3 (Sigma-Aldrich, 99.999%), Pt/C and Bi-Pt/C samples were ground into 

fine powders and spread over Kapton tape. The XAS data were processed using the Demeter 

software package.55 

 

3.2.3. Oxidation of 1,6-hexanediol 

The high-pressure, semi-batch alcohol oxidation reactions were performed in a 

50 cm3 Parr Instrument Company 4592 batch reactor with a 30 cm3 glass liner. An aqueous 

0.1 M HDO solution (10 mL) and 0.0132 g catalyst were added to the glass liner. The glass 

Species Pt(0) Bi(0) Bi(III) 

Position (eV) 70.3 – 71.3 156.5 – 157.8 158.8 – 160.0 

FWHM 0.3 – 1.5 0.2 – 1.2 1 – 2.5 

Line shape LA(1.2,85,70) LA(1.2,85,70) GL(30) 
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liner was inserted into the reactor, sealed, purged with He (GTS Welco, 99.999%), heated to 

328 K, and held for 20 min. The reaction was initiated by pressurizing the reactor with 

O2 (GTS Welco, 99.993%) in the range of 0.2 – 1 MPa. In the low O2 pressure region (0.02 – 

0.1 MPa), the reactions were performed in a 100 mL flask reactor equipped with gas inlet and 

outlet, reflux condenser, thermometer and magnetic stir bar. In a typical run, an aqueous 0.1 

M HDO solution (50 mL) and 0.0660 g catalyst were added to the reactor, heated to 328 K 

under He flow (100 mL min-1) and held for 20 min. The reaction was initiated by the flow of 

a He and O2 mixture with a total flow rate of 100 mL min-1. The O2 pressure in the reactor 

was adjusted by varying the flow rates of He and O2. Liquid samples were periodically 

removed and the catalyst was removed using a 0.2 μm PTFE filter before product analysis 

with a Waters e2695 high performance liquid chromatograph (HPLC) equipped with 

refractive index detector. Product separation in the HPLC was accomplished on an Aminex 

HPX-87H column (Bio-Rad) operating at 318 K with an aqueous 5 mM H2SO4 solution as 

the mobile phase flowing at 5 cm3 min−1. The retention times and calibration curves were 

determined by injecting known concentrations of standards. Carbon balances were always 

greater than 90%. 

The maximum O2 transport rate from the gas phase to the aqueous phase in the 

pressurized reaction system was determined by the sulfite oxidation method.56 The amount of 

catalyst added to the reactor was chosen so that the alcohol oxidation rate would not be 

limited by O2 mass transfer from the gas to the liquid. Selectivity to a specific product is 

defined as moles of that product formed divided by moles of all products produced. The 

initial turnover frequency (TOF) [mol alcohol converted (mol metalsurface)
-1 s-1] was calculated 

from the initial conversion of the alcohol, usually within the first 5 min of the reaction. A 

sample was also taken at 10 min to confirm that significant deactivation had not occurred in 

the initial rate determination. An estimate of surface Pt is needed to calculate a turnover 
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frequency because Bi is not active for oxidation catalysis. Since Bi is highly mobile under 

reaction conditions (to be discussed later) whereas Pt nanoparticles are stable, we normalized 

the initial rate of HDO conversion to the estimated fraction of Pt atoms that can be exposed to 

the surface during reaction, which is determined from H2-chemisorption of Pt/C before the Bi 

deposition. 

 

3.3. Results 

3.3.1. Characterization of the Bi-promoted Pt catalysts 

3.3.1.1 As-synthesized materials 

During the preparation of Bi-Pt/C catalysts, the goal was to selectively deposit Bi on 

carbon-supported Pt nanoparticles in the presence of H2 via spillover of adsorbed hydrogen.57 

To study the structure of Bi-Pt/C prepared in this study, commercial Pt/C and Bi-promoted 

Pt/C were extensively characterized. 

The Pt/C and as-prepared 0.6Bi-Pt/C samples were examined by SEM and N2 sorption 

to explore whether the carbon support was stable under conditions used for Bi incorporation. 

As shown in Figures 3.1a and 3.1b, the size of the carbon support particles was 

approximately the same for Pt/C and 0.6Bi-Pt/C. The majority of carbon particles were below 

15 μm while some larger particles (~25μm) were still observed. The surface area of Pt/C and 

0.6Bi-Pt/C was 1.15×103 and 1.10×103 m2 g-1, respectively, indicating that the porous 

structure of the carbon support was maintained after the deposition of Bi on Pt/C.  
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Figure 3. 1. SEM images, N2 sorption isotherm, measured surface areas measured and pore 

size distribution curves of a) Pt/C as received; b) 0.6Bi-Pt/C as-prepared and c) 0.6Bi-Pt/C-R 

recovered after 4 h of 1,6-hexanediol oxidation under 0.02 MPa O2 at 328 K. 

 

The Pt/C and Bi-Pt/C catalysts were also characterized by XPS to investigate the 

oxidation states and distributions of Pt and Bi throughout the carbon support particles. The Pt 

4f7/2 and Bi 4f7/2 spectra of 0.6Bi-Pt/C are shown Figure 3.2 and the fitting results are 

summarized in Table 3.2. The average Bi:Pt atomic ratio from XPS (2.4) is much higher than 

that from ICP-AES analysis (0.63) as shown in Table 3.3, suggesting an enrichment of Bi in 

the surface region of the carbon support particles. The XPS analysis also revealed the 

oxidation states of Pt and Bi. In the high vacuum chamber of the spectrometer, Pt was in the 

metallic state, with the binding energy of Pt 4f7/2 at approximately 71 eV while the majority 

of Bi (86 %) was present as Bi(III). Similar results from XPS were reported by Mallet et al.27 
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Figure 3. 2. The Bi 4f7/2 X-ray photoemission spectra of a) 0.6Bi-Pt/C, c) 0.6Bi-Pt/C-P and e) 

0.6Bi-Pt/C-R and the Pt 4f7/2 spectra of b) 0.6Bi-Pt/C, d) 0.6Bi-Pt/C-P and f) 0.6Bi-Pt/C-R. 

0.6Bi-Pt/C-P was recovered after 20 min pretreatment in 0.1 M 1,6-hexanediol under He flow 

at 328 K. 0.6Bi-Pt/C-R was recovered after 4 h reaction of 1,6-hexanediol oxidation under 

0.02 MPa O2 at 328 K. The fitting results are summarized in Table 3.2. 
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Table 3. 2. XPS binding energies (Pt, Bi) and surface compositions of 0.6Bi-Pt/C, 

0.6Bi-Pt/C-P and 0.6Bi-Pt/C-Ra. 

Sample Area 

Binding Energy (eV) Bi(0) Bi(III) 

Pt:Cd Bi:Ptd 

Bi(0) Bi(III) Pt(0) % % 

0.6Bi-Pt/C 

1 157.0 159.6 70.8 13 87 0.0030 2.4 

2 157.3 159.4 70.8 14 86 0.0028 2.4 

3 157.3 159.3 70.7 14 86 0.0030 2.3 

Avg − − − 14 86 0.0029 2.4 

0.6Bi-Pt/C-Pb
 

1 157.2 159.5 70.5 16 84 0.0028 0.85 

2 157.0 159.3 70.6 13 87 0.0030 0.95 

3 157.0 159.6 70.6 13 87 0.0033 0.80 

Avg − − − 14 86 0.0030 0.87 

0.6Bi-Pt/C-Rc 

1 157.4 159.4 70.5 25 75 0.0034  0.64 

2 157.4 159.5 70.8 16 84 0.0031  0.66 

3 157.0 159.6 70.8 32 68 0.0031  0.69 

Avg − − − 25 75 0.0032  0.66 

a: Three different regions of each sample were analyzed. The spectra are shown in Figure 3.2. 

b: Catalyst collected after 20 min of pretreatment in 0.1 M 1,6-hexanediol under He flow at 

328 K. 

c: Catalyst collected after 4 h of 1,6-hexanediol oxidation at 0.02 MPa O2 at 328 K. 

d: Atomic ratio of Bi:Pt was corrected by atomic subshell photoionization cross sections of 

corresponding element 54. 
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Table 3. 3 Elemental analysis of 0.6Bi-Pt/C and 0.6Bi-Pt/C-Ra. 

Sample 

Pt 

(wt%) 

Bi 

(wt%) 

Pt:C 

(atomic) 

Bi:Pt 

(atomic) 

0.6Bi-Pt/C 2.69 1.82 0.0017 0.63 

0.6Bi-Pt/C-Ra 2.42 1.62 0.0015 0.63 

a: Analyzed by ICP-AES method. 

b: Catalyst was collected after 4 h of 1,6-hexanediol oxidation at 0.02 MPa O2 at 328 K. 

 

The XAS results of Pt/C and Bi-Pt/C are shown in Figure 3.3. The addition of Bi to the 

Pt catalyst resulted in a decrease in the relative white line intensity at the Pt LIII edge, which 

was attributed to Bi species deposited on the Pt particles.21 In contrast to XPS, which was 

measured in high vacuum, air-exposed Pt/C and 0.3Bi-Pt/C revealed Pt to be partially 

oxidized, as supported by both a higher relative white line intensity at the Pt LIII edge 

compared to a reference Pt foil (Figure 3.3a) and a Pt-O feature shown in the Fourier 

transform of the extended X-ray absorption fine structure (EXAFS) (Figures 3.3b and 3.3c). 

The oxidized Pt measured in XAS was most likely due to chemisorption of oxygen on the Pt 

nanoparticles. As reported by Gracia et al., the fraction of oxidized Pt increased significantly 

with the decreasing particle size under oxidizing conditions.58 Note that although the EXAFS 

and the relative white line intensity revealed partially oxidized Pt in Pt/C and 0.6Bi-Pt/C, the 

Pt LIII edge threshold energy of Pt/C and 0.6Bi-Pt/C was consistent with the Pt metal foil and 

significantly shifted from the edge of (NH3)4Pt(NO3)2 in which Pt is in the 2+ oxidation state 

(Figure 3.3a). The inconsistency of white line intensity and the low edge energy was also 

reported elsewhere,28 which may be related to adsorbents on nanoparticles, such as water, 

resulting in a shift of XANES to a lower energy.59  
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Figure 3. 3. Normalized XAS spectra at the Pt LIII edge (a), Normalized XANES spectra at 

the Pt LIII edge (b), k3-weighted EXAFS data in k-space (c) and r-space (d) collected during 

exposure of Pt/C (black), 0.3Bi-Pt/C (red), Pt foil (green) and (NH3)4Pt(NO3)2 (blue) to air.  

 

The metal particle sizes of Pt/C, 0.3Bi-Pt/C and 0.6Bi-Pt/C catalysts were determined by 

STEM. The dark-field STEM images of carbon-supported Pt and Bi-Pt catalysts showed a 

narrow size distribution of observed nanoparticles, with the majority of them in the range of 

0.5 – 3.0 nm (Figures 3.4 and 3.5). As summarized in Table 3.4, the number average diameter 

for catalysts with different Bi loading were similar (1.4 ± 0.5 nm for Pt/C and 0.3Bi-Pt/C; 

1.5 ± 0.5 nm for 0.6Bi-Pt/C). The similar metal particle sizes in this study eliminated size as 

a factor that might influence the observed catalytic performance. The surface-weighted 

average diameters were also similar for Pt/C and Bi-Pt/C (Table 3.4), indicating that the 

fraction of exposed metal atoms for catalysts with different Bi loadings was similar. 



105 

 

 

 

Figure 3. 4. Dark-field STEM images of a) Pt/C, b) 0.3Bi-Pt/C, c) 0.6Bi-Pt/C and d) 

0.6Bi-Pt/C-R recovered after 4 h of 1,6-hexanediol oxidation under 0.02 MPa O2 at 328 K. 

 

  

Figure 3. 5. Particle size distributions obtained from STEM of a) Pt/C, b) 0.3Bi-Pt/C, c) 

0.6Bi-Pt/C and d) 0.6Bi-Pt/C-R recovered after 4 h of 1,6-hexanediol oxidation under 0.02 

MPa O2 at 328 K. 
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Table 3. 4 Summary of results from H2 chemisorption and electron microscopy of Pt/C and 

Bi-Pt/C catalysts. 

Catalysts H/Pta 

Avg diameter 

(nm) 

Surface-weighted Avg 

diameterb (nm) 

Fraction of 

surface atomsc 

Pt/C 0.63 1.4 ± 0.5 1.7 0.59 

0.09Bi-Pt/C 0.52 − − − 

0.18Bi-Pt/C 0.44 − − − 

0.3Bi-Pt/C 0.37 1.4 ± 0.5 1.8 0.56 

0.45Bi-Pt/C 0.27 − − − 

0.6Bi-Pt/C 0.18 1.5 ± 0.5 1.8 0.56 

0.6Bi-Pt/C-Rd − 1.6 ± 0.5 2.0 0.50 

a: Determined from H2-chemisorption, assuming a nominal loading of Pt. 

b: Obtained from TEM by calculating Σd3/Σd2. 

c: Estimated from the inverse of surface-weight average diameter (1/d) 60. 

d: Catalysts collected after 4 h of 1,6-hexanediol oxidation reaction under 0.02 MPa O2 at 

328 K. 

 

The X-ray diffraction patterns of Pt/C and Bi-Pt/C catalysts are presented in Figure 3.6. 

The peak at around 2θ = 25o was attributed to graphitic carbon (JCPDS 23-0064) while the 

peak close to 2θ = 40o was attributed to the (111) reflection of Pt (JCPDS 04-802). No 

significant shift in the diffraction patterns of Bi-Pt/C samples was observed compared to the 

unpromoted Pt catalyst, suggesting that Pt-Bi alloys were not likely formed under the mild 

conditions used to prepare the Bi-promoted catalysts. The broad, low-intensity Pt features in 

the diffraction patterns indicate that Pt particles were well-dispersed on the support, which is 

in agreement with the small particle sized observed in STEM (Figure 3.4). Although features 
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of Bi2O3 and Bi2Pt2O7 were observed on 0.9Bi-Pt/C,61 the diffraction patterns of bismuth 

metal and bismuth oxide 62 were not detected for xBi-Pt/C (x = 0 – 0.6), indicating that Bi 

species were well-dispersed over the carbon support and/or Pt particles when the Bi:Pt atomic 

ratio was less than 0.6. 

 

 

Figure 3. 6. XRD patterns, offset for clarity, of Pt/C and Bi-Pt/C bimetallic catalysts. 

 

Chemisorption of H2 was utilized to probe the surface composition of the Bi-promoted 

Pt nanoparticles. The ratio of adsorbed hydrogen atoms to total platinum atoms is shown in 

Table 3.4. With an increasing amount of Bi, the H/Pt ratio decreased from 0.63 for Pt/C to 

0.18 for 0.6Bi-Pt/C (Figure 3.7). Because the fraction of exposed metal atoms, estimated 

from STEM, was similar for Pt/C and Bi-promoted Pt/C catalysts (Table 3.4), the decrease in 

H2 chemisorption capacity indicates that the Bi promoter (Bi metal or Bi oxide) was present 
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on the surface of Pt particles and blocked hydrogen uptake on Pt sites.  
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Figure 3. 7. H/Pt ratio of xBi-Pt/C catalyst (x = 0, 0.09, 0.18, 0.30, 0.45, 0.6). 

 

To further investigate the composition of nanoparticles, Bi-Pt/C was examined by 

energy-dispersive X-ray spectroscopy (EDS) in our electron microscope operating in the 

STEM mode. Single-nanoparticle EDS was first performed on twenty nanoparticles, which 

were chosen randomly (Figures 3.8a and 3.8b), and the elemental composition of each 

particle is listed in Table 3.5. As shown in Figure 3.8a and Table 3.5, both Pt and Bi signals 

were detected in most particles and the average elemental composition of particles on 

0.6Bi-Pt/C is 72 ± 15% Pt and 28 ± 15% Bi. The relatively narrow distribution of 

elemental compositions indicates that during the preparation, the Bi was deposited selectively 

on the Pt particles rather than the carbon support. The overall elemental composition of 

0.6Bi-Pt/C from ICP-AES analysis was 61% Pt and 39% Bi, which is in the confidence 
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interval of elemental composition obtained from EDS. Additional STEM-EDS mapping 

further supported the conclusion that Bi species were selectively deposited on the Pt particles 

in Bi-Pt/C. The dark-field image, presented in Figure 3.9a, contained relatively large 

nanoparticles (~ 3 nm) to ensure sufficient EDS counts. The corresponding EDS map of Pt 

(blue), Bi (red) and the overlayed map of Pt and Bi are shown in Figures 3.9b, 3.9c and 3.9d, 

respectively. Both the Pt and Bi EDS maps overlapped well with the dark field image. In the 

regions where nanoparticles appeared, Pt and Bi EDS signals appeared simultaneously. An 

STEM-EDS mapping study over a larger area was also performed and confirmed that Pt and 

Bi signals appeared in the same region (Figure 3.10).  

