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ABSTRACT 

Fuel cells produce electrical energy via chemical reactions, which take place on the 

carbon supported platinum catalyst (Pt/C). As attractive as these devices may seem, their 

practicality is often limited by the functionality of the carbon support, which can be prone 

to corrosion. To limit the corrosion associated with a carbon-based catalyst, metal oxide 

supports are an area of interest as they display high stability in the harsh conditions 

associated with fuel cell operations. In this work, the employment of various doped metal 

oxide supports; silicon & molybdenum doped titanium oxide (TOMS), silicon doped 

titanium oxide (TOS), and silicon doped niobium oxide (NbOS) were investigated to 

replace carbon as a supporting material in alcohol fuel cells. In an alkaline environment, 

Pt/TOMS displayed faster kinetics and less poisoning during the methanol and ethanol 

oxidation reactions compared to the commercial Pt/C. When compared in an acidic 

ethanol and methanol oxidation, Pt/TOS and Pt/NbOS exhibit smaller activation energies 

than Pt/C, however, only Pt/NbOS produces smaller charge transfer resistances and 

higher peak oxidation currents. These studies highlight the promise of replacing the 

carbonaceous material presently found in fuel cells with metal oxide, or doped metal 

oxide, materials.  

 
 

Keywords: doped metal oxides; electrocatalyst; alcohol oxidation; ethanol sensor; electrochemical 

impedance spectroscopy  
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Chapter 1: Introduction  

1.1 Hydrogen Fuel Cell Technology 

 With CO2 emissions on the rise globally, efforts must be driven towards reducing, or 

effectively eliminating, the production of this harmful greenhouse gas. From 1990 to 2015, 

global CO2 emissions increase by roughly 50% from 32.8 Gt CO2 eq/year to 49.1 Gt CO2 

eq/year1. To aid in decreasing the amount of CO2 that is being generated globally, devices 

such as fuel cells (FCs) should be implemented to replace fossil fuel burning engines. FCs 

fall into the category of sustainable energy providers as they are devices that continuously 

convert chemical energy into electrical energy when there is a steady supply of fuel being 

fed2. Presently, the leading fuel being consumed in FCs is hydrogen, as it has a high energy 

density per mass and the byproducts produced are water and heat leading to no harmful 

emissions3,4. This technology is currently being used by car manufacturers such as Ford, 

Toyota, and Hyundai which have vehicles that are readily available for purchase. In order 

for the fuel cell to even make it to the market, they must approach, or at least achieve 

certain targets set by the United States Department of Energy (DOE). Targets set for 2020 

were to have an operational lifetime of at least 5000 hours and to only have a 10% loss in 

performance during that period5. Assuming an average speed of 50 kilometers per hour 

(km/h), the target of 5000 hours would amass 250,000 kilometers of driving distance. One 

of the fallbacks of using hydrogen stems from the processes required to obtain the 

hydrogen. If the hydrogen fuel is obtained from hydrocarbon reforming carbon, 

carbonaceous materials, such as monoxide (CO), may be present and reduce the 

performance of the FC6.  
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 Within the FC, one of the main segments is known as the membrane electrode 

assembly (MEA). The MEA consists of a negatively charged electrode (anode), a 

membrane, and a positively charged electrode (cathode). Just as it has been listed, the 

membrane is sandwiched between the two electrodes and acts as not only as a medium for 

ions to diffuse through, but also a separator for both of the electrodes7. When an acidic 

membrane is used, such as the common Nafion® membrane, the fuel cell is referred to as 

a proton exchange membrane fuel cell or a polymer electrolyte membrane fuel cell, of 

which both can be abbreviated to PEMFC8. When an alkaline membrane is employed, such 

as the Orion TM1 from Orion Polymer, the fuel cell is referred to as an anion exchange 

membrane fuel cell (AEMFC) as they help to conduct and transport anions9.  

 

 

Figure 1.1. (a) Schematic of a proton exchange membrane fuel cell and (b) schematic of 

an alkaline electrolyte fuel cell. 

 

 In a PEMFC, hydrogen is oxidized at the anode and produces two protons and two 

electrons10. The electrons travel through an external circuit to provide power to the device 

or machine, while the protons migrate through the membrane towards the cathode11. At the 
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cathode, oxygen becomes reduced and combines with the electrons and protons that have 

passed over from the anode to produce water12. These processes are shown in Equations 

1.1 and 1.2.  

H2 → 2 H+ + 2 e- E° = 0.00 V (Eq. 1.1) 
 

O2 + 4 H+ + 2 e- → 2 H2O E° = 1.23 V (Eq. 1.2) 
 

 

 An AEMFC works similarly to an PEMFC, where hydrogen is oxidized at the 

anode and oxygen is reduced at the cathode, however, the anions flow from the cathode to 

the anode13. The FC operates by reducing oxygen and water at the cathode in order to 

produce OH- anions, Equation (1.3)13. The anions flow through the membrane towards the 

anode where they combine with H+ to produce water14. The H+ is formed when hydrogen 

is oxidized at the anode and the electrons flow through the external circuit towards the 

cathode, Equation (1.4). AEMFCs have the advantage of fuel travelling in one direction, 

while the OH- ions flow the opposite way, whereas PEMFCs have the fuel and H+ flowing 

in the same direction. This leads to less electroosmotic drag than what is observed in 

PEMFCs and ultimately preserves fuel cell efficiency15,16. Where PEMFCs have an 

advantage is with their durability and conductivity. AEMs are OH- conductors and 

therefore have a lower ionic conductivity compared to an H+ conducting PEM17. 

