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Abstract 

Catalytic Properties of Nitrogen- and Oxygen-Modified Earth-Abundant Materials  

Steven Robert Denny 

 

 The replacement or loading-reduction of precious metal catalysts with low-cost, 

earth-abundant materials is an important step for the development of next-generation industrial 

chemical processes. By decreasing the potential cost of an electrolyzer device or enabling new 

pathways of upgrading biomass-derived oxygenates (BDOs), the nitrides and oxides of earth-

abundant transition metals may be strategically utilized for the modular use of renewable power 

or the transition of conventional chemical feedstocks to renewable sources. This thesis uses a 

combination of electrochemical and surface science techniques to study the catalytic properties 

of nitrogen- and oxygen-modified earth-abundant materials for the electrolysis of water, and the 

surface reactions of three BDOs: ethanol, glycerol, and tetrahydrofurfuryl alcohol (THFA).  

The development of stable, active, and low-cost electrocatalysts with reduced platinum 

group metal (PGM) loading for the hydrogen evolution reaction (HER) is an important step 

towards the grid-level implementation of electrolyzers. In this thesis, the electrochemical 

stability of tungsten nitride (WN) and niobium nitride (NbN) was characterized over broad pH-

potential regimes, from which pseudo-Pourbaix diagrams were developed. In addition, 

unmodified and platinum-modified WN and NbN thin films were assessed for HER, where 

monolayer (ML) Pt-modification led to Pt-like HER activity in acid electrolyte. 

The selective bond scission of oxygen-rich and functionally complex biomass-derived 

oxygenates offers a unique opportunity to convert renewable biomass, as opposed to fossil fuels, 



into important industrial feedstocks. The fundamental surface reactions of three BDOs, either 

lignin-derived or biofuel-derived, was studied in this thesis.  

Ethanol reforming was studied on unmodified and Pt-modified Mo2N thin film surfaces 

for the production of synthesis gas, or syngas, a CO and H2 gas feedstock for Fischer-Tropsch 

synthesis. Mo2N, and the Mo2C carbide analogue, have exhibited strong oxophilicity for the 

reaction of simple and complex alcohols that results in unselective C-O bond scission. Pt-

modification was used to selectively conserve the C-O bond for CO production, and cleave the 

C-H and C-C bonds for H2 generation. Pt-modification shifted the reaction pathway from 

undesired decomposition on Mo2N to reforming, while inhibiting undesired pathways such as 

ethylene or methane production.   

The hydrodeoxygenation (HDO) of glycerol, the primary manufacturing byproduct of 

biodiesel, to propylene was studied on WOx-modified Pt(111) surfaces. Two WOx active sites 

were observed for the deoxygenation of glycerol: Brønsted acid WOx sites for dehydration and 

oxygen vacancy sites for hydrodeoxygenation (HDO). While the undesired dehydration of 

glycerol to acrolein was most active on surfaces with thick WOx coverages, propylene 

production via the HDO pathway was more facile at intermediate coverages.  

Lastly, the ring-opening of THFA, a promising biomass-derived platform oxygenate, was 

studied on WOx/Pt(111) surfaces. The desired ring-opened product, 1,5-PeD, was also used as a 

probe molecule to study binding and desorption on WOx/Pt(111) surfaces. This work indicates 

that WOx-modification weakens the interaction between the ring-opened intermediate and the 

surface, to an extent that facilitates the hydrogenation of the 1,5-PeD-like intermediate and the 

desorption of gas-phase 1,5-PeD.  
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Chapter 1: Introduction 

1.1 Motivation 

Two of the foremost challenges that modern engineering faces are addressing the carbon 

footprint of the projected boom in energy consumption by the turn of the half century, and 

transitioning chemical feedstocks from conventional fossil fuel-derived pathways to renewable 

sources. In part, what the solution to each of these challenges has in common is the necessity of 

developing stable, active, and earth-abundant catalyst and catalyst support materials. Catalysts 

are critically important for industrial chemistry, so much so that the production of 75% of all 

chemicals, and 90% of newly developed chemical processes are catalyst-assisted.1 Specific to the 

challenges discussed herein, catalysts are essential for the conversion of renewable power into 

chemically-stored energy, as well as the selective conversion of functionally complex biomass-

derived oxygenates (BDO) into green platform chemicals. 

1.2 Water Electrolysis 

The Energy Information Administration (EIA) and International Energy Agency (IEA) 

project that the global energy demand will increase by 28% and 30%, respectively, by 2040.2,3 

As an alternative to CO2-intensive energy sources, wind and solar renewable energy have been 

aggressively implemented at the grid-level. The shift away from traditional means of energy 

production is so ubiquitous that in 2016, 67% of new additions to the United States’ net electrical 

capacity were attributed to renewable energy.4 Despite this, the intermittence inherent to certain 

renewable technologies can lead to differences in supply and demand, which at times results in 

power shortages or oversupply, and necessitates energy storage technologies.5,6 Current 

strategies to address this discrepancy include battery-based energy storage, where capacity is 
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reliant on the size of the installation, as well as curtailment.5,6 The electrolysis of water into gas-

phase hydrogen (H2) provides an alternative solution, where installations can be modular and 

readily scalable for energy storage. 

H2 produced using renewable energy has many advantages over other fuel sources. H2 

has more than double the gravimetric energy density than competing fuels, including methane 

(CH4), methanol (CH3OH), gasoline, and diesel.7 Furthermore, H2 is a reactant in the Haber-

Bosch process of ammonia (NH3) synthesis. Ammonia production accounts for as much as 2% of 

global commercial energy consumption, much of which is associated with the fossil-derived 

hydrocarbon sourcing of H2.
8 Conventional industrial H2 production relies on the steam 

reforming of methane or other light alkanes, which results in the undesired presence of catalyst-

poisoning sulfur compounds in the H2 gas mixture, as well as 2.3 tons of CO2 per ton of NH3 

produced.9 Renewably powered water electrolysis has the potential to produce H2 at-scale, in 

modular installations that would offset the carbon footprint associated with conventional modes 

of H2 production. Prerequisite to the grid-scale adoption of this technology is the discovery and 

characterization of active, stable, and earth-abundant electrocatalysts for the hydrogen evolution 

reaction (HER).10,11 

Water electrolysis is the water splitting electrochemical reaction that produces gas-phase 

oxygen via the oxygen evolution reaction (OER) at the anode, and gas-phase hydrogen via the 

hydrogen evolution reaction (HER) at the cathode. The overall reaction, half reactions, and 

standard electrode potentials (E0) are shown in Equations 1.1 - 1.3. Water electrolysis can be 

conducted in both acid and alkaline electrolytes, with differing reaction kinetics for each 

respective electrolyte. The primary distinctions in the kinetics of acid and alkaline HER stem 

from disparate proton accessibility, and differences in hydrogen binding energies.12 In alkaline 
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environments, the protons that recombine in the HER are sourced from the dissociation of water, 

a thermodynamically demanding step that is not required for proton-rich acid-electrolysis.13,14  

Equation 1.1   2𝐻2𝑂(𝑙)  →  𝑂2 (𝑔) + 2𝐻2 (𝑔)     ΔE0 = -1.23 VRHE 

Equation 1.2  2𝐻2𝑂(𝑙) +  2𝑒− →  2𝑂𝐻(𝑎𝑞)
− + 𝐻2 (𝑔)   ΔE0 = 0 VRHE  

Equation 1.3  4𝑂𝐻(𝑎𝑞)
−  →  𝑂2 (𝑔) + 2𝐻2𝑂(𝑙) + 4𝑒−   ΔE0 = -1.23VRHE  

Historically, platinum (Pt) is the benchmark electrocatalyst for the HER in acid and 

alkaline electrolyte.15, 16, 17 Platinum and other platinum group metals (PGMs) that are active for 

the HER demonstrate low Tafel slopes, high exchange current densities (i0), and low 

overpotential losses at high current densities.17,18 Despite this, PGMs are geologically scarce and 

geographically localized,19 and strategies to reduce PGM loading or replace the material entirely 

with earth-abundant materials have been the focus of significant research efforts. Density 

functional theory (DFT) calculations of the binding energy between hydrogen and the active 

catalyst, as well as the change in Gibbs free energy associated with hydrogen adsorption (ΔGH) 

have also been used as a screening descriptor for potential materials.  

By combining DFT calculations with the exchange current density, a key parameter 

related to the electrochemical reaction rate, a volcano plot can be generated as an electrocatalytic 

application of Sabatier’s principle.17 Sabatier’s principle suggests that on a thermodynamic basis, 

active catalysts have intermediate reactant-surface bond strengths.20 The volcano plot 

demonstrates the importance of relatively moderate ΔGH for optimally active HER catalysts in 

both acid and alkaline electrolytes for metals, transition metal carbides (TMCs), and metal-

modified TMCs.12,17,21 Shown in Figure 1.1, materials with the most positive log(i0) have 

moderate ΔGH, indicating that these materials are most active for the HER.17 In the case that 

hydrogen atoms are too strongly bound to the catalyst surface, it is thermodynamically 
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unfavorable for reaction intermediates to recombine, and gaseous H2 to desorb.17, 20 Similarly, in 

the case that hydrogen atoms are weakly bound to the catalyst surface, bond instability limits 

local proton concentration, and causes rapid desorption.17,20 

The stability of an electrocatalyst is also critically important. Chronopotentiometric (CP)-

titration curves have been used to generate pseudo-Pourbaix diagrams for several TMCs to 

assess the material stability in a wide range of pH-potential regimes.22–24 These diagrams detail 

regimes in which a material is immune to oxidation, undergoes surface passivation, and is bulk 

oxidized. This information illustrates the stability of a material in conditions relevant to several 

electrochemical reactions. Pseudo-Pourbaix diagrams can also serve as a secondary filter in 

combination with DFT calculations to identify potential candidate materials for important 

electrochemical reactions.22–24 For example, in Figure 1.2(a) a pseudo-Pourbaix stability diagram 

for NbC has been reported in the literature.22 In combination with DFT calculations of the 

oxygen binding energy, the oxidation potential can be paired as a guide for pH-potential regimes 

in which a material is stable for a relevant electrochemical reaction (Figure 1.2(b)).22  

 

Figure 1.1 Volcano plot relating the exchange current density to the Gibbs free energy 

change of adsorbed hydrogen (ΔGH) in (a) 0.5 M H2SO4 and (b) 0.1 M KOH. Reprinted 

(a) (a) (b) 
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(adapted) with permission from Zhang et al.,21 Copyright 2019, American Chemical 

Society.  

  

Figure 1.2 (a) Pseudo-Pourbaix diagram of NbC in wide pH-potential regimes. (b) Oxygen 

binding energy and TMC oxidation potential plotted to gauge material stability for 

relevant electrochemical reactions: oxygen evolution reaction (OER), oxygen reduction 

reaction (ORR), alcohol oxidation reaction (OR), hydrogen evolution (HER) and oxidation 

(HOR) reactions. Reprinted (adapted) with permission from Kimmel et al.,22 Copyright 

2014, American Chemical Society. 

1.3 Utilization of Biomass-Derived Oxygenates 

1.3.1 Ethanol Reforming 

A second front where the discovery of active and selective earth-abundant catalysts can 

play a critical role in offsetting the carbon-footprint of conventional industrial practices is by 

altering the feedstock of certain commodity chemicals by utilizing biomass-derived oxygenates 

(BDOs). One of the most abundantly produced BDOs is ethanol, a simple C2 alcohol that has 

been successfully integrated with the liquid transportation infrastructure via gasoline 

blending.25,26 From 2005 to 2019 corn ethanol production increased from 6.1 to 57 billion liters, 

(a) (b) 
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and the associated gasoline displacement led to an emission reduction of 544 million metric tons 

(MMT) of CO2 over the same time period.27 With this substantial increase in production, 

alternative pathways for ethanol valorization are increasingly important. One promising strategy 

is to use ethanol as a chemical feedstock for syngas, a gas-phase mixture of CO and H2 central to 

the Fischer-Tropsch (FT) synthesis of olefins and other liquid hydrocarbons. Conventional FT 

processes utilize methane reforming techniques to generate syngas,28,29 hence substituting this 

feedstock with biomass-derived ethanol should substantially reduce the CO2 emissions 

associated with FT processes.   

Many supported PGM catalysts have been studied for the selective reforming of ethanol. 

Studies on high surface area Ir/CeO2 for steam reforming,30 Pd-based membranes for oxidative 

reforming,31 and Ru/TiO2 for aqueous phase reforming32 offer several industrially relevant 

strategies to generate bio-derived syngas. While these supported PGMs have interesting ethanol 

reforming activity, alternative earth-abundant materials, namely TMCs, have attracted the 

attention of researchers because these materials exhibit Pt-like properties, are stable in relevant 

reaction conditions, and may allow for reduced PGM-loading and admetal-dependent pathway 

tunability.33–35 In addition, the carbon atoms that diffuse into the crystal lattice of a parent 

transition metal during TMC synthesis provide a diffusion barrier for admetals, which can 

improve catalyst stability.36 

To this end, surface science studies have been conducted to assess bond scission order 

and pathway tunability for the reaction of ethanol on Mo2C
37 and WC38,39 thin films. Ethanol 

undergoes both the complete decomposition pathway and the methane production pathway on 

clean Mo2C surfaces.37 Mo2C modified by Ni partially shifts the reaction pathway from 

decomposition to reforming, and Cu-modification similarly shifts the reaction pathway from 



7 

 

decomposition to dehydrogenation, which results in the desorption of gas-phase acetaldehyde. 

Despite this, the oxygen atom interacts strongly with the oxophilic Mo2C surface, and complete 

decomposition is the primary reaction pathway on clean and Cu-/Ni-modified Mo2C surfaces. 

The shift in reaction pathway selectivity was further assessed using DFT calculations of the 

ethoxy intermediate binding energy. Importantly, the binding energy of the ethoxy intermediate 

was lower on Ni- and Cu-modified Mo2C surfaces, which partially preserved the C-O bond. 

Similar pathway tunability was demonstrated on WC, on which ethanol undergoes both complete 

decomposition and ethylene production pathways.38,39 Ni-modification partially shifted the 

reaction pathway from decomposition and ethylene production to reforming and methane 

production pathways,39 and sub-monolayer (ML) and ML Rh-modification resulted in a similar 

shift to reforming and methane production pathways.38 Despite admetal-based reaction 

tunability, the synthesis procedures of TMCs can result in surface carbon overlayers that lower 

catalytic activity and impede substrate-admetal interactions. In consequence, inherently clean 

nitrogen-modified materials may be strategically leveraged as PGM-supports. 

1.3.2 Glycerol Deoxygenation 

Glycerol is a C3 polyol that is the main byproduct of biodiesel production. 10 kg of 

glycerol is produced as a byproduct for every 100 kg of biodiesel.40 Biodiesel production has 

steadied over the last several years, with U.S. annual production being between 6.4 and 7.2 

billion liters from 2018 to 2020.41 While biodiesel has already been integrated into the liquid fuel 

infrastructure, additional valorization pathways for the primary byproduct of glycerol would 

generate further market incentives for biodiesel production.  

The valorization of glycerol can be achieved through several deoxygenation pathways, 

including HDO and dehydration which maintain C3 product structure, as well as decarbonylation 
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which results in C1 and C2 products. The selective dehydration or HDO of glycerol can yield 

several products, including 1,2- and 1,3-propanediol, allyl alcohol, and propylene. These 

products are generally desired because the mechanism of oxygen removal leaves the C-C/C=C 

bonds intact for higher market value. The reaction of glycerol on powder catalysts and pristine 

surfaces has been studied and reviewed at length, including on supported bimetallic and metal-

modified transition metal oxide and carbide systems.40,42–47 Metal oxides that contain acid sites 

are also highly selective for dehydration.48 Specifically, Pt/WOx and inverse WOx/Pt catalysts 

contain various deoxygenation active sites for the removal of oxygen from other BDOs.49 

Nonetheless, the nature of co-existing active sites in this system remains unclear and limits the 

design of catalysts for the selective C-O bond scission of functionally complex oxygenates.  

1.3.3 Tetrahydrofurfuryl Alcohol (THFA) Ring-Opening 

Heterocyclic BDOs such as tetrahydrofurfuryl alcohol (THFA) are important platform 

oxygenates that can be readily produced by the industrial processing of lignocellulosic 

biomass.50–52 THFA can be upgraded into value-added diol molecules via selective ring-

opening.53,54 These diol molecules, including 1,2- and 1,5-pentanediol (1,2-PeD and 1,5-PeD, 

respectively), are important monomers for the manufacturing of polyester and polyurethane 

resins.55,56  

The ring-opening reaction of THFA is catalyst dependent, and bifunctional catalysts such 

as Pt/WOx and the inverse oxide WOx/Pt have demonstrated selective C-O bond scission in the 

saturated furan ring to produce 1,5-PeD.57,58 Other oxide-supported PGMs, including Rh/ReOx 

and Rh/MOx, also demonstrate selective ring-opening of THFA to produce 1,5-PeD.59 In 

addition to ring-opening, THFA can undergo several degrees of undesired decomposition. In one 

study, while HREELS indicated that THFA partially hydrogenated to ring-open on Ir(111) and 
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Co/Ir(111) surfaces pre-dosed with hydrogen, gas-phase 1,5-PeD was not detected by TPD, and 

the 1,5-PeD-like intermediate underwent further decomposition to CO and H2. Studies of WOx/Pt 

are currently limited to supported powders, and a fundamental understanding of the active sites 

and reaction intermediates is needed to further improve the catalytic performance. 

1.4 Synthesis and Characterization of Model Surfaces and Powder Catalysts 

In this section, the synthesis and characterization of TMC and transition metal nitride 

(TMN) materials is discussed. A brief discussion of oxygen-modified earth-abundant materials 

can be found in Chapter 2. While TMC materials were not directly studied in the work presented 

herein, this discussion of TMC is included for contextual purposes. TMCs have similar physical 

and electronic properties to TMNs, and as will be discussed, there are key advantages to nitride 

materials that are better understood within the context of carbide synthesis. 

The synthesis of TMC and TMN materials is application-dependent, and studies have 

utilized single crystal surfaces, polycrystalline foils, and powders to investigate their unique 

catalytic properties. In consequence, the methods of synthesis and characterization for these 

materials also differ.  