 

 

Figure 3. 8. Regions for EDS analysis of a) b) 0.6Bi-Pt/C, c) d) 0.6Bi-Pt/C-P and e) f) 

0.6Bi-Pt/C-R. 0.6Bi-Pt/C-P was recovered after 20 min pretreatment in 0.1 M hexanediol 

under He flow at 328 K. 0.6Bi-Pt/C-R was recovered after 4 h reaction of HDO oxidation 

under 0.02 MPa O2 at 328 K. The corresponding compositions of analysis region are shown 

in Table 3.3. 
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Table 3. 5 Elemental compositions from EDS of 0.6Bi-Pt/C, 0.6Bi-Pt/C-P and 0.6Bi-Pt/C-Ra. 

0.6Bi-Pt/C 0.6Bi-Pt/C-Pb 0.6Bi-Pt/C-Rb 

Region 

Pt 

(mol %) 

Bi 

(mol %) 

Region 

Pt 

(mol %) 

Bi 

(mol %) 

Region 

Pt 

(mol %) 

Bi 

(mol %) 

a1 60 40 c1 80 20 e1 75 25 

a2 74 26 c2 93 7 e2 76 24 

a3 97 3 c3 84 16 e3 55 45 

a4 83 17 c4 61 39 e4 82 18 

a5 60 40 c5 64 36 e5 61 39 

a6 69 31 c6 80 20 e6 49 51 

a7 83 17 c7 52 48 e7 0 100 

a8 50 50 c8 60 40 e8 79 21 

a9 87 13 c9 61 39 e9 25 75 

a10 88 12 c10 59 41 e10 76 24 

b1 62 38 d1 79 21 f1 0 100 

b2 50 50 d2 79 21 f2 0 100 

b3 90 10 d3 79 21 f3 38 62 

b4 75 25 d4 57 44 f4 0 100 

b5 69 31 d5 85 15 f5 43 57 

b6 55 45 d6 79 21 f6 11 89 

b7 52 38 d7 75 25 f7 49 51 

b8 60 40 d8 86 14 f8 68 32 

b9 70 30 d9 69 31 f9 59 41 

b10 100 0 d10 83 17 f10 46 54 

Avg 72±15 28±15 Avg 73±12 27±12 Avg 45±30 55±30 
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a: The corresponding regions for EDS analysis are shown in Figure 3.8.  

b: Catalyst collected after 20 min of pretreatment in 0.1 M 1,6-hexnaediol under He flow at 

328 K. 

c: Catalyst collected after 4 h of 1,6-hexanediol oxidation under 0.02 MPa O2 at 328 K. 

 

 

Figure 3. 9. STEM-EDS-map of 0.6Bi-Pt/C (a, b, c, d), 0.6Bi-Pt/C-P (e, f, g, h) and 

0.6Bi-Pt/C-R including (i, j, k, l) including dark-field STEM images (a, e, i), EDS map of Pt 

(b, f, j), EDS map of Bi (c, g, k) and the overlayed map of Pt and Bi (d, h, l). (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.) 
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Figure 3. 10. Pt and Bi EDS mapping of 0.6Bi-Pt/C, 0.6Bi-Pt/C-P and 0.6Bi-Pt/C-R in large 

region. 0.6Bi-Pt/C-P was recovered after 20 min pretreatment in 0.1 M hexanediol under He 

flow at 328 K. 0.6Bi-Pt/C-R was recovered after 4 h reaction of HDO oxidation under 0.02 

MPa O2 at 328 K. 

 

3.3.1.2 Characterization of the Bi-promoted Pt catalysts after pretreatment and reaction 

Extensive characterization suggests that xBi-Pt/C (x = 0 – 0.6) catalysts with oxidized 

Bi selectively deposited on Pt particles were successfully prepared. As discussed in the 

Introduction, structural changes of bimetallic catalysts might happen during the reaction. In 

the current study, a catalyst was first pretreated in alcohol solution under He at 328 K for 20 

min to reduce nanoparticles in situ and then reacted in alcohol solution under various O2 

pressures. To investigate the influence of reaction environment on the structure of Bi-Pt/C 

catalysts, samples recovered after 20 min of the aqueous alcohol pretreatment (0.6Bi-Pt/C-P) 

and after 4 h of the alcohol oxidation reaction (0.6Bi-Pt/C-R) were extensively characterized. 

The stability of the carbon support was examined first. An SEM image together with the 

measured surface area of 0.6Bi-Pt/C-R is presented in Figure 3.3c. The size of the carbon 



113 

 

particles after reaction was similar to the as-prepared sample and the surface area of the 

recovered catalyst was 9.24×102 m2 g-1, which is slightly lower than the as-prepared 

0.6Bi-Pt/C sample (1.10×103 m2 g-1). Evidently, the porous structure of carbon support was 

relatively stable and was largely maintained under the reaction conditions used in this study. 

Fresh 0.6Bi-Pt/C and used 0.6Bi-Pt/C-R were analyzed by ICP-AES to check for 

leaching. As shown in Table 3.3, the loadings of Pt and Bi measured by ICP-AES were 

similar to those of the fresh catalyst, but slightly lower on the catalyst recovered from 4 h 

HDO oxidation. Because the atomic ratio of Bi to Pt remained constant at 0.63, we suspect 

the slightly lower loadings on the recovered catalyst is the result of adsorbed species on the 

catalyst after reaction, a conclusion also reached by Wörz et al.29 The reaction medium was 

also tested for leached metals after 4 h of reaction. The concentrations of Pt and Bi were both 

below 6.3 ppm, the detection limit of ICP-AES, confirming that less than 2% of available Pt 

or Bi leached into the solution.  

The 0.6Bi-Pt/C-R was also characterized by STEM to examine whether or not sintering 

of nanoparticles occurred during the reaction. The STEM image, the corresponding particle 

size distribution and the statistical analysis of the nanoparticle sizes are presented in Figures 

3.4d, 3.5d and Table 3.4, respectively. The mean particle diameter of 0.6Bi-Pt/C-R is 1.6 ± 

0.5 nm, which is similar to that of the as-prepared 0.6Bi-Pt/C (1.5 ± 0.5 nm). Likewise, the 

surface average diameter, which is related to the fraction of exposed metal sites, was also 

similar for 0.6Bi-Pt/C (1.8 nm) and 0.6Bi-Pt/C-R (2.0 nm). Prior work by Ide et al. has also 

shown that a monometallic Pt/C catalyst does not sinter during the selective oxidation of 

alcohols under similar conditions.20 The negligible aggregation of Pt was also supported by 

results from XRD, as shown in Figure 3.6. The very weak diffraction peak associated with 

Pt(111) for 0.6Bi-Pt/C-R was relatively unchanged from that for as-prepared 0.6Bi-Pt/C, 

indicating the excellent dispersion of the Pt nanoparticles was maintained.  
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To investigate the oxidation state of Pt and Bi after pretreatment and reaction, 

0.6Bi-Pt/C-P and 0.6Bi-Pt/C-R were interrogated by XPS and compared to as-prepared 

0.6Bi-Pt/C. The Pt 4f7/2 and Bi 4f5/2 core level spectra of 0.6Bi-Pt/C-P and 0.6Bi-Pt/C-R are 

shown in Figures 3.2c - f and the analysis of the spectra is summarized in Table 3.2. For both 

0.6Bi-Pt/C-P and 0.6Bi-Pt/C-R, the Pt remained metallic and the Bi remained oxidized. In 

addition, the binding energy of the features associated with 4f7/2 Pt(0), 4f5/2 Bi(0) and 4f5/2 

Bi(III) were similar among the 0.6Bi-Pt/C, 0.6Bi-Pt/C-P and 0.6Bi-Pt/C-R samples. The XPS 

results revealed that Pt was not over-oxidized irreversibly and that there was no significant 

change of the electronic interaction of Pt and Bi after the pretreatment and reaction compared 

to the as-prepared catalyst.  

Although leaching, sintering or change of oxidation state was not detected after the 

reaction, severe migration of Bi species was revealed by XPS and EDS. The atomic ratio of 

Pt:C obtained from XPS was similar for fresh 0.6Bi-Pt/C and the catalyst after pretreatment 

and reaction, suggesting that Pt particles did not substantially migrate on the carbon support. 

However, a significant decrease in Bi:Pt atomic ratio was observed on 0.6Bi-Pt/C-P (0.87) 

and 0.6Bi-Pt/C-R (0.66), compared to the fresh 0.6Bi-Pt/C (2.4). The Bi:Pt atomic ratio of 

0.6Bi-Pt/C-P and 0.6Bi-Pt/C-R determined by XPS was similar to the overall Bi:Pt ratio (0.63) 

determined from ICP-AES. Since neither Bi nor Pt leached during the reaction, the results 

from XPS indicate a substantial migration of Bi on the carbon support and a more uniform 

distribution of Bi species throughout the carbon particles as a result of pretreatment and 

reaction.  

The migration of Bi on the carbon support was also supported by the EDS study. For 

fresh 0.6Bi-Pt/C, single-nanoparticle EDS study shows that nanoparticles have a relatively 

uniform composition of Pt and Bi, indicating the selective deposition of Bi. After the 

pretreatment, the relatively uniform composition of Pt and Bi in the individual nanoparticles 
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was maintained, as indicated in Figures 3.8c and 3.8d and Table 3.5. The average elemental 

composition of 0.6Bi-Pt/C-P is 73 ± 12% Pt and 27 ± 12 Bi, which is similar to that of 

as-prepared 0.6Bi-Pt/C. However, some segregation of Bi and Pt was observed on 

0.6Bi-Pt/C-P in the EDS mapping study. As shown in Figures 3.9e-h, although Bi was present 

in the Pt-rich region, it also appeared in regions without Pt, most notably in the lower right 

area of the figure. The Pt and Bi EDS maps in a larger region are presented in Figure 3.10. 

Areas containing only Bi (no Pt) were observed in these maps as well. After 4 h of reaction, 

the segregation of Pt and Bi was more evident. The single-nanoparticle analysis showed a 

broader distribution of compositions of individual particles after reaction, which results in 45 

± 30% Pt and 55 ± 30% Bi, as shown in Table 3.5. As with 0.6Bi-Pt/C-P, regions that 

contained only Bi were detected on 0.6Bi-Pt/C-R, i.e., region 7 in Figure 3.8e and regions 1,2 

and 4 in Figure 3.8f. Although Bi species migrated substantially on the carbon support, no 

diffraction pattern of Bi species was observed by XRD (presented in Figure 3.6) suggesting 

that Bi species remained well dispersed in the vicinity of the Pt nanoparticles or on the 

support. 

 

3.3.2. Oxidation of 1,6-hexanediol 

3.3.2.1.Tests for transport artifacts 

The potential influence of external mass transport limitations on reaction rates was first 

examined by testing the effect of the stirring rate on initial activity of HDO oxidation over 

0.6Bi-Pt/C, the most active catalyst, under 0.02 MPa O2. As shown in Figure 3.11, the initial 

activity (TOF) first increased with stirring rate and then reached a plateau when the stirring 

rate exceeded 1000 rpm. In subsequent work, the stirring rate was chosen to be 1200 rpm. In 

addition, the maximum O2 transport rate from the gas phase to the aqueous phase in the 

pressurized reaction system was determined by the sulfite oxidation method 56 and for the 
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dioxygen pressure used here, the reaction rate did not exceed the O2 transfer rate. Hence, at 

1200 rpm, neither transport of dioxygen from the gas phase into the bulk of the liquid nor the 

film diffusion of HDO or O2 to the catalyst surface limited the reaction rate. 
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Figure 3. 11. Effect of stirring rate on measured initial activity (TOF) of 1,6-hexanediol 

oxidation over 0.6Bi-Pt/C. Reaction conditions: 328 K, Pt: 1,6-hexanediol = 1:500 (atomic 

ratio), 0.1 M 1,6-hexanediol solution, 0.02 MPa O2. 

 

Internal transport limitations did not affect the measured rates over Bi-Pt/C in the range 

of 0.02 – 1 MPa O2 and 0.05 – 0.2 M HDO or Pt/C in the range of 0.05 – 0.2 M HDO under 

high O2 pressure (0.2 – 1 MPa) because the reaction order in both HDO and O2
 is close to 

zero (Figure 3.12a). However, a reaction order of 0.75 with respect to O2 pressure was 

observed over Pt/C in the range of 0.02 – 0.2 MPa O2. The Weisz-Prater criterion was used to 

estimate the role of internal mass transport of O2 at 0.02 MPa O2 on the observed rate,63 

which was adapted from the work on hindered diffusion in liquid-phase glycerol oxidation 

over a PtBi catalyst by Wörz et al.29  
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Figure 3. 12. Dependence of initial activity (TOF (s-1)) of 1,6-hexanediol (HDO) oxidation 

over Pt/C and 0.6Bi-Pt/C on a) dioxygen pressure (MPa). Reaction conditions: Pt: 

1,6-hexanediol = 1:500 (atomic ratio), 0.1 M 1,6-hexanediol solution, stirring rate = 1200 

rpm, 328K; b) concentration of 1,6-hexanediol (HDO) (M). Reaction conditions: 0.02 and 1 

MPa O2, stirring rate = 1200 rpm, 328K and c) inverse temperature (K-1). Reaction conditions: 

Pt: 1,6-hexanediol = 1:500 (atomic ratio), 0.02 and 1 MPa O2, 0.1 M 1,6-hexanediol solution, 

stirring rate = 1200 rpm. 

 

Based on the Weisz-Prater criterion, the diffusion limitations are negligible when 

Φ𝑖 =  
𝑟𝑒𝑓𝑓∙𝑟𝑝

2

𝑐𝑖,𝑠∙𝐷
𝑖,𝑚𝑖𝑥
𝑒𝑓𝑓  < 0.3  1 

with Φi, the dimensionless Weisz-Prater parameter; reff, effective (observed) rate per volume 

of catalyst in mol s-1 m-3; rp, radium of the catalyst particle in m; ci,s, concentration of i at the 

surface of the particle in mol m-3 and Di,mix
eff, effective diffusivity of i in the mixture in m2 s-1. 

The Weisz-Prater parameter of O2 was calculated under 0.02 MPa O2 over Pt/C with different 

HDO concentration (0.05 – 0.2 M) and temperature (318 – 338 K). The reff was measured as 

the initial reaction rate (Table 3.6). The rp was determined from the SEM image, which was 

estimated to be 4 μm as 1/6 of the particle diameter 64 (Figure 3.1). The ci,s was assumed to be 
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the bulk concentration, ci,l. The bulk concentration of HDO was used as the initial 

concentration and for O2, Henry’s law was applied 65: 

𝑃𝑂2
=  𝐻𝑂2,𝑚𝑖𝑥 ∙

𝑐𝑂2,𝑙

𝑐𝑡𝑜𝑡𝑎𝑙
 2 

with 𝑃𝑂2
, saturated vapor pressure of oxygen in Pa; 𝐻𝑂2,𝑚𝑖𝑥, Henry coefficient of oxygen in 

the liquid mixture in Pa and ctotal as the total concentration of liquid, which is 5.10×103 mol 

m-3.29 As the concentration of HDO is low (0.1 M), 𝐻𝑂2,𝑚𝑖𝑥 was assumed to be equal to 

𝐻𝑂2,𝐻2𝑂, which was calculated as a function of temperature according to a correlation of 

Rettich et al. 66. The effective diffusivity, 𝐷𝑖,𝑚𝑖𝑥
𝑒𝑓𝑓

, was calculated by 

𝐷𝑖,𝑚𝑖𝑥
𝑒𝑓𝑓

=  𝐷𝑖,𝑚𝑖𝑥 ∙
𝜀

𝜏
 3 

where ε and τ are the catalyst porosity and tortuosity, respectively, which were estimated to be 

0.4 and 5, as a first approximation. The diffusion coefficient of dioxygen, 𝐷𝑂2,𝑚𝑖𝑥, was 

assumed to be equal to 𝐷𝑂2, 𝐻2𝑂 , which was measured by Han et al. at different 

temperatures.67  

Based on Equations 1 – 3, the Weisz-Prater parameters of dioxygen, shown in Table 3.6, 

were calculated under different conditions and were all below 0.3, indicating a negligible 

diffusional resistance in our porous catalysts.63 
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Table 3. 6 Calculated Weisz-Prater parameters for 1,6-hexanediol and dioxygen 

c(HDO) 

(mol L-1) 

P(O2) 

(MPa) 

T 

(K) 

reff 

(mol s-1 m-3) 

𝐻𝑂2, 𝐻2𝑂
66 

(109 Pa) 

𝑐𝑂2  

(mol m-3) 

𝐷𝑂2
67

 

(10-9 m2 s-1) 

Φ𝑂2
 

0.05 0.02 328 0.84 6.19 0.16 3.64 0.180  

0.1 0.02 328 0.95 6.19 0.16 3.64 0.203  

0.15 0.02 328 1.18 6.19 0.16 3.64 0.253  

0.1 0.02 318 0.72 5.68 0.18 3.05 0.168  

0.1 0.02 338 1.18 6.7 0.15 4.25 0.234  

 

3.3.2.2.Enhanced activity of 1,6-hexanediol oxidation over Bi-promoted Pt catalyst 

The series of xBi-Pt/C (x = 0, 0.03, 0.09, 0.18, 0.30, 0.45, 0.60 and 0.90) catalysts was 

tested in the semi-batch oxidation of HDO under 0.02 MPa O2. The conversion of HDO after 

15 min and 4 h is shown in Figure 3.13. Addition of Bi clearly promoted activity for alcohol 

oxidation relative to Pt/C. For example, the HDO conversion at 15 min increased from 2.2 % 

over Pt/C to 6.1% over 0.6Bi-Pt/C. A similar promotional trend was also observed after 4 h of 

reaction.  
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Figure 3. 13. Performance of Bi-Pt/C with different Bi:Pt ratios in oxidation of 

1,6-hexanediol. Reaction conditions: 328 K, Pt: 1,6-hexanediol = 1:500 (atomic ratio), 0.1 M 

1,6-hexanediol solution, 0.02 MPa O2, stirring rate = 1200 rpm. 