Furthermore, AEMs are also more prone to degradation from an OH- attack on the 

positively charged cationic groups18 and from the breakdown of the hydrocarbon 

backbone18,19. 

O2 + 2 H2O + 4 e- → 4 OH- E° = 1.23 V (Eq. 1.3) 
 

2 H2 + 4 OH- → 4 H2O + 4 e- E° = 0.00 V (Eq. 1.4) 
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 Two of the main disadvantages associated with the present-day fuel cell design is 1) 

the use of expensive precious metals such as platinum20,21 (Pt) and palladium22 (Pd), and 

2) the carbon supporting substrate anchoring the precious metal(s) is prone to corrosion23,24. 

The use of platinum occupies between 40% and 50% of the overall stack price of 

PEMFCs25, which may discourage the consumer from purchasing. The problem with using 

a material that is prone to corrosion is that it would require replacing the material at a rate 

that would also help to contribute to a higher cost associated with the fuel cell.  

 

  

Figure 1.2. (a) Repeating unit of Nafion, and (b) repeating unit of Orion TM1. 

 

1.2 Direct Alcohol Fuel Cells (DAFCs)  

This thesis will focus on the use of methanol (MeOH) and ethanol (EtOH) as fuels 

for their use in DAFCs. DAFCs take advantage of the abundance and easily acquired EtOH 

and MeOH liquid fuel. Ethanol can be produced in large quantities from fermenting sugars 

that are commonly found in crops such as corn and barley26,27. Methanol can be naturally 

found in alcoholic spirits at very low concentrations28, however, presently the process to 

obtain large quantities is through steam reforming of natural gas29,30. On a volume basis, 

ethanol is able to produce a volumetric energy density of roughly 24 megajoules per liter 
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(MJ/L), while methanol produces nearly 15 MJ/L. Liquid hydrogen, on a volume basis, 

only produces 10 MJ/L which demonstrates that the usage of methanol and ethanol is 

valuable in order to obtain higher energy outputs31. While hydrogen is currently distributed 

as a gas, rather than a liquid, infrastructure is already in place to supply liquid fuel to 

vehicles, making the distribution of ethanol and methanol easier and readily available. 

  

Figure 1.3. Schematic for a direct methanol fuel cell.  

 

DAFCs can be implemented as devices for many applications, however, the main 

two applications would be for power generation, and sensing. Power generation would 

encompass sectors such as transportation and electrical as the fuel cell would producing 

electricity to power engines or different electronics31,32. The sensing application would 

entail breath alcohol sensors, commonly referred to as breathalyzers, as a blood alcohol 

content (BAC) reading is proportional to the current produced upon the oxidation of 

ethanol. In the case of breathalyzers, the fuel would be ethanol vapour, as opposed to liquid 

ethanol used in power generation33,34.  
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1.3 Alcohol Oxidation Reactions 

The oxidation mechanisms of alcohols are quite complex, even at the smallest 

chained alcohol; methanol. The complexity arises from different intermediates and 

partially oxidized products that can be generated35–37. As the carbon chain length increases, 

there are more carbons onto which an alcohol substituent may be placed which may affect 

the mechanism to fully oxidize the alcohol fuel38.  

 With the focus on MeOH and EtOH, the difference between the two fuels is that 

ethanol contains an additional carbon and two hydrogens and these additional atoms 

drastically change the pathways in which the alcohol is oxidized39. Equation (1.5) shows 

that the MeOH oxidation reaction (MOR) is a reaction in which MeOH is fully oxidized to 

CO2 through a six-electron process at the anode as oxygen is reduced during the oxygen 

reduction reaction (ORR) at the cathode. The main intermediate formed during the MOR 

is adsorbed carbon monoxide (COads)40. The production of COads is often the final step 

before a 1-electron process with adsorbed hydroxide (OHads) affords the fully oxidized CO2 

product41.  

 Unlike the MOR, the EtOH oxidation reaction (EOR) is a reaction where three 

different products can be formed42. If the carbon-carbon bond is able to be cleaved, CO2 

can be produced through a 12-electron process, as seen in Equation (1.6). Failure of 

cleaving the carbon-carbon bond results in the forming of acetic acid (AA) through a 4-

electron process, Equation (1.7), or the production of acetaldehyde (AAL) through a 2-

electron process, Equation (1.8). The nature of the catalyst at the anode determines the 

selectivity of which products are formed under different conditions43. Similarly to the 
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MOR, COads is the main intermediate in the EOR and the final step before acquiring the 

fully oxidized CO2 product44.  