The synthesis of carbide and nitride films on single crystal surfaces has enabled the study 

of reaction pathways over well-characterized surfaces, and has been useful in corroboration with 

DFT calculations on the same model surfaces. For these studies, carbide films have been 

prepared in situ on single crystal surfaces by the decomposition of unsaturated hydrocarbons 

(e.g. C2H4), a method that has been reviewed in detail previously.34,60 In brief, carbide films have 

been synthesized on the surface of parent metal single crystals by undergoing multiple cycles of 

dosing C2H4 and annealing to substrate-dependent temperatures. For example, Mo2C films have 

been synthesized on a Mo(110) surface by two cycles of dosing C2H4 at 600 K and annealing the 
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surface to 1150 K,61 as well as on Mo(100) by exposing the surface to ethylene at 1200 K.62 

Similarly, WC films have been prepared on W(111) surfaces by 3 cycles of dosing C2H4 at 90 K 

and annealing the surface at 1200 K,63 and on W(110) by heating the surface to 1250 K for 10 

minutes in the presence of dosed C2H4, followed by flash annealing to 1900 K.64  

Auger electron spectroscopy (AES) has been used to quantify the C/M atomic ratio to 

determine the carbide film stoichiometry. Low-energy electron diffraction (LEED) has also been 

used in combination with AES to identify the surface structure of carbide overlayers. For 

example, the above described C/W(111) synthesis yielded a sharp (√3 ×√3)R30°-C/W(111) 

LEED pattern with an AES C(272 eV)W(182 eV) peak-to-peak ratio between 0.55 and 0.70.63 

These results informed both the surface structure and the atomic C/W ratio, which was calculated 

to be between 0.58 and 0.74. In contrast to carbide analogues, the synthesis of nitride films on 

single crystal surfaces has been experimentally challenging. Magnetron sputtering in Ar/N2 gas 

environments has been used to deposit superlattice TiN, VN, and NbN films on MgO(100) 

substrates.65 Additionally, metallic MoN single crystals have been synthesized by the direct 

conversion of PbMoO4 single crystals in NH3 environment at 1023 K.66  

TMC and TMN films have also been synthesized on polycrystalline metal foils for 

surface science and electrochemistry experiments, and have been used to bridge the so-called 

“materials gap” between single crystal surfaces and high surface area powder catalysts. These 

films have been synthesized in situ,67 similar to the synthesis of films on single crystals, and ex 

situ in a tube furnace (Figure 1.3(a)). The synthesis of TMCs and TMNs using a furnace often 

involves thermal decomposition of gas-phase carbon- and nitrogen-containing molecules, 

commonly CH4 and NH3, respectively (Figure 1.3(a)). Special efforts have also been made for 

as-synthesized films to be passivated at room temperature in a gas environment containing dilute 
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oxygen or H2O to prevent pyrophoric bulk oxidation when exposed to atmosphere. For example, 

WC and Mo2C films were synthesized by direct carburization of metal foils under a 1:2 

volumetric flow mixture of CH4 and H2 at 1123 K. The films were then cooled to room 

temperature and passivated under a 1% O2, balance N2 gas mixture for 2 hours prior to being 

exposed to atmosphere.23 In the same study, W2C films were synthesized by magnetron 

sputtering a WC target onto a polycrystalline W foil, which was then carburized and passivated 

in a tube furnace. Tube furnace synthesis techniques of carbide thin films and powders can lead 

to the formation of thick carbon overlayers, which have been reported to curtail catalytic activity 

and impede the comparison of experimental surfaces to the ideal TMC surfaces used for DFT 

calculations.68,69 In consequence, tube furnace synthesis techniques have been modified to limit 

the formation of these carbon overlayers. Specifically, after carburization in a CH4/H2 

environment, CH4 was removed from the gas feed, allowing surface carbon overlayers to react 

with pure H2 at elevated temperatures.68 Nitride films have also been synthesized on 

polycrystalline metal foils. In contrast to the carbon overlayers that formed during the synthesis 

of TMC, clean TMN surfaces were more easily formed because surface nitrogen desorbed as 

diatomic N2. In one study, WN and NbN films were synthesized on W and Nb foils by the 

decomposition of NH3 at 1123 K.70 Nitride films on polycrystalline foils have also been 

synthesized using a similar magnetron sputtering method described for single crystal surfaces,71 

as well as pulsed laser irradiation in N2 environments.72,73  

TMC and TMN films on polycrystalline foils have been characterized using a 

combination of diffraction, spectroscopy, and microscopy techniques, which include symmetric 

and glancing-incidence X-ray diffraction (XRD and GI-XRD), X-ray photoelectron spectroscopy 

(XPS) under ambient-pressure (AP-), near ambient-pressure (NAP-), and ultrahigh vacuum 
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(UHV) conditions, and scanning electron microscopy (SEM). Symmetric XRD and surface-

sensitive GI-XRD have been used in combination to determine the crystalline phase of TMC and 

TMN films in the bulk and at the surface. If the phases of the bulk and surface are different, the 

intensity of peaks associated with the thin film increases more in GI-XRD than the intensity of 

peaks attributed to the bulk. In addition to identifying the presence and phase of a TMC and 

TMN thin film, GI-XRD measurements can be used to estimate the thickness of the thin film. 

For example, GI-XRD measurements conducted with an incident X-ray angle of 5° were used to 

identify the phase of the Mo2C, WC, and W2C films, and with a probe depth of 350 nm, 

confirmed a minimum film thickness (Figure 1.3(bI)).23 Similar analyses have been conducted on 

nitride films synthesized on polycrystalline parent metal foils. For example, with an incident X-

ray angle of 1° a minimum film thickness of 55 nm WN and 140 nm NbN were synthesized on 

parent metal foils.70 Other surface-sensitive techniques, namely XPS, have also been used to 

confirm carbide or nitride film stoichiometry. Additionally, XPS has been used to study the 

stability of the carbide and nitride films by comparing changes in the C/M or N/M ratio of fresh 

and spent foils.70 SEM has also allowed the investigation of TMC stability by comparing 

changes in surface roughness of as-synthesized and spent foils.24 

TMC and TMN powder catalysts have also been synthesized and passivated in tube 

furnaces (Figure 1.3(a)), with the same or similar gas composition and temperature range used 

for analogous thin films. Different carbon sources have been used for carburization, including 

CO, CO/CO2, CH4/H2, C2H2/H2, C2H6/H2, and C4H10/H2.
74–79. It has been shown that the use of 

higher alkane can lower the carburization temperature, and the choice of carbon source had an 

effect on the carbide reactivity. Both N2/H2 and NH3 have been used for the nitridification of 

transition metals.78,80,81 More detailed studies on the effect of carburization and nitridification 
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agents on specific catalysts and reactions can be found in the original papers. In contrast to metal 

foils, precursors for TMC and TMN powders can be chemically complex, and include transition 

metal oxides, ammonium-containing hydrates, and carbonyls. For example, ammonium 

molybdate ((NH4)6Mo7O24.4H2O),82–88 molybdenum hexacarbonyl (Mo(CO)6),
83 and 

molybdenum oxide (MoO3)
87,89 have been used as precursors to synthesize molybdenum carbide 

powders in different phases (β-Mo2C and α-MoC1−x). In one study, ammonium molybdate was 

sieved to 125–250 μm, reduced in a H2-only gas environment at 573 K, and carburized in 15 

vol.% CH4 with balance H2 at 813 K to synthesize mixed-phase β-Mo2C and α-MoC1−x.
84 While 

the specific carburization temperature and gas composition vary depending on the precursor and 

desired phase, the synthesis methods of TMC powder in a tube furnace are generally similar for 

various TMCs. In addition to conventional tube furnace synthesis, other synthesis techniques 

have been developed for the study of morphologically unique TMC materials. For example, 

Baddour et al. utilized a millifluidic reaction system for continuous flow synthesis of carbon-

supported MoC1-x nanoparticles (2.2 ± 0.4 nm) from a Mo(CO)6 precursor.83 The synthesis of 

TMN powders often involves the same or similar precursors to those used in TMC synthesis, 

with the exception of replacing CH4 with NH3. For example, in one study ammonium molybdate 

was wet impregnated with a cobalt precursor (Co(NO3)2·6H2O), calcined in air to form an oxidic 

precursor, and then nitridified in a pure ammonia environment at 1023 K to form 

Co3Mo3N/Al2O3.
87 Ir/Fe4N has also been synthesized using a similar wet impregnation technique 

of iron (Fe(NO₃)₃) and iridium ((NH₄)₂IrCl₆) metal salts, followed by nitridification under an 

ambient pressure flow of 100% ammonia at 773 K.90   

While similar, and in many cases the same, techniques have been used to characterize 

TMC and TMN powders as thin films, several techniques are distinct. For example, GI-XRD 
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patterns are uninformative for nanoparticles because the particle size is of the same order of 

magnitude as depth profiling. In place of GI-XRD surface analysis, symmetric XRD of TMC and 

TMN powder catalysts has been used to characterize the degree of crystallinity and crystalline 

phase of the TMC and TMN powder materials. In one study, XRD was used to characterize 

carbon supported nanoparticle (NP) α-MoC1−x, in comparison to bulk α-MoC1−x. The NP α-

MoC1−x XRD revealed that the carbon-supported NP carbide was less crystalline than the bulk 

powder, as indicated by diffraction peak broadening.83 XPS has been utilized similarly to study 

thin films, both for the quantification of the C/M or N/M atomic ratio and the identification of 

metal oxidation states near the surface region of powder catalysts.91 Transmission electron 

microscopy (TEM) and modified scanning (STEM) and high-resolution (HR-TEM) TEM 

techniques have been used to investigate particle size, uniformity, and morphology of TMC and 

TMN powder catalysts. In one study, TEM was used to track the effect of carburization on 

nanoparticle size distribution. Specifically, TEM images revealed that the incorporation of 

carbon into the iron metal lattice increased the NP size from Fe(0) NP of 12.5 ± 0.6 nm to iron 

carbide NP of 15.1 ± 0.9 nm, without adversely affecting NP size homogeneity.92 Similarly in a 

separate study, HR-TEM images of α-MoC1−x NPs revealed an approximate crystallite size of 2.2 

± 0.4 nm based on the measurement of >100 unique crystalline domains.83 Furthermore, the 

high-resolution enabled the imaging of lattice fringes of the carbide nanoparticles (Figure 

1.3(bII)).93 A combination of these characterization techniques has been adopted in many studies 

to better understand the relationship between material properties and catalytic activities.82,83,89,92 
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Figure 1.3 (a) Summary of conventional tube furnace synthesis techniques for TMC and 

TMN thin films and powders. (b) (I) Symmetric XRD (left panel) and GI-XRD (right 

panel) of a W2C thin film. The surface sensitive GI-XRD with a 5° angle of incidence has a 

penetration depth of ~350 nm for W2C, while symmetric XRD characterizes the bulk 

material. Reprinted from Weidman et al.,23 Copyright 2012, with permission from Elsevier. 

(II) A typical SEM image for ordered mesoporous Mo2C (top panel) and a typical HR-
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TEM image of mesoporous Mo2C (bottom panel). Reprinted with permission from Lu et 

al.,93 Copyright 2016 American Chemical Society. (III) AP-XPS spectra of the Mo 3d, and 

the overlapping N 1 s and Mo 3p binding energy regions for a passivated, activated, and 

under-reaction-conditions 2 wt% Co/c-Mo2N catalyst. Reprinted with permission from Yao 

et al.,91 Copyright 2019 American Chemical Society. 

1.5 Dissertation Outline 

The preceding sections are helpful to understand the motivation for and technical 

background of the research presented herein, specifically on the study of nitrogen- and oxygen-

modified earth-abundant catalysts. The scope of the remainder of the work is to combine 

electrochemical and surface science techniques to study important electrochemical and 

thermochemical reactions. Subsequent to the introduction, the dissertation contains 6 chapters 

outlined as follows. 

Chapter 2 introduces the synthesis, characterization, electrochemical, and surface science 

techniques utilized in Chapters 3 – 6. The principles and schematics of select techniques, 

including Auger electron diffraction (AES), X-ray photoelectron spectroscopy (XPS), 

temperature programmed desorption (TPD), and high resolution electron energy loss 

spectroscopy (HREELS) are included to provide additional fundamental insight. Other 

techniques central to the work are also presented, including nitridificaiton, symmetric (XRD) and 

glancing incidence (GI-XRD) X-ray diffraction, and surface preparation. Some techniques, such 

as cyclic voltammetry (CV) and TPD quantification, are discussed in subsequent chapters where 

relevant.  

Chapter 3 presents a study of the electrochemical stability of two TMNs, WN and NbN, 

over wide pH-potential regimes. From CV data, pseudo-Pourbaix diagrams are generated to 
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assess the potential use of these nitrogen-modified earth-abundant materials as catalyst and 

catalyst support materials for several relevant electrochemical reactions, including alcohol 

oxidation and CO2 electrochemical reduction. HER is used as a probe reaction for unmodified 

and Pt-modified WN and NbN thin films, where activity is compared with DFT calculations of 

HER descriptors, such as HBE and ΔGH. 

Chapter 4 presents a study of unmodified and Pt-modified Mo2N surfaces for the 

decomposition and reforming of ethanol, respectively. TPD is used to quantify activity and 

reaction selectivity, and HREELS is used to identify surface reaction intermediates. This study 

demonstrates the pathway tunability of a Mo2N surface by Pt-modification, as low Pt coverages 

are shown to distinctly shift the reaction pathway from complete decomposition to reforming. 

Chapters 5 and 6 present surface science studies of the reaction of two BDOs, glycerol 

and THFA, on WOx-modified Pt(111) surfaces. The selected probe molecules were used to 

assess two unique and important thermochemical reactions, namely hydrodeoxygenation and 

ring-opening. The reaction of glycerol on WOx/Pt(111) expands upon a colleague’s previous 

work on the reaction of isopropyl alcohol, a similar C3 alcohol, on the same surface. The 

reaction of glycerol revealed several unique WOx sites for dehydration and hydrodeoxygenation. 

The ring-opening of THFA is also studied on WOx-modified Pt(111) surfaces. The functionally 

complex heterocyclic BDO is a potential platform oxygenate, and selective C-O bond scission is 

an important step in the production of the desired ring-opened product, 1,5-PeD. HREELS 

reveals the formation of a 1,5-PeD-like intermediate on clean Pt(111) and WOx-modified 

surfaces, however gas-phase 1,5 PeD only desorbs from WOx/Pt(111) via TPD experiments. 
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Chapter 7 provides concluding remarks, as well as future directions to continue the study 

of the work presented herein. More specifically, several ongoing DFT collaborations for 

Chapters 4 and 6 are discussed.  
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Chapter 2: Experimental Methods 

2.1 Synthesis and Characterization 

2.1.1 Transition Metal Nitride Thin Film Synthesis  

Transition metal nitrides (TMN) are formed when nitrogen atoms are incorporated into 

the interstitial sites of the crystal lattice of a parent transition metal. While several nitrogen 

source molecules and synthesis techniques have been used to prepare TMN thin films,78,81 for the 

electrochemical and surface science experiments herein, nitride thin films were synthesized at 

the surface of parent transition metal foils in a quartz tube furnace under the ambient pressure 

flow of pure ammonia (NH3). Prior to loading the foils into the furnace, parent metal foils were 

cut to size, typically 1 cm x 2 cm, and washed with ethanol, deionized (DI) water, and sodium 

hydroxide to remove oils from factory processing and surface oxides. The foils were loaded into 

the quartz tube furnace located in a fume hood and fit with corrosive resistant components. Foils 

then underwent a temperature programmed reaction in pure ammonia at 150 standard cubic 

centimeters per minute (sccm). For each parent metal foil, the temperature was ramped from 273 

K to 1123 K in 2 h, then held for 10 h. After which the furnace was cooled to room temperature 

under the same gas flow, and purged with Argon gas. The foils were then removed and stored in 

a desiccator to limit exposure to atmosphere. 

2.1.2 Transition Metal Nitride Characterization 

The as-synthesized nitride thin films were characterized using a combination of X-ray 

photoelectron spectroscopy (XPS), symmetric X-ray diffraction (XRD), and glancing-incidence 

(GI-) X-ray diffraction techniques. XPS is a surface analytical technique that involves the 

irradiation of a sample with X-rays of a defined energy (in this work, Al Kα at 1486.6 eV), and 

the detection of the photoelectrons emitted by the sample. A general schematic of the XPS and 
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the mechanism of photoelectron emission are shown in Figure 2.1. The kinetic energy (KE) of 

the emitted electrons is described by Equation 2.1, where hν is the energy of the incoming 

photon from the X-ray source, BE is the binding energy of the atomic orbital from which the 

electron is emitted (ex. 1s, 2s, 2p, etc.), and ΦS is the pre-defined work function of the 

spectrometer. 

Equation 2.1     KE = hν − BE −  ΦS 

In brief, the X-ray bombarded surface emits photoelectrons upon electron excitation. 

Each element has a unique set of binding energies associated with emitted photoelectrons. Based 

on the set of detected binding energies, the elemental composition and oxidation states near the 

surface region can be determined. While the X-rays in UHV have a penetration depth on the 

order of magnitude of micrometers, the relatively short inelastic mean free path of electrons 

emitted from a solid-state material limits XPS analysis to the first several nanometers at the 

surface.   

 

Figure 2.1 Schematic of an XPS apparatus and the mechanism of photoelectron emission 

from a material surface.  
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For the experiments herein, XPS was conducted in an ultrahigh vacuum (UHV) chamber 

with a base pressure of 5 x 10-9 Torr. Foils were adhered to stainless steel studs using carbon tape 

to prevent sample charging. The foils were placed in a loading chamber isolated by gate valve 

from the main chamber. The loading chamber was then brought to a pressure of < 5 x 10-3 Torr 

prior to being loaded into the main chamber for XPS measurements. XPS multiplex scans were 

used to quantify the relative atomic ratio of parent metal to nitrogen, which informed the surface-

dominant nitride phase. The atomic ratio was calculated using Equation 2.2, where nA is the 

atomic density (# of atoms/cm3) of element A, IA is functionally the integrated peak area 

associated with the intensity of emitted photoelectrons from a specific orbital of element A, and 

SA is the empirically derived atomic sensitivity factor.  

Equation 2.2     
𝑛𝐴

𝑛𝐵
=

(
𝐼𝐴
𝑆𝐴

)

(
𝐼𝐵
𝑆𝐵

)
 

More detailed descriptions of the photoelectric effect, XPS instrumentation, and calculations 

related to XPS data are available in several texts in the literature.94–97 

XRD techniques utilize hard X-rays to reveal structural information about the surface and 

bulk of a material sample. XRD utilizes a monochromatic incoming beam (Ex. Cu Kα) that is 

diffracted at defined angles related to the lattice planes of a crystalline material. The diffraction 

of incoming X-rays is characterized by Bragg’s Law, shown in Equation 2.3, where n is an 

integer, λ is the wavelength of the incident X-rays, d is the spacing between planes that generates 

diffraction, and θ is the angle of diffraction with respect to the surface.  