 

 

Among the Bi-Pt/C catalysts with different Bi loadings, the highest conversion was 

obtained over 0.6Bi-Pt/C. At high catalyst loading in the reactor, the 0.6Bi-Pt/C catalyst 

allowed for nearly stoichiometric conversion of 1,6-hexanediol to adipic acid. More 

specifically, a 98% yield of adipic acid was obtained after 36 h of reaction over 0.6Bi-Pt/C 

while the yield of adipic acid was only 43 % over an equivalent loading of Pt/C, as shown in 

Figure 3.14. The carbon balance was greater than 90% in both runs. 
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Figure 3. 14. Reaction profiles for 1,6-hexanediol oxidation over a) Pt/C and b) 0.6Bi-Pt/C. 

Reaction conditions: 328 K, Pt: 1,6-hexanediol = 1:100 (atomic ratio), 0.1 M 1,6-hexanediol 

solution, 0.02 MPa O2, stirring rate = 1200 rpm. 

 

The Pt/C and Bi-Pt/C catalysts were also tested under different dioxygen pressures and 

interestingly the effect of Bi addition on activity appeared to depend on O2 pressure, as 

shown in Figure 3.15. Although the addition of Bi had a promotional effect on the rate in 0.02 

MPa O2 (Figure 3.15a), the presence of Bi inhibited the rate on Pt/C under high dioxygen 

pressure (1 MPa), as shown in Figure 3.15d. The influence of Bi addition on the product 

distribution was also examined under high (1 MPa) and low (0.02 MPa) pressure of O2. As 

shown in Figure 3.16, the selectivities to 6-hydroxyhexanal, 6-hydroxyhexanoic acid and 

6-oxohexanoic acid were similar over Pt/C, 0.3Bi-Pt/C and 0.6Bi-Pt/C at similar levels of 

conversion (20 %), indicating that the main influence of Bi is on the rate of HDO oxidation. 
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Figure 3. 15. Reaction profiles for 1,6-hexanediol oxidation over Pt/C, 0.3Bi-Pt/C and 

0.6Bi-Pt/C under a) 0.02 MPa, b) 0.2 MPa, c) 0.5 MPa and d) 1 MPa dioxygen pressure. 

Reaction conditions: 328 K, Pt: 1,6-hexanediol = 1:500 (atomic ratio), 0.1 M 1,6-hexanediol 

solution, stirring rate = 1200 rpm. 
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Figure 3. 16. Product distribution during 1,6-hexanediol oxidation over Pt/C, 0.3Bi-Pt/C and 

0.6Bi-Pt/C (conversion ≈ 20%) under a) 1 MPa and b) 0.02 MPa O2. Reaction conditions: 

328K, Pt: 1,6-hexanediol = 1:500 (atomic ratio), stirring rate = 1200 rpm. The conversion is 

indicated by ▲. Only trace amounts of adipic acid were detected. 

 

3.3.2.3.Influence of reaction conditions on HDO oxidation 

Figure 3.12a summarizes the promotional effect of Bi on Pt as a function of O2 pressure. 

The TOF in Figure 3.12 is based on the surface Pt atoms associated with Pt/C since our 

characterization indicates that Bi is a highly mobile species during pretreatment and reaction. 

Under low O2 pressures, the TOF for HDO oxidation over unpromoted Pt/C increased 

significantly with O2 pressure, resulting in a reaction order of 0.75 over the range of 0.02 to 

0.2 MPa O2. At high pressure (0.2 to 1 MPa O2), the reaction was independent of O2 (zero 

order) over Pt/C. When the O2 pressure exceeds 0.2 MPa, the TOF over Pt/C actually 

exceeded that over 0.6Bi-Pt/C. The reaction order in O2 for HDO oxidation over 0.6Bi-Pt/C 

was close to zero over the whole range of pressures from 0.02 to 1 MPa. Evidently, the 

observed promotional effect of Bi on Pt-catalyzed HDO oxidation is directly related to the 
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observation that the reaction is zero order in O2 over the promoted system even at low 

pressure. 

The effect of substrate concentration and temperature on the reaction rate was also 

investigated, as shown in Figures 3.12b and 3.12c. In the range of 0.05 – 0.2 M, the oxidation 

of HDO was found to be nearly zero order with respect to HDO concentration at 328 K, 

under either 0.02 or 1 MPa O2. Zero order behavior with respect to alcohol was also reported 

in other studies, indicating the saturated adsorption of HDO on the catalyst surface.15,17,68 The 

apparent activation energy of HDO oxidation was also calculated from rates measured from 

318 to 338 K, as shown in Figure 3.12c. The apparent activation energies (Ea) reported in 

Table 3.7 were similar over Pt/C and 0.6Bi-Pt/C. At low O2 pressure (0.02 MPa), the apparent 

activation energies were 22 and 23 kJ mol-1 over Pt/C and Bi-promoted Pt/C, respectively, 

which are experimentally indistinguishable. Although the apparent activation energy values 

were higher at high O2 pressure (1 MPa O2), no discernable difference between the promoted 

and unpromoted Pt catalysts was observed. The similar apparent activation energy of HDO 

oxidation over Pt/C and Bi-Pt/C suggests a similar reaction path is followed on both catalysts. 

Previous work by Ide and Davis reported that the kinetics of HDO oxidation at high O2 

pressure over monometallic Pt/C can be explained by the dissociative adsorption of alcohol, 

the elimination of β-hydrogen, the reaction of surface H and surface OH and the generation of 

surface OH from O2 and water, among which β-hydrogen elimination was believed to be the 

kinetically-relevant step.15 The apparent activation energy measured in this work is in the 

same range as the calculated activation barrier of β-hydrogen elimination of alcohol over 

Pt(111) in water, which was 24 kJ mol-1.10 
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Table 3. 7 Reaction order and apparent activation energy of 1,6-hexanediol (HDO) oxidation 

over Pt/C and Bi-Pt/Ca 

Catalyst 𝑷𝑶𝟐
b 𝒏𝑶𝟐

c 𝒏𝑯𝑫𝑶
d Ea

e
 (kJ mol-1) 

Pt/C low 0.75 0 22 

Pt/C high 0 0 28 

0.6Bi-Pt/C low 0 0 23 

0.6Bi-Pt/C high 0 0 29 

a. Reaction rates are shown in Figure 3.12. 

b. For simplification, low 𝑃𝑂2
 means O2 pressure in the region of 0.02 – 0.2 MPa while 

high 𝑃𝑂2
 means O2 pressure in the region of 0.2 – 1 MPa. 

c. Reaction conditions: 328 K, 0.1 M HDO, Pt:HDO = 1:500 (atomic ratio), stirring rate = 

1200 rpm. 

d. Reaction conditions: 328 K, 0.02 MPa or 1 MPa O2, stirring rate = 1200 rpm, 0.05 – 0.2 

M 1,6-hexanediol. 

e. Reaction conditions: 0.1 M HDO, Pt:HDO = 1:500 (atomic ratio), stirring rate = 1200 

rpm, 0.02 MPa or 1 MPa O2, 318 – 338 K. 

 

3.3.2.4.Kinetic isotope effect of D2O over Pt/C and Bi-Pt/C and the promotional effect of Bi 

The significantly different O2 reaction order under low O2 pressure condition over Pt/C 

and Bi-Pt/C suggests that the promotional effect of Bi is likely related to the activation of O2. 

For Pt/C, the rate of O2 dissociation is fast so that it can be assumed to be at equilibrium 

under high O2 pressure15 whereas under low O2 pressure, the dissociation of O2 might be a 

kinetically-relevant step. From this perspective, the role of Bi might be to accelerate O2 

dissociation so that the O2 reaction order is zero, even under low O2 pressure, as shown in 

Figure 3.12a.  
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Zope et al. reported the calculated activation barriers for O2 dissociation over Pt(111) in 

water,10 with Ea for direct dissociative adsorption of O2 determined to be 64 kJ mol-1, which 

was lowered to 18 kJ mol-1 when O2 dissociation was assisted by adsorbed water (O2 ∗

+H2O ∗→ OOH ∗ +OH ∗). A water-assisted O2 dissociation step was also supported by the 

detection of peroxide during HDO oxidation over Pt/C as described in our previous work.15 

Since water may be an active participant in the dissociation of O2, the effect of replacing H2O 

with D2O was evaluated over Pt/C and 0.6Bi-Pt/C. 

The initial rates (TOF) of HDO oxidation over Pt/C and 0.6Bi-Pt/C under 0.02 MPa and 

1 MPa O2 were measured in H2O and D2O, respectively. The measured TOF and TOFH/TOFD 

ratio are reported in Table 3.8. Under high O2 pressure, a TOFH/TOFD ratio was determined to 

be 1.1 over both Pt/C and 0.6Bi-Pt/C. The negligible kinetic isotope effect with D2O under 

high O2 pressure was also observed during ethanol oxidation by Ide et al., suggesting that the 

dissociative adsorption of alcohol and formation of surface hydroxyl species from dioxygen 

and water are not the kinetically-relevant steps.15 Under low O2 pressure (0.02 MPa), 

however, a modest kinetic isotope effect of D2O was observed over Pt/C in this work. The 

initial TOF of HDO oxidation over Pt/C was 0.063 and 0.044 s-1 in H2O and D2O, 

respectively, resulting in a TOFH/TOFD ratio of 1.4. In contrast to the results over Pt/C, a 

negligible kinetic isotope effect was observed over 0.6Bi-Pt/C under 0.02 MPa O2, with the 

TOFH and TOFD measured at 0.17 and 0.20 s-1 (TOFH/TOFD = 0.9). Evidently, the presence 

of Bi allows the Bi-Pt/C system to have similar reaction kinetics during alcohol oxidation at 

low and high pressures of O2. Without Bi, there is a strong dependence of the reaction rates 

on O2 pressure at low pressure as well as a key role of water. 
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Table 3. 8 Effect of D2O versus H2O on the rate of 1,6-hexanediol oxidation over Pt/C and 

0.6Bi-Pt/Ca 

Pdioygen Solvent and catalyst TOF (s-1) TOFH/TOFD 

0.02 MPa 

H2O + Pt/C 0.063 − 

D2O + Pt/C 0.044 1.4 

H2O + 0.6Bi-Pt/C 0.17 − 

D2O + 0.6Bi-Pt/C 0.20 0.9 

1 MPa 

H2O + Pt/C 0.29 − 

D2O + Pt/C 0.26 1.1 

H2O + 0.6Bi-Pt/C 0.22 − 

D2O + 0.6Bi-Pt/C 0.20 1.1 

a: Reaction conditions: 328 K, Pt:HDO = 1:500 (atomic ratio), 0.1 M 1,6-hexanediol in H2O 

or D2O, 0.02 MPa or 1 MPa O2, stirring rate = 1200 rpm. 

 

3.3.3. Influence of Bi on the stability of Pt catalyst during 1,6-hexanediol oxidation 

Others have reported that Bi might promote the stability of the catalyst in alcohol 

oxidation by suppressing the formation or adsorption of contaminating species or preventing 

Pt from over-oxidation.21,23,24,28,32,38 Ide et al. suggested that severe deactivation of Pt 

catalysts during alcohol oxidation was possibly related to strongly bonded species generated 

from intermediates.20 However, the nature of the deactivating species remains unknown. In an 

attempt to quantitatively compare the deactivation behavior of our Pt/C and Bi-Pt/C catalysts, 

the experimental results were fitted by an empirical deactivation model proposed by Froment 

and Bischoff, which was applied to the deactivation caused by continuous formation of 

carbon on active sites.69 As shown in Figure 3.17, the following model fit the results well: 

r =
r0

1+kd∙t
4 
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with r as the measured reaction rate; r0 as the initial reaction rate; kd as the deactivation factor 

and t as reaction time. The deactivation factors, kd, for HDO oxidation over Pt/C and 

0.6Bi-Pt/C at 328 K under different O2 pressure (0.02 – 1 MPa) are shown in Figure 3.17. 

Under different O2 pressures, kd varied from 0.007 to 0.07 s-1. However, no obvious trend in 

kd with O2 pressure was observed over Bi-Pt/C and Pt/C.  

 

 

Figure 3. 17. Curve fitting of HDO oxidation deactivation model over Pt/C and 0.6Bi-Pt/C 

under different O2 pressure (dot: measured data; line: fitted curve).  
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Figure 3. 18. Deactivation factor (kd) of 1,6-hexanediol oxidation over Pt/C and 0.6Bi-Pt/C 

under different O2 pressure. 

 

3.4. Discussion 

Extensive characterization of 0.6Bi-Pt/C, 0.6Bi-Pt/C-P and 0.6Bi-Pt/C-R revealed a 

significant structural change of Bi-Pt/C under pretreatment and reaction conditions. A 

schematic model for the evolution of Bi-Pt/C during alcohol pretreatment and alcohol 

oxidation is summarized in Figure 3.19. During catalyst preparation, Bi was selectively 

deposited on Pt particles in the outer layer of the carbon support (Figure 3.19a). However, 

under conditions of pretreatment and reaction, substantial migration of Bi species on the 

carbon support was observed. Although some areas on the carbon support containing only Pt 

or Bi were detected on Bi-Pt/C after pretreatment and reaction, Bi and Pt were still in the 

vicinity of each other in most regions, even after a long reaction time. 
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Figure 3. 19. Illustration of restructuring between a) as-prepared Bi-Pt/C and b) Bi-Pt/C after 

pretreatment or reaction. Pretreatment conditions: catalyst in 0.1 M 1,6-hexanediol under He 

at 328 K; Reaction conditions: catalyst in 0.1 M 1,6-hexanediol under 0.02 MPa O2 at 328 K. 

Pt and BiOx are blue and pink, respectively.  

 

Most importantly, the addition of Bi only increased the rate of HDO oxidation under low 

O2 pressure. The increased rate was related to fact that the promoted system was zero order in 

O2 whereas the unpromoted catalyst was 0.75 order in O2 under the same conditions. 