 

CH3OH + H2O → CO2 + 6H+ + 6e- E° = 0.016 V (Eq. 1.5) 
 

CH3CH2OH + 3H2O → 2CO2 + 12H+ + 12e- E° = 0.084 V (Eq. 1.6) 
 

CH3CH2OH + H2O → CH3CO2H + 4H+ + 4e- E° = 0.084 V (Eq. 1.7) 
 

 CH3CH2OH → CH3CHO + 2H+ + 2e- E° = 0.084 V (Eq. 1.8) 
 

 

 While the formation of CO during the oxidation of MeOH and EtOH is an important 

intermediate in order to obtain the fully oxidized CO2 product, it also acts as a poison the 

catalyst45. When using Pt-based catalysts for the EOR or MOR, CO bonds strongly to the 

metal and works to lower the efficiency of the catalyst by blocking the catalyst active sites 

and reducing the amount of alcohol that can become oxidized46. An electrochemical 

technique used to probe the effect of CO poisoning is CO stripping voltammetry47. This 

technique involves saturating the catalyst surface with a monolayer of CO, then oxidatively 

sweep to higher potentials and observe the potential at which the oxidation begins in order 

to determine the efficiency of CO removal48.   

 Both alcohol oxidation reactions are also able to proceed in an alkaline environment, 

however, the mechanism for oxidation is slightly different as compared to oxidation using 

an acidic membrane. For alkaline MOR, the complete oxidation still goes through a 6-

electron process to obtain CO2, shown in Equation (1.9), but in this case, the hydroxide 

that is used during the reaction primarily originates from the reduction of water and oxygen 

at the cathode. The same principle is at play for the alkaline EOR where CO2, AA, and 

AAL are formed through 12, 4, and 2-electron processes, respectively, with the major 



8 

 

source of hydroxide originating from the hydroxide produced during the ORR. The reaction 

equations are provided in Equation 1.10-1.12.  

 

CH3OH + 6OH- → CO2 + 5H2O + 6e- E° = -0.81 VSHE (Eq. 1.9) 
 

CH3CH2OH + 12OH- → 2CO2 + 9H2O + 12e- E° = -0.77 VSHE (Eq. 1.10) 
 

CH3CH2OH + 4OH- → CH3CO2H + 3H2O + 4e- E° = -0.77 VSHE (Eq. 1.11) 
 

CH3CH2OH + 2OH- → CH3CHO + 2H2O + 2e- E° = -0.77 VSHE (Eq. 1.12) 
 

While it may appear counter intuitive to produce CO2 from DAFCs as globally we 

are attempting to reduce the amount of CO2, the key to this idea lies within the carbon 

cycle. As the CO2 is expelled into the atmosphere, the biomass in which ethanol and 

methanol can absorb CO2, making this, at least, a carbon neutral process49.  

1.4 Material for Alcohol Oxidation Fuel Cell Catalysts 

1.4.1 Platinum on Carbon  

 

The conventional catalyst employed at the anode for DAFCs is composed of platinum 

nanoparticles on a carbon black supporting substrate (Pt/C). Platinum, being a precious 

metal, is quite expensive. As of October 2022, the average price per ounce of platinum 

stands around $1250 CAD. However, as a lone active metal in a catalyst, platinum has 

shown to be a great catalytic metal towards many different reactions50–52.  

 Carbon, on the other hand, is relatively cheap and its beneficial properties include 

having a large surface area and high porosity, as well as possessing good conductivity53. 

The high porosity and large surface areas allow for great dispersion of active metal 

nucleation sites54. Common carbon black supports include Vulcan XC-72, Black Pearls 
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and Ketjen black55. Black Pearls and Ketjen black possess surface areas greater than 1000 

m2/g which leads to a high dispersion of catalytic nanoparticles but the active sites that are 

present within the porous network may present mass transport limitations56,57. Vulcan XC-

72 is smaller in surface area in comparison to Black Pearls and Ketjen black, often around 

220-240 m2/g58,59, it is regarded as one of the more promising carbon black supports as it 

possesses a good balance between surface area size and conductivity.  

 

 

 

 

 

 

 

 

 

 

Figure 1.4. General portrayal of a graphene sheet in a carbon black and its possible 

functional groups and defects.  

 

The limitations of using Pt/C as an electrocatalyst is largely due to the carbon 

support. At higher potentials, the carbon is susceptible to corrosion which leads to the 

formation of carbon dioxide rending the catalyst inactive60. The corrosion causes a 

breakage in the network of carbon which can lead to platinum dissolution or detachment, 

as well as a lose in electrical conductivity pathways60,61. These processes limit the use of 
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Pt/C and can cause the need to continuously replace the catalyst, which then leads to higher 

prices associated with the material in the specified device. This has led researchers to study 

and develop other materials in order to reduce corrosion and the need to continuously 

replace the material.  