Equation 2.3         𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃 

Similar to element-specific X-ray photoelectron spectra, the diffraction patterns of 

crystalline materials are unique to a crystal structure and composition. While XRD is a powerful 

tool to analyze crystalline properties, the penetrating depth of the X-rays used often limits 
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application to the study of bulk materials rather than thin films present at the surface. In contrast, 

by lowering the incident X-ray angle, GI-XRD can be used to characterize crystalline properties 

near the surface region, such as the presence, thickness, and phase of a thin film. Relevant to this 

work, XRD was used to identify the chemical composition of as-synthesized foils, the nitride 

phase(s), the surface dominant phase, the thin film thickness, and other relevant material 

properties. Symmetric XRD informed properties relevant to the material bulk, and GI-XRD was 

used to determine parameters relevant to the as-synthesized thin film. Additional descriptions of 

X-ray diffraction and XRD instrumentation are available in the literature.96,98,99 

2.1.3 Surface Preparation  

Surfaces for electrochemical and surface science experiments were prepared using 

different protocols. For electrochemical experiments, TMN thin films were prepared by 

undergoing a series of cleaning steps to remove surface oxides. Specifically, prior to metal 

deposition, the as-synthesized thin films underwent a rinse in sodium hydroxide and DI water. 

The dried foils were then loaded into the XPS for metal modification, or prepared directly for 

electrochemical experiments.   

In comparison, the preparation of nitride, metal-modified nitride, single crystal, and 

WOx-modified single crystal surfaces for surface science experiments was more involved. The 

polycrystalline foil or single crystal was spot welded to two Ta posts for resistive heating, and 

cooled by contact with a liquid nitrogen reservoir on the opposite side of the feedthrough. A K-

type thermocouple was welded to the back of the foil or crystal at a single point to monitor 

temperature. Before surface-modification by physical (PVD) or chemical vapor deposition 

(CVD), the surface was cleaned using a combination of Ne+ sputtering, oxygen treatment, and 

annealing. Ne+ sputtering utilized ionized Ne directed at the surface to bombard and remove 
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surface species, such as carbon, oxygen, or intentional modifications (ex. admetal, WOx). The 

surface could also be treated by dosing oxygen at elevated temperatures to remove surface 

carbon. After cycles of sputtering and oxygen treatment, the film or crystal was annealed to high 

temperatures (>1000 K) to homogenize the surface and remove any adsorbed species. Cycles of 

these preparation procedures were done to the extent that the presence of carbon, oxygen, and 

metal species were negligible on Auger electron spectra, after which experiments were 

conducted or the surface underwent further modification. 

2.1.4 Physical Vapor Deposition  

PVD is a line-of-sight metal deposition technique that was used herein to modify the 

nitride thin films with sub-monolayer (sub-ML) and ML coverages of a desired admetal. A 

typical schematic of the PVD apparatus is shown in Figure 2.2, where a thin, ultrapure wire of 

the desired deposition metal is tightly wrapped around a thicker W filament, isolated inside of a 

protective Ta shield. The filament is resistively heated using a DC power supply, and the thin 

metal wire vaporizes in vacuum and deposits on all surfaces within a field of vision. The Ta cage 

directs deposition to a sample oriented in front of the filament for a set time and applied current. 

While the PVD apparatus was functionally identical for the preparation of surfaces for both (1) 

surface science and (2) electrochemical experiments, the spectroscopy technique and 

quantification of overlayer coverage were different.  
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Figure 2.2 Schematic of a PVD apparatus. (1) Representative of PVD onto a sample 

mounted for surface science experiments; (2) Representative of PVD onto a sample 

prepared for electrochemical experiments.  

For the metal-modification of nitride thin films intended for electrochemical experiments, 

foils were loaded into a UHV chamber equipped with both PVD and XPS. XPS is used to 

quantify the overlayer thickness, based on Equation 2.4, where IA and SA are the intensity of the 

integrated peak area and the empirically-derived sensitivity factor of overlayer element A, λA
IMFP 

is the inelastic mean free path of electrons emitted by A atoms, which is a function of the kinetic 

energy of emitted photoelectrons (EA), θ is the X-ray angle of incidence, and d is the thickness of 

overlayer material A over substrate material B.   

Equation 2.4          
𝐼𝐴/𝑆𝐴

𝐼𝐵/𝑆𝐵
=  

1 −exp[−
𝑑

𝜆𝐼𝑀𝐹𝑃
𝐴 (𝐸𝐴) cos 𝜃

]

exp[−
𝑑

𝜆𝐼𝑀𝐹𝑃
𝐴 (𝐸𝐵) cos 𝜃

]

 

2.1.5 Auger Electron Spectroscopy 

For the metal-modification of nitride thin films for surface science experiments, Auger 

Electron Spectroscopy (AES) was used to quantify admetal deposition. AES is a UHV technique 

that utilizes the Auger effect, similar to the photoelectric effect, to qualitatively and 

quantitatively determine the surface elements and the thickness of surface overlayers. A 
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schematic of the instrumentation and the mechanism of Auger electron emission is shown in 

Figure 2.3. Briefly, upon excitation by an electron beam, a core level electron is displaced 

leaving an unstable hole (Figure 2.3 (1)). When an outer level orbital relaxes to fill the hole in 

the inner orbital, an Auger electron is simultaneously emitted from the outer orbital (Figure 2.3 

(2)). The energy of the emitted Auger electron is detected and attributed to a specific elemental 

fingerprint, as described by Equation 2.5, where the energy of the emitted electron is equal to the 

difference between the energy of the core-level electron and the coupled energy of the electron 

orbital of the relaxed and emitted outer electrons.  

Equation 2.5    𝐸𝐾𝐿𝐿 = 𝐸𝐾 −  𝐸𝐿1
−  𝐸𝐿2

 

AES is also used for the quantification of deposited overlayers, by PVD, CVD, or some other 

surface modification method (e.g. ALD). The quantification of surface overlayers is thoroughly 

discussed in the literature, and is based upon sensitivity factor-adjusted intensities of 

characteristic, element-specific Auger electron emissions.  

 

Figure 2.3 Schematic of a typical AES apparatus and the mechanism of Auger electron 

emission from a material surface.  
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2.1.6 Chemical Vapor Deposition 

CVD is a technique that utilizes thermally decomposed metal precursors in the gas-phase 

for surface modification. Herein, WOx was synthesized on the surface of a Pt(111) single crystal 

surface by dosing vaporized tungsten hexacarbonyl (W(CO)6) into the chamber, in the presence 

of oxygen, through a directional gas line connected to a leak valve. While the deposition could 

be controlled by either changing the temperature of the substrate, and thereby modifying the 

initial sticking probability of the dosed species, or increasing the exposure, the later was the 

relied upon for this work. The adsorbed W(CO)6 underwent electron-induced decomposition by 

the AES electron beam during surface characterization. The partially decomposed surface 

species was then oxidized at elevated temperatures with dosed O2, and reduced in a H2 

environment. While this briefly outlines the relevant CVD procedure herein, the technique is a 

powerful tool to deposit diverse metal compounds onto several classes of substrates. More 

detailed accounts of CVD precursors and deposition mechanisms are available in the 

literature.20,96 

2.2 Electrochemical Techniques 

2.2.1 Three-Electrode Electrochemical Cell 

A three-electrode cell, by its name, utilizes three electrodes immersed in an aqueous 

electrolyte connected by a potentiostat. The potentiostat controls the potential of the working 

electrode by electrochemically referencing the constant potential of a saturated calomel, 

Ag/AgCl, or reversible hydrogen (RHE) reference electrode. The potential and current are read 

at the working electrode, from which current flows between a counter electrode. Of an overall 

electrochemical reaction, a complementary oxidation or reduction half-reaction occurs at the 
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working and counter electrode. The electrolyte can be either acid or alkaline, but is electrically 

conductive via the ionic composition of the media. 

Relevant to the work presented herein, the working electrode was the electrode of 

material interest (NbN or WN). The counter electrode was a graphite rod. Potentials were 

reported vs. RHE, and current was reported per unit geometric area. The current was also 

corrected for the solution resistance by using electrochemical impedance spectroscopy (EIS) 

measurements.  

2.2.2 Linear Sweep Voltammetry 

Linear sweep voltammetry (LSV) experiments sweep the potential of the working 

electrode at a constant rate, from which the generated current is measured. For a reduction 

reaction, the initial potential is positive of the standard reduction potential (E0) and is swept to 

negative potentials. In a typical experiment the initial potential is selected to minimize the flow 

of oxidative or reductive current. As the potential sweeps negatively, a reductive current is 

generated and a half-reaction occurs at the surface of the working electrode. Data of the 

reduction current can be used to quantify important reaction parameters, such as the exchange 

current density (i0) or Tafel slope, which provide insight into the catalytic activity of an 

experimental cathode material.  

For the hydrogen evolution reaction, LSV experiments are used to inform key reaction 

parameters by Tafel analysis. The Tafel equation (Equation 2.7) is a simplified Butler-Volmer 

equation (Equation 2.6), based on the assumption that the overpotential at the cathode is 

dominant. The Tafel equation can be linearized (Equation 2.8), from which the Tafel slope 

(Equation 2.9) and the exchange current density (Equation 2.10) can be calculated, where i 

represents current density (A/cm2),  represents transfer coefficient (assumed to have a scalar 
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value of 0.5), s represents surface overpotential (V), F represents Faraday’s constant (C/mol), R 

represents the gas constant (J/mol·K), and T represents temperature (K). 

Equation 2.6                    𝑖 =  𝑖0 (𝑒𝑥𝑝 (
𝛼𝑎𝐹𝜂𝑠

𝑅𝑇
) − 𝑒𝑥𝑝 (

−𝛼𝑐𝐹𝜂𝑠

𝑅𝑇
)) 

Equation 2.7              𝑖 =  −𝑖0𝑒𝑥𝑝 (
−𝛼𝑐𝐹𝜂𝑠

𝑅𝑇
) 

Equation 2.8    𝜂𝑠 = 𝑚𝑙𝑜𝑔(|𝑖|) + 𝑏 

Equation 2.9             𝑚 =  
−2.303𝑅𝑇

𝛼𝑐𝐹
 

Equation 2.10                𝑏 = −𝑚𝑙𝑜𝑔10(𝑖0) 

2.3 Surface Science Techniques 

2.3.1 Temperature Programmed Desorption 

Temperature programmed desorption is a surface science technique that uses mass spectrometry 

(MS) to detect the gas-phase reaction products of an adsorbed species on a thin film or single 

crystal surface. In a typical experiment, reactants were directionally dosed in Langmuir units (1 

L = 1x10-6 Torr·s) onto a prepared and liquid N2-cooled surface. After dosing the reactant, the 

surface was oriented normal to a quadrupole MS with approximately 1 mm separation, and was 

heated at a linear rate (ex. 1 K/s or 3 K/s). MS was used to detect the desorption of gas-phase 

products upon the controlled heating of the surface. Spectra of several gas cracking patterns were 

collected to quantify product yield and selectivity.  

Products often have overlapping gas cracking patterns, and molecule-specific masses are 

used to determine the desorption of unique gas-phase products. For example, ethylene and CO 

both have gas cracking patterns at 28 atomic mass units (amu), however between the two 

molecules, ethylene has a unique cracking pattern at 26 and 27 amu. If a desorption peak is 
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observed on a 28 amu spectrum, but not the corresponding 26 and 27 amu spectra, one can 

reasonably conclude that the desorption was associated with CO and not ethylene.  

The desorption onset and peak temperatures can also inform the binding energies of 

adsorbates or the reaction barrier, based on the mode of desorption. With a reaction-limited 

desorption mechanism, a reaction product desorbs from the surface upon formation, and 

desorption temperature relates to the energy of the reaction barrier. If the desorption mechanism 

is desorption-limited, the formed and surface-bound reaction product only desorbs upon a 

threshold heating of the surface. In this case, the desorption onset and peak temperatures 

correspond to the binding energy of the adsorbate. 

2.3.2 High Resolution Electron Energy Loss Spectroscopy 

High resolution electron energy loss spectroscopy (HREELS) is a UHV vibrational 

spectroscopy technique that detects the energy of scattered electrons from a monoenergetic beam 

directed at a surface. Distinct peaks in an HREEL spectra are attributed to the vibrational energy 

losses associated with chemical bonds of an adsorbate or reaction intermediate species on the 

surface.  

A schematic of HREELS is shown in Figure 2.4, where a 6 eV electron beam emits from 

a source, is transmitted through monochromator and lens, scattered at the surface upon incidence 

at an angle of 60⁰, and refocused through a lens for analysis. Several types of electron scattering 

may occur from the surface. Elastic scattering is the reflection of the primary beam, where 

energy is conserved. This mode of scattering is dominant and provides a basis for signal 

normalization and spectra alignment to zero wavenumber. Three main types of inelastic 

scattering can also take place, which include dipole scattering, impact scattering, and inelastic 

scattering associated with negative ion resonances. The latter two scattering processes result in 
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count rates that are orders of magnitude less than dipole scattering, and consequently, dipole 

scattering that results in electron energy loss less than 4000 cm-1 (0.495 eV) is informative of the 

adsorbed surface species. Dipole scattering is near the specular direction and occurs when an 

electron interacts with a dipole potential from an adsorbate. The orientation of the dipole is 

important. When the dipole is (1) perpendicular, the dipole potential extends into the vacuum and 

the electron interacts strongly to induce dipole scattering. In contrast, when the dipole is (2) 

parallel to the surface, the image dipole cancels the dipole moment, and no scattering is 

observed. Detailed discussions of HREELS instrumentation and electron scattering mechanisms 

are available in the literature.20,100 

Experimentally, the HREELS beam is tuned to an electrically grounded clean surface, 

where various voltage parameters in the monochromator, lens, and analyzer are adjusted to 

maximize the detected beam counts per second (cps), and minimize the peak full width at half 

maximum (FWHM), which enhances peak identification. Once tuned, the surface is prepared and 

exposed to the desired reactant. An initial HREELS scan is taken at the liquid N2 cooled base 

temperature of the surface, which is typically between 110 K and 120 K. The surface is then 

raised from the Mu metal cage which shields the incidence region from low-frequency magnetic 

fields. The surface is flashed to a desired temperature and cooled to below 200 K before 

conducting further HREELS experiments. Typically, the surface undergoes thermal sequencing 

to several specific temperatures, which are selected based on the results of temperature 

programmed desorption experiments. For example, if a gas-phase product has a desorption onset 

temperature of 300 K, HREELS spectra may be collected at temperatures below, at, and above 

300 K to better understand the adsorbed surface species. 
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Figure 2.4 Schematic of a HREEL spectrometer and dipole scattering.  

  



32 

 

Chapter 3: Exploring Electrocatalytic Stability and Activity of 

Unmodified and Platinum-Modified Tungsten and Niobium 

Nitrides 

3.1 Introduction 

Transition metal carbides (TMC) have been utilized as versatile electrocatalyst supports 

that offer a template to tailor activity toward a variety of electrocatalytic reactions.10,101–104 

However, creating high surface area carbides is challenging due to high synthesis temperatures 

and the formation of carbonaceous overlayers that result from synthesis in the presence of 

methane.68,105 The latter can lead to discrepancies in correlating between the pristine carbide 

surfaces used in DFT calculations and the often carbon-covered carbide surfaces used as 

electrocatalyst supports.69  

Transition metal nitrides (TMN), on the other hand, are synthesized by decomposing 

ammonia to elemental nitrogen that is driven into the metal lattice, with extra surface nitrogen 

atoms readily desorbing as molecular nitrogen instead of accumulating on the TMN surfaces. 

These inherently “clean” surfaces should correlate well with DFT calculations, which should 

facilitate new catalyst design by maximizing the utility of DFT-calculated descriptors as screening 

tools. Additionally, it should be more feasible to support metal-modifiers on TMN surfaces without 

the interference from carbonaceous overlayers on TMC. Nitrides of early transition metals 

typically have similar physical structures and electronic properties as their carbide 

counterparts,60,106 which may impart similar stability and versatility for different electrochemical 

reactions.107 Here, the utility of TMN as electrocatalyst materials was explored by focusing on 

nitrides of niobium and tungsten. The electrochemical stability of both nitrides was evaluated in 
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wide potential-pH regimes to generate Pseudo-Pourbaix diagrams, which have been shown 

previously to be useful for selecting appropriate TMC electrocatalysts for specific reactions.22 The 

hydrogen evolution reaction (HER) was selected as a probe reaction, where the activities of 

unmodified and Pt-modified TMN thin films were measured and correlated to the DFT-calculated 

hydrogen binding energies and Gibbs free energies for hydrogen adsorption to demonstrate the 

relationship between experimental results and DFT calculations.  

3.2 Methods 

3.2.1 Synthesis 

Nitride thin films were prepared from foils of 0.127 mm thick Nb (99.97%) and 0.1 mm 

thick W (99.95%) from Alfa Aesar. The foils were sonicated for 5 minutes in ethanol to remove 

any oils from factory processing, rinsed with DI water, sonicated for 5 minutes in 1 M NaOH to 

remove surface oxides, and rinsed a final time with DI water before being loaded into a horizontal 

quartz tube furnace. Under an ambient pressure gas flow of 100% ammonia at 150 standard cubic 

centimeters per minute (sccm), the furnace was ramped from room temperature to 1123 K in 2 h, 

then held at 1123 K for 10 h. The resulting nitride films were cooled to room temperature under 

the same gas conditions and then purged with Argon before removal from the furnace. 

Pt was deposited on the nitride thin films via physical vapor deposition (PVD) in an ultra-

high vacuum (UHV) chamber equipped with X-ray photoelectron spectroscopy (XPS). Prior to Pt 

deposition, the nitride films were sonicated in 0.3 M NaOH for 5 minutes, washed with DI water, 

and dried in atmosphere. For PVD, a Pt wire (Alfa Aesar, 99.99%) was wrapped around a tungsten 

filament, which was resistively heated in the vacuum chamber. The nitride sample was placed in 

front of the Pt source for deposition, and the Pt coverage was determined from the XPS 

measurements108 without exposing the sample to atmosphere. 
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3.2.2 Characterization 

XPS measurements were conducted using a PHI 5600 XPS unit with a hemispherical 

analyzer and an Al X-ray source. The chamber had a base pressure of 2 x 10-9 Torr. Peak positions 

were calibrated to the adventitious carbon peak at 284.4 eV. 

X-ray diffraction (XRD) was used to characterize the nitride thin films. A PANalytical 

XPERT3 Powder XRD with Cu Kα radiation was used. The stage was held stationary (no spinning) 

for both symmetric and glancing incidence measurements. Glancing incidence XRD 

measurements were conducted by holding the incident X-ray angle at 1 degree. 