Evidently, O2 activation became kinetically-relevant over Pt/C at low O2 pressure and 

promotion with Bi facilitated O2 activation. The promotional effect of Bi is likely to involve a 

water-assisted O2 dissociation path. This speculation was supported by the the moderate 

kinetic isotope effect of D2O on HDO oxidation over Pt/C at low O2 pressure, with 

TOFH/TOFD being 1.4, which is substantially higher than TOFH/TOFD = 0.9 seen over 

0.6Bi-Pt/C. Bismuth is reportedly oxidized faster than Pt under alcohol oxidation conditions28 

and BiOx is readily reduced when it is in contact with Pt,57 which may enable Bi to act as a 

redox site to facilitate O2 activation and subsequent transfer to the Pt surface. In addition, 

Feliu et al. proposed that BiOx on a Pt surface is likely to change the water adsorption on the 
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surface and favor the formation of oxygenated species.40,70 Combining our reaction kinetics 

and characterization results, we propose that the BiOx species adjacent to Pt nanoparticles 

form active sites that accelerate the water-assisted dissociation of O2 in liquid water and the 

subsequent formation of hydroxyl species on Pt surface, which in turn promotes the rate of 

HDO oxidation. Since no alloys of Bi and Pt were detected by XRD before and after reaction, 

we do not expect there to be a significant electronic effect associated with the Bi species on 

the Pt. Indeed, the similar apparent activation energy, product distribution and deactivation 

factor are consistent with the active Pt phase remaining fairly unperturbed after promotion 

with Bi.  

 

3.5. Conclusions 

Bismuth was successfully deposited onto carbon-supported Pt nanoparticles, but liquid phase 

pretreatment of the Bi-promoted Pt catalyst caused migration of Bi. The presence of Bi 

adjacent to Pt significantly promoted the rate of 1,6-hexanediol oxidation under low O2 

pressure without influencing the product distribution or catalyst deactivation. In the range of 

0.02 to 0.2 MPa O2, the order of reaction in O2 changed from 0.75 over Pt/C to zero over 

Bi-promoted Pt/C, which accounts for the observed promotion in rate at low O2 pressure. 

Results from the kinetic isotope effect with D2O vs H2O suggest that water-assisted O2 

activation is not kinetically-relevant on Bi-promoted Pt at low O2 pressure whereas it is 

relevant on unpromoted Pt. All of the promotional effects of Bi disappear at higher O2 

pressure. 
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Chapter 4. Alcohol oxidation reaction over non-precious metal atoms  

A portion of this thesis was previously published as Xie, J. et al. Selective Aerobic Oxidation 

of Alcohols over Atomically-Dispersed Non-Precious Metal Catalysts. ChemSusChem 10, 

359–362 

4.1. Introduction 

Precious metal catalysts are widely used in petrochemical refineries, pharmaceutical 

production facilities and environmental radiation devices.1 In particular, the aerobic oxidation 

of biomass-derived alcohols to corresponding aldehydes and acids in the aqueous phase using 

heterogeneous precious metal catalysts, such as Au, Pt, Pd and Ru, has received growing 

attention because it offers a green and sustainable route to value-added chemicals.2,3 The 

limited annual production and very high price of the metals, however, can be a significant 

barrier to commercialization of new processes.4 Therefore, replacement of precious metals 

with more earth-abundant metals would be quite advantageous.  

Recently, non-precious metal catalysts confined in a nitrogen-containing carbon matrix, 

which were prepared by pyrolysis or a ball milling method, exhibited decent activity in 

electrochemical reactions5–10 and organic synthesis.11–16 For example, the efficient activation 

of dioxygen has been reported with Fe-containing, nitrogen-doped carbon (Fe-N-C) in the 

electrochemical O2 reduction reaction (ORR), with a comparable activity to the well-known 

Pt ORR catalysts.8 Alcohol oxidation reactions can also be catalyzed by the Fe-based 

catalysts, such as Fe-containing polyoxometalates,17 nano-Fe2O3 particles18,19 and 

encapsulated or supported Fe complexes,20–24 but these catalysts often require the addition of 

peroxides，which is likely the consequence of the poor ability of the catalyst to activate 

dioxygen. As an Fe-N-C catalyst has previously demonstrated excellent ORR performance, 

we hypothesized that it might also be a promising catalyst for the aerobic oxidation of 

alcohols. In fact, Jagadeesh et al. have reported the aerobic oxidative nitrification of various 
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alcohols over Fe-N-C and identified aldehydes as intermediates.25 To the best of our 

knowledge, however, the exploration of Fe-N-C and other platinum group metal-free 

analogues as potential catalysts for alcohol oxidation in water to produce aldehyde or acid 

products has not been reported and the mechanism of alcohol oxidation remains unclear. The 

current study relates extensive materials characterization results to catalytic performance, 

explores the kinetics of alcohol oxidation in liquid water, examines the regenerability of the 

catalysts and compares a variety of non-precious metal, atomically-dispersed M-N-C 

catalysts. 

 

4.2. Experimental methods 

4.2.1. Preparation of M-N-C catalysts 

The M-N-C catalysts were prepared by a modified sacrificial support method.9 First, a 

calculated amount of silica (Cab-O-Sil® M5P, surface area 125 m2 g-1) was dispersed in 

water using a high energy ultrasound probe. Then, a suspension of nicarbazin (Sigma-Aldrich) 

in acetone was added to silica and sonicated for 20 minutes in an ultrasonic bath. Finally, a 

solution of metal nitrate (Fe(NO3)3•9H2O, Cr(NO3)3•9H2O, Co(NO3)2•6H2O, Ni(NO3)2•6H2O, 

Cu(NO3)2•3H2O, as received from Sigma-Aldrich) was added to SiO2-nicarbazin solution and 

ultra-sonicated for 8 hours (the total metal loading on silica was calculated to be ~20 wt%). 

After ultrasonic treatment, the viscous gel of silica，metal nitrate and nicarbazin was dried 

overnight at 358 K. The obtained solid was ground to a fine powder in an agate mortar and 

then subjected toheat treatment at 1173 K with ultra-high purity N2 (GT&S 99.999%) flow 

(100 cm3 min-1) for 45 min. After heat treatment, silica was leached using 25 wt% HF 

overnight. Finally, the M-N-C catalyst was washed with deionized water until neutral pH was 

achieved and then dried at 358 K. A second heat treatment was performed at T = 1223 K in 

reactive (NH3) atmosphere. A metal-free N-C material was synthesized by the same method 
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as described above without addition of metal salt. 

A 2 wt% Fe supported on activated carbon (Norit, SX ultra) (Fe/C) was prepared by 

incipient wetness impregnation of iron nitrate (Fe(NO3)3•9H2O, Sigma-Aldrich). The Fe/C 

was dried in air for 12 h at 393 K, reduced in 100 cm3 min-1 of flowing H2 (GTS-Welco, 

99.999%) for 4 h at 673 K, cooled, exposed to air, and stored at ambient temperature.  

To study the deactivation behavior of M-N-C, a used catalyst was recovered after 8 h of 

benzyl alcohol oxidation at 358 K under 1 MPa O2, washed with deionized water and dried in 

a 343 K oven for 8 h. To test whether the activity can be regenerated, the used M-N-C was 

treated with H2 (GTS-Welco, 99.999%) at 573 K. The catalyst was placed in a ceramic boat 

located in a horizontal quartz tube. The samples were then heated to 573 K at 10 K min-1 

under 100 cm3 min-1 of flowing H2, held for 3 h and cooled to room temperature under H2 

flow. 

 

4.2.2. Characterization of M-N-C catalysts 

The transmission electron microscopy (TEM) and scanning transmission electron 

microscopy (STEM) were performed on an FEI Titan 80-300 operating at 300 kV that is 

equipped with a Gatan 794 Multi-scan Camera (EFTEM) and an energy dispersive 

spectrometer (EDS) for elemental X-ray analysis. Aberration-corrected STEM imaging was 

performed using a Nion UltraSTEM which is equipped with a cold-field emission gun 

operated at 60 kV. The dispersion of fresh and used Fe-N-C was characterized using high 

angle annular dark field (HAADF) STEM imaging using a convergence semi-angle of 31 

mrad and collection angle of 86 to 200 mrad.  

Elemental analysis was used to determine the Fe loading on fresh and used Fe-N-C and 

the concentration of Fe in the reaction medium after 8 h of alcohol oxidation. Elemental 

analysis was performed by Galbraith Laboratories (2323 Sycamore Drive, Knoxville, TN 



144 

 

37921) using inductively coupled plasma – atomic emission spectroscopy (ICP-AES).  

XPS spectra were acquired on a Kratos Axis Ultra DLD X-ray photoelectron 

spectrometer using a Al Kα source monochromatic operating at 150W with no charge 

compensation. The base pressure was about 2×10–10 Torr, and operating pressure was around 

2×10–9 torr. Survey and high-resolution spectra were acquired at pass energies of 80 eV and 

20 eV, respectively. Data analysis and quantification were performed using CasaXPS 

software. A linear background subtraction was used for quantification of C1s, O1s and N1s 

spectra, while a Shirley background was applied to metal 2p spectra. Sensitivity factors 

provided by the manufacturer were utilized. 

 

4.2.3. Oxidation of benzyl alcohol over M-N-C 

The high-pressure, semi-batch alcohol oxidation reactions were performed in a 

50 cm3 Parr Instrument Company 4592 batch reactor with a 30 cm3 glass liner. An aqueous 

alcohol (benzyl alcohol (99.8%), 5-hydroxymethylfurfural (99%), ethanol (>99.5%), glycerol 

(>99%), 1,6-hexnaediol (99%), as received from Sigma-Aldrich) solution (10 mL) and 

catalyst were added to the glass liner with or without the addition of 1 mM tert-butanol 

(>99.5%, Sigma-Aldrich), 1,4-benzoquinone (98%, Sigma-Aldrich) or 

2,2,6,6-Tetramethyl-1-piperidinyloxy (98%, Sigma-Aldrich). The glass liner was inserted 

into the reactor, sealed, purged with He (GTS Welco, 99.999%), heated to 328 K and initiated 

by pressurizing the reactor with O2 (GTS Welco, 99.993%) in the range of 0.25 – 1 MPa. The 

conversion of alcohol during the set-up was negligible (less than 10% of the conversion at 30 

min, which was used to calculate the initial rate and activity). Liquid samples were 

periodically removed and the catalyst was recovered using a 0.2 μm PTFE filter before 

product analysis with a Waters e2695 high performance liquid chromatograph (HPLC) 

equipped with refractive index detector. Product separation in the HPLC was accomplished 
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on an Aminex HPX-87H column (Bio-Rad) operating at 318 K with an aqueous 5 mM 

H2SO4 solution as the mobile phase flowing at 5 cm3 min−1. The retention times and 

calibration curves were determined by injecting known concentrations of standards. The 

carbon balance was greater than 90 %.  

The maximum O2 transport rate from the gas phase to the aqueous phase in the 

pressurized reaction system was determined by the sulfite oxidation method.26 The amount of 

catalyst added to the reactor was chosen so that the alcohol oxidation rate would not be 

limited by O2 mass transfer from the gas to the liquid. Selectivity to a specific product is 

defined as moles of that product formed divided by moles of all products produced. The 

initial rate was calculated from the initial conversion of the alcohol by performing a linear fit 

of the conversion after 30 min of reaction. The turnover frequency (TOF) [mol alcohol 

converted (mol metal)-1 s-1] was derived from the initial rate calculated from conversion after 

30 min of reaction, which was below 10% in all cases. 

 

4.3. Results 

4.3.1. Catalyst characterization 

An Fe-N-C catalyst synthesized by pyrolysis of Fe(NO3)3 and nicarbazin (details 

provided in the supplementary information) was investigated in the aqueous-phase aerobic 

alcohol oxidation reaction. Although the catalyst has been leached with acid to remove Fe or 

Fe3C nanoparticles, some nanoparticles (5 – 30 nm) were still observed (Figure 4.1a), which 

has also been observed by others using similar synthesis methods and shown to be covered by 

a graphitic carbon shell.12,27 Extensive prior characterization of our Fe-N-C catalyst by X-ray 

photoelectron spectroscopy (XPS), Mössbauer spectroscopy and in situ X-ray absorption 

spectroscopy indicates that ~90% of the iron is atomically-dispersed as nitrogen-coordinated 

Fe (Fe-Nx) species and are proposed to be the ORR active sites.9 The predominant existence 
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of atomically-dispersed Fe in the sample used here was confirmed by aberration-corrected 

scanning transmission electron microscopy (AC-STEM) (Figure 4.2a). The weight loading of 

Fe was determined to be 1.2 wt% from XPS (Table 4.1) and 1.5 wt% from inductively 

coupled plasma atomic emission spectroscopy (ICP-AES) (Table 4.2), respectively. A similar 

metal loading from XPS (surface-sensitive) and ICP-AES (bulk) is consistent with the 

atomically-dispersed iron species composing a large fraction of the total iron on the catalyst. 

 

 

Figure 4. 1. STEM image of a) Fe-N-C, b) Fe/C and c) particle size analysis of Fe/C. 
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Figure 4. 2. Aberration-corrected STEM images of a) fresh Fe-N-C, b) used Fe-N-C, c) 

fresh Cu-N-C and d) used Cu-N-C-R. Used catalysts were recovered after 8 h of benzyl 

alcohol oxidation reaction, washed and dried. 
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Table 4. 1. Metal loadings of M-N-C catalysts from XPS analysis 

Catalyst 

Weight loadings (wt%) 

metal N O C 

Cr-N-C 0.7 5.6 3.7 90.0 

Fe-N-C 1.2 6.4 3.4 89.1 

Co-N-C 0.7 4.4 7.6 90.8 

Ni-N-C 1.2 3.0 5.6 90.4 

Cu-N-C 0.4 4.4 7.6 87.7 

 

Table 4. 2. Elemental analysis of fresh and used Fe-N-C and the recovered reaction 

medium after alcohol oxidation reaction over Fe-N-C or Cu-N-Ca. 

Sample Metal loading 

Fresh Fe-N-C 1.5 wt% Fe 

Used Fe-N-Cb 1.5 wt% Fe 

Filtered reaction medium (Fe-N-C)c <0.03 mM Fe 

Filtered reaction medium (Cu-N-C)c <0.02 mM Cu 

a: Analyzed by ICP-AES method. 

b: The used Fe-N-C catalyst was recovered after 8 h of benzyl alcohol oxidation reaction by 

washing thoroughly with water and drying for 8 h at 343 K. 

c: The reaction medium was collected after 8 h of benzyl alcohol oxidation reaction over 

Fe-N-C or Cu-N-C. 

 

4.3.2. Benzyl alcohol oxidation over Fe-N-C 

The rate of benzyl alcohol oxidation over Fe-N-C under mild conditions (353 K, 1 MPa 

O2, aqueous solution) was measured to be 1.7×10-7 mol s-1 gcat
-1 (Table 4.3, Entry 2), which is 
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equivalent to a turnover frequency of 0.00078 s-1 based on total Fe atoms. As control 

experiments, the conversion of benzyl alcohol was evaluated under identical conditions in the 

presence of Norit activated carbon and activated-carbon-supported Fe (Fe/C) with similar Fe 

loading and nanoparticle size compared to Fe-N-C (Figures 4.1). In addition, metal-free 

nitrogen-containing carbon (N-C) was evaluated for benzyl alcohol oxidation in the absence 

and presence of soluble Fe3+ (Fe(NO3)3) (Table 4.4). The conversion of benzyl alcohol over 

activated carbon and supported Fe nanoparticles was negligible whereas the reaction rate over 

N-C (with or without the presence of Fe3+ ion) is ~20 % of that observed with the equivalent 

amount of Fe-N-C. The low observed catalytic activity of N-C, compared with Fe-N-C, is 

likely related to the nitrogen sites on the carbon, which have been reported to participate in 

the partial reduction of O2.
28–30 Considering the molar loading of nitrogen in the carbon 

matrix is much larger than that of Fe (4.7 mol% of N versus 0.4 mol% of Fe9) and Fe-N-C is 

about 500% more active than N-C, we propose that the Fe-Nx sites are the primary active 

sites for benzyl alcohol oxidation. 
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Table 4. 3. Rates of benzyl alcohol oxidation over fresh, used and regenerated M-N-C 

catalystsa 

Entry Catalyst Treatmentb Rate (10-8 mol s-1 gcat
-1) TOF (10-3 s-1)c 

1 Cr-N-C 

Fe-N-C 

Co-N-C 

Ni-N-C 

Cu-N-C 

Fresh 84 6.5 

2 Fresh 17 0.78 

3 Fresh 180 15 

4 Fresh 64 3.1 

5 Fresh 204 34 

6 Cr-N-C 

Fe-N-C 

Co-N-C 

Ni-N-C 

Cu-N-C 

Used 46 3.6 

7 Used 11 0.52 

8 Used 21 1.7 

9 Used 7.3 0.36 

10 Used 21 3.5 

11 Cr-N-C 

Fe-N-C 

Co-N-C 

Ni-N-C 

Cu-N-C 

Regenerated 67 5.2 

12 Regenerated 19 0.90 

13 Regenerated 133 11 

14 Regenerated 14 0.70 

15 Regenerated 31 5.0 

a: Reaction conditions: 353 K, 10 mL 0.05 M benzyl alcohol aqueous solution, 0.0400 g 

Fe-N-C or 0.0130 g M-N-C (M = Cr, Co, Ni, Cu), 1 MPa O2.  

b: The used catalysts were recovered after 8 h of benzyl alcohol oxidation reaction, washed 

and dried; The regenerated catalysts were recovered after 8 h of oxidation reaction, washed, 

dried and treated in dihydrogen flow at 573 K for 3 h. 
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c: The turnover frequency (TOF) [mol alcohol converted (mol metal)-1 s-1] was derived from 

the initial rate calculated from conversion after 30 min of reaction, which was below 10% in 

all cases. 