1.4.2 Metal Oxide / Carbon Composites 
 

Composite materials containing transition metals and carbonaceous material have 

garnered attention due to their combination of high surface area, good electronic 

conductivity, and chemical stability, from the metal oxides in different media62,63. It is 

believed that the metal portion of the composite may actually protect the carbonaceous 

material from corrosion.  

 The use of cobalt oxide, Co3O4@ N-doped graphitic carbon fibers (Co3O4@N-

GCF) by Tang et al. displayed interesting electrochemical performances when compared 

to the commercial Pt/C64. During the ORR, Co3O4@N-GCF produced a later onset 

potential than Pt/C, however, according to the data, 4 electrons were transferred which is 

the same number of electrons transferred as Pt/C. While the kinetics may be a little 

slower with the metal oxide/carbon composite, the activity is comparable. Additionally, 

when studying this material for its poison tolerance, Co3O4@N-GCF had no noticeable 

decline in performance (in % relative current) when poisoned with a high concentration 

of methanol. When comparing this to Pt/C, there was an observable ~35% decline in 

activity when poisoned by methanol. This suggests an excellent material to employ at the 

cathode in DAFCs to reduce the poisoning of alcohol crossover.  
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 Another study, involving the use of a glucose doped Vulcan XC-72R containing 

TiO2 support with Pt NPs (Pt/TiO2/G-PV), observed the photocatalytic enhancement of 

methanol oxidation using a metal-oxide/carbon composite65. This material displayed a 

surface area (236 m2/g) similar to that of Vulcan XC-72, indicating that the incorporation 

of TiO2 may not affect some physical attributes of the carbonaceous material66. 

Furthermore, the material was able to show a 171x peak oxidation current enhancement 

when illuminated versus non-illuminated, which was larger than that of a Pt-TiO2/C 

reference material from the literature. Finally, the composite material presented a charge 

transfer resistance which was much lower than that of a commercial Pt/C electrocatalyst, 

which suggests that composite materials may be an area to study even further.  

1.4.3    Metal Oxide Supports 

Metal oxides (MOs) have been an area of interest for fuel cell supports as of late 

due to their stability in a range of different media and their resistance to electrochemical 

corrosion67. On their own, MOs possess low electronic conductivities and large band gaps 

making them less ideal for replacing the conventional carbon support67,68. To improve this, 

doping of the MOs has been an interesting avenue to improve conductivity and lower the 

band gap, and this may result in additional benefits to the physical properties of the 

material69,70.  

In a study by Pham et. al. (2019), TiO2 was doped was doped with tungsten (W) to 

provide a catalyst of platinum on Ti0.8W0.2O2
71. The W-doped TiO2 displayed admirable 

physical properties such as higher conductivity and higher surface area as compared to it’s 

native undoped TiO2. The electrochemical performance of the Pt/Ti0.8W0.2O2 catalyst in the 

EOR resulted in earlier onset potentials, better cycling stability as well as a lower loading 
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of platinum needed to achieve these results (18.5% Pt vs. 20% Pt) versus Pt/C. The 

improved activity of the doped MO catalyst compared to Pt/C is attributed to a bifunctional 

mechanism associated with W adsorbing OH at lower potentials, and beneficial 

interactions between the platinum nanoparticles and the doped MO support.  

Recently, the Easton lab has assessed the activity of an electrocatalyst comprised 

of platinum nanoparticles on TiO2 doped with molybdenum and silicon (Pt/TOMS) 

towards the EOR and MOR versus a Pt/C counterpart72,73. Before alcohol testing, the 

catalyst was subjected to grueling accelerated stress tests and determined that it possesses 

excellent curability and resistance to corrosion. During the MOR, the Pt/TOMS 

electrocatalyst displayed outstanding kinetics with lower charge transfer resistances and 

activation energies than Pt/C. During the EOR, very similar trends were observed with 

smaller activation energies, high peak oxidation currents and lower charge transfer 

resistances. The product distribution determined for Pt/TOMS also showed a high faradaic 

yield for CO2.  

1.5 Electrochemical Testing 

1.5.1 Cyclic voltammetry 
 

The most useful technique used throughout this thesis is cyclic voltammetry (CV) 

in order to evaluate different parameters associated with ethanol and methanol oxidation, 

as well as electrochemical processes associated with the material without any alcohol 

present. This technique applies a triangular waveform where the potential is swept from a 

minimum potential to a maximum potential, and then swept back. Doing so will allow for 

the monitoring of reduction and oxidation (redox) processes occurring during any given 
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reaction when the potential is swept to a lower potential and/or higher potential, 

respectively.  

 CVs performed on Pt provide a unique profile in the presence of an acidic 

electrolyte, such as H2SO4. When sweeping to a higher potential from a lower one, peaks 

corresponding to the desorption of hydrogen (Hdes) are visible and we swept to even 

higher potentials, the evolution of a platinum oxide (Pt-O) layer can be seen, as observed 

in Figure 1.5. Conversely, when sweeping from a high potential down to a lower one, the 

reduction of the Pt-O layer can be observed, and when continuing that more negative 

sweep, the adsorption of hydrogen (Hads) can be observed before the cycle repeats itself. 