3.2.3 Electrochemical Measurements 

The nitride films were sonicated at room temperature in 0.3 M NaOH for 5 minutes to 

remove surface oxides, then rinsed with DI water. Each sample was then taped with 3M 470 

electroplating tape to define the surface area exposed to electrolyte. The geometric surface area 

was measured and used to calculate current density. 

Electrochemical stability testing was conducted at room temperature in a buffered 

electrolyte solution of 0.5 M H2SO4, 0.1 M H3PO4, and 0.1 M NaSO4. Experiments were performed 

in a standard three-electrode, single-cell setup using a Princeton Applied Research VersaSTAT 4. 

A saturated calomel electrode (SCE) was used as the reference electrode and a graphite rod 

(Sigma-Aldrich, 99.995%) was used as the counter electrode. The pH values and temperature were 

measured using a Thermo Scientific Orion Star A211. Titrations were conducted using 

concentrated base (5 M NaOH), and electrolyte temperature was maintained at 293 K by flowing 

chilled water through a water jacket in contact with the cell. A magnetic stir bar was used during 

titrations, but turned off for electrochemical testing. After each titration, the electrolyte 
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temperature was allowed to return to 293 K, which typically occurred within 3 to 10 minutes. A 

fresh nitride film was used for measurements at each pH value. 

Before electrochemical stability testing, the electrolyte was purged for 20 minutes with 

argon. The electrolyte was then continuously purged with Ar during subsequent titrations and 

electrochemical testing. Working electrodes were cleaned via cyclic voltammetry (CV), by which 

the potential was cycled from 0.05 VRHE to 0.3 VRHE at 50 mV s-1 for 20 cycles. Additional CVs 

were then conducted to measure the current response to more positive potentials, where the 

potential was cycled from 0.05 VRHE to 1.8 VRHE at 50 mV s-1 for 5 cycles. The uncompensated 

solution resistance was measured by electrochemical impedance spectroscopy (EIS), which was 

conducted before CV measurements. 

To assess the HER activity of unmodified and Pt-modified WN and NbN, prepared films 

were cleaned in Ar-purged electrolyte (0.5 M H2SO4 or 0.1 M KOH) using the same cleaning CV 

parameters described for stability testing. The electrolyte was then purged for 20 minutes using 

hydrogen, which continued throughout linear sweep voltammetry (LSV) testing. Cathodic linear 

potential sweeps were conducted at 10 mV s-1 from 0.05 VRHE until a current density of 5 mA cm-

2 was achieved.  

To assess the stability of Pt overlayers on nitride thin films, two sets of three linear sweeps 

were conducted. Each set of LSV testing took place over the course of an hour. After each set, the 

thin film was removed from the electrolyte, rinsed in DI water, and dried in atmosphere. The dry 

film was then loaded into the UHV chamber for XPS characterization. After XPS scans were 

conducted on each film from the first hour of HER testing, the film was removed from the UHV 

chamber and reintroduced to the H2-saturated electrolyte for additional HER measurements and 

subsequent XPS characterization. 
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3.2.4 Density Functional Theory Calculations 

Spin polarized density functional theory (DFT)109,110 calculations were performed using 

the generalized gradient approximation (GGA) within the projector augmented wave (PAW) 

Perdew-Wang-91 (PW91) formulism111,112 on the Vienna Ab-Initio Simulation Package (VASP) 

code.113,114 The total energy calculations were performed using a 3 × 3 × 1 Monkhorst-Pack grid21 

and a plane wave cut-off energy of 400 eV.101 

According to XRD characterization, the hexagonal closed packed (HCP) NbN(0001) 

surface and the face centered cubic (FCC) WN(111) surface were modeled using four bilayers, 

each containing one layer of Nb or W and one layer of N atoms, with a 3 × 3 surface slab. For the 

reference Pt surface, a 3 × 3 (111) unit cell with four layers was used.21 For the Pt-modified 

NbN(0001) and WN(111) surfaces, one monolayer of Pt was placed on the NbN(0001) or 

WN(111) surface. A vacuum layer of ~15 Å thick was added in the slab to minimize interactions 

between the slab and the periodic images perpendicular to the surface. Atoms in the bottom two 

layers were fixed, while all other atoms, including those of adsorbates, were allowed to relax until 

the force on each ion was smaller than 0.02 eV Å-1 during geometry optimization. The convergence 

criteria was selected as 1 × 10-5 for structure optimization. 

The hydrogen binding energy (HBE) was calculated as:  

Equation 3.1 E(Binding Energy) = E(slab-H) ‒ E(slab) ‒ E(H)   

where E(slab-H), E(slab) and E(H) were the total energy of the slab with adsorbed H atom, the total 

energy of the clean slab, and one-half of the total energy of a H2 molecule in the gas phase, 

respectively. 

The free energy (G) of a species was calculated as115: 

Equation 3.2 G = E + ZPE - TS   
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where E represented the total energy of a species obtained from DFT calculations, ZPE 

was the zero-point energy, S was the entropy of a species, and T = 298.15 K. The change in free 

energy (∆G) was calculated as116. 

Equation 3.3 ∆G = ∆E + ∆ZPE - T∆S  

where ∆E was the binding energy of adsorbed species.  

3.3 Results and Discussion 

3.3.1 XRD Characterization  

As-synthesized tungsten nitride and niobium nitride thin films were analyzed with 

symmetric and glancing incidence (GI) XRD to determine the nitride phase. In Figure 3.1, the 

symmetric XRD patterns showed the most intense reflections for the pure metal peaks and less 

intense reflections for nitride phases. This indicated that the nitride domain existed as a thin film 

on the foil surface, and most of the intensity was reflected from X-rays penetrating deeper into the 

foil. GI-XRD measurements were more sensitive to surface layers, and Figure 3.1 showed that 

fixing the incident X-ray angle at 1 degree revealed relatively more intense nitride phase peaks. 

Using the linear attenuation coefficient of each parent metal, the thin film thicknesses were ~55 

nm and ~140 nm for WN and NbN, respectively, using GI-XRD. These findings were consistent 

with previous studies on similarly synthesized carbide films.35 The reference XRD patterns 

revealed that the nitride phase in the thin film on the niobium foil was a mixture of hexagonal NbN 

(COD 9008874) and Nb2N (ICSD 76387). The phase on the tungsten thin film was FCC WN 

(ICSD 30381). XPS analysis of the as-synthesized nitride thin films revealed that the 

nitrogen:metal ratio on the surface of each nitride film was roughly 1 (Figures 3.2(c) and 3.2(d)). 

This indicated that the surface stoichiometry for both nitrides was M1N1 when synthesized at 1123 

K in 100% ammonia. The Nb-rich phase observed with XRD was likely from deeper beneath the 
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surface, and therefore contributed less to the N:Nb signals measured with the more surface 

sensitive XPS. The (110) reflection of W and (111) reflection of WN were missing. This was likely 

due to the preferred grain orientation of the as-received W foil used for these measurements. 

Similar preferential grain orientation resulting in a diffraction pattern dominated by the W(200) 

plane has been observed on previous studies of carburized tungsten foils.24 
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Figure 3.1 Tungsten nitride and niobium nitride thin film X-ray diffraction patterns. (a) 

Niobium nitride and (b) tungsten nitride thin film XRD patterns with diffractometer 

operated in symmetric mode and glancing incidence (GI) mode at an incident angle of 1 

degree. 

3.3.2  Electrochemical Stability 

In order to determine the nitride stability over a wide range of potential-pH values, the thin films 

were evaluated using a cyclic voltammetry (CV) titration technique to create a pseudo-Pourbaix 

diagram. These types of pseudo-Pourbaix diagrams have been utilized previously to describe 

carbide stability.22–24 Pseudo-Pourbaix diagrams typically include three distinct regions of 

stability: stable, passivation, and oxidation/dissolution. The stable region represents potential-pH 

conditions where the catalyst surface is relatively immune to oxide formation. The passivation 

region is defined by potential-pH values where the surface is mildly oxidized to form a passivating 

layer, but the bulk remains stable. In contrast, the oxidation/dissolution region is characterized by 

potential-pH conditions where the catalyst surface is oxidized severely and the formed oxides 

dissolve into the electrolyte. In this work, these diagrams were created by identifying the potentials 

at which specific oxidation peaks occurred at each pH. The CVs at the initial pH of 0.3 exhibited 

multiple distinct oxidation peaks on the first potential cycle for both NbN and WN (Figures 3.2(a) 

and 3.2(b)). For WN, these oxidation peaks were followed by current resulting from the oxygen 

evolution reaction above 1.6 VRHE. The oxidation peaks below 1.6 VRHE were not present on the 

second CV cycle for either nitride, indicating an irreversible oxidation.  

The extent of nitride oxidation as a function of applied potential was determined with XPS. 

Different thin film samples were used for XPS surface analysis before and after 5 CV cycles with 

a maximum potential corresponding to one of the distinct oxidation peaks (Figures 3.2(c) and 
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3.2(d)). The N:Nb atomic ratio for each fresh NbN sample was measured with XPS and calculated 

to be between 1.0 and 1.2, which was in good agreement with the NbN XRD phase determination 

in Figure 3.1(a). After CV cycling to 1.0 VRHE in an electrolyte with pH of 0.3, the N:Nb atomic 

ratio remained essentially unchanged, indicating that the first oxidation peak at 1.0 VRHE was likely 

a result of passivation of defect or low-coordinated sites. However, after cycling to 1.3 VRHE and 

1.5 VRHE, corresponding to the second and third oxidation peak, the N:Nb ratio decreased to values 

between 0.6 and 0.4. This change in N:Nb ratio indicated that severe oxidation of the nitride thin 

film began at 1.3 VRHE. Thus, the pseudo-Pourbaix diagram for NbN was created by assigning 

potentials higher than the second most positive peak as “oxidizing”, potentials lower than the onset 

of the initial peak as “stable”, and the potentials in between as “passivating”. The same peak 

designations were used for NbN at each pH because the oxidation CV maintained the same shape 

regardless of the pH of the electrolyte.  

A similar trend was observed for the WN thin film in pH 0.3 electrolyte when evaluated by XPS 

after cycling to different oxidation potentials (Figure 3.2(d)). Specifically, the N:W ratio remained 

close to that of the fresh sample after cycling the potential to the initial oxidation peaks at 1.2 VRHE 

and 1.3 VRHE, but reduced to less than 0.8 when cycled to the most positive peak at 1.5 VRHE. 

Therefore, potentials less than the onset of the initial WN oxidation peak were assigned as “stable”, 

those higher than the most positive oxidation peak were considered “oxidizing”, and those in 

between were called “passivating”. These peak designations for WN were only used for pH < 6, 

because the oxidation profile for WN changed at higher pH.  

The CVs for WN at pH 8.0 (Figure 3.2(e)) were representative of CVs observed for all WN 

samples at pH > 6. This change in oxidation profile compared to those at low pH was not 

surprising, considering previous reports of the oxidation behavior of tungsten carbide (WC) in 
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neutral pH117,118 and tungsten metal at high pH.119 In Figure 3.2(e), the initial anodic sweep of WN 

was similar to that of lower pH sweeps, but only one distinct oxidation peak was observed. On the 

subsequent cathodic sweep, an oxidative current response was observed with several distinct 

peaks. Subsequent CV cycles maintained current response at potentials below the onset of OER, 

which was unlike the results observed for WN at low-pH. Furthermore, in Figure 3.2(e), the anodic 

sweep of cycle 2 and all those subsequent cycles were unlike the anodic sweep of cycle 1. In 

contrast, the cathodic sweeps for all cycles were similar. This behavior was previously observed 

for metallic tungsten in alkaline pH, and the various oxidation peaks on the anodic and cathodic 

scans were attributed to formation and interchanging of various unstable hydroxylated tungsten 

species that formed a passivating layer on the electrode.119 Interestingly, the XPS surface analysis 

post-CV (to 1.8 VRHE) at pH 8.0 revealed a minimal oxidation of WN, with only a slight reduction 

of the N:W atomic ratio. This was in contrast to the observation that the nitrogen peak completely 

disappeared from WN at low pH after cycling to 1.8 VRHE (Figure 3.3). This may be explained by 

the previous report that the unstable tungsten species were chemically dissolved at open circuit 

potential.119 Despite the apparent preservation of the WN surface during CV sweeps, the 

passivation layer likely made the WN surface catalytically inactive. Therefore, potentials greater 

than the large oxidation peak of the first cycle for WN tested in pH > 6 were denoted as 

“oxidizing”. No “passivating” region was denoted for WN samples at these pH values. 

The pseudo-Pourbaix diagrams in Figure 3.4 revealed that NbN and WN were stable at all pH 

up to around 0.6 VRHE and 1.0 VRHE, respectively. This makes NbN a viable electrocatalyst support 

material for hydrogen evolution (-0.3 VRHE to 0.0 VRHE), hydrogen oxidation (0.0 VRHE to 0.2 

VRHE) and CO2 reduction (< -0.6 VRHE). Similarly, WN should be suitable for the same reactions, 

with the addition of alcohol oxidation (0.5 VRHE to 0.9 VRHE).  
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Figure 3.2 First 2 CV cycles for (a) NbN and (b) WN thin films in pH 0.3 electrolyte. The 

first cycle for each sample shows distinct oxidation peaks. For WN, these peaks are 

followed by current response from oxygen evolution reaction at potentials higher than 1.6 

VRHE. The oxidation peaks are not present on the second cycle. The atomic ratios of 

nitrogen-to-metal on the surface before and after cycling to various potentials are shown 

for (c) NbN and (d) WN. (e) WN thin film CVs at pH 8.0. The solid lines represent anodic 
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sweeps for each cycle and the dashed lines represent cathodic sweeps for each cycle. A 

constant scan rate of 50 mV s-1 was used. The oxidation currents observed in both 

directions are attributed to the formation and interchange of unstable hydroxylated 

tungsten species at the electrode surface.119 A similar oxidation profile was observed for all 

WN samples tested at pH > 6. 

 

(a) (b) 

(c) (d) 
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Figure 3.3 XPS spectra of NbN and WN before and after oxidation CVs. (a) Nb3d spectra 

and (b) N1s spectra for fresh NbN and after cycling to 1.0V and 1.8 V at pH 0.3. (c) W4f 

spectra and (d) N1s spectra for fresh WN and after cycling to 1.8 V in pH 0.3 electrolyte 

and cycling to 1.8 V in pH 8.0 electrolyte. 

 

Figure 3.4 Pseudo-Pourbaix diagrams for (a) NbN and (b) WN thin films. Potentials below 

the black lines represent catalyst stability, where the nitride phase is preserved. Potentials 

above the gray lines represent catalyst oxidation. And potentials between the lines 

represent a passivating region where low-coordinated sites may be oxidized, but bulk 

oxidation was not observed. No passivating region was observed for WN films in pH > 6, 

due to its unique oxidation behavior at high pH. 

3.3.3 HER Activity of Unmodified and Pt-Modified Nitride Films 

Modifying transition metal nitride thin films with precious metal overlayers should enable close 

correlation with the model surfaces used in DFT calculations because the nitride surfaces are not 

contaminated with surface carbon, as is often the case with carbides. To test this hypothesis and to 

determine if transition metal nitrides are promising candidates to reduce Pt electrocatalyst loading, 

 (a) (b) 
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Pt was deposited in sub-monolayer and monolayer (ML) coverages on WN and NbN thin films, 

and tested for HER activity. The deposition of Pt on both nitride surfaces occurred in a layer-by-

layer fashion, as determined by the linear relationship between deposition time and measured Pt 

coverage (Figure 3.5). The HER was used as a probe reaction because the DFT-calculated 

hydrogen binding energy (HBE) is a known and effective descriptor of HER activity for TMC in 

both acid and alkaline electrolyte.21  

 
Figure 3.5 Pt growth on (a) NbN thin film and (b) WN thin film. The Pt coverage was 

determined using XPS peak area ratios. The linear relationship between Pt coverage and 

deposition time indicated layer-by-layer growth of Pt on NbN and WN. 

Increasing Pt coverage on WN and NbN improved HER activity in acid electrolyte, shown in 

Figures 3.6(a) and 3.6(b). As the Pt coverage increased from 0.7 to 2.6 ML on WN, the HER 

polarization curves shifted anodically, and the curve for 2.6 ML Pt/WN overlapped with bulk Pt-

foil. The same trend was seen with Pt on the NbN thin film in acid electrolyte, where the curve for 

2.8 ML Pt/NbN essentially overlapped with bulk Pt foil (Figure 3.6(b)). Corresponding to the HER 

polarization curves in Figures 3.6(a) and 3.6(b), the overpotential losses at a cutoff current density 

of 5 mA cm-2 decreased as a function of Pt coverage (Table 3.1). This result was consistent with 

the DFT calculations of HBE and ∆G of Pt-modified nitrides, shown in Table 3.2. The HBE for 

the unmodified NbN(0001) and WN(111) surfaces were stronger (more negative) than the Pt(111) 

(b) (a) 
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surface, which indicated that unmodified NbN(0001) and WN(111) surfaces should have poor 

HER activity. In contrast, HBE values for ML Pt/NbN(0001) and Pt/WN(111) surfaces were much 

closer to that of the Pt(111) surface, which suggested Pt-like HER activity. The HBE and ∆G 

values for Pt(111) calculated for this work were consistent with values reported previously.21,35 

The △G calculations (Equation 3.3) described the free energy of the adsorbed intermediate, where 

△G = 0 eV represented the ideal reaction pathway for HER. DFT calculations were consistent 

with the trend in the experimental HER exchange current densities in acid (Figures 3.7(a) and 

3.7(b)), determined from the linear portion of HER Tafel plots (Equations 2.8 and 2.10). The HER 

exchange current densities on bare nitrides were several orders of magnitude lower than the Pt foil, 

while those of ML Pt-modified nitrides in acid were similar to that of bulk Pt. Furthermore, XPS 

measurements before and after HER showed that the Pt coverage was stable on both nitrides in 

acid. Pt coverage on both nitrides decreased by about 20% after the initial testing but remained 

stable upon further testing (Figure 3.6(c)), indicating that the initial decrease was likely due to 

agglomeration of Pt instead of continuous dissolution.  