 

Table 4. 4. Rates of benzyl alcohol oxidation over different materialsa 

Materials Rate (10-8 mol s-1 gcat
-1)c 

Norit activated carbon 0.70 

1.5 wt% Fe/C 1.2 

N-C 3.4 

N-C + Fe(NO3)3
b 2.4 

a: Reaction conditions: 353 K, 10 mL 0.05 M benzyl alcohol in aqueous solution, 0.0400 g 

catalyst, 1 MPa O2.  

b: The amount of Fe is 14 μmol, similar to the that of Fe-N-C and Fe/C.  

c: The reaction rate was calculated from the conversion of benzyl alcohol after 30 min of 

reaction. 

 

The reaction orders with respect to O2 and benzyl alcohol were evaluated over the range 

of 0.3 – 1 MPa O2 and 0.025 – 0.1 M benzyl alcohol. As illustrated in Figures 4.3a and 4.3b, 

the reaction orders were close to zero, indicating the saturated adsorption of O2 and benzyl 

alcohol. To further explore the reaction mechanism, the kinetic isotope effect utilizing 

deuterated alcohol (C6H5CD2OH) was evaluated. As summarized in Table 4.5, a significant 

kinetic isotope effect of 4.9 was observed, indicating β-H elimination is a kinetically-relevant 

step during benzyl alcohol oxidation over Fe-N-C. For comparison, the KIE was measured to 

be 1.8 over commercial carbon-supported Pt catalyst (Pt/C), which is a well-studied material 

for alcohol oxidation.31 Moreover, the influence of tert-butanol and 1,4-benzoquinone, known 
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scavengers for hydroxyl and superoxide radicals,32 on the rate of benzyl alcohol oxidation 

was examined over Fe-N-C and Pt/C. As revealed in Table 4.6, the introduction of the radical 

scavengers did not substantially change the rate of alcohol oxidation over either Fe-N-C or 

Pt/C. These results suggest that radical intermediates are not involved in the benzyl alcohol 

oxidation over Fe-N-C. 

 

Table 4. 5. Kinetics isotope effect and orders of reaction for benzyl alcohol oxidation 

Catalyst 

TOFD 

(10-3 s-1)a 

TOFH/TOFD
 

𝑛𝑂2
b 

𝑛𝑏𝑒𝑛𝑧𝑦𝑙 𝑎𝑙𝑐𝑜ℎ𝑜𝑙
c 

0.3 – 1 MPa 1 – 2 MPa 

Fe-N-C 0.16 4.9 0 0 0 

Cu-N-C 16 2.2 0.7 0 0 

a: The turnover frequency (TOF) [mol alcohol converted (mol metal)-1 s-1] was derived from 

the initial rate calculated from conversion after 30 min of reaction, which was below 10% in 

all cases. Reaction conditions: 353 K, 10 mL 0.05 M deuterated benzyl alcohol (C6H5CD2OH) 

aqueous solution, 0.0400 g Fe-N-C or 0.0130 g M-N-C (M = Cr, Co, Ni, Cu), 1 MPa O2. 

b: Reaction conditions: 353 K, 10 mL 0.05 M benzyl alcohol aqueous solution, 0.0400 g 

Fe-N-C or 0.0130 g Cu-N-C, 0.3 – 2 MPa O2.  

c: 353 K, 10 mL benzyl alcohol aqueous solution (0.025 – 0.1 M), 0.0400 g Fe-N-C or 0.0130 

g Cu-N-C, 1 MPa O2. 
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Figure 4. 3. Dependence of initial alcohol oxidation turnover frequencies (TOF (s-1)) on 

dioxygen pressure in the range of 0.3 – 2 MPa over a) Fe-N-C and c) Cu-N-C. Reaction 

conditions: 353 K, 10 mL 0.05 M benzyl alcohol aqueous solution, 0.0400 g Fe-N-C or 

0.0130 g Cu-N-C; and concentration of benzyl alcohol in the range of 0.025 – 0.1 M over b) 

Fe-N-C and d) Cu-N-C. Reaction conditions: 353 K, 10 mL benzyl alcohol aqueous solution, 

0.0400 g Fe-N-C or 0.0130 g Cu-N-C, 1 MPa O2. 
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Table 4. 6. Influence of radical trap addition on benzyl alcohol oxidation over Fe-N-C and 

Pt/Ca  

Catalyst Radical trap TOF (10-3 s-1)b 

Fe-N-C 

-- 0.78 

Tert-butanol 0.83 

1,4-Benzoquinone 0.64 

Pt/C 

-- 330 

Tert-butanol 310 

1,4-Benzoquinone 230 

a: Reaction conditions: 353 K, 10 mL 0.05 M benzyl alcohol in aqueous solution, 0.0400 g 

Fe-N-C or 0.0020 g Pt/C, 1 MPa O2, 1 mM tert-butanol or 1,4-benzoquinone. 

b: The turnover frequency (TOF) [mol alcohol converted (mol metal)-1 s-1] was derived from 

the initial rate calculated from conversion after 30 min of reaction. 

 

Slight deactivation was observed after 8 h of reaction. As shown in Table 4.3, Entries 2 

and 7, ~35% of the initial activity of Fe-N-C was lost after recovery from the reactor 

compared to the fresh catalyst. To investigate the cause of deactivation, the used catalyst was 

characterized by AC-STEM and ICP-AES. High-resolution electron microscopy (Figure 4.2b) 

revealed atomically-dispersed Fe-Nx sites remained on the used catalyst and elemental 

analysis of the fresh and recovered catalysts confirmed that the Fe loading was unaffected by 

reaction (Table 4.2). Moreover, the concentration of Fe in the reaction medium after 8 h was 

less than 0.03 mM, consistent with less than 2% of available iron being leached into the 

solution. Indeed, the catalytic activity can be almost fully regenerated by a reductive 

treatment in H2 (Table 4.2, Entries 2, 7, 12). These results suggest that the Fe-Nx sites are 

stable under the reaction conditions and the deactivation is likely the result of strongly 
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adsorbed species on active sites, which were removed during the H2 treatment. A similar 

deactivation behavior was also observed during alcohol oxidation over a Pt catalyst.33 

The oxidation of other alcohols, including 5-hydroxymethylfurfural (HMF), ethanol, 

1,6-hexanediol and glycerol, was also investigated over the Fe-N-C catalyst. As shown in 

Figure 4.4, benzyl alcohol and HMF were efficiently and selectively converted to benzyl 

aldehyde and 2,5-diformylfuran (DFF), respectively. The selectivity to benzyl aldehyde and 

DFF was 92% and 82% at the conversion of 79% and 49%, respectively. Less than 3% 

conversion of ethanol, 1,6-hexanediol and glycerol was observed under the same conditions, 

which is likely the result of either more difficult activation of β-H in the aliphatic alcohols or 

severe catalyst deactivation.  
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Figure 4. 4. Conversion and product distribution from oxidation of benzyl alcohol, 

5-hydroxymethylfurfural (HMF), glycerol and ethanol over Fe-N-C. Reaction conditions: 353 

K, 10 mL 0.05 M benzyl alcohol aqueous solution, 0.167 g Fe-N-C, 1 MPa O2, 8 h reaction 

time.  

 

In an attempt to improve the rate of alcohol oxidation over Fe-N-C, 
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2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) was added to the reaction medium, which has 

been reported to catalyze the oxidation of both aromatic and aliphatic alcohols when 

combined with homogeneous first-row transition metal co-catalysts.34,35 As shown in Table 

4.7, the catalytic amount of additive TEMPO (1 mM) significantly increased the rate of 

benzyl alcohol oxidation. The conversion of benzyl alcohol after 30 min increased from 2.4 % 

to 12.2% with the addition of TEMPO. More importantly, the oxidation of 1,6-hexanediol, an 

aliphatic diol, was significantly promoted by TEMPO, with 6.3% conversion after 30 min, 

compared to 0.5% conversion without the addition of TEMPO. 

 

Table 4. 7. Influence of TEMPO of benzyl alcohol and 1,6-hexanediol oxidation over 

Fe-N-Ca 

Substrate Additive Conversion (%) 

Selectivity (%) 

Aldehydeb Acidc 

Benzyl alcohol 

-- 2.4 100 0 

1 mM TEMPO 12.2 100 0 

1,6-Hexanediol 

-- 0.5 98 2 

1 mM TEMPO 6.3 78 22 

a: Reaction conditions: 353 K, 10 mL 0.05 M benzyl alcohol or 1,6-hexnaediol aqueous 

solution, 0.0400 g Fe-N-C, with or without 1 mM TEMPO, reaction time = 30 min. 

 

4.3.3. Benzyl alcohol oxidation over M-N-C (M = Cr, Co, Ni and Cu) 

A series of M-N-C catalysts containing other metals (M = Cr, Co, Ni, Cu) was also 

prepared by the same method used to synthesize Fe-N-C and evaluated in the benzyl alcohol 

oxidation. A related study on the oxidative nitrification of alcohols by Jagadeesh et al. 

revealed Fe and Co catalysts exhibited the best activity and selectivity.25 As shown in Table 

4.3, Entries 1-5, benzyl alcohol was also efficiently converted over all of the M-N-C catalysts 
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in this work. The activity of these M-N-C (M = Cr, Co, Ni, Cu) catalysts was much greater 

than that of Fe-N-C, among which Cu-N-C was the most active catalyst with a TOF of 0.034 

s-1 (~50 times greater than that of Fe-N-C and about one order of magnitude lower than Pt). 

As shown in Figure 4.2c, the high-resolution STEM image confirmed the atomic dispersion 

of Cu, which likely resides in nitrogen-coordinated sites. Similar to Fe-N-C, the reaction 

order with respect of O2 and benzyl alcohol was close to 0 in the range of 1 – 2 MPa O2 and 

0.025 – 0.1 M benzyl alcohol over Cu-N-C (Figures 4.3c and 4.3d). However, at lower O2 

pressure (0.3 – 1 MPa), the O2 reaction order was ~0.7. The higher O2 reaction order over 

Cu-N-C versus Fe-N-C is possibly correlated to the observed lower activity of Cu-N-C in 

ORR as reported by Serov et al.36 Interestingly, a much weaker kinetic isotope effect was 

observed during oxidation of deuterated benzyl alcohol over Cu-N-C compared to Fe-N-C 

(2.2 versus 4.9) (Table 4.5), which might be related to a more facile β-H elimination on the 

Cu catalyst. 

The stability of M-N-C catalysts was also investigated. Similar to the behavior of 

Fe-N-C, loss of activity was observed over M-N-C (M = Cr, Co, Ni, Cu) after 8 h of benzyl 

alcohol oxidation (Table 4.3, Entries 1-10). More specifically, only ~10% of the initial 

activity was observed with recycled Co-N-C, Ni-N-C and Cu-N-C catalysts. Microscopy 

revealed that Cu remained atomically dispersed throughout the reaction (Figure 4.2d) and 

negligible Cu leaching was observed by ICP-AES (Table 4.2). In an attempt to regenerate the 

activity of used M-N-C, H2 treatment at 573 K was performed on the recovered catalysts. 

Whereas the majority of catalytic activity was recovered from Cr-N-C, Fe-N-C and Co-N-C, 

the Ni-N-C and Cu-N-C samples were not efficiently regenerated (Table 4.3). 

 

4.4. Conclusion 

Materials with atomically-dispersed metal present in a highly porous 
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nitrogen-containing carbon matrix were synthesized by a sacrificial support method and 

demonstrated to catalyze alcohol oxidation reactions at mild conditions. Benzyl alcohol and 

5-(hydroxymethyl)furfural were selectively oxidized to aldehyde products by O2 in the 

aqueous phase at 353 K over an Fe-containing catalyst. Individual nitrogen-coordinated iron 

moieties are proposed to be the active sites for the alcohol oxidation. Rate measurements with 

deuterated benzyl alcohol revealed a strong kinetic isotope effect, indicating β-H elimination 

from the alcohol is a kinetically-relevant step in the reaction. Although some deactivation was 

observed, the original activity was completely regenerated by treatment in H2 at 573 K. 

Whereas the rate of 1,6-hexanediol oxidation was substantially slower than that of benzyl 

alcohol oxidation, addition of 2,2,6,6-tetramethyl-1-piperidinyloxy as a co-catalyst improved 

the rate of 1,6-hexanediol oxidation by more than an order of magnitude. The rate of benzyl 

alcohol oxidation was improved when Fe was substituted by other non-precious metals, such 

as Cr, Co, Ni and Cu. The higher rate of oxidation observed over the Cu catalyst was 

attributed to faster β-H elimination as the kinetic isotope effect with deuterated benzyl 

alcohol was much weaker than that observed over Fe catalyst. 
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Chapter 5. Atomically-dispersed Co and Cu on N-doped Carbon for Reactions 

involving C-H activation 

 

5.1. Introduction 

The catalytic transformation of carbon feedstocks to liquid fuels and useful chemicals 

usually involves the activation of C-H bonds, regardless of the feedstock source such as 

petroleum, natural gas or biomass.1–3 For nearly a century, heterogeneous precious-metal 

catalysts have been recognized as possessing the features needed to activate C-H bonds.4,5 

However, high cost limits their application in large scale and distributed systems.6 Therefore, 

a strong motivation exists to discover or engineer earth-abundant elements in chemical 

environments that catalyze desired chemical transformations similar to those typical of 

precious metals. Recently, non-precious metals confined in a nitrogen-containing carbon 

matrix (M-N-C) were developed for electro-catalytic oxygen reduction (ORR) and water 

splitting reaction, in which comparable activity and stability to the well-known Pt catalysts 

were observed.7–10 Considering its demonstrated redox activity, M-N-C catalysts were further 

applied in organic reactions involving oxidative C-H activation at mild temperature (usually 

lower than 400 K), such as dehydrogenation, coupling, esterification and nitrification.11–21  

The M-N-C catalysts are commonly prepared by a high-temperature pyrolysis method, 

which usually produces a variety of metal environments simultaneously, such as exposed or 

encapsulated metal nanoparticles along with the atomically-dispersed metals in a variety of 

coordination environments. The co-existence of these sites complicates investigations into the 

nature of the catalytically active sites. Catalysts containing predominantly 

atomically-dispersed Fe and Co, which also exhibited catalytic activity in ORR or C-H 

activation, were utilized to study the coordination environment and chemical state around the 

metal.15,17,20,22–40 Atomic dispersion of the metals on these catalysts has been verified by 
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aberration-corrected scanning transmission electron microscopy (AC-STEM) and X-ray 

absorption spectroscopy (XAS). The chemical state and coordination environment were also 

probed by XAS, along with X-ray photoelectron spectroscopy (XPS), Mössbauer 

spectroscopy, electron energy loss spectroscopy (EELS) and density-functional theory 

(DFT).15,17,27–29,31,35,36,38,40,41 Although the existence of nitrogen-coordinated metal sites (MNx) 

has been well documented, the coordination number of N atoms to the active metal center is 

still unresolved.21,37,38,40,42 Additionally, in situ XAS and XPS have been used to study 

Fe-based catalysts for ORR,29,31,34,36 but in situ characterization of materials for chemical 

catalysis is lacking.  

In a recently-published work,19 atomically-dispersed Co and Cu in N-containing carbon 

exhibited the highest activity for catalytic alcohol oxidation among a series of M-N-C 

catalysts. In the current work, Co and Cu catalysts were comprehensively characterized and 

correlated with reaction rates to identify and quantify the active sites. In situ XAS was 

performed to investigate the evolution of Co and Cu sites under oxidizing and reducing 

conditions at different temperatures (up to 750 K). In addition to oxidative dehydrogenation 

of benzyl alcohol at mild temperature (353 K), the dehydrogenation of propane to propene 

was demonstrated over Co-N-C. 