Using the Hdes peaks, the determination of the electrochemically active surface area 

(ECSA) can be made which allows to an understanding of the surface area of platinum 

available to the electrolyte solution.  
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Figure 1.5. Cyclic voltammogram profile of platinum in 0.5 M H2SO4. 

 

 Upon the addition of alcohol, the CV compared to that of solely H2SO4 is much 

different, as the electrochemical reaction of the analyte is being performed. When 

beginning at lower potentials and sweeping towards higher potentials, an oxidation peak 

is observed (Pox) before reaching the maximum potential, shown in Figure 1.5. When 

sweeping towards lower potentials, a passivation layer is removed (Play) which then 

allows for the alcohol, or any other adsorbed intermediates, to go through another 

oxidation process (Pred) before the end of the cycle. Often times, the Pred peak is ignored 

as this process occurs during a cathodic sweep and it is the Pox peak that is of interest as 

the oxidation of alcohols are anodic reactions.  
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Figure 1.6. Generic cyclic voltammogram of alcohol oxidation.  

 

 When performed at varying temperatures, CVs are able to be used to determine 

apparent activation energies for the desired material during alcohol oxidation. A range of 

potentials can be chosen and the current density (j) observed is noted. Using a modified 

Arrhenius equation (equation 1.10) and plotting the natural logarithm of the current 

density on the y-axis and the inverse of temperature in Kelvin on the x-axis, an Arrhenius 

plot can be constructed. A simple rearrangement of the slope of the line will yield the 

activation energy in units of joules per mole (J/mol).  

ln(j) = − ��
��

 (Eq. 1.13) 
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1.5.2 Electrochemical Impedance Spectroscopy 

 Electrochemical impedance spectroscopy (EIS) is a technique that allows for the 

determination of resistance, capacitance, and other electrical properties in 

electrochemical systems by modelling data and behaviour using equivalent circuits. In a 

direct current (DC) circuit, ohms law (equation 1.14) can be used to explain the 

relationship of current (I), resistivity (R) and voltage (V):  

V = IR (Eq. 1.14) 
 

where the units of current are in amperes (A), units of resistivity are in ohms (Ω), and units 

of voltage are in volts (V).  

 Extending this relationship to an alternating current (AC) circuit, we can obtain the 

parameter known as impedance (Z). Measuring impedance can be done by applying an 

oscillating voltage and the resistivity in ohms law can be now represented as impedance. 

In the AC circuit, ohms law in represented as: 

V = IZ (Eq. 1.15) 
 

where the units of impedance are also in ohms.  

 Taking the AC (sinusoidal) component and applying to Equation (1.15), we obtain: 

V(t) = |V|sin(ωt) (Eq. 1.16) 
 

where V(t) is the value of voltage at time t (s), |V| is the amplitude of the voltage (V), ω is 

the angular frequency (rad/s) and can also be expressed as ω = 2πƒ74. This allows for 

Equation (1.16) and sinusoidal current to be expressed, respectively, as: 
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V(t) = |V|sin(2πƒt) (Eq. 1.17) 
 

and 

I(t) = |I|sin(2πƒt+ θ) (Eq. 1.18) 
 

 AC impedance can be expressed in terms of a resistors (Zres) and a capacitor (Zcap) 

by the following74: 

Zres = R 

 

(Eq. 1.19) 

Zcap = 
�

��	 

 

(Eq. 1.20) 

Now the total impedance (Ztot) is represented as the sum of the resistive portion and the 

capacitive portion74: 

�

���
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��
+  �


��� 

 

(Eq. 1.21) 

Ztot = ��
�  + �

(��	)���
��

 

 

(Eq. 1.22) 

Ztot = R + 
�

(��	) 

 

(Eq. 1.23) 

Z = Z’ + Z’’ (Eq. 1.24) 

 

where Z’ is the resistive component, found along the x-axis of a Nyquist plot, and Z’’ is 

the capacitive component, found along the y-axis of a Nyquist plot74.  
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Figure 1.7. Electrochemical impedance spectroscopy response (Nyquist plot) for ethanol 

oxidation on Pt/C, along with the equivalent circuit fit (dashed line). The measurement 

was performed at a DC bias potential of 0.6 VRHE over a frequency range of 70 kHz to 0.1 

Hz, using an AC amplitude of 10 mV and using 10 steps per decade. 

 

For the purposes of this thesis, the parameter determined using EIS was the 

charge transfer resistance (Rct) associated to the resistance of an electron to be transferred 

during the specified alcohol oxidation reaction. The equivalent circuit used to model the 

data involves having the solution resistance (Rs) in series with the Rct. To go along with 

this, the Rct is then in parallel with a constant phase element (CPE), which is a component 

that models the behaviour of a double layer which is an imperfect capacitor, all of which 

are displayed in Figure 1.8. The fit provided by modeling the impedance displays how 

close the data is to replicating the actual model itself.  
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Figure 1.8. Equivalent circuit used to model ethanol and methanol oxidation responses.  