In alkaline electrolyte, similar trends were observed, where increased Pt coverage on WN and 

NbN (Figures 3.6(d) and 3.6(e)) increased HER activity. However, even 2 or more ML Pt on WN 

or NbN did not result in HER activity approaching bulk Pt. The difference in activity between bulk 

Pt and Pt/WN or Pt/NbN in alkaline electrolyte was attributed to the instability of Pt overlayers on 

the nitride surface under these conditions. Unlike in acid, XPS revealed that Pt coverage continued 

to decrease after additional HER testing on both nitrides (Figure 3.6(f)). The alkaline activity 

trends were also reflected by the HER exchange current densities (Figures 3.7(c) and 3.7(d)), 

which were determined by fitting the linear portion of Tafel plots. However, once Pt coverage 

exceeded 1 ML on both nitrides in alkaline electrolyte, the Tafel plots were non-linear, possibly 
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due to Pt dissolution. Thus, exchange current densities calculated from these specific plots were 

not reliable. Calculations affected by this non-linearity were depicted in red in Figure 3.7. 

Additionally, the Tafel analysis used for samples in acid HER has been understood to represent 

diffusion limited current density, rather than the kinetic activity.120 Thus, the trends depicted in 

Figure 3.7(a) and 3.7(b) were meant to show qualitative increase in HER activity of Pt-modified 

nitrides compared to bulk Pt. 

These results showed that WN and NbN should be effective substrates to reduce Pt loading for 

HER in acid conditions, but may not be suitable for alkaline conditions due to instability of the Pt 

overlayer. Further studies are required to understand if Pt would be stable on other TMN in alkaline 

media, or if other precious metals would be stable on WN and NbN at high pH. 

 

Figure 3.6 Hydrogen evolution reaction polarization curves for metal-modified nitride thin 

films. (a) Curves for Pt on WN in 0.5 M H2SO4. (b) Curves for Pt on NbN in 0.5 M H2SO4. 

(c) Pt coverage measured by XPS on WN and NbN thin films in acid. (d) Curves for Pt on 
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WN in 0.1 M KOH. (e) Curves for Pt on NbN in 0.1 M KOH. (f) Pt coverage measured by 

XPS on WN and NbN thin films in alkaline. Pt coverages were measured fresh, after HER 

testing for 1 hour, and after HER testing for 2 hours. 

 

Table 3.1 Hydrogen evolution reaction overpotential at a cutoff current density of -5 mA 

cm-2. Overpotentials were recorded directly from the HER polarization curves in Figures 

3.6(a), 3.6(b), 3.6(d), and 3.6(e). 

WN, 0.5 M H2SO4  NbN, 0.5 M H2SO4 

Pt-coverage η (VRHE @ -5 mA cm-2)  Pt-coverage η (VRHE @ -5 mA cm-2) 

0 ML -0.57  0 ML -0.66 

0.7 ML -0.19  0.8 ML -0.17 

1.2 ML -0.06  1.1 ML -0.07 

2.6 ML -0.04  2.8 ML -0.04 

Pt foil -0.03  Pt foil -0.03 

     

WN, 0.1 M KOH  NbN, 0.1 M KOH 

Pt-coverage η (VRHE @ -5 mA cm-2)  Pt-coverage  η (VRHE @ -5 mA cm-2) 

0 ML  -0.58  0 ML  -0.58 

0.5 ML -0.45  0.6 ML -0.48 

0.8 ML -0.38  0.8 ML -0.44 

1.7 ML -0.27  1.4 ML -0.26 

2.0 ML -0.19  3.3 ML -0.17 

Pt foil -0.12  Pt foil -0.12 

 

Table 3.2 DFT calculated binding energies and ∆G of adsorbed hydrogen on Pt(111), 

NbN(0001), WN(111), and ML Pt/NbN(0001) and Pt/WN(111) surfaces.  

 Pt(111) NbN(0001) WN(111) Pt/NbN(0001) Pt/WN(111) 

HBE (eV) -0.46 -1.38 -0.83 -0.24 -0.38 

△G (eV) -0.26 -1.17 -0.63 -0.03 -0.18 
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Figure 3.7 Hydrogen evolution reaction exchange current density as a function of Pt 

coverage on thin films of (a) WN in 0.5 M H2SO4, (b) NbN in 0.5 M H2SO4, (c) WN in 0.1 M 

KOH, and (d) NbN in 0.1 M KOH. Exchange current densities were extracted from Tafel 

plots, and red dots denote values that were extracted from Tafel plots with significant non-

linearity, possibly due to Pt dissolution during HER.  

3.4 Conclusions 

This work shows the potential application of WN and NbN as promising electrocatalyst materials 

and presents a general methodology for evaluating the stability and activity of transition metal 

nitride thin films. WN and NbN were both synthesized as thin films with M1N1 stoichiometry by 
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annealing parent metal foils for 10 h at 1123 K in 100% ammonia at ambient pressure. Potential-

pH stability regimes for both nitrides were established, and both should be stable under 

electrochemical conditions for hydrogen evolution/oxidation and CO2 reduction, as well as alcohol 

oxidation for WN. Pt-modified WN and NbN thin films showed Pt-like HER activity in acid 

electrolyte, making them promising electrocatalysts to achieve a reduction in Pt loading while 

achieving similar HER activity as bulk Pt in low-pH electrolyte. The correlation between DFT 

calculations and HER activity showed that DFT could be an effective screening tool for metal-

modified transition metal nitrides, similar to previous applications for carbide thin films. The Pt 

overlayer was not stable on either nitride at high pH conditions, and other combinations of metal-

modified nitrides should be evaluated for applications in alkaline media.  
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Chapter 4: Investigating Platinum-Modified Molybdenum Nitride 

as an Ethanol Reforming Catalyst 

4.1 Introduction 

Biomass derived oxygenates are of interest both as fuels and building-blocks for 

commodity chemicals. Ethanol reforming in particular is an attractive pathway for renewable 

hydrogen production in the form of synthesis gas, or syngas, a CO/H2 feedstock for Fischer-

Tropsch (F-T) synthesis.45
 To utilize ethanol in this capacity, catalysts selective for C-C and C-H 

bond scission are essential. Surface science studies have revealed that ethanol reacts on platinum 

group metals (PGM) to form H2 and CO, however some of these materials also produce 

undesired methane or lead to complete decomposition.121–124 Of these, Pt is highly selective for 

the reforming pathway, and has been the focus of significant research efforts.124–127 While Pt 

resources are geographically scarce and expensive,19 supported Pt catalysts have been developed 

to effectively reduce precious metal loading and reduce cost.128–130 

Transition metal carbides (TMC) of earth-abundant elements are a well-studied class of 

catalysts and catalyst support materials that are less expensive than PGMs.129 Specific to the 

reaction of ethanol, past research on tungsten carbide (WC) and molybdenum carbide (Mo2C) 

thin films demonstrated tunable bond scission and selectivity with the deposition of different 

admetals.37,128 For example, while Mo2C was reported to decompose ethanol into H2, Cads, and 

Oads, Ni-modification partially preserved the C-O bond which altered pathway selectivity from 

complete decomposition to reforming.37 

Despite these interesting properties, TMC synthesis can result in the accumulation of 

undesired surface carbon that can decrease catalytic activity and lead to discrepancies between 

the experimentally relevant surface and the well-defined model surface used for density-
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functional theory calculations.68,69 In contrast to carbide analogues, transition metal nitrides 

(TMN) can be synthesized by the decomposition of NH3, from which adsorbed N can desorb as 

N2, resulting in inherently clean surfaces. Furthermore, TMNs show similar  physical and 

electronic properties to carbide counterparts,60,131 and have been studied as both catalysts and 

catalyst supports for several of heterogenous catalytic reactions.90,106,132–138 In one study of 

methanol steam reforming, PGM/Mo2N catalysts were shown to have greater overall activity and 

increased selectivity for H2 production in place of CH4 formation, in comparison to Mo2C-

supported analogs.132 In a different study, Mo2N was shown to interact more weakly with the 

oxygen atoms in a glycerol probe molecule in comparison to Mo2C, which resulted in the 

production of allyl alcohol and propanal with some C-O bonds preserved, in addition to the fully 

deoxygenated propylene.139  

In this work, these trends were further explored by investigating the reaction of ethanol 

on unmodified and Pt-modified Mo2N thin films using surface science techniques. Under 

ultrahigh vacuum (UHV) conditions, temperature programmed desorption (TPD) experiments 

were employed to identify the gas-phase reaction products, as well as to quantify the reaction 

activity and selectivity. High resolution electron energy loss spectroscopy (HREELS) was 

employed to further understand the reaction intermediates present on the surface, which 

informed the nature of C-C, C-O, and C-H bond scission. This study demonstrates that Mo2N can 

be effectively tuned from the ethanol decomposition to reforming pathway with the addition of a 

Pt admetal, offering a potential strategy to utilize TMNs as support materials to reduce Pt loading 

and allow for better correlation between experiment results and first-principles calculations.  
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4.2 Methods 

4.2.1 Nitride Synthesis 

Mo2N thin films were synthesized from 0.1 mm thick Mo (Alfa Aesar, 99.95%) cut into 1 cm 

x 2 cm rectangles. Cut foils were cleaned using a previously described procedure which utilized 

a series of sonication and wash steps to remove surface oils and oxides prior to being loaded into 

a horizontal quartz tube furnace.24,70 Nitride thin film synthesis was also adapted from a prior 

study.70 In brief, the furnace was ramped from 298 K to 1123 K at a linear rate over 2 hours with 

an ambient pressure gas flow of 150 standard cubic centimeters (sccm) of 100% ammonia. The 

furnace dwelled at 1123 K for 10 hours, after which the synthesized nitride thin films gradually 

cooled to ambient temperature under the same gas condition. Once cooled to room temperature, 

the furnace was purged with Argon and the films were removed. In a previous study that used the 

same synthesis procedure, the as-synthesized Mo2N films were characterized using X-ray 

photoelectron spectroscopy to quantify the Mo:N atomic ratio, as well as symmetric and glancing 

incidence X-ray diffraction to confirm the nitride phase.139  

4.2.2 Surface Science Experiments 

TPD experiments were conducted in a UHV chamber equipped with Auger electron 

spectroscopy (AES) for surface analysis, mass spectrometry (MS) for product detection, a Ne+ 

sputter gun for surface cleaning, and a Pt metal source for physical vapor deposition (PVD). The 

UHV chamber had a base pressure of 7.0 x 10-10 Torr. The Mo2N foil or Pt(111) single crystal 

was spot welded to two 0.7 mm tungsten posts (Alfa Aesar, 99.95%) that were resistively heated 

and cooled by contact with a liquid N2 reservoir opposite the feedthrough. Temperature was 

measured by a type K thermocouple spot welded to a single point on the back of the sample. The 

Pt(111) single crystal and Mo2N film were cleaned using the same methodology as a past surface 
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science study of Pt(111).124 The sample cylinder was prepared by transferring ethanol (Sigma-

Aldrich, 99.5%) into an evacuated glass cylinder in an Argon gas environment via a glove bag. 

The reagent then underwent 4 freeze-thaw-pump cycles for further purification. 

The Pt overlayer was deposited by PVD and the coverage was quantified by AES. During 

deposition, the cleaned surface was held at 300 K. PVD employed the resistive heating of a 0.1 

mm Pt (Alfa Aesar, 99.997%) wire wrapped around a 0.5 mm tungsten filament (Alfa Aesar, 

99.95%), mounted in a tantalum shield. The AES atomic ratio of Pt(62 eV) and Mo(186 eV) 

were used to calculate Pt coverage.140  

For TPD experiments, 4 L (1 L = 1 x 10-6 Torr·s) ethanol was dosed while the sample was 

held at 200 K.124 The sample directionally faced the gas inlet for dosing and was positioned in 

front of the MS for the duration of the TPD experiment. Once cooled to a base temperature of 

110 K, the sample temperature was ramped at a constant rate of 3 K/s to 850 K.37,124,128 Gas-

phase ethanol reaction products were identified using the MS, based on preselected atomic mass 

units (amu) in accordance with gas cracking patterns. AES measurements were performed to 

monitor the surface composition before and after the TPD experiments. Quantification of the 

activity and selectivity accounted for calculated MS and reported ion gauge (IG) sensitivity 

factors, and was based on a previously reported C2H4 decomposition method.141  

HREELS experiments were conducted in a similarly equipped UHV chamber with the 

addition of HREELS. The base chamber pressure was 1.0 x 10-9 Torr. The surface was prepared 

using the same procedures for cleaning, PVD, and dosing as described for TPD experiments. For 

thermal sequencing experiments, the surface was ramped to the desired temperature and cooled 

to less than 200 K prior to conducting the HREELS scan. 
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4.3 Results and Discussion 

4.3.1 Identification and Quantification of Gas-Phase Products using TPD 

TPD experiments of ethanol on Mo2N, Pt/Mo2N, and Pt(111) were conducted to identify 

the gas-phase reaction products, and quantify the catalytic activity and selectivity. Figure 4.1 

shows the TPD spectra of select gas-cracking patterns representative of reaction products. 

Specifically, the panels in Figure 4.1 correspond to (a) H2 (2 amu), (b) CO (28 amu), (c) C2H4 (27 

amu), and (d) CH4 (16 amu). On all surfaces tested, the reaction products were attributed to a 

combination of four reaction pathways: 

Reaction 4.1 Ethylene production 𝑎𝐶2𝐻5𝑂𝐻 →  𝑎𝑂𝑎𝑑𝑠 +  𝑎𝐶2𝐻4 +  𝑎𝐻2    

Reaction 4.2 Methane production    𝑏𝐶2𝐻5𝑂𝐻 →  𝑏𝐶𝑂 + 𝑏𝐶𝐻4 +  𝑏𝐻2 

Reaction 4.3 Reforming    𝑐𝐶2𝐻5𝑂𝐻 →  𝑐𝐶𝑎𝑑𝑠 +  𝑐𝐶𝑂 +  3𝑐𝐻2 

Reaction 4.4 Complete decomposition 𝑑𝐶2𝐻5𝑂𝐻 →  𝑑𝑂𝑎𝑑𝑠 +  2𝑑𝐶𝑎𝑑𝑠 +  3𝑑𝐻2 

On unmodified Mo2N, H2 was the main reaction product. H2 desorbed in an initially 

sharp peak at 404 K that extended into a 200 K broad peak, which suggested that various 

reaction intermediates underwent further decomposition (Figure 4.1(a)). Peaks associated with 

the desorption of C2H4, CO, and CH4 were also observed on the Mo2N surface, but with lower 

peak areas. The peak at 480 K in Figure 4.1(b) is attributed to C2H4, which has an overlapping 

gas cracking pattern with CO at 28 amu. The reaction products of ethanol on Mo2N were similar 

to those reported on Mo2C/Mo(110), where H2 generation was dominant.37 This likely indicated 

that the Mo2N surface was similar to the Mo2C analogue in that the surface was active for the 

scission of C-C, C-O, and C-H bonds.  
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The addition of Pt at sub-ML and ML coverages on Mo2N shifted the peak intensities and 

the composition of the detected gas-phase products. Specifically, in Figure 4.1(c) C2H4 did not 

desorb from Pt-modified surfaces, and in Figure 4.1(d) the CH4 peak intensity decreased as a 

function of Pt coverage. H2 peaks were broad on all Mo2N surfaces. The deposition of Pt 

significantly increased CO production. The onset temperature of CO desorption increased with 

Pt coverage, from Pt/Mo2N to Pt(111), in agreement with previously reported trends of ethanol 

reacted on Pt/WC and polycrystalline Pt foil.128  

Table 4.1 summarizes the quantified activity and reaction (4.1) – (4.4) selectivity of each 

of the four surfaces studied. Because multiple reaction pathways produced overlapping gas-phase 

products, specifically H2 and CO, the reaction pathway stoichiometry was used to quantify 

activity and selectivity. In brief, following the decomposition of C2H4 on Mo2N and Pt(111), the 

C(273 eV)/Mo(186 eV) AES peak-to-peak ratio and H2 desorption peak intensity were used as 

the basis for calculating product yield. An example calculation of CH4 yield follows: 

 

where 𝜃𝐶2𝐻4
 was the C/Mo AES ratio from C2H4 decomposition, 𝑃𝐻2

 was the H2 peak area from 

C2H4 decomposition,  𝑃𝐶𝐻4

𝐶2𝐻5𝑂𝐻
 was the CH4 peak area from C2H5OH decomposition, and 

𝑆2
𝐻2

𝑆16
𝐶𝐻4

 

was the ratio of the H2 and CH4 combined IG and MS sensitivity factors. This calculation was 

used to quantify the yield of other products, and the remaining stoichiometric variables were 

deduced as: 

𝐶2𝐻4 𝑦𝑖𝑒𝑙𝑑 = 𝑎 

𝐶𝑂 𝑦𝑖𝑒𝑙𝑑 = 𝑏 + 𝑐   → 𝑐 = 𝐶𝑂 𝑦𝑖𝑒𝑙𝑑 − 𝑏 

𝐻2 𝑦𝑖𝑒𝑙𝑑 = 𝑎 + 𝑏 + 3𝑐 + 3𝑑         →        𝑑 =
(𝐻2 𝑦𝑖𝑒𝑙𝑑−𝑎−𝑏−3𝑐) 

3
 

Equation 4.1          𝐶𝐻4 𝑦𝑖𝑒𝑙𝑑 = 𝑏 =  
𝜃𝐶2𝐻4

𝑃𝐻2

 𝑃𝐶𝐻4

𝐶2𝐻5𝑂𝐻
 

𝑆2
𝐻2

𝑆16
𝐶𝐻4
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The quantification results presented in Table 4.1 revealed that Pt-modification of the 

Mo2N surface resulted in tunable selectivity, where complete decomposition could be suppressed 

in place of reforming. The gas-phase H2 desorption peak from the unmodified Mo2N was 

primary attributed to the complete decomposition pathway, with a selectivity of 93%. This result 

was consistent with past studies of the decomposition of ethanol and other oxygenates on Mo2C, 

where C-O bond scission activity was attributed to the strong oxophilicity of Mo2C.37,142 This 

property likely extends to the Mo2N surface to some degree, as indicated by the pathway 

selectivity reported in Table 4.1. The addition of sub-monolayer Pt markedly shifted pathway 

selectivity from complete decomposition to reforming, and the ethanol reforming selectivity of 

the 1.1 ML Pt/Mo2N and Pt(111) surfaces were nearly identical. These results demonstrated that 

even with low Pt coverage, C-O bond scission on the Mo2N surface was suppressed. 
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Figure 4.1 TPD spectra of ethanol decomposition on Mo2N, Pt-modified Mo2N, and Pt(111) 

surfaces. Reaction products (a) 2 amu, H2; (b) 28 amu, CO; (c) 27 amu, C2H4; (d) 16 amu, 

CH4. 
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Table 4.1 Activity and reaction pathway selectivity of ethanol on Mo2N, Pt-modified Mo2N, 

and Pt(111). 