 

5.2. Experimental methods 

5.2.1. Preparation of M-N-C catalysts 

Black Pearls 2000 from Cabot Corporation and Davisil 636 silica from Sigma-Aldrich 

were used as the carbon and silica supports in this study. The aqueous ammonia was 

purchased from Fisher Scientific. All other chemicals were purchased from Sigma-Aldrich 

Corporation or Alfa Aesar and gases were from Praxair Inc. distributed by GTS-Welco. The 

M-N-C catalysts were prepared by a modified pyrolysis method.11,43 First, an ethanol solution 
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of 1,10-phenanthroline was mixed with an aqueous solution of Co(NO3)26H2O or 

Cu(NO3)23H2O with a 1:2 molar ratio of metal to 1,10-phenanthroline. The mixture was 

stirred for 20 min at 353 K and added dropwise to slurry of carbon black in a 0.1 M NaOH 

aqueous solution under vigorous stirring at 353 K. After 2 h, the slurry was cooled, filtered, 

washed thoroughly with distilled, deionized water (DI water) and dried overnight at 343 K. 

The filtered medium was colorless, indicating the efficient adsorption of metal complex onto 

the carbon support. The prepared materials were subsequently impregnated with an acetone 

solution of dicyandiamide and dried at 343 K overnight. The amount of impregnated 

dicyandiamide relative to carbon support was 40 wt% for samples with 1 wt% metal loading 

or 80 wt% for catalysts with 3 or 5 wt% metal loading. The obtained solid was pyrolyzed at 

873, 973 or 1073 K for 2 h with a ramping rate of 10 K min-1 under ultra-high purity N2 flow 

(100 cm3 min-1). To investigate the influence of ammonia treatment, Co and Cu catalysts 

pyrolyzed at 973 K with 1 wt% nominal metal loading were treated at 1223 K in NH3 with a 

ramping rate of 10 K min-1 for 2 h under NH3 flow (100 cm3 min-1). To remove the 

nanoparticles that were observed on the optimized Co-N-C, the catalyst was treated in 1 M 

HCl solution overnight at room temperature, filtered, washed thoroughly and dried at 393 K. 

The acid-treated catalyst was denoted as Co-N-C-HCl. To prepare a metal-free 

nitrogen-doped carbon (N-C), an acetone solution of dicyandiamide (0.4 g) was impregnated 

into carbon black (0.5 g) followed by a pyrolysis step at 973 K for 2 h under a dinitrogen 

flow of 100 cm3 min-1. As references, supported Co (5 wt%) and Cu (1.5 wt%) nanoparticles 

were prepared by incipient wetness impregnation using an aqueous solution of 

Co(NO3)26H2O or Cu(NO3)23H2O as the metal precursor and silica, carbon black or N-C as 

the support. After impregnation, the Co precursors on carbon or N-doped carbon were 

decomposed by thermal treatment in N2 flow (100 cm3 min-1) at 973 K. The C or 

N-C-supported Cu nanoparticles were prepared by reducing the impregnated Cu(NO3)2 under 
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H2 flow at 623 K. The nanoparticles on Co/SiO2 were prepared by reducing the impregnated 

support under H2 flow at 923 K. Nitrogen-doped carbon layers were subsequently added to 

carbon-supported Co and Cu nanoparticle by a modified pyrolysis methods using 

4-aminoantipyrine as the N-C precursor.44,45 Additionally, an atomically-dispersed 2.5 

nominal wt% Co/SiO2 catalyst was synthesized by an ion exchange method described 

elsewhere (denoted as CoOx-SiO2).
46,47 Briefly, 4.875 g of acid-washed silica was dispersed 

in 98 cm3 of DI water under vigorous stirring and then heating to 373 K. A solution 

containing 0.573 g Co(NH3)6Cl3, 2.765 cm3 aqueous ammonia, and 104 cm3 DI water was 

added dropwise over 10 min to the SiO2 slurry, followed by stirring at 373 K for 1 h. 

Afterwards, the mixture was cooled to room temperature, washed in DI water, dried, and 

calcined in 100 cm3 min-1 air at 573 K for 2 h after heating with a 1 K min-1 ramp rate. 

 

5.2.2. Characterization of M-N-C catalysts 

The XRD patterns were recorded using a PANalytical X'Pert Pro MPD (Multi-Purpose 

Diffractometer) instrument with Cu Kα radiation (45 kV, 40 mA) and scanning of 2θ from 10° 

to 70° with a step size of 0.0025° at a rate of 0.5° min−1. 

The STEM was performed on an FEI Titan 80-300 operating at 300 kV or a JEOL 2010 

F instrument operating at 200 kV.  

The metal loading on Cu-N-C and Co-N-C-HCl was determined by ICP-AES 

(performed by Galbraith Laboratories (2323 Sycamore Drive, Knoxville, TN 37921)).  

The XPS was performed on a Thermo Scientific ESCALAB 250 spectrometer equipped 

with a focused monochromatic Al Kα X-ray radiation source (1486.6 eV) and a 

hemispherical analyzer with a 6-element multichannel detector. The incident X-ray beam was 

45° off normal to the sample while the X-ray photoelectron detector was normal to the 

sample. A large area magnetic lens with a 500 µm spot size in constant analyzer energy mode 
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was utilized with a pass energy of 20 eV for region scans. Charge compensation was 

employed during data collection with an internal electron flood gun (2 eV) and a low energy 

external Ar ion flood gun. The binding energy of the C 1s peak assigned at 284.5 eV, which is 

attributed to the support, was used to reference the peak positions.48 

X-ray absorption spectroscopy (XAS) at the Co K and Cu K edges was collected at 

beamline 8-ID at the National Synchrotron Light Source II, Brookhaven National Laboratory. 

The Cu and Co metal foils (Goodfellow Corporation) were used as reference. Chemical 

standards including CoO, Co(NO3)26H2O, Co3O4, (NH3)CoCl3, Co(II) phthalocyanine, CuO, 

Cu(NO3)23H2O, and Cu(II) phthalocyanine were pelletized with boron nitride to provide 

appropriate absorption thickness. The XAS data were processed using the Demeter software 

package.49 

 

5.2.3. Oxidation of benzyl alcohol over M-N-C 

The high-pressure, semi-batch alcohol oxidation reactions were performed in a 

50 cm3 Parr Instrument Company 4592 batch reactor with a 30 cm3 glass liner. An aqueous 

benzyl alcohol solution (10 cm3) and catalyst were added to the glass liner. The glass liner 

was inserted into the reactor, sealed, purged with Ar, heated to 353 K and initiated by 

pressurizing the reactor with O2. The conversion of alcohol during the initial heating stage 

was negligible. Liquid samples were periodically removed and the catalyst was removed 

using a 0.2 μm PTFE filter before product analysis with a Waters e2695 high performance 

liquid chromatograph (HPLC) equipped with refractive index detector. Product separation in 

the HPLC was accomplished on an Aminex HPX-87H column (Bio-Rad) operating at 318 K 

with an aqueous 5 mM H2SO4 solution as the mobile phase flowing at 5 cm3 min−1. The 

retention times and calibration curves were determined by injecting known concentrations of 

standards. The carbon balance was greater than 90 % unless otherwise stated.  
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  The amount of catalyst added to the reactor was chosen so that the alcohol oxidation rate 

would not be limited by O2 mass transfer from the gas to the liquid.50 Selectivity to a specific 

product is defined as moles of that product formed divided by moles of all products produced. 

The initial reaction rates were calculated from the initial conversion of the alcohol by 

performing a linear fit of the conversion after 15 min of reaction.  

For poisoning experiments, 10 mg of catalysts (Co-N-C and Cu-N-C) and 10 cm3 

aqueous solution of benzoic acid or KSCN were added to the glass liner. The glass liner was 

inserted into the reactor, sealed, purged with Ar and heated to 353 K for 20 min. Subsequently, 

the catalyst was recovered by filtration, washed thoroughly and dried in R.T. overnight. The 

filtered medium was analyzed by HPLC to calculate the amount of adsorbed benzoic acid. 

The recovered catalyst was then evaluated in the benzyl alcohol oxidation reaction as 

described above. 

 

5.2.4. Propane Dehydrogenation 

Dehydrogenation experiments were conducted in a continuous downward flow reactor 

consisting of a 0.64 cm OD x 0.089 cm wall thickness stainless steel tube 15 cm in length. A 

10 cm pre-heating section of the same material was above the reactor. The catalyst bed was 

supported by glass wool. Catalysts were diluted with silica such that the total catalyst and 

diluent mass was 300 mg. The Co-N-C-HCl catalyst was treated in 5 M NH4OH aqueous 

solution overnight, washed and dried at room temperature before the reaction. This treatment 

was performed since HCl treatment was shown to inhibit alcohol oxidation activity that can 

be recovered by mild base (Tabls S5). Other catalysts were used after the synthesis. The 

carbon-supported catalysts were pre-treated in situ in 100 cm3 min-1 N2 at 923 K for 3 h and 

the silica-supported catalysts were pre-treated in N2 at 773 K for 3 h. Propane and N2 were 

then fed to the reactor with flow rates of 10 cm3 min-1
 and 30 cm3 min-1. Reactor effluent was 
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fed to an online Agilent 7890A equipped with an Agilent HP-PLOT/Q column and a flame 

ionization detector (FID). Samples were taken every 15 min, starting with the sample after 5 

minutes on stream. 

 

5.3. Results 

5.3.1. Optimization of Co-N-C and Cu-N-C for benzyl alcohol oxidation 

By pyrolyzing carbon-supported 1,10-phenanthroline–metal complexes (MPhen/C (M = 

Co, Cu)), a series of Co and Cu catalysts prepared at different pyrolysis temperatures was 

obtained and evaluated in the aerobic oxidation of benzyl alcohol. As shown in Table 5. 1, 

alcohol oxidation rates over unpyrolyzed CoPhen/C and CuPhen/C were both less than 

0.015×10-6 mol s-1 gcat
-1, respectively. A significant increase in reaction rate (by more than an 

order of magnitude) was observed after the pyrolysis. Over the most active Co and Cu 

catalysts pyrolyzed at 973 K, reaction rates of 2.1×10-6 and 0.92×10-6 mol s-1 gcat
-1 were 

measured (Table 5. 2). Whereas pyrolysis at elevated temperature is necessary for the 

formation of active sites,20,28,51 we observed a decrease in reaction rate when pyrolysis 

temperature increased to 1073 K, which was likely related to the formation of 

catalytically-inactive metal nanoparticles. As shown in Figure 5.1, negligible diffraction 

pattern of metal or metal oxide nanoparticles were observed over catalysts pyrolyzed up to 

973 K. In contrast, metal nanoparticles were formed during the pyrolysis at 1073 K, as 

evidenced by the X-ray diffraction pattern of Cu(111) at 2θ=43o  (Figures 5. 1) and a 

predominant Co-Co EXAFS feature over a catalyst pyrolyzed at 1073 K (Figure 5.2b). 

Further increase in Co loading over Co catalyst pyrolyzed 973 K from 1 wt% to 5 wt% 

increased the reaction rate but negligible change in rate was observed when Cu loading 

increased from 1 wt% to 3 wt% (Table 5. 2). 
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Figure 5. 1. XRD patterns, offset for clarity of Cu and Co catalysts prepared under different 

conditions and the metal-free N-doped carbon pyrolyzed at 973 K. 
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Figure 5. 2. Normalized XANES at the Co K-edge of a) carbon-supported 

1,10-phenanthroline Co complex (CoPhen/C) and Co catalysts prepared by pyrolysis at 873, 

973 and 1073 K and c) cobalt standards (PcCo is Co(II) phthalocyanine); The k2-weighted 

Fourier transform (not corrected for phase shift) of Co EXAFS associated with b) CoPhen/C 

and Co catalysts at 873, 973 and 1073 K and d) cobalt standards. 
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Table 5. 1. Rates of benzyl alcohol oxidation over reference materialsa 

Entry Catalyst Metal loadingb 

(wt%) 

Rate (10-6 mol s-1 gcat
-1) 

1 CoPhen/C 1 0.013 

2 CuPhen/C 1 0.010 

3 N-C − 0.041 

4 Cu/C 1.5 0.035 

5 Cu/N-C 1 0.022 

6 N-C-Cu/C 1.5 0.024 

7 Co/C 5 0.040 

8 Co/N-C 5 0.085 

9 N-C-Co/C 5 0.062 

10 Co/SiO2 5 0.0026 

11 CoOx-SiO2 2.5 0.0025 

12 Co/N-C 5 0.085 

a. Reaction conditions: 10 mL 0.05 M benzyl alcohol aqueous solution, 10 mg catalyst, 1 

MPa O2, 353 K. 

b. The nominal metal loadings are calculated based on the amounts of precursors for catalyst 

preparation unless otherwise stated. 
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Table 5. 2. Rates of benzyl alcohol oxidation over Co and Cu catalystsa 

Metal 

Metal loading 

(wt%)b  

Pyrolysis 

temperature 

(K) 

Post-treatment 

Rate  

(10-6 mol s-1 gcat
-1) 

Cu 

1 873 – 0.35 

1 973 – 0.92 

1 1073 – 0.42 

3 973 – 0.88 

1.2c 973 NH3, 1223 K 1.6 

Co 

1 873 – 0.93 

1 973 – 2.1 

1 1073 – 1.3 

5 973 – 7.8 

1 1073 NH3, 1223 K 0.17 

a. Co and Cu catalysts were prepared by a pyrolyzing carbon-supported Co and Cu complexs. 

Details of catalyst preparation are described in Method. Reaction conditions: 10 mL 0.05 M 

benzyl alcohol aqueous solution, 10 mg catalyst, 1 MPa O2, 353 K. 

b. The nominal metal loadings are calculated based on the amounts of precursors for catalyst 

preparation unless otherwise stated. 

c. The metal loading measured by ICP-AES. 

 

To further promote the activity, an NH3 post-treatment at 1223 K was additionally 

performed on Co and Cu catalysts after pyrolysis at 973 K.10,31 The Cu catalyst remained 

mostly atomically-dispersed, as evidenced by the negligible formation of Cu metal particles 

observed in STEM (Figure 5.3a) and EXAFS (Figure 5.2). The reaction rate of the 
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NH3-treated Cu catalyst increased to 1.6×10-6 mol s-1 gcat
-1, compared to a rate of 0.92×10-6 

mol s-1 gcat
-1 over the Cu catalyst before NH3 treatment. Over NH3-treated Co catalyst, 

however, a diffraction peak from Co(111) at 2θ = 44.2o was observed by XRD (Figure 5.1). 

The reaction rate of the NH3-treated Co catalyst decreased by more than an order of 

magnitude compared to that measured over the Co catalyst before NH3 treatment. Using the 

catalytic activities in aqueous benzyl alcohol oxidation as the property to maximize, the 

optimized Co-N-C is prepared by pyrolysis of CoPhen/C with impregnated dicyandiamide at 

973 K and the optimized Cu-N-C is prepared by pyrolyzing CuPhen/C with impregnated 

dicyandiamide at 973 K followed by NH3 treatment at 1223 K. The kinetic isotope effect 

(KIE), evaluated by using C6H5CD2OH, ranged from 1.6 to 2.9, depending on the metal in the 

catalyst and the presence of base in the reaction (see Table 5. 3). The normal KIE observed 

here indicates that C-H activation of the alcohol is a kinetically-relevant elementary step.  

 

 

Figure 5. 3. Dark-field STEM images of a) Cu-N-C (prepared by pyrolysis at 973 K followed 

by NH3 treatement at 1223 K), b) Co-N-C (prepared by pyrolysis at 973 K) and c) 

Co-N-C-HCl (prepared by HCl treatment of Co-N-C). 
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Table 5. 3. Kinetic isotope effect for benzyl alcohol oxidationa  

Catalyst Reaction 

RateD  

(10-6 mol s-1 gcat
-1) 

RateH/

RateD 

Co-N-C 

C6H5CD2OH+H2O 2.3 2.9 

C6H5CD2OH+H2O+0.1 M NaOH 10 1.6 

Cu-N-C 

C6H5CD2OH+H2O 0.57 2.8 

C6H5CD2OH+H2O+0.1 M NaOH 3.9 1.8 

a: Reaction conditions: 10 mL 0.05 M benzyl alcohol aqueous solution, 10 mg catalyst, 1 

MPa O2, 353 K. Conversion was less than 20 % when calculating the rate. 