  

1.5.3 Chronoamperometry  

 

 Chronoamperometry is an electrochemical technique that allows for the 

determination or study of reaction kinetics, diffusion processes and even adsorption of 

chemical species onto the electrode. In this technique, a voltage is applied and held the 

working electrode and the resulting responses is a current versus time plot. The Cottrell 

equation allows for the determination of certain parameters, especially the diffusion 

coefficient of the analyte in the electrolyte. The Cottrell equation can be expressed as: 

i(t)= 
���	���
 �/" #�/" (Eq. 1.23) 

 

where i(t) is the current at a point in time expressed in amperes (A), n is the number of 

electrons transferred in one mole of analyte, F is faradays constant expressed in coulombs 

per mole (C/mol), A is the area of the electrode in squared centimeters (cm2), D is the 

diffusion coefficient in squared centimeters per second (cm2/s) and t is time expressed in 

seconds (s). This is the fundamental equation to understand the current responses in 

controlled potential experiments.  

 When using chronoamperometry to study alcohol oxidation, a key component of 

observation is adsorption which corresponds to the poisoning of the electrode’s surface. 
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Currents will decrease over time as the electrode becomes poisoned by intermediates, 

such as CO, or there is insufficient diffusion of the analyte to the electrode’s surface. 

Some materials will possess smaller currents than others, but can yield smaller decays of 

current over time, whereas other materials could present the exact opposite. Ideally, large 

currents due to the more faradaic processes occurring along with smaller decays in 

current should be strived for. Chronoamperometry is also one of the closest half-cell 

techniques to perform to simulate an actual DAFC. It is during this that the current is held 

at a constant potential which is high enough to oxidize the desired alcohol.  

1.6 Thesis Objective  

 

 Doped metal oxide supports have shown to be more resistant to corrosion under 

harsh stress tests and to possess favourable interactions between the support and Pt NPs, 

as compared to the conventional Pt/C fuel cell electrocatalyst. These desirable 

characteristics make doped metal oxide supported catalysts excellent candidates for use in 

alternative fueled FCs, such as ethanol and methanol FCs. The use of platinum 

nanoparticles deposited onto a TiO2 anatase substrate that has been dual doped with silicon 

and molybdenum, herein known as Pt/TOMS, demonstrated excellent activity towards the 

MOR and EOR in acidic media as compared to its Pt/C (Premetek) counterpart72,73. The 

motivation with this thesis was then to: 

1) study the kinetics of Pt/TOMS in basic media and evaluate the activity for the 

use in alkaline fuel cells,  

2) study the performance of platinum on niobium pentoxide doped with silicon 

(Pt/NbOS) towards acidic EOR and MOR to assess a new metal, niobium, 
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doped with a silicon additive to compare to our previously studied material; 

Pt/TOMS,  

3) investigate the EOR and MOR using platinum supported on TiO2 doped with 

silicon (Pt/TOS) and use this to understand the roles that titanium and niobium 

play towards alcohol oxidation in comparing activity versus Pt/NbOS, as well 

as understanding the role that molybdenum plays when comparing activity with 

Pt/TOMS.  

 This thesis consists of 5 chapters: Introduction, Methods and Materials, Alkaline 

EOR and MOR Kinetics of Pt/TOMS, Acidic MOR and MOR of Pt/NbOS and Pt/TOS, 

and Conclusions and Future Work. Chapter 1 gives an introduction into PEMFCs and 

AEMFCs using hydrogen as a fuel while exploring the different reaction mechanism that 

take place between them. Alcohol FCs are then discussed and while detailing the different 

reactions and mechanism that take place between ethanol and methanol oxidation. The two 

main catalyst supports of focus, metal oxides and carbon, are then discussed while 

explaining the reasons for shifting towards more corrosion-resistant supporting materials. 

Chapter 2 discusses the methods and materials required for studying the alcohol oxidation 

reactions in detail. Chapter 3 evaluates the kinetics of alkaline EOR and MOR of Pt/TOMS 

versus a commercially available Pt/C electrocatalyst. Chapter 4 analyzes the activity of 

Pt/NbOS and Pt/TOS during acidic EOR and MOR, and compares EOR kinetic parameters 

to a previously published Pt/TOMS electrocatalyst. The conclusion of this thesis is in 

Chapter 5 which summarizes the results presented throughout this dissertation.   
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Chapter 2: Methods and Materials  

2.1 Chemicals  

 1-propylalcohol (99% purity) was purchased from Alfa Aesar, Potassium 

Hydroxide flakes (90% purity) was purchased from Sigma Aldrich, Nafion® 

perfluorinated polymer resin (5 wt%) was purchased from Ion Power, 20% Pt on Vulcan 

XC-72 was purchased from Premetek, anhydrous ethyl alcohol was purchased from 

Commercial Alcohols Inc., and methanol (99.8%) and sulfuric acid (98% purity) were 

purchased from ACP chemicals. Sulfuric acid and potassium hydroxide electrolyte 

solutions were prepared by dissolving and diluting the reagents in ultrapure water Millipore 

Milli-Q system water.  