 

4.3.2 Identification of Surface Reaction Intermediates using HREELS  

HREELS was used to identify surface intermediates to further understand the different 

reaction pathways on four surfaces: Mo2N, 0.4 ML Pt/Mo2N, 1.0 ML Pt/Mo2N, and Pt(111). 

Figure 4.2 shows the HREEL spectra of adsorbed and reacted ethanol on the unmodified Mo2N 

surface. Figure 4.4 shows the spectra of all four surfaces dosed with 4 L ethanol at 200 K, and 

heated to 350 K and 500 K. As noted in the Methods section, HREELS experiments were 

conducted after the surface had cooled to less than 200 K. The assignments to the vibrational 

modes are reported in Table 4.2. 

On the Mo2N surface, the characteristic vibrational modes of ethoxy were present after 

adsorption of ethanol at 200 K (Figure 4.2). These vibrational modes (frequency, cm-1) can be 

summarized as follows: νs(CCO) and νas(CCO) at 908 cm-1 and 1107 cm-1, δ(CH3) and δ(CH2) at 

1377 cm-1 and 1470 cm-1, and ν(CH3) at 2928 cm-1. When ethanol was dosed at 200 K, the O-H 

stretching mode was not observed, which indicated that ethanol did not adsorb molecularly and 

OH bond scission occurred upon adsorption. HREELS results after dosing 1 L and 4 L ethanol 

on unmodified Mo2N at 120 K showed that ethanol molecularly adsorbed to the surface (Figure 

4.3). Vibrational mode assignments match those reported in Table 4.2, with the addition of 

ν(OH) at 3281 cm-1 present on the 120 K dosed surface. This vibrational mode is attributed to the 

-OH stretching mode of molecularly adsorbed ethanol, consistent with past literature on 
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analogous Mo2C surfaces.37 In Figure 4.2, upon heating the surface to 300 K the vibrational 

modes associated with ν(CCO) decreased in intensity, which indicated initial decomposition of 

the of the ethoxy intermediate. Upon further heating to 350 K and 400 K, deformation modes 

associated with CH2 and CH3 bonds also decreased, consistent with the H2 desorption peak at 

404 K from the TPD experiments. Furthermore, as the temperature was increased to 600 K, 

poorly defined CxHy fragments from ethoxy decomposition remained on the surface as indicated 

by peaks in the characteristic frequency range. A ν(CO) vibrational mode was not observed on 

the Mo2N surface, which is consistent with the TPD results that there was not significant CO 

desorption from the surface. Evidenced by the HREELS results, Mo2N was active for C-C, C-H, 

and C-O bond scission, and the ethoxy intermediate decomposed without the formation of 

adsorbed species containing ν(CC) or ν(CO) vibrational modes. 

 

Figure 4.2 HREEL spectra of 4 L ethanol dosed at 200 K on Mo2N. 
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Table 4.2 Vibrational mode assignments of ethanol on Mo2N, Pt-modified Mo2N, and 

Pt(111). 

 

δ, deformation; ν, stretching; ρ, rocking; s-symmetric; as-asymmetric. aRef143. bRef37. cRef125. 

 

Figure 4.3 HREEL spectra of 1 L and 4 L ethanol dosed on unmodified Mo2N surfaces at 

(a) 120 K and (b) 200 K. 

(b) (a) 
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The HREEL spectra at the ethanol adsorption temperature of 200 K and spectra of 350 K 

and 500 K of the Mo2N, 0.4 ML Pt/Mo2N, 1.0 ML Pt/Mo2N, and Pt(111) surfaces showed 

distinct differences in the reaction intermediates present on the surface. In Figure 4.4(a), the 

vibrational modes associated with the adsorption of ethanol on the four surfaces were different. 

Specifically, on Mo2N the vibrational modes associated with ν(CCO) were well-resolved and 

there was no observed CO stretching mode. On the 0.4 ML Pt/Mo2N surface, the ν(CCO) modes 

were less-resolved and there were two distinct CO stretching modes at 1917 cm-1 and 2070 cm-1 

attributed to CO adsorbed on different sites. This result was consistent with the broad CO TPD 

peak detected on the 0.6 ML Pt/Mo2N surface. As Pt-coverage increased to 1.0 ML Pt/Mo2N, the 

ν(CO) mode at 2070 cm-1 and Pt-O at 542 cm-1 were detected, consistent with vibrational modes 

present on the Pt(111) surface. The second ν(CO) mode was no longer detected on the 1.0 ML 

surface, consistent with the desorption of CO from a single site and a narrowed CO TPD peak 

from the 1.1 ML Pt/Mo2N surface. After the surfaces were heated to 350 K the ν(CCO) modes 

decreased in intensity, which indicated partial decomposition of the ethoxy intermediate on all 

surfaces. In contrast to Pt-modified Mo2N and Pt(111) surfaces, νs(CCO) and νas(CCO) at 908 

cm-1 and 1107 cm-1, and δ(CH3) and δ(CH2) at 1377 cm-1 and 1470 cm-1 remained relatively 

intense on the Mo2N surface. The intensity of these vibrational modes suggested that the 

intermediates were less decomposed on the Mo2N surface. Upon further heating of the surfaces 

to 500 K, the vibrational modes attributed to the decomposed ethoxy intermediate disappeared on 

Pt-modified Mo2N and Pt(111) surfaces. The intensity of the CO stretching mode also decreased, 

which was consistent with the desorption of CO from each of these surfaces. In agreement with 

the TPD results, the HREELS experiments indicated that Pt-modification at sub-ML and ML 

coverages substantially altered the reaction intermediates present on the surface, and hence the 
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reaction pathway. 

 

Figure 4.4 HREELS spectra of 4 L ethanol dosed at 200 K on Mo2N, Pt-modified Mo2N, 

and Pt(111) surfaces. Temperature profiles presented at the adsorption temperature 200 K, 

and ramped temperatures 350 K and 500 K.  

4.4 Conclusions 

This work presents the first surface science investigation of Mo2N and Pt-modified Mo2N 

for the reaction of ethanol. TPD experiments revealed the surface-dependent reaction of ethanol 

to C2H4, CH4, CO, and H2. On the Mo2N surface, ethanol primarily underwent complete 

decomposition through the scission of C-C, C-O, and C-H bonds, consistent with reported bond 

scission activity on Mo2C surfaces.37 Minor CH4 and C2H4 gas-phase products desorbed from the 

Mo2N surface, but did not account for a substantial portion of the reacted ethanol. While 

unmodified Mo2N primarily decomposed ethanol, Pt-modification shifted the reaction pathway 

from complete decomposition to reforming, which left the C-O bond intact. HREELS was used 

to further understand the reaction intermediates on surface, and elucidate the shift in the reaction 

selectivity associated with Pt-modification from the TPD experiments. Specifically, HREELS 
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results revealed that the C-O bond was preserved as the ethoxy intermediate decomposed on Pt-

modified surfaces, as evidenced by the presence of the ν(CO) mode. In combination, the 

HREELS and TPD results indicated that ethanol reacted on the 1.0 ML Pt/Mo2N surface had 

similar reaction intermediates and selectivity to Pt(111). This work highlights the potential of 

TMN materials as supports for the tunable and selective reforming of biomass-derived 

oxygenates, as well as a strategy to decrease precious metal loading for the generation of 

renewable syngas. 
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Chapter 5: Mechanistic Insights into the Active Sites on 

WOx/Pt(111) for Glycerol Deoxygenation Reactions 

5.1 Introduction 

Over the past several decades, the conversion of lignocellulosic biomass into useful fuels 

and chemicals has attracted considerable research attention.52,144–148 Biomass conversion is a 

promising approach to produce renewable chemicals and fuels that could help to alleviate some 

of the environmental issues associated with conventional methods of production.149–151 One 

critical step in the upgrading of biomass often involves the selective removal of excess oxygen in 

biomass-derived molecules. The presence of excess oxygen not only reduces the heat value of 

the molecules, but also creates opportunities for side reactions that can lead to undesirable 

products.146 The removal of oxygen can be achieved by means of decarbonylation, 

decarboxylation, dehydration, and HDO.152 While decarbonylation and decarboxylation result in 

the undesired loss of carbon,88 dehydration and HDO reactions are more favorable because 

oxygen can be selectively without breaking the C-C/C=C bonds. Many catalysts have been 

studied for the dehydration and HDO reactions of biomass derivatives. Metal oxide catalysts 

contain acid sites that are highly selective toward dehydration.49,52,153–155 Bimetallic and 

transition metal carbide catalysts have been shown to selectively catalyze HDO reactions.44,156–

161 Among these catalysts, Pt/WOx and its inverse oxide WOx/Pt are particularly interesting in 

that they contain active sites for both dehydration and HDO reactions.49,161 Pt/WOx-based 

catalysts have been studied extensively for the HDO/hydrogenolysis reaction of glycerol in the 

liquid phase.46,48,162–168 It has been proposed that the bifunctionality of the catalyst plays an 

important role in the selective conversion of glycerol into 1,3-propanediol.48,167,168 In this 

reaction, the Pt site dissociates H2 into H atoms, which spill over to the WOx site to form 
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hydroxyl groups in situ. In one study, such in situ formed hydroxyl groups were found to be 

more active than those originally present on the WOx site.48 In another study, Wang et al. showed 

that the oxygen vacancies on Pt-WOx/C were highly selective toward the HDO reaction of m-

cresol.161 It has also been demonstrated that the WOx-covered Pt sites resulting from strong 

metal-support interaction served as the active sites for the ring-opening of tetrahydrofurfuryl 

alcohol.57  

Despite the interesting reactivity of Pt/WOx and WOx/Pt, and in contrast to the extensive 

studies conducted on powder catalysts, there have been relatively few studies on single crystal 

model surfaces that investigate the nature of the active sites on a model surface. Chen et al. 

studied the HDO reaction of m-cresol on a WOx/Pt(111) surface, and revealed the interaction 

between Pt and WOx that stabilized the active sites for the reaction.169 Lin et al. investigated the 

reactions of isopropyl alcohol (IPA) on WOx/Pt(111) and identified the dehydrogenation sites Pt 

and the dehydration sites on WOx.
49 However, neither of these studies focused on elucidating the 

simultaneous existence of multiple types of deoxygenation active sites, which are highly 

important for the upgrading of biomass-derive oxygenates. In this work, a combination of TPD 

and HREELS techniques were used to elucidate the various deoxygenation active sites and 

reaction mechanisms on a WOx/Pt(111) model surface. Glycerol was chosen as a model 

compound due to its multiple hydroxyl groups that potentially allowed it to interact differently 

with the different deoxygenation sites on the surface. It is worth noting that the reactivities of 

glycerol under ultrahigh vacuum (UHV) conditions are not necessarily the same as those in the 

liquid phase, as shown in a previous study that used glycerol as a model molecule to reveal 

Lewis and Brønsted acid sites on niobia.42 In the current study, the use of glycerol also allowed 

the differentiation of different active sites on WOx/Pt(111). TPD results showed that three types 
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of active sites existed on the surface: Pt sites for reforming, Brønsted acid WOx sites for 

dehydration to produce acrolein, and oxygen vacancy WOx sites for HDO to form propylene. 

HREELS observations indicated that glycerol interacted with Pt(111) strongly and underwent the 

reforming pathway and further decomposition. On WOx-modified Pt(111) surfaces, glycerol 

bonded to the surface through its oxygen atoms. Two types of W-O bonds were observed with 

different relative intensity ratios on 0.7 monolayer (ML) and above-ML WOx/Pt(111), likely 

corresponding to the two WOx coverage-dependent oxygen removal pathways on WOx-modified 

Pt(111) surfaces from TPD experiments.  

5.2 Methods 

All TPD experiments were conducted in a UHV chamber described previously.49 The 

preparation procedure for the Pt(111) and WOx-modified Pt(111) surfaces were the same as that 

used in our previous work.49 Briefly, the synthesis of the WOx/Pt(111) surfaces involved 

exposing a Pt(111) single crystal to a heated W(CO)6 source, followed by oxidation. The 

prepared surface was exposed to a desired amount of reactant and was heated at 3 K/s in front of 

a mass spectrometer (UTI-100C). The surface elemental composition was monitored during the 

synthesis procedure as well as before and after the TPD experiments. HREELS experiments were 

performed in a separate UHV chamber documented elsewhere.44 The prepared surface was 

exposed to a desired amount of reactant at 200 K before the first spectrum was taken. Subsequent 

spectra were recorded after the surface was heated to desired temperatures and cooled to below 

200 K.  
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5.3. Results and Discussion 

5.3.1 TPD Studies of Reaction Products 

In order to probe the different kinds of WOx sites, TPD experiments were conducted 

using glycerol as a probe molecule. The multiple hydroxyl groups of glycerol open the 

possibility for different C-O bond cleavage pathways to happen on different active sites. Based 

on the TPD results, three distinct sites were identified, including the Pt site and two types of 

WOx sites present on WOx. Figure 5.1 shows the desorption of hydrogen, carbon monoxide, 

acrolein, and propylene from Pt(111) and WOx/Pt(111) with different WOx coverages. Unreacted 

glycerol desorbed at an onset temperature around 250 K, with a peak temperature of 280 K. The 

sharp peaks at around 280 K were attributed to either the cracking pattern of glycerol or crosstalk 

in the mass spectrometer associated with the glycerol cracking pattern. From Figure 5.1(a) and 

(b), on Pt(111), H2 and CO desorption was observed with a peak temperature of 383 K, 

suggesting that glycerol underwent the reforming pathway. As the WOx coverage was increased, 

the H2 and CO peak areas decreased. On the surface with WOx coverage greater than 1 ML, no 

significant amount of H2 or CO desorption was observed. These results indicated that the 

reforming pathway was favored on the Pt sites, but not on the WOx sites. 

Figure 5.1(c) shows the desorption of acrolein from the corresponding surfaces. On 

surfaces with WOx coverage less than 0.7 ML, no significant amount of acrolein was formed. 

Nonetheless, on 0.7 ML WOx/Pt(111), an acrolein desorption peak centered at 622 K was 

observed. As the WOx coverage was increased to above 1 ML, the peak area of acrolein 

increased, and the peak temperature shifted to 530 K, indicating that the dehydration pathway to 

form acrolein was preferred on the WOx site. It was likely that the Brønsted acid sites (hydroxyl 

groups) on WOx catalyzed the dehydration pathway, as demonstrated in a previous study.49 
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Acrolein was formed after two molecules of water was removed from glycerol, which was also 

observed on nobia previously.42 Shown in Figure 5.1(d) is the desorption of propylene from the 

corresponding surfaces. Similar to the desorption of acrolein, no significant amount of propylene 

desorbed from surfaces with a WOx coverage less than 0.7 ML. When the WOx coverage was 

increased to 0.7 ML, a propylene peak centered at 462 K appeared. The formation of propylene 

followed the HDO pathway, in contrast to the dehydration pathway that produced acrolein. As 

the WOx coverage was further increased to above 1 ML, the peak temperature shifted to 506 K. 

Consistent with previous studies, the shift of the peak temperature to a higher value indicated that 

that the WOx/Pt(111) interface facilitated the HDO pathway,161,169 in comparison to the 

dehydration pathway that was more favorable on a surface fully covered by WOx.
49 The shift of 

peak temperature of the dehydration and HDO pathways in opposite directions further suggested 

that these two pathways were catalyzed by two distinct sites.  

Based on the glycerol TPD experiments, three distinct sites were identified, as shown in 

Scheme 5.1. On Pt sites, glycerol underwent the reforming reaction to form H2 and CO. On the 

Brønsted acid sites on WOx, glycerol was dehydrated to form acrolein. Glycerol could also 

undergo the HDO reaction to produce propylene on another type of active sites associated with 

the WOx/Pt(111) interface. These sites possibly originated from the oxygen vacancies on WOx, 

which were enhanced by Pt, as suggested by previous studies.161,169 The quantification results of 

the product concentration from each pathway are shown in Table 5.1. It is clear that CO 

concentration decreased with the increase of WOx coverage, and that more acrolein was 

produced as the WOx coverage was increased from 0.7 ML to above 1 ML, whereas the increase 

of propylene concentration was not significant. 
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Scheme 5.1 Reaction pathways of glycerol over the Pt and WOx sites of WOx/Pt(111). 

Table 5.1 Concentration (molecules per metal atom) of products from the reforming, 

dehydration, and HDO pathways of glycerol on Pt(111) modified by different coverages of 

WOx. 

WOx 

Coverage 
CO Acrolein Propylene 

0 ML 0.173 0.000 0.000 

0.5 ML 0.110 0.000 0.000 

0.7 ML 0.010 0.008 0.004 

Above ML 0.000 0.012 0.005 
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Figure 5.1 Desorption of (a) hydrogen, (b) carbon monoxide, (c) acrolein, and (d) propylene 

after exposing the corresponding hydrogen pre-dosed surfaces to 4 Langmuir (L, 1 L = 

1*10-6 Torr*s) of glycerol. 
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5.3.2 HREELS Determination of Surface Intermediates 

HREELS experiments were performed to identify the surface intermediates during the 

adsorption and reaction of glycerol over Pt(111), 0.7 ML WOx/Pt(111), and above-ML 

WOx/Pt(111). The vibrational mode assignments are listed in Table 5.2. The surface was pre-

dosed with H2 followed by exposing to glycerol at 200 K (Figure 5.2(a)). For subsequent spectra, 

the surface was heated to the indicated temperatures and cooled to below 200 K before the 

spectra were recorded. As shown in Figure 5.2(a), at 200 K, the adsorption spectra of glycerol 

were similar on all three surfaces. The similar intensities of the τ(OH) mode at 671 cm-1, ν(CO) 

mode at 1054 cm-1, δ(CH2) mode at 1416 cm-1, ν(CH) mode at 2859 cm-1, and ν(OH) mode at 

3255 cm-1 indicated molecular adsorption of glycerol on all surfaces. Upon heating the surface to 

400 K (Figure 5.2(b)), CO was found on Pt(111) at 1980 cm-1. Also observed on the Pt(111) 

surface was a significant decrease of the τ(OH) and ν(OH) modes, as well as the formation of Pt-

C or Pt-O bonds at 497 cm-1. These observations were consistent with the detection of the 

reforming product CO from TPD experiments. As the surface was modified with 0.7 ML of 

WOx, W-O bonds formed with vibrational modes at 564 cm-1 and 651 cm-1. On above-ML 

WOx/Pt(111), the formation of these W-O bonds was also observed, along with decreased 

intensities of the ν(CO) mode at 1067 cm-1 and the δ(CH2) mode at 1409 cm-1, indicating that 

glycerol likely adsorbed through its oxygen atoms with the surface, and had reacted or desorbed 

to some extent by this temperature. The intensities of the ν(OH) modes at 3255 cm-1 on 0.7 ML 

and above-ML WOx/Pt(111) also decreased, suggesting that some of the O-H bonds of glycerol 

had been cleaved. The absence of C=C or C=O modes on the 0.7 ML and above-ML surfaces 

suggested reaction-limited desorption of acrolein and propylene, in which the products desorbed 

as soon as they were formed and therefore were not detected by HREELS. In a previous study on 
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the IPA dehydration reaction on WOx/Pt(111), only one type of W-O bond was observed at 400 

K, either due to the presence of the W-O bond on the as-synthesized WOx/Pt(111) or the oxygen 

deposited from the dehydration reaction.49 In the current study, two types of W-O bonds were 

observed. This indicated that one type of the W-O bond likely resulted from oxygen deposition 

from a distinct deoxygenation pathway, in addition to those deposited through the dehydration 

pathway or the W-O bonds present on the surface before the reaction occurred as shown in the 

study on IPA over WOx/Pt(111).49  

When the surfaces were heated to 500 K (Figure 5.2(c)), a decrease in CO intensity at 

1967 cm-1 was observed on Pt(111), consistent with the desorption of CO from TPD 

experiments. The remainder of CO on the surface was likely from re-adsorbed CO from the 

UHV background. The spectra for both 0.7 ML and above-ML WOx/Pt(111) were similar to 

those at 400 K, suggesting that the reaction intermediates were similar at both temperatures. 