 

5.3.2. Quantification of active sites for low-temperature C-H activation 

The quantification of active sites in these materials remains a challenge since some of 

the metal atoms may be “buried” in the carbon matrix and therefore unavailable for catalysis, 

or the local environment around some of the metal atoms may not optimal for catalysis. A 

titration method to selectively poison active sites would be quite useful to estimate the actual 

number of metal sites participating in the reaction. Potassium thiocyanate has been reported 

to poison atomically-dispersed metal sites,21,42 but it turns out to be an unsuitable poison 

under the reaction conditions in this study. As shown in Table 5. 4, addition of KSCN to the 

reaction solution at a level of more than 5 times that of metal caused a decrease in rate by less 

than 30% over the Co and Cu catalysts. In contrast, addition of benzoic acid decreased the 

reaction rate by ~90% and therefore was utilized to estimate the active site density in Co-N-C 

and Cu-N-C catalysts. 
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Table 5. 4. Reaction rate of benzyl alcohol oxidation over M-N-C with additivesa 

Catalyst Additive 

Reaction rate 

(10-6 mol s-1 gcat
-1) 

Decreased % 

Co-N-C 

KSCN 5.5 29 

Benzoic acid 0.92 88 

Cu-N-C 

KSCN 1.2 25 

Benzoic acid 0.15 91 

a: Reaction conditions: 10 mL 0.1 M benzyl alcohol aqueous solution with 0.005 M additive, 

10 mg catalyst, 1 MPa O2, 353 K. The reaction rates with additives were compared to those 

without additive to calculate the percentages of decreased reaction rate. 

 

A very small amount of acid can poison a substantial fraction of the observed activity, 

especially for Co-N-C (Figure 5.4). The oxidation rate decreased by 65% with adsorption of 

0.24×10-6 mol of benzoic acid, which corresponds to 0.03 equivalents relative to total Co. 

Over Cu-N-C, adsorption of 0.34×10-6 mol of acids (0.18 equivalents relative to Cu), a 40% 

decrease in oxidation activity. Adsorption of higher acid amounts did not proportionally 

decrease the rate, indicating the presence of active sites that are not readily poisoned by acid. 

A similar non-linear dependence of reaction rate on the amount of poisoning species has also 

been reported recently.42 Since it is possible that acid molecules could also adsorb on the 

carbon support, the ratio of adsorbed acid to catalytically active sites has an assumed upper 

bound of 1:1. The effect of acid poisoning on the highly active sites can be correlated with 

the following equation: 

𝑟𝑎𝑑𝑑 = 𝑟0 −
𝑟0×𝑝𝑜𝑖𝑠𝑜𝑛𝑒𝑑 𝑠𝑖𝑡𝑒𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑖𝑡𝑒𝑠
≥ 𝑟0 −

𝑟0×𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑 𝑎𝑐𝑖𝑑𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑖𝑡𝑒𝑠
 ⑴ 

where radd is the measured oxidation rate and r0 is the oxidation rate without any acid poison. 

The initial linear region (first four points) in Figures 5. 4a and 5. 4b were fitted with Equation 
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(1) to estimate an upper bound of the highly active metal sites that were poisoned. As shown 

in Table 5. 5, the upper bound of the highly active sites in 10 mg of sample were 0.32×10-6 

mol in Co-N-C and 0.70×10-6 mol in Cu-N-C, which correspond to 0.19 wt% Co and 0.45 wt% 

of Cu. Accordingly, the lower bound of benzyl alcohol oxidation turnover frequency (TOF) 

over the highly active Co and Cu sites was 0.24 s-1 and 0.023 s-1, respectively. 

Carbon-supported Pt nanoparticles have a turnover frequency of 0.33 s-1 under identical 

conditions, indicating the highly active sites of Co-N-C exhibit nearly the same rate as Pt 

nanoparticles. 

 

 

Figure 5. 4. Influence of adsorbed acids on metal sites on the reaction rate of benzyl alcohol 

oxidation over a) Co-N-C and b) Cu-N-C catalysts. Reaction conditions: 10 mL 0.1 M benzyl 

alcohol aqueous solution, 10 mg catalyst, 353 K, 1 MPa O2, the reaction rates were calculated 

from the conversion after 15 min of reaction. The results from linear fit of first four points 

(dashed lines) are presented in Table 5. 5. 
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Table 5. 5. Amount of active sites from linear fit of alcohol oxidation rate with acid additivesa 

Catalyst Intercept  

𝒓𝟎, 10-6 mol s-1 gcat
-1 

Slope  

𝒓𝟎

𝑨𝒄𝒕𝒊𝒗𝒆 𝒔𝒊𝒕𝒆𝒔
 s-1 gcat

-1 

Active sites in 10 mg 

catalyst (10-6 mol) 

Co-N-C 7.4 23 0.32 

Cu-N-C 1.6 2.3 0.70 

a: The experimental data and fitting range were presented in Figure 5.4. 

 

5.3.3. Discrimination of active sites 

The optimized Co-N-C and Cu-N-C catalysts were characterized and compared to the 

reference materials in an attempt to identify the active sites. As shown in Figures 5. 1, 5. 2 

and 5. 3, metal nanoparticle was not observed on the optimized Cu-N-C by XRD, XAS or 

STEM, suggesting the atomic dispersion of Cu sites. The elemental analysis by ICP-AES 

showed a Cu loading of 1.2 wt% (Table 5. 6). The Co-N-C catalyst, on the other hand, 

contains nanoparticles with a diameter of ~2 nm, as revealed by STEM (Figure 5. 3b). The 

Co nanoparticles were successfully removed by a mild acid wash with 1 M HCl (Figure 5. 

3c).21 The atomically-dispersed Co that remained on the sample (denoted as Co-N-C-HCl), 

has a loading of 1.5 wt% from ICP-AES (Table 5. 6), compared to a nominal loading of 5 wt% 

Co before the acid wash. Since the reaction rates of benzyl alcohol oxidation under basic 

conditions were the same over Co-N-C before and after acid-washing of catalyst (Table 5. 7), 

catalytic activity is not associated with the nanoparticles. Moreover, comparing the rates over 

supported or encapsulated nanoparticles (Figure 5. 5) as well as N-C without any metal 

(Table 5. 1), the much higher activity of the atomically-dispersed metal sites confirms their 

participation in the catalysis for oxidative dehydrogenation of benzyl alcohol. Additionally, 

negligible activity of carbon-supported 1,10-phenanthroline–metal complexes or 

highly-dispersed CoOx on silica (Figure 5. 6) indicates the importance of the unique chemical 
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environment around the metal atoms in M-N-C catalysts (Table 5. 1). 

 

 

Figure 5. 5. Dark-field STEM images of a) Co/C and b) Cu/C and particle size distribution of 

c) Co/C and d) Cu/C. Co/C and Cu/C were prepared by incipient-wetness impregnation 

method using metal nitrates as precursor. 
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Figure 5. 6. a) Dark-field STEM image and b) k2-weighted Fourier transform (not corrected 

for phase shift) of Co-K edge EXAFS associated with CoOx-SiO2 in air. CoOx-SiO2 was 

prepared by an ion-exchanged method followed by calcination at 573 K in air. 

  

Table 5. 6. Weight loadings of metal sites associated with atomically-dispersed Co and Cu 

catalysts 

Catalyst 

Overall metal loading (wt%) 

ICP-AES XPS 

Co-N-C-HCl 1.5 1.3 

Cu-N-C 1.2 0.51 
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Table 5. 7. Rates of benzyl alcohol oxidation over Co-N-C before and after acid washa 

Catalyst 

Metal loading 

 (wt%) 

Rate 

(10-6 mol s-1 gcat
-1) 

Co-N-C 5b 16 

Co-N-C-HCl 1.5c 16 

a. Co-N-C after HCl wash is nominated as Co-N-C-HCl. Reaction conditions: 10 mL 0.05 M 

benzyl alcohol aqueous solution, 10 mg catalyst, 1 MPa O2, 353 K, 0.1 M NaOH. 

b. Nominal metal loading 

c. The metal loading measured by ICP-AES. 

 

5.3.4. Characterization of atomically-dispersed metal sites 

The coordination environment around the metal atoms and the oxidation state in 

Co-N-C-HCl and Cu-N-C were also investigated. Results from XPS were used to 

characterize the loading and chemical state of the metal and nitrogen. As shown in Figure 

5.7a, a major peak for Co 2p3/2 was observed at 780.7 eV, together with a satellite peak at 

786.4 eV having 1/3 intensity of the main peak, consistent with the presence of Co(II).52,53 

The Cu 2p3/2 XPS spectrum showed only one peak at 933.5 eV, which is characteristic of 

Cu(II).54 The N 1s XPS spectra of Co-N-C-HCl and Cu-N-C can be deconvoluted into a 

graphitic N peak at ~400.7 eV and pyridinic N peak at ~398.8 eV. Pyridinic N atoms have 

been reported to act as coordinating sites for metal cations to form active MNx sites.42,47,52 

Over both atomically-dispersed Co and Cu catalysts, excess pyridinic N exists relative to 

metal, as determined by XPS (Tabls S5). The molar ratios of metal:pyridinic N are ~ 1:11 

over Co-N-C-HCl and ~1:2 over Cu-N-C (Table 5. 8). Notably, 1.3 wt% Co loading in 

Co-N-C-HCl measured from surface-sensitive XPS is quite close to the bulk Co loading 

determined by ICP-AES, which suggests a homogeneous distribution of Co throughout the 
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catalyst. In the Cu-N-C catalyst, 0.51 wt% of Cu was measured by XPS compared to 1.2 wt% 

Cu by ICP-AES (Table 5. 6), indicating a higher fraction of CuNx moieties were buried in the 

support rather than being present on the surface.  

 

 

Figure 5. 7. a) Co 2p3/2 X-ray photoelectron spectrum of Co-N-C-HCl and b) Cu 2p3/2 X-ray 

photoelectron spectrum of Cu-N-C.  
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Table 5. 8. Core level binding energies and compositions determined by XPSa 

Sample Area 

Binding energies (eV) Relative amount (mol%) 

Metal NI
b NII

c Metal NI
b NII

c O C 

N-C 

1 – 398.8 400.7 – 0.80 0.66 1.8 97 

2 – 398.8 400.7 – 0.88 0.78 2.0 96 

3 – 398.8 400.6 – 0.65 0.60 1.5 97 

Avg – – – – 0.78 0.68 1.8 97 

Co-N-C-HCl 

1 780.7 398.8 400.7 0.31 3.0 1.3 2.4 93 

2 780.7 398.8 400.9 0.23 3.1 1.4 2.3 93 

3 780.7 398.9 400.8 0.24 2.6 1.4 2.4 94 

Avg – – – 0.26 2.9 1.4 2.4 93 

Cu-N-C 

1 933.5 398.6 400.5 0.12 0.20 0.25 1.8 98 

2 933.3 398.8 400.7 0.10 0.17 0.18 1.5 98 

3 933.3 398.8 400.6 0.09 0.20 0.23 1.5 98 

Avg – – – 0.10 0.19 0.22 1.6 98 

a. The N 1s and metal 2p spectra are presented in Figure 5.7 and Figure 5.8. All spectra were 

deconvoluted with a curve fitting routine in CasaXPS software. The full width at half 

maximum of NI and NII species were kept the same during the fitting using a combination of 

70% Gaussian and 30% Lorentzian curves after subtracting a Shirley background. The molar 

percentages of each species were calculated from peak areas normalized by atomic subshell 

photoionization cross sections of the corresponding element.55 

b. The NI at ~398.8 eV was assigned to graphitic N. 

c. The NII at ~400.7 eV was assigned to pyridinic N. 
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Figure 5. 8. N 1s X-ray photoelectron spectrum of N-C. The binding energies and 

quantification results are presented in Table 5. 10. 

 

X-ray absorption spectroscopy at the K-edge of Co and Cu was also used to investigate 

the atomically-dispersed Co and Cu catalysts. A characteristic near-edge feature associated 

with square-planar MN4 is present at 7715 eV for CoN4 and 8986 eV for CuN4, which 

originates from the 1s – 4pz transition with simultaneous ligand-to-metal charge transfer.52,56 

This feature is present in the X-ray Absorption Near Edge Structure (XANES) of Co(II) 

phthalocyanine and Cu(II) phthalocyanine standards (Figures 5. 2c and 5. 9c). The 

Co-N-C-HCl and Cu-N-C catalysts did not exhibit this pre-edge feature (Figures 5. 10a, 10c, 

11a and 11c), suggesting a non-planar structure of CoNx and CuNx sites in the catalytic 

samples. Attempts were also made to analyze the oxidation state of the metals by comparing 

the Co and Cu K edge XANES based on spectra of standard materials, but the correlation of 

oxidation state to the white line intensity or edge position was not obvious because of 

changes in line shape among the standards. The Extended X-ray Absorption Fine Structure 

(EXAFS) was used to analyze the coordination environment around the Co and Cu atoms. As 

shown in Figures 5. 10b and 11b, a predominant peak in the radial structure function 
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associated with Co-N and a less intense feature attributed to Co-O were observed on 

Co-N-C-HCl catalyst. There was no significant Co-Co contribution, which is consistent with 

the atomic dispersion of Co. The coordination numbers (CN), interatomic distances (r), and 

Debye–Waller factors (σ2) obtained from EXAFS curve fitting of Co-N-C-HCl after heating 

in H2 and cooled to 313 K are present in Table 5. 9. A Co-N shell at a distance of 1.90 Å with 

a coordination number of 3.0 and a Co-O shell at 2.07 Å, with a coordination number of 0.8 

fit the data well (Figure 5.12). Similar Co-N and Co-O distances have been reported 

previously for a Co-N-C material exposed to air with a coordination number of 3.7 for Co-N 

and 1.7 for Co-O.52 The Cu-N-C sample had a minor feature in the EXAFS that might be 

attributed to Cu-Cu, but a strong feature of either Cu-N or Cu-O was observed (Figure 5.10d). 

Similar interatomic distances of Cu-N and Cu-O in EXAFS were observed on the standard 

samples shown in Figure 5. 9d. The fitting results suggest a Cu-N/O bonding length of 1.97 Å 

with a total coordination number of 3.6 in Cu-N-C (Table 5. 10).  
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Figure 5. 9. Normalized XANES at the Cu K-edge of a) carbon-supported 

1,10-phenanthroline Cu complex (CuPhen/C) and Cu-N-C catalysts prepared by 973 K 

pyrolysis followed by NH3 treatment at 1223 K and c) copper standards (PcCu is Cu(II) 

phthalocyanine); The k2-weighted Fourier transforms (not corrected for phase shift) of Cu 

EXAFS associated with b) CuPhen/C and Cu-N-C and d) copper standards. 
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Figure 5. 10. a) Normalized XANES at the Co K-edge and b) the k2-weighted Fourier 

transform (not corrected for phase shift) of Co EXAFS associated with Co-N-C-HCl at room 

temperature, at 373 K under 10% O2 and at 373 K under 5% H2; and c) normalized XANES 

at the Cu K-edge and d) the k2-weighted Fourier transform (not corrected for phase shift) of 

Cu EXAFS associated with Cu-N-C at room temperature, at 373 K under 10% O2 and at 373 

K under 5% H2.  
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Figure 5. 11. a) Normalized XANES at the Co K-edge and b) the k2-weighted Fourier 

transform (not corrected for phase shift) of Co EXAFS associated with Co-N-C-HCl under 5% 

H2 flow from 373 to 750 K and c) normalized XANES at the Cu K-edge and d) the 

k2-weighted Fourier transform (not corrected for phase shift) of the Cu EXAFS associated 

with Cu-N-C under 5% H2 flow from 373 to 573 K  
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Figure 5. 12. The k, k2 and k3-weighted experimental and fitted Fourier transforms of a) the 

Co EXAFS associated with Co-N-C-HCl after the thermal treatment up to 750 K in H2 and 

cooling to 313 K and b) the Cu EXAFS associated with as-synthesized Cu-N-C at room 

temperature. The fitting parameters are presented in Tables 5. 9 and 5.10. 
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Table 5. 9. Results from the analysis of Co EXAFS from Co-N-C-HCl catalyst after H2 

treatmenta 

Shell 

Coordination 

number 

r (Å) Δσ (Å2) ΔE0 (eV) R factor 

Co-N 3.0 1.90 0.0057 -0.73 

0.0056 

Co-O 0.8 2.07 0.0025 -0.73 

a: Co-N-C-HCl catalyst was treated in H2 from room temperature to 750 K and then cooled to 

313 K. Fitting parameters: Fourier transform range, Δk, 2-14 Å-1; fitting range ΔR, 1-2.2 Å; 

k2-weighting, S0
2(Co-N/O) = 0.775 (Calibrated from Co phthalocyanine). The fitted Fourier 

transforms are present in Figure 5.12. 