2.2 Synthesis of Pt/TOMS, Pt/NbOS and Pt/TOS 

 Pt/TOMS was synthesized by mixing TiO2 and a Pluronic P123 surfactant. After 

mixing, 20 wt% of molybdenum was added to the solution and stirred under a nitrogen 

atmosphere and then dried after 5 hours at 80°C. The powder was then annealed at 850°C 

under a reducing atmosphere (H2 : N2 = 10 : 90) for 8 hours. The powder was then mixed 

with the Pluronic P123 surfactant and 10 wt% silicon was added to the mixture and 

stirred. After stirring, the powder was dried at 80°C and then further annealed at 550°C 

under the same reducing atmosphere to provide the support known as TOMS. TOMS was 

then stirred in a solution of ethylene glycol and ethanol, and then 20 wt% platinum was 

added to the mixture and stirred. A series of heating and pH adjusting was performed to 

finally obtain the solution in a pH of 4. Finally, the obtained powder was annealed at 

450°C for 4 hours under the reducing atmosphere to obtain Pt/TOMS. The synthesis was 
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performed by Dr. Reza Alipour Moghadam Esfahani and the detailed procedure can be 

found in J. Mater. Chem. A, 2018, 6, 14805. 

 Pt/NbOS was synthesized by initially surface treating Nb2O5 in 10 M KOH at 

160°C for 24 hours. The surface treated Nb2O5 was then washed and filtered to reach a 

pH of 7. 15 wt% silicon nanoparticles were then stirred in a solution of acetonitrile and a 

Pluronic P123 surfactant under nitrogen atmosphere. The surface treated Nb2O5 was then 

added to the mixture, stirred for 6 hours, then dried at 70°C. The powder was then heat 

treated at 900°C under a reducing atmosphere (H2 : N2 = 20 : 80) to provide the support 

known as NbOS. NbOS was then mixed with ethylene glycol and propanol and stirred. 

Then 20 wt% platinum was dispersed in ethylene glycol and added to the NbOS mixture. 

After stirring, a series of washing steps were performed to obtain a pH of 4 and then dried 

at 80°C. The powder was then annealed at 400°C for 3 hours under the reducing 

atmosphere to provide Pt/TOMS. The synthesis was performed by Dr. Reza Alipour 

Moghadam Esfahani and a detailed procedure can be found at RINENG. 2022, 16, 

100767. 

 Pt/TOS was synthesized by mixing TiO2 with water, isopropanol and a Pluronic 

P123 surfactant, followed by 15 wt% silicon nanoparticles. After stirring, the solution 

was left to allow the solvent to evaporate. The powder was then annealed at 1000°C 

under a reducing atmosphere (H2 : N2 = 10 : 90) to provide the TOS support. TOS was 

then mixed in water and 20 wt% platinum was added to the mixture and stirred under a 

hydrogen atmosphere. The powder was then heat treated at 450°C under the reducing 

atmosphere and provided the catalysts known as Pt/TOS. The synthesis was performed 
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by Dr. Reza Alipour Moghadam Esfahani and Mason Sullivan and can be found at ECS 

Trans. 2020, 97, 659. 

Table 2.1. Characteristics of catalysts used. 

Catalyst Composition Wt% Pt Conductivity 
(S/cm) 

Band Gap 
(eV) 

TOMS Ti3O5Mo0.2Si0.4 20 0.11 0.31 

NbOS Nb0.24O0.46Si0.30 20 0.51 0.38 

TOS Ti3O5-Si 20 0.46 0.44 

Vulcan XC-72 C 20 0.83 - 
 

2.3 Working Electrode Preparation & Electrochemical Configuration  

Each sample (Pt/TOMS, Pt/NbOS, Pt/TOS and Pt/C) was dispersed in a 1:1 v/v 

solution of water and 1-propylalcohol, as well as a 5 wt% Nafion ionomer. The resulting 

solutions were left to stir for 3 days. After mixing, the inks were deposited onto 0.196 cm2 

glassy carbon electrodes (Pine Research) to provide a platinum loading of 30 µg/cm2.  
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Figure 2.1. Graphical depiction of ink-coating a glassy carbon electrode (GCE) with the 

electrocatalyst.  

For acidic alcohol oxidation, the ink-coated electrode served as the working 

electrode in a 3-electrode configuration employing a Hg/HgSO4 reference and platinum 

wire counter electrode. Measurements were made in a N2 saturated 0.5 M H2SO4 electrolyte 

with, and without, the presence of ethanol and/or methanol. For alkaline alcohol oxidation, 

the ink-coated electrode served as the working electrode in a 3-electrode configuration 

employing a saturated calomel reference (SCE) and platinum wire counter electrode. 

Measurements were made in a N2 saturated 0.5 M H2SO4 electrolyte before the addition of 

alcohol, then in N2 saturated 1 M KOH upon the addition of alcohol. All measurements 

were performed on a Biologic-SP150 potentiostat possessing an electrochemical 

impedance spectroscopy analyzer.  