However, after further heating the surfaces to 600 K, the two types of W-O bonds at 537 cm-1 

and 638 cm-1 on 0.7 ML and above-ML WOx/Pt(111) became more prominent. More 

importantly, the ν(W-O) mode at 537 cm-1 increased significantly on 0.7 ML WOx/Pt(111). 

Considering the onset of the dehydration product (acrolein) at around 550 K on 0.7 ML 

WOx/Pt(111) as compared to that of the HDO product (propylene) at around 380 K from TPD 

experiments (Figure 5.1(c) and (d)), the increase of the ν(W-O) mode at 537 cm-1 likely indicated 

the deposition of oxygen from the dehydration pathway, again consistent with the observation of 

ν(W-O) mode at 537 cm-1 for the IPA dehydration reaction over WOx/Pt(111).49 In comparison, 

the intensity ratio of the two ν(W-O) modes at 537 cm-1 and 638 cm-1 on above-ML WOx/Pt(111) 

remained similar between 400 K and 600 K, likely due to the similar onset and peak 

temperatures of acrolein and propylene desorption (Figures 5.1(c) and 5.1(d)). Combining these 
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observations of the two ν(W-O) modes on 0.7 ML and above-ML WOx/Pt(111), it could be 

inferred that the ν(W-O) mode at 537 cm-1 was contributed from the oxygen deposited through 

the dehydration pathway overlapping with the W-O bond present on the surface before reaction; 

and the ν(W-O) mode at 638 cm-1 originated from the oxygen deposited via the HDO pathway. 

The ν(CO) and δ(CH2) modes on 0.7 ML and above-ML WOx/Pt(111) continued to decrease in 

intensity, suggesting that further reaction and product desorption had occurred, consistent with 

the desorption of acrolein and propylene on both surfaces. In contrast, there were still a 

significant amount of hydrocarbon fragments and adsorbed CO on Pt(111), which likely resulted 

from the decomposition of glycerol and re-adsorption of CO from the UHV background. This 

indicated that Pt likely interacted with glycerol more strongly than WOx, which led to undesired 

decomposition of glycerol. Similar results were reported in another study (Chapter 6) on the 

ring-opening reaction of tetrahydrofurfuryl alcohol (THFA) over WOx/Pt(111), where WOx 

effectively weakened the interaction between THFA and Pt to facilitate the desorption of desired 

ring-opened product and avoid further decomposition that happened on Pt.  

Overall, in agreement with TPD experiments, the HREELS results reflected the distinct 

pathways on Pt(111), 0.7 ML WOx/Pt(111), and above-ML WOx/Pt(111). Pt(111) interacted 

strongly with glycerol, resulting in the reforming of glycerol as well as further decomposition. In 

contrast, WOx-modified Pt(111) surfaces interacted less strongly with glycerol and selectively 

dissociated the C-O bonds of glycerol via the hydration and HDO pathways. The different ratios 

of the two types of W-O bonds observed on the 0.7 ML and above-ML WOx/Pt(111) surfaces at 

different temperatures were consistent with the coverage-dependent reaction pathways from TPD 

experiments. Dehydration was favored on above-ML WOx/Pt(111) with hydroxyl groups being 

the active sites, similar to that reported in the literature;49 whereas HDO was preferred on an 
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interfacial (0.7 ML) WOx/Pt(111) site where the interaction between Pt and WOx helped to 

stabilize the active sites, also consistent with previous studies. 161,169 

Table 5.2 Vibrational mode assignments of glycerol 

 Frequency (cm-1) 

Mode Pt(111) WOx/Pt(111) Mo2C/Mo(110)a 

ν(Pt-O), ν(Pt-

C) 
497   

ν(Mo-O)   570 

ν(W-O)  537, 638  

τ(OH) 671 671 671 

ν(CO) 1054 1054 1060 

δ(CH2) 1416 1416 1430 

ν(CH) 2859 2859 2873 

ν(OH) 3255 3255 3248 

ν – stretching, τ – torsion, δ – deformation. 

a. Reference44 
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Figure 5.2 HREEL spectra after exposing the corresponding hydrogen pre-dosed surfaces 

to 4 L of glycerol at (a) 200 K and heated to (b) 400 K, (c) 500 K, and (d) 600 K. 

 



77 

 

5.4 Conclusions 

This work presents the first surface science study of glycerol over WOx/Pt(111) model surfaces 

to unravel the nature of the multiple active sites on the surface. TPD experiments identified three 

types of active sites. Pt sites were responsible for reforming, and there were two types of 

deoxygenation WOx sites. One type of site was active for the glycerol dehydration reaction to 

produce acrolein. This type of sites possibly originated from the hydroxyl groups present on 

WOx and the activity was highest on a surface fully covered with WOx. The other type of 

deoxygenation sites catalyzed the HDO reaction to form propylene, and likely originated from 

the oxygen vacancies stabilized at the WOx/Pt(111) interface. HREELS revealed that glycerol 

interacted strongly with Pt(111), leading to reforming reaction and undesired decomposition. On 

WOx-modified Pt(111) surfaces, glycerol bonded to the surface via its oxygen atoms and that 

there were two types of W-O bonds observed, resulting from oxygen deposition via two different 

deoxygenation pathways. Consistent with TPD experiments, HREELS observations showed that 

dehydration was more favorable on the WOx sites, while the HDO reaction was more facile on 

the WOx/Pt(111) interface sites, likely due to the interaction between WOx and Pt that stabilized 

the active sites. The understanding gained in this study on the various deoxygenation active sites 

should provide important information for guiding rational catalyst design for the upgrading of 

biomass-derived oxygenates 
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Chapter 6: Ring-Opening of Tetrahydrofurfuryl Alcohol over WOx-

Modified Pt(111) Surfaces 

6.1 Introduction 

The substantial environmental challenges associated with fossil fuels and petroleum-

derived chemicals have led to an intense interest in biomass-derived alternatives for the 

mitigation of CO2 emissions and as a source of renewable platform chemicals.170–174 Biomass-

derived oxygenates (BDOs), particularly heterocycle-containing molecules such as 

tetrahydrofurfuryl alcohol (THFA) and furfural, can be generated from lignocellulosic biomass 

by established industrial techniques to serve as renewable platform oxygenates. 51,52,175 While 

many strategies have been investigated to better utilize these oxygen-rich biomass molecules, 

catalyst selection remains critically important for the tunable and selective conversion to value-

added products over byproducts.43,176  

BDOs can be catalytically upgraded by the selective hydrodeoxygenation44 or 

dehydration49 of C-O bonds. The hydrogenolysis of heterocyclic BDOs, via the selective ring-

opening of the C-O bond within the ring, represents a unique opportunity for the production of 

diol molecules, which are important monomers for the manufacturing of polyester and 

polyurethane resins.55,56,177–179 Several types of catalysts have been reported in the literature for 

the ring-opening of these BDOs, including transition metal oxides57,58,180–184 and bimetallic 

catalysts185. Among the transition metal oxides studied, Pt/WOx and the inverse oxide WOx/Pt 

have demonstrated interesting catalytic properties for the selective C-O bond scission. For 

example, silica-supported Pt/WOx was used to convert 1,4-anhydroerythritol into 1,3-

butanediol.182 A volcano-type dependence on the W:Pt ratio was observed, as it was postulated 

that WOx clusters were anchors for 1,4-anhtoerthritol and Pt sites activated co-fed H2. This 
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bifunctionality was also observed for the ring-opening of THFA to 1,5-pentanediol (1,5-

PeD).57,58 On carbon-supported Pt/WOx, a direct metal-to-oxide contact was necessary for active 

hydrogenolysis, however a simple physical mixture of Pt/C and WOx/C also resulted in 

comparable selectivity.57 In a separate study, the 1,5-PeD yield was closely correlated to the 

loading of WO3, however, it was also postulated that the zirconia support was mechanistically 

important for THFA hydrogenolysis.58 While these studies indicate Pt/WOx catalysts are active 

for the selective hydrogenolysis of heterocyclic BDOs, a fundamental understanding of the 

active sites and reaction intermediates is important for guiding the design of catalysts.  

In order to better understand the hydrogenolysis reaction of heterocyclic BDOs, this work 

utilized surface science techniques for the study of the decomposition and ring-opening reactions 

of THFA on Pt(111) and WOx/Pt(111) inverse oxide surfaces. The WOx/Pt(111) surface was 

prepared by chemical vapor deposition of W(CO)6 on a clean Pt(111) surface cooled to liquid 

nitrogen temperature, followed by electron-induced decomposition of W(CO)6 and the oxidation 

and reduction of the precursor-exposed surface. The as-synthesized surface was then pre-dosed 

with hydrogen and exposed to the reactant of interest, either THFA or 1,5-PeD. Temperature 

programmed desorption (TPD) experiments were used to detect gas-phase products. High 

resolution electron energy loss spectroscopy (HREELS) was used to identify reaction 

intermediates on the surface, which informed the mechanism that led to the desorption of 

different gas-phase products from the Pt and WOx active sites. 1,5-PeD was used as a probe 

molecule for both TPD and HREELS experiments to better understand the decomposition or 

desorption of the ring-opened THFA product. By utilizing surface science techniques, this study 

provides fundamental insight into the Pt and WOx active sites for the reaction of THFA on 
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WOx/Pt(111) surfaces, and should inform catalyst design for the selective ring-opening of other 

heterocyclic BDOs. 

6.2 Methods 

The TPD and HREELS experiments were conducted in separate ultrahigh vacuum 

(UHV) chambers, which have been described previously.44,157,160,185,186 The WOx-modified 

Pt(111) surfaces were prepared by the chemical vapor deposition (CVD) of W(CO)6 (99%, Strem 

Chemicals).49 In brief, W(CO)6 aliquoted into a glass sample cylinder was decomposed upon 

heating to 403 K and dosed at a pressure of 5 x 10-8 torr onto a Pt(111) surface at 130 K. The 

purity of gas-phase W(CO)6 was monitored by mass spectrometry (MS) and the presence of W 

on the dosed surface was confirmed by Auger electron spectrometry (AES). The adsorbed 

W(CO)6 then underwent electron-induced decomposition by placing the surface in front of an ion 

gun, which had a beam voltage of 3 kV and an emission current of 2 mA. The surface was then 

oxidized by heating from 130 K to 573 K at a rate of 0.5 K/s with a background pressure of 5 x 

10-7 torr O2, and then held at 573 K in the same gas environment for 30 minutes. After oxidation, 

the surface was flashed to 950 K in 5 x 10-7 torr O2 and then reduced at 473 K for 10 minutes in 5 

x 10-8 torr H2. The WOx surface coverage was determined by CO TPD,49 and confirmed by AES 

calculations of the W(38 eV)/Pt(168 eV) ratio. 

The TPD experiments were conducted in a 2-level UHV chamber with a base pressure of 

8 x 10-10 Torr. The chamber was fitted with a UTI-100C quadrupole MS, AES, Ne+ sputter gun, 

and several gas lines for dosing and CVD. In a typical TPD experiment, the as-synthesized 

surface was cooled to 150 K and pre-dosed with 5 Langmuir (1 L = 10-6 torr*s) of H2, followed 

by dosing 4 L of either THFA or 1,5-PeD.185 After dosing, the surface was oriented in front of 

the MS for the detection of gas-phase products, and the temperature was ramped at 3 K/s to 850 



81 

 

K. For reactant preparation, THFA (99%, Sigma Aldrich) and 1,5-PeD (99.1%, Sigma Aldrich) 

were aliquoted into glass sample cylinders that had been baked out overnight. Prior to dosing, the 

reactants underwent a series of freeze-pump-thaw cycles and purity was confirmed by MS. The 

quantification of the TPD results was based on a previously described procedure.124 

The HREELS experiments were conducted in a 3-level UHV chamber equipped with the 

same instrumentation as the TPD chamber, with the addition of HREELS. For each HREELS 

experiment, the as-synthesized surface was dosed using the same procedure that was used for 

TPD. After dosing, the surface was placed into the HREELS focal plane where the angles of 

incidence and reflection were 60° with respect to the surface normal. The beam was optimized to 

a rate of 1-2 x 104 counts/s and a peak resolution with a full width half maximum (FWHM) 

between 50 and 70 cm-1 prior to each scan. Between scans, the surface was flashed to the desired 

temperature and cooled to temperatures below 200 K prior to HREELS measurements. 

6.3 Results and Discussion 

6.3.1 Identification and Quantification of Gas-Phase Products using TPD 

TPD experiments were performed to identify gas-phase products, and to quantify the 

activity for the decomposition and ring-opening reactions of THFA on Pt(111) and WOx-

modified Pt(111) surfaces. Figures 6.1(a) and 6.1(b) show that THFA decomposed on the 

Pt(111) surface, as H2 (m/e = 2) and CO (m/e = 28) were the only gas-phase products to desorb. 

Several distinct H2 desorption peaks are observed on the Pt(111) surface, and can be associated 

with both the decomposition of THFA and the recombinative desorption of pre-dosed hydrogen 

(Figure 6.2). The decomposition of THFA on Pt(111) was not surprising because THFA 

reportedly decomposed on a similarly prepared Ir(111) surface.185 The prior study indicated that 

while THFA ring-opened to the desired dioxy intermediate on Ir(111) pre-dosed with H2, the 
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species was unable to undergo hydrogenation under UHV reaction conditions, leading to 

subsequent thermal decomposition to H2 and CO.185 Similarly in the current work gas-phase 1,5-

PeD did not desorb from Pt(111) (Figures 6.1(c) and 6.1(d)), although TPD results alone could 

not rule out the possibility of the formation and decomposition of the desired ring-opened 

intermediate, as discussed later in the HREELS results. 

Figure 6.2 shows the 2 amu and 28 amu spectra from the TPD of 5 L H2 on Pt(111) and 

WOx-modified surfaces.  Several desorption peaks were observed on the 2 amu spectrum of the 

Pt(111) surface, and were attributed to the recombinative desorption of H2. In Figure 6.2, The 

CO desorption peak at 510 K on the Pt(111) surface was attributed to the desorption of CO from 

the UHV background. On WOx-modified surfaces, the desorption peak attributed to background 

CO was not observed. 
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Figure 6.1 TPD spectra of 4 L THFA on Pt(111) and WOx-modified Pt(111) surfaces pre-

dosed with 5 L H2. 

 The product distribution on surfaces with low-coverages of WOx depended significantly 

on the thickness of the deposited metal oxide. On 0.1 ML WOx/Pt(111), THFA decomposed into 
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CO and H2, similar to the pathway observed on the clean Pt(111) surface. Notably, the addition 

of 0.1 ML WOx to the Pt(111) surface lowered the desorption temperature of CO by 40 K, which 

was in agreement with past literature49 and indicated that the addition of WOx decreased the 

binding energy of CO with the surface.  

 

Figure 6.2 TPD spectra of 5 L H2 on Pt(111) and WOx-modified Pt(111) surfaces. 

At 0.7 ML and above-ML WOx-modification resulted in both the ring-opening of THFA, 

and the hydrogenation/desorption of the dioxy (likely 1,5-pentanedioxy) intermediate as gas-

phase 1,5-PeD. On these surfaces, the desorption peaks attributed to 1,5-PeD (m/e = 56 and m/e 

= 57) were observed (Figures 6.1(c) and 6.1(d)). As WOx coverage increased from 0.7 ML to 

above 1 ML WOx, the desorption peak area increased, coinciding with an increase in activity for 

the ring-opening reaction (Table 6.1). The 1,5-PeD desorption onset and peak temperatures also 

decreased as a function of WOx coverage, indicating that the addition of WOx likely weakened 
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the binding energy of the ring-opened intermediate with the surface and that the desorption of the 

ring-opened product from WOx/Pt(111) was likely desorption-limited. 

Table 6.1 Activity (molecules per metal atom) of decomposition and ring-opening products 

from THFA TPD experiments on WOx-modified Pt(111) surfaces.   

 

TPD experiments following the adsorption and reaction of 1,5-PeD on Pt(111) and WOx-

modified Pt(111) surfaces were also performed to provide further insight on the desorption of 

ring-opened THFA reaction products. Consistent with the partial decomposition of THFA on 

Pt(111) and 0.1 ML WOx/Pt(111), Figures 6.3(a) and 6.3(b) show that 1,5-PeD decomposed on 

Pt(111) and Pt(111) modified by relatively low coverages of WOx. Figures 6.3(c) and 6.3(d) 

present the same mass spectra representative of 1,5-PeD in Figures 6.1(c) and 6.1(d), m/e = 56 

and m/e = 57, respectively. In agreement with the TPD results of THFA on these prepared 

surfaces, 1,5-PeD only desorbed from the Pt(111) surface modified by a relatively thick, above-

ML coverage of WOx. While the peak shape differed between the desorption of dosed 1,5-PeD 

(Figure 6.3) and 1,5-PeD ring-opened product (Figure 6.1), the desorption onset and peak 

temperature were similar.  
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Figure 6.3 TPD spectra of 4 L 1,5-PeD on Pt(111) and WOx-modified Pt(111) surfaces pre-

dosed with 5 L H2. 

Overall, the TPD experiments demonstrated that near-ML and above-ML WOx-modified 

Pt(111) surfaces were active and selective for the ring-opening of THFA to 1,5-PeD. The results 
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also suggested that the clean Pt(111) surface bonded too strongly with reaction intermediates, 

which resulted in undesired decomposition. 