 

Table 5. 10. Results from the analysis of Cu EXAFS from Cu-N-C catalysta 

Shell 

Coordination 

number 

r (Å) Δσ (Å2) ΔE0 (eV) R factor 

Cu-N/O 3.6 1.94 0.0049 1.30 0.039 

a: Fitting parameters: Fourier transform range, Δk, 2 – 10 Å-1; fitting range ΔR, 1 – 2.0 Å; 

k2-weighting, S0
2(Cu-N/O) = 0.825 (Calibrated from Cu phthalocyanine). The fitted Fourier 

transforms are present in Figure 5.12. 

 

The Co and Cu catalysts were explored under both oxidative and reductive 

environments at 373 K, which is similar to the alcohol oxidation reaction temperature of 353 

K. Catalysts were first treated with 10% O2 in N2 flow at 373 K for 30 min, followed by 

purging with N2 and treatment in 5% H2 in N2 at 373 K. As shown in Figures 5. 10a and 10b, 

the XANES and EXAFS of Co and Cu catalysts under the oxidizing and reducing 

environments are almost identical. The negligible change of atomic structure or chemical 
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state around Co and Cu under oxidative and reductive conditions at 373 K indicates that Co 

and Cu likely do not directly activate dioxygen or C-H during the oxidative dehydrogenation 

of alcohol at 353 K. Since our recently published kinetic isotope study showed that metal 

sites of MNx can significantly influence the kinetically-relevant β-H elimination step during 

alcohol oxidation,19 we tentatively propose that the C-H is likely activated by MNx-bonded 

oxygen (M-O) or peroxide (M-O-O). The existence of peroxide radicals has been observed 

by electron paramagnetic resonance spectroscopy during oxidative C-H activation.17,57 The 

importance of the N bonded to metal center is also critical for dioxygen activation.36 

 

5.3.5. Evolution of M-N-C under reducing condition at elevated temperature 

To investigate the evolution of oxygen-bonded CoNx sites at elevated temperature under 

reducing conditions, Co-N-C-HCl was subsequently ramped to 750 K in 5% H2 balanced 

with N2. Figure 5. 11a illustrates the XANES at the Co K edge during the thermal treatment. 

Only very subtle variations in the edge position and line shape were observed, indicating the 

atomic structure and chemical state around the Co did not vary significantly with treatment 

and remained atomically-dispersed as charged cations, even at 750 K in 5% H2. From 

EXAFS analysis shown in Figure 5. 11b, the Co-N feature in the radial structure function was 

relatively unaffected by the thermal ramp in H2. No evidence for the growth of nanoparticles 

was observed, which suggests that the Co atoms remained atomically dispersed throughout 

the thermal treatment. In contrast, the Co-O contribution in the radial structure function 

significantly decreased in intensity with increasing temperature, indicating the continuous 

removal of coordinated oxygen from Co above 473 K (Figure 5.11b).  

In contrast to Co-N-C-HCl, the influence of H2 on the chemical state of Cu in Cu-N-C 

was clearly evident. The XANES of Cu-N-C in 5% H2 at different temperatures is shown in 

Figure 5.11c. A significant decrease in the white line intensity was observed with increasing 



193 

 

temperature, indicating reduction of Cu cations in the N-doped carbon matrix. Additionally, 

the thermal treatment in H2 induced the emergence of the pre-edge at ~8983 eV, which is the 

characteristic feature of Cu metal (Figure 5. 9c). Simultaneously, the intensity of Cu-N/O 

feature in the radial structure function decreased, which is consistent with the reduction of 

isolated Cu cations into metallic Cu metal clusters during the H2 treatment. The very different 

thermal stability of atomically-dispersed Co and Cu sites might explain the H2 regeneration 

experiments reported in our previous work,43 during which H2 treatment at 573 K could 

effectively regenerate the activity of a poisoned Co-N-C catalyst but only regenerated ~30% 

of the original activity of Cu-N-C. The aggregation of atomically-dispersed Cu sites to 

inactive Cu nanoparticles for alcohol oxidation reaction could account for the problem with 

Cu-N-C regeneration. 

 

5.3.6. Propane dehydrogenation over CoNx sites 

The very high stability of cationic Co coordinated to nitrogen offers an opportunity to 

explore Co-N-C as a catalyst for propane dehydrogenation, which is well-recognized to occur 

over Sn-promoted Pt particles (and other variants of promoted Pt) at elevated temperatures.58 

Propane can also be converted on Co(II) cations loaded into H-ZSM-5 zeolites, but the 

product distribution is complex because the acid sites of the zeolite can catalyze cracking and 

oligomerization reactions.59,60 In 2015, Hu et al. reported that Co(II) ions on silica gel 

catalyzed the dehydrogenation of propane to propene at temperatures of 823 K and greater 

with high selectivity.61 In this study, both atomically-dispersed Co-N-C-HCl and 

SiO2-supported CoOx catalysts were evaluated in a flow reactor. As shown in Figure 5.13, an 

initial TOF normalized by the total number of Co sites (giving a lower bound of the TOF) 

was measured to be 0.028 s-1 over the Co-N-C-HCl after 5 min on stream. Some deactivation 

was observed, and the TOF decreased to 0.015 s-1 after 3.1 h on stream (Figure 5.13b), which 
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is one order of magnitude lower than the TOF associated with supported Pt nanoparticles 

(0.14 s-1). Highly-dispersed CoOx on silica has a measured TOF of ~0.005 s-1 under the same 

reaction conditions. The selectivity to propene is higher than 98% over both Co-N-C-HCl and 

CoOx-SiO2. In comparison, the metallic Co nanoparticles supported on carbon or SiO2 

exhibited significantly lower activity and conversion of propane was not measured after 5 

min on stream. Our results indicate that the propane dehydrogenation reaction can be 

efficiently catalyzed by cationic Co atoms and high activity can be obtained by replacing 

coordinated oxygen with coordinated nitrogen. Since our TOF over Co-N-C-HCl is a lower 

bound, it is quite possible that the active Co sites could be similar in rate to Pt, as illustrated 

earlier for benzyl alcohol oxidation. More detailed investigations on Co-N-C-HCl including 

the quantification of active sites and mechanistic study are currently underway. 

 

 

Figure 5. 13. a) Conversion of propane and b) nominal TOF during propane dehydrogenation 

over 0.05 g Co-N-C-HCl and 0.1 g CoOx-SiO2. TOF was based on total Co loading in the 

sample. Reaction conditions: 773 K, 0.1 MPa, N2:propane = 3:1.  

 

5.4. Conclusion 

This work demonstrates that atomically-dispersed Co confined in nitrogen-doped carbon 
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catalyzes C-H activation during oxidative alcohol dehydrogenation at 353 K and alkane 

dehydrogenation at 773 K. The selective poisoning of highly active Co sites for benzyl 

alcohol oxidative dehydrogenation allowed for the estimation of a turnover frequency, which 

was determined to be nearly the same as that over Pt nanoparticles under identical conditions. 

Nitrogen-coordinated Co(II) cations bound to oxygen are proposed as active sites for C-H 

activation based on comprehensive characterization methods of the sample. Whereas oxygen 

bound to the Co(II) can be removed by dihydrogen treatment at elevated temperature (>473 

K), the Co(II) cations remained atomically-dispersed and coordinated to nitrogen in the 

carbon at up to 750 K. The stable Co(II) cations in N-doped carbon catalyze the propane 

dehydrogenation reaction at 773 K. Copper (II) cations confined in nitrogen-doped carbon 

also catalyze aerobic alcohol oxidation at 353 K but the turnover frequency of the highly 

active CuNx sites is an order of magnitude lower than that associated with CoNx. Although 

Cu(II) cations remained in the N-doped carbon matric at 373 K under reducing conditions, 

partial reduction of the Cu was observed above 473 K. 
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Chapter 6: Concluding Remarks 

6.1. Conclusions 

Selective alcohol oxidation, which is an important reaction in chemical synthesis and 

biomass upgrading, can be efficiently catalyzed by Pt catalysts. The high price of Pt and the 

deactivation, however, can be a main barrier for the application of this process. In this study, 

deactivation of Pt during oxidation of 1,6-hexanediol was comprehensively studied by kinetic, 

spectroscopic and microscopic methods. Kinetic measurements indicate the generation of 

strongly-adsorbed poisoning species. In situ surface-enhanced Raman spectroscopy of 

adsorbates produced during 1,6-hexanediol oxidation over Pt revealed characteristic features 

of a di-σ-bonded olefinic species. Consistent with SERS, solid-state 13C NMR spectroscopy of 

deactivated Pt/silica after oxidation of 13C-enriched 1,4-butanediol showed a single C=C signal 

at 125 ppm, which was assigned to ethylene. The observed weakly bound ethylene was likely 

derived from strongly adsorbed species on Pt, which would give only a non-distinct broad and 

low-intensity NMR feature. Kinetic measurements with various additives demonstrated that 

species containing olefinic groups were strongly adsorbed on Pt and significantly inhibited the 

alcohol oxidation reaction. The poisoning olefinic species are likely generated from the 

decarbonylation of aldehyde products, as evidenced by significant decrease of activity after 

aldehyde pretreatment as well as the similar amount of CO2 generated after alcohol oxidation 

reaction and aldehyde pretreatment. 

To suppress the poisoning decarbonylation path that is very sensitive to assemble size 

and increase the activity, we further explored the bimetallic Bi-Pt catalysts for alcohol 

oxidation reaction prepared by selective deposition of Bi on Pt. The presence of Bi adjacent 

to Pt significantly promoted the rate of 1,6-hexanediol oxidation under low O2 pressure 

without influencing the product distribution or catalyst deactivation. In the range of 0.02 to 

0.2 MPa O2, the order of reaction in O2 changed from 0.75 over Pt/C to zero over 
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Bi-promoted Pt/C, which accounts for the observed promotion in rate at low O2 pressure. 

Results from the kinetic isotope effect with D2O vs H2O suggest that water-assisted O2 

activation is not kinetically-relevant on Bi-promoted Pt at low O2 pressure whereas it is 

relevant on unpromoted Pt. All of the promotional effects of Bi disappear at higher O2 

pressure. However, a similar deactivation was observed over Bi-promoted Pt catalyst during 

the reaction. The STEM-EDS and XPS characterization showed that whereas bismuth was 

successfully deposited onto carbon-supported Pt nanoparticles after the synthesis, liquid 

phase pretreatment of the Bi-promoted Pt catalyst caused migration of Bi. Because of the 

high mobility of Bi, relatively large Pt ensembles can still be exposed and catalyze the 

formation of poisoning olefinic species through aldehyde decarbonylation.  

From the perspective of replacing expensive Pt, non-precious-metal M-N-C catalysts 

were evaluated in the aqueous-phase aerobic alcohol oxidation at mild temperature. Benzyl 

alcohol and HMF were efficiently and selectively converted to the aldehyde products over the 

earth-abundant Fe-N-C catalyst with a slight loss of activity that could be fully regenerated 

by simple H2 treatment. The rate of aliphatic alcohol oxidation was quite slow over Fe-N-C 

but can be significantly promoted by adding a catalytic amount of TEMPO. The kinetic 

isotope effect, evaluated by using C6H5CD2OH, was ~4.9 over Fe-N-C, indicating the β-H 

elimination as a kinetically-relevant step. Replacing Fe with other metals significantly 

increased the reactivity and decreased the kinetic isotope effect. The highest reaction rates for 

benzyl alcohol oxidation were obtained over Cu-N-C and Co-N-C, which is tentatively 

attributed to a faster β-H elimination step. The selective poisoning of highly active Co sites 

for benzyl alcohol oxidative dehydrogenation allowed for the estimation of a turnover 

frequency, which was determined to be nearly the same as that over Pt nanoparticles under 

identical conditions. Nitrogen-coordinated Co(II) cations bound to oxygen are proposed to be 

active sites for C-H activation based on comprehensive characterization methods of the 
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sample. Whereas oxygen bound to the Co(II) can be removed by dihydrogen treatment at 

elevated temperature (>473 K), the Co(II) cations remained atomically-dispersed and 

coordinated to nitrogen in the carbon at up to 750 K. The stable Co(II) cations in N-doped 

carbon catalyze the propane dehydrogenation reaction at 773 K. Copper (II) cations confined 

in nitrogen-doped carbon also catalyze aerobic alcohol oxidation at 353 K but the turnover 

frequency of the highly active CuNx sites is an order of magnitude lower than that associated 

with CoNx. Although Cu(II) cations remained in the N-doped carbon matric at 373 K under 

reducing conditions, partial reduction of the Cu was observed above 473 K. 

 

6.2. Outlook 

6.2.1. Kinetics Study of Catalyst Deactivation in the Flow Reactor 

As introduced in Chapter 1, kinetics is commonly used to investigate the deactivation 

process.1 However, in the batch reactor, the concentration of substrate and products is 

constantly changing, which adds complexity to the kinetic modeling. In contrast to a batch 

reactor, a quasi-stationary state could possibly be reached in a fixed bed continuous flow 

reactor, which would be ideal for the modeling of deactivation. Additionally, the alcohol 

oxidation reaction in the flow reactor might be significantly different from that in batch 

reactor because of the limited contact time of the substrate with the catalyst.2 Since industrial 

processes are commonly performed in a flow system, it would be important to understand the 

Pt-catalyzed alcohol oxidation reaction in fixed-bed reactors.  

 

6.2.2. Bimetallic catalyst synthesis 

The key to inhibit the deactivation is to shut down the C-C cleavage path while at the 

same time maintaining activity for O-H and C-H activation required for alcohol oxidation 

reaction. Because C-C cleavage is more sensitive to the exposed Pt ensemble size, it is 
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possible to promote the stability of catalysts by precisely modifying the Pt surface. One 

strategy is to control the surface environment of the catalyst by self-assembly of thiol 

monolayers, which has been proven to inhibit the deactivation of Pt-group catalysts during 

the alcohol oxidation reaction.3–5 However, the thiol layer is not stable when exposed to air. 

Another promising approach is to develop Pt-based bimetallic catalysts that can tune the 

ensemble size and electronic properties of the catalyst. However, the addition of Sn and Bi to 

Pt has been shown to have negligible influence on the stability, which is likely related to the 

high mobility of the added metals or metal oxides when exposed to O2 and H2O.6,7 Therefore, 

a strong interaction of Pt and added metal (M) is necessary so that a stable structure of Pt-M 

alloy or Pt-MOx interface maintains under the reaction and the C-C cleavage can be 

eliminated by tuned electronic property of PtM alloy or confined Pt ensemble size by MOx. 

From the phase diagram,8 PtRu, PtAg and PtNi have stable alloyed structure at ~373 K (close 

to reaction temperature), which might be worthy of further exploration. 

 

6.2.3. Mechanistic study of C-H activation over Co-N-C 

    The Co-N-C catalyst with atomically-dispersed Co coordinated with nitrogen has been 

shown to catalyze C-H activation under both oxidizing environment at mild temperature as 

well as reducing environment at high temperature. Additionally, the in situ XAS 

demonstrated that active sites for mild-temperature alcohol oxidation is CoNx bound to 

oxygen whereas during high-temperature propane dehydrogenation, it is likely that the bound 

oxygen has been removed. To understand the reaction path of C-H activation over CoNx, 

mechanistic studies including kinetics, spectroscopy, microscopy and computational 

simulation would be very helpful. For example, EPR spectroscopy can be used to detect the 

possible radical intermediates; Mass spectrometer can be used to evaluate the dioxygen 

exchange rates; Steady State Isotopic Transient Kinetic Analysis (SSITKA) can provide 
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insights on the amount of active sites as well as the activity in gas-phase; the in situ XAS, 

XPS and STEM-EELS can illustrate the evolution of active sites during catalytic cycles; and 

computational simulation can be applied to help understand the energy barrier of possible 

steps. 

 

6.2.4. Optimization of M-N-C catalysts for C-H activation 

    The preliminary XAS results showed that atomically-dispersed CoNx sites are active for 

C-H activation with a coordination number less than 4, indicating that the Co atoms are likely 

bound to the defects of N-doped carbon. Therefore, to further optimize M-N-C catalysts, 

efforts can be made to: 1) prepare carbon or N-doped carbon with more defects or directly 

purchased well-dispersed graphene oxide; 2) vary metal centers in addition to the first-row 

transition metals. Additionally, it is also interesting to explore M-N-C catalysts in other 

important reactions involving C-H activation, such as oxidation, alkylation or coupling 

reactions of carbon feedstocks from biomass or natural gas. 
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