6.3.2 Identification of Surface Reaction Intermediates using HREELS 

HREELS was used to identify the adsorbed species and surface intermediates that led to 

the desorption of different gas-phase products on Pt(111) and WOx-modified Pt(111) surfaces. 

Figure 6.4 shows the HREEL spectra of adsorbed and reacted THFA on Pt(111), 0.4 ML 

WOx/Pt(111), and above-ML WOx/Pt(111) surfaces. Similar to the TPD experiments of 1,5-PeD, 

the ring-opened product was also used as a reference molecule for the HREELS identification of 

possible 1,5-PeD-type intermediates (Figure 6.5). The vibrational mode assignments for 

adsorbed THFA and 1,5-PeD on the Pt(111) and WOx/Pt(111) surfaces are summarized in Table 

6.2.  

On each surface studied, the characteristic vibrational modes of THFA were present after 

adsorption at 150 K. Consistent with a previous HREELS study of THFA on Ir(111),185 these 

vibrational modes included  the ν(CC) stretching of the C-C bond at 860 cm-1, the ν(CO) 

stretching of C-O in the saturated furan ring and the methoxy group at 979 cm-1 and 1115 cm-1, 

respectively, the δ(CH) deformation and ν(CH) stretching of the of the sp3 C-H bond at 1190 cm-

1 and 2949 cm-1, respectively, and the ρw(CH2) wagging and δ(CH2) deformation of the of CH2 

group at 1379 cm-1 and 1479 cm-1, respectively. It should also be noted that stretching modes 

related to Pt-C/O and W-O bonds were observed at 200 K and above, corresponding to peaks at 

554 cm-1 and 620 cm-1, respectively, in agreement with prior reports in the literature.49,185,186 

Furthermore, the reference vibrational modes for 1,5-PeD on Ir(111) (Table 6.2, cRef186) were 

based on the reported vibrational modes listed for 1,3-propanediol on Mo2C,186 and were used as 



88 

 

approximate vibrational frequencies of the corresponding modes of 1,5-PeD on Ir(111), because 

they were not previously reported.185 

The observation of the τ(OH) mode at 748 cm-1 and v(OH) at 3319 cm-1 on both clean 

Pt(111) and WOx-modified Pt(111) surfaces revealed molecular adsorption of THFA at 150 K. 

These vibrational modes disappeared upon heating the surface to 200 K, indicating the scission 

of the O-H bond. While the 200 K spectra of Pt(111) and WOx-modified Pt(111) surfaces were 

qualitatively similar, subsequent heating to higher temperatures led to different reaction 

intermediates. 

On Pt(111), when the temperature was increased from 200 K to 300 K, the δ(CH) peak at 

1190 cm-1 was still present, indicating that the saturated furan ring remained intact. The relative 

peak intensity of the methoxy ν(CO) mode at 1118 cm-1 decreased, and possibly redshifted to 

overlap with the ν(CO) mode of the C-O bond in the saturated furan ring. Upon further heating to 

400 K, the relative intensity of the ν(CO) mode (992 cm-1) of the C-O bond in the heterocycle 

decreased, which suggested the selective scission of the C-O bond for ring-opening. The 

observed ν(CO) vibrational mode at 2036 cm-1 was associated with the adsorbed CO species, and 

reached a maximum intensity at 400 K. The intensity of this peak decreased after further heating 

the surface to 500 K, corresponding to the TPD results that CO desorbed from the Pt(111) 

surface at a peak temperature of 481 K. It should be noted that this vibrational mode should be 

associated with adsorbed CO from both the background UHV environment and the 
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decomposition of the reaction intermediates. 

 

Figure 6.4 HREEL spectra of 4 L THFA on Pt(111) and WOx-modified Pt(111) surfaces 

pre-dosed with 5 L H2. 

Figure 6.5(a) shows the comparison of 300 K, 400 K, and 500 K HREEL spectra of 

THFA and 1,5-PeD on H2-pre-dosed Pt(111). The qualitative similarity of the HREEL spectra 

from these two molecules on Pt(111) suggested that the intermediate species was likely 1,5-

pentanedioxy, which underwent further decomposition to produce CO and H2 as detected in the 

TPD results rather than hydrogenation and desorption of the ring-opened product upon further 

heating of the surface. These results are consistent with those reported for the reaction of THFA 

and 1,5-PeD on H2-pre-dosed Ir(111) surfaces.185 
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Figure 6.5 Comparison of the HREEL spectra of 4 L THFA or 4 L 1,5-PeD on WOx-

modified Pt(111) surfaces pre-dosed with 5 L H2. 

Table 6.2 Vibrational assignment of THFA and 1,5-PeD [cm-1].   

δ, deformation; ν, stretching; ρr, rocking; ρt, torsion; ρw, wagging. 

aThis work. bRef37. cRef125.  
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In comparison to the intermediates observed on Pt(111), differences arise in the HREEL 

spectra for WOx-modified Pt(111) at temperatures higher than 200 K (Figures 6.4(a) and 6.4(b)). 

After heating the above-ML WOx surface to 250 K, the δ(CH) peak at 1206 cm-1 was no longer 

visible. Furthermore, at this temperature the ν(CO) mode at 979 cm-1 associated with the C-O 

bond of C2 (Scheme 6.1) in the heterocycle was no longer present. These spectroscopic changes 

suggested that the tetrahydrofuran ring opened on WOx-modified surfaces at lower temperatures 

than on Pt(111), which occurred between 300 K and 400 K. Upon further heating of the surface 

from 400 K to 500 K, the ring-opened intermediate desorbed from the above-ML WOx/Pt(111) 

surface, as indicated by the disappearance of the ρ(CH2) and δ(CH2) modes. This finding was 

consistent with the TPD results, which showed the desorption of 1,5-PeD from the above-ML 

WOx/Pt(111) at 474 K.  

Figure 6.5(b) compares the HREEL spectra of 1,5-PeD and THFA on WOx-modified 

Pt(111) surfaces at 300 K and 400 K. The sub-ML WOx coverage was 0.5 ML WOx/Pt(111) for 

the 1,5-PeD experiments, and 0.4 ML WOx/Pt(111) for the THFA experiments. The HREEL 

spectra of these two molecules on WOx-modified surfaces were qualitatively similar, which 

suggested that the ring-opened intermediate of THFA was likely 1,5-pentanedioxy. Based on the 

HREELS and TPD results, the active site-dependent THFA reaction mechanisms on Pt and WOx 

are presented in Scheme 6.1. Because the HREELS results suggested that THFA molecularly 

adsorbed to both WOx-modified and clean Pt(111) surfaces, and that the ring-opened dioxy 

intermediate also formed on these surfaces, the difference between the desorption of the gas-

phase ring-opened product and further decomposition is closely related to the final step of 

Scheme 6.1. The combined results indicate that the addition of near-ML and above-ML 

coverages of WOx to Pt(111) weakens the binding of the ring-opened intermediate to an extent 
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that enables hydrogenation and 1,5-PeD desorption from the WOx site. This is contrasted by the 

decomposition of the ring-opened intermediate on Pt(111) and Pt(111) surfaces modified by low 

coverages of WOx, where Pt is the dominant surface site.   

 

Scheme 6.1 Proposed reaction mechanism of THFA ring-opening on Pt and WOx sites, 

followed by either the desorption of decomposition products (Pt site) or gas-phase 1,5-PeD 

(WOx site). 

6.4 Conclusions 

 In this work, surface science techniques were used to study the decomposition and ring-

opening reactions of THFA on Pt(111) and WOx-modified Pt(111) surfaces. The reaction that 

occurred at the surface was active site dependent. HREELS experiments revealed that while 

THFA ring-opened on Pt sites, the 1,5-pentanedioxy-like intermediate bonded strongly to the 

surface and characteristic vibrational modes were observed at temperatures as high as 400 K. 

The further decomposition of this intermediate on Pt sites was confirmed by TPD experiments, 

as CO and H2 were the only products to desorb from the Pt(111) surface. In contrast, on WOx 

sites THFA underwent selective hydrogenolysis, and the ring-opened 1,5-pentanedioxy-like 

intermediate hydrogenated and desorbed as the desired 1,5-PeD reaction product. TPD 

experiments of THFA on near-ML and above-ML WOx/Pt(111) surfaces pre-dosed with 

hydrogen resulted in the desorption of gas-phase 1,5-PeD. Parallel TPD experiments of 1,5-PeD 
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were also conducted on Pt(111) and WOx-modified Pt(111) surfaces to understand the desorption 

of the ring-opened product. In agreement with the THFA TPD results, 1,5-PeD only desorbed 

from surfaces with relatively thick coverages of WOx. HREELS results also indicated that the 

ring-opening of THFA occurred at lower temperatures on WOx sites than on Pt sites, and that the 

desorption temperature of the 1,5-pentandioxy-like intermediate agreed with the THFA and 1,5-

PeD TPD experiments. While selective scission of the C-O bond in the saturated furan ring 

occurred on both Pt and WOx sites, the combined TPD and HREELS results suggest that WOx 

modification weakened the interaction between the 1,5-pentandioxy-like intermediate and the 

surface, which allowed for the desorption of the desired ring-opened product. This work provides 

an understanding of two distinct active sites on the WOx/Pt(111) inverse oxide surface, and 

should offer a strategy for catalyst design for the ring-opening of other relevant heterocyclic 

biomass-derived oxygenates. 
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Chapter 7: Conclusion and Future Directions 

7.1 Conclusions 

 The discovery of catalytically active, stable, and tunable earth-abundant catalysts is 

central to the development of electrochemical devices that convert electrical power into chemical 

energy, and the replacement of conventional petrochemical feedstocks with biomass-derived 

platform oxygenates. This work characterizes several earth-abundant and low-cost nitrogen- and 

oxygen-modified materials as electrocatalysts, and as catalysts for upgrading several important 

BDOs. TMNs as admetal-supports were shown to strategically reduce platinum group metal 

loading for both electrochemical and thermochemical reactions, and enable reaction pathway 

tunability. Fundamental studies of inverse oxides on well-defined surfaces characterized several 

unique active sites responsible for the selective deoxygenation and ring-opening of functionally 

complex, oxygen-rich BDOs. Where applicable, DFT-calculations were used to develop trends in 

activity by comparing experimental results with 1st principles calculations such as the binding 

energy of adsorbed reaction intermediates. In sum, this work provides a basis upon which future 

researchers may utilize nitrogen- and oxygen-modified earth-abundant materials as inexpensive 

catalysts for next-generation industrial chemical reactions  

 Chapter 3 focuses on the electrochemical characterization of two TMN materials, WN 

and NbN. Thin films were synthesized at the surface of parent metal foils, and characterized 

using XRD, GI-XRD, and XPS. The stability of WN and NbN was assessed over wide pH-

potential regimes, and pseudo-Pourbaix diagrams were generated from cyclic voltammetry data 

of reversible and irreversible oxidation profiles. The hydrogen evolution reaction (HER) was 

selected as a probe reaction, where the activities of unmodified and Pt-modified WN and NbN 

were quantified and correlated to the DFT-calculated hydrogen binding energies and Gibbs free 
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energies for hydrogen adsorption. Both Pt-modified WN and NbN demonstrated Pt-like HER 

activity with near-monolayer (ML) Pt coverage in acid electrolyte. While this work highlights 

the HER activity and regimes of electrochemical stability of WN and NbN, pseudo-Pourbaix 

diagrams have been previously useful in selecting TMCs for specific reactions, and can be 

extended here to inform other electrochemical reactions where the TMN of interest should be 

stable.22–24 

 Chapters 4, 5, and 6 utilize surface science techniques, including temperature 

programmed desorption (TPD) and high resolution electron energy loss spectroscopy 

(HREELS), to probe nitrogen- and oxygen-modified transition metals for the reaction of several 

BDOs. Chapter 4 presents a study of ethanol decomposition and reforming on unmodified and 

Pt-modified Mo2N, respectively. TPD experiments revealed that on Mo2N, ethanol primarily 

underwent decomposition to H2, Cads, and Oads. The ethanol reaction pathway shifted from 

decomposition to reforming on Pt-modified Mo2N surfaces. HREELS was used to further 

investigate the reaction intermediates on four surfaces: Mo2N, sub-ML Pt/Mo2N, ML Pt/Mo2N, 

and Pt(111). The HREELS results indicated that while Mo2N decomposed the ethoxy 

intermediate by the scission of C-C, C-O, and C-H bonds, Pt-modification enabled the 

preservation of the C-O bond that resulted in ethanol reforming. 

 Chapters 5 and 6 study a WOx-modified Pt(111) surface for the selective deoxygenation 

and ring-opening of glycerol and THFA, respectively. By studying the reaction of glycerol on 

WOx/Pt(111) surfaces, Chapter 5 builds on a colleagues work that used CO and isopropanol 

(IPA) as probe molecules to characterize distinct Pt and WOx active sites. While the published 

work on IPA reveals that WOx sites are active for the dehydration reaction, the single hydroxyl 

group of the IPA probe molecule limits the study of additional deoxygenation pathways. Herein, 
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TPD experiments identified three distinct sites for the reaction of glycerol: Pt sites for reforming, 

Brønsted acid WOx sites for dehydration, and oxygen vacancy WOx sites for 

hydrodeoxygenation (HDO). HREELS identified the surface intermediates for the reactions that 

occurred on each type of active site and showed that glycerol bonded via its oxygen atoms to 

WOx-modified surfaces. The two types of W-O bonds detected likely resulted from the two 

different deoxygenation pathways observed in TPD experiments. This work represents the first 

surface science study that demonstrates the co-existence of two types of deoxygenation active 

sites on WOx/Pt(111), and in turn guides the further design and improvement of relevant 

catalysts for the deoxygenation of BDOs.  

 Chapter 6 uses the same surface science approach that is used in Chapter 5 for the study 

of the ring-opening reaction of THFA on WOx/Pt(111) surfaces. Using HREELS, the ring-

opened intermediate from THFA was observed on Pt(111), as well as on WOx-modified Pt(111). 

Interestingly, from TPD experiments, gas-phase 1,5-PeD only desorbed from WOx-modified 

surfaces, whereas THFA decomposed to H2 and CO on the Pt(111) surface. The combined 

HREELS and TPD results indicated that while THFA underwent the desired ring-opening 

reaction on Pt(111), the dioxy intermediate bonded too strongly to the surface which led to 

further decomposition. In contrast, the 1,5-pentanedioxy-like intermediate hydrogenated and 

desorbed as 1,5-PeD on near-monolayer (ML) and above-ML WOx/Pt(111) surfaces, suggesting 

that WOx modification weakened the interaction between the ring-opened intermediate and the 

surface to an extent that facilitated the desorption of the desired product. This strategy can be 

potentially extended to the design of catalysts for the selective ring-opening of other heterocyclic 

BDOs. 
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7.2 Future Directions 

7.2.1 WN and NbN as Electrocatalysts for Other Reactions 

 As previously stated, pseudo-Pourbaix diagrams have been used to inform the stability of 

materials in pH-potential regimes relevant to specific electrochemical reactions. For example, 

one study found that the oxidation potential of TaC in acid and alkaline electrolyte was more 

positive than potentials relevant to alcohol oxidation (AO).22 This suggested that TaC would 

likely be stable in conditions relevant to AO. A later study by different researchers in the same 

group used the pseudo-Pourbaix stability data of TaC as a platform to study Pt-modified TaC for 

the ethanol oxidation reaction (EOR) in both acid and alkaline electrolytes.187 Pt/TaC was active 

and stable for the EOR, and was more resistant to poisoning by strongly bound reaction 

intermediates when compared to a Pt foil control. 

 The pseudo-Pourbaix diagrams presented in Chapter 3 offer a similar platform to guide 

the selection of electrochemical reactions with operating conditions relevant to WN and NbN. 

WN and NbN are stable in a wide pH window up to around 1.0 VRHE and 0.6 VRHE, respectively. 

While both materials should be stable in conditions relevant to several electroreduction reactions, 

such as the HER and the CO2 reduction reaction (CO2RR), WN should also be stable in 

conditions relevant to methanol and ethanol oxidation (0.5 VRHE to 0.9 VRHE). To this end, one 

study of Pd-modified WC reported a 0.2 V lower onset potential for ethanol oxidation than a 

Pd/C benchmark in alkaline electrolyte.188 DFT calculations also indicated that EOR 

intermediates bound more weakly to Pd/WC(0001) compared to a Pd(111) control, which 

corelated to a reduction in active site poisoning over chronoamperometry (CA) experiments. In 

addition to the similar advantages that PGM-modified WN may have over benchmark materials, 

the inherently clean nitride surface should allow for better contact between the admetal and 
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substrate, and avoid the detrimental effects on activity that result from carbon overlayers on 

TMCs.68  

 Furthermore, pseudo-Pourbaix diagrams can be generated for other TMN materials to 

provide a basis from which TMN electrocatalysts can be screened for potential reactions. For 

example, one study found that Mo2C-supported Pt electrocatalysts were highly active and stable 

for EOR.189 Pseudo-Pourbaix information of Mo2N could guide researchers for the rational use 

of the carbide analogue for similar electrochemical reactions that occur at relatively positive 

potentials.  

7.2.2 Ongoing DFT Collaborations 

 There are currently ongoing collaborations for the work presented in Chapters 4 and 6, 

specifically for DFT calculations of reaction intermediate binding energies and activation 

energies. One ongoing collaboration with Prof. Nongnuch Artrith aims to extend a machine-

learning model and first principles-calculations to predict activity and selectivity for ethanol 

reforming over Mo2N and Pt/Mo2N surfaces. This work builds on Prof. Artirith’s previous work 

that used a series of machine-learning models, trained on reference data from DFT calculations 

to predict transition-state energies and activation energies, which were then input into a second 

model trained on published experimental activities and selectivities to predict reforming 

properties.190 This model was developed for bimetallic metal catalysts, and the ongoing work is 

intended to extend these predictive models to the surfaces studied in Chapter 4. 

 The work presented in Chapter 6 is also being further investigated via DFT calculations. 

A past study of the ring-opening reaction of THFA and furfural on Ir(111) and Co/Ir(111) used 

DFT binding energy calculations to probe the interaction of the saturated and unsaturated furan 

ring with the surface, which helped to explain the formation of ring-opened intermediates.185 A 
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separate study of IPA dehydration on WOx/Pt(111) used DFT to calculate dehydration activation 

barriers on different in situ-formed hydroxy groups on WOx to determine the most active sites.49 

A similar opportunity exists to use DFT calculations to further investigate the binding energies of 

reaction intermediates and identify distinct WOx sites relevant to the work presented in Chapters 

5 and 6. 
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