For kinetic analyses, a jacketed cell (as seen in Figure 2.2) was used to house the 

desired electrolyte. The jacketed cell was hooked up to a water bath capable of altering the 

temperature of the cell by passing water through while at a given temperature. Kinetic 
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measurements were always performed between the temperature range of 10°C to 50°C. All 

acidic measurements have been corrected to the RHE (reversible hydrogen electrode) scale, 

and all alkaline measurements have been corrected to the NHE (normal hydrogen 

electrode) scale. The RHE is a subtype of the standard hydrogen electrode (SHE), where 

its potential changes with the pH of the solution, whereas the SHE does not and is known 

to be zero (0) volts. The NHE is the potential of the electrode when dispersed in a solution 

of 1 M H+ ions. 

 

Figure 2.2. Three-electrode cell setup for acidic electrochemical measurements.  

2.4 Electrochemical Techniques 

2.4.1 Cyclic Voltammetry 

2.4.1.1 Acidic Media Measurements 

 When performing measurements in acidic media (0.5M H2SO4) and before any 

alcohol was added to the system, the working electrode was scanned from 0.05 VRHE to 
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1.25 VRHE at a scan rate of 500 mV/s for 100 cycles, then at a scan rate of 200 mV/s for 

75 cycles, and then finally at a scan rate of 50 mV/s in order to electrochemically clean 

the working electrode. The exact cell setup is illustrated in Figure 2.2.  

 

Figure 2.3. Triangular waveform from 0.05 – 1.25 VRHE for the electrochemical cleaning 

and alcohol oxidation at a scan rate of 50 mV/s.  

 Upon the addition of alcohol to the system, the working electrode was again 

scanned from 0.05 VRHE to 1.25 VRHE at a scan rate of 50 mV/s for 3 cycles to observe 

peak oxidation currents and onset potentials. The first cycle was always used for data 

analysis as there would be little to no poisoning on the catalyst’s surface at this point of 

the measurements.  

P
o

te
n

ti
a
l 
(V

)

Time (s)

1.25 V

0.05 V

48 s / cycle

Scan Rate = 50 mV/s



28 

 

2.4.1.2 Basic Media Measurements  

When performing measurements in basic media (1 M KOH), the electrochemical 

cleaning was performed exactly as the acidic media measurements (ie. Cleaning at 500, 

200 and 50 mV/s in 0.5 M H2SO4) before any alcohol was added to the system. 

Upon the addition of alcohol to the system, the working electrode was then 

scanned from -0.79 VNHE to 0.41 VNHE at a scan rate of 50 mV/s for 3 cycles to observe 

peak oxidation currents and onset potentials. The first cycle was again used for data 

analysis.  

2.4.2 Electrochemical Impedance Spectroscopy 

2.4.2.1 Acidic Alcohol Oxidation  

 EIS measurements were performed to determine the charge transfer resistance 

(Rct) associated with the desired alcohol oxidation reaction. The measurements for the 

EOR and MOR were performed at a DC bias potential of 0.6 VRHE over a frequency 

range of 70 kHz to 0.1 Hz, using an AC amplitude of 10 mV and using 10 steps per 

decade. These parameters provided the best conditions to study the Rct of each material as 

a characteristic “arc” is observed in the Nyquist plot, similarly to the experimental 

Nyquist plot in Figure 2.3.  
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Figure 2.4. Commonly obtained Nyquist plot for alcohol oxidation (ethanol) at 0.6 VRHE 

with the corresponding equivalent circuit.  

 Equivalent circuits, such as the one provided in Figure 2.3, are used to obtain 

values from the components of a model circuit to interpret the data. The data does not 

commence at the origin and the distance (value) from the origin to the initial data point in 

the high frequency region corresponds to the resistance of the solution, or electrolyte, as 

denoted by Rs. The difference in the diameter of the “semi-circle” corresponds to the 

charge transfer resistance, denoted by Rct. Although the value of the radius along the x-

axis (in ohms) may not quite equal the radius along the y-axis, the behaviour of the 

system in Figure 2.3 is often referred to as “semi-circle” behaviour when the data is fit to 

the equivalent circuit. Responses may also deviate from this semi-circle behaviour 

indicating that other components are at play in the equivalent circuit which are not being 

modelled.   
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The behaviour of the system also may begin to deviate and “curve back” in the 

low frequency region and this is indicative of an induction loop75. The model circuit used 

does not contain an inductor component as the majority of the cases do not necessarily 

present full inductor loops which would provide larger uncertainties in the modelled 

values obtained.  

2.4.2.2 Alkaline Alcohol Oxidation  

The measurements were performed over a frequency range of 70 kHz to 0.1 Hz, 

using an AC amplitude of 10 mV and using 10 steps per decade. For the alkaline EOR, a 

DC bias potential of -0.29 VNHE was used. When studying the alkaline MOR, a DC bias 

potential of -0.19 VNHE was used.   

2.4.3 Chronoamperometry  

Chronoamperometry was performed in order to understand the poisoning that may 

be occurring on the surface of the Pt NPs. During this technique, the potential is held at a 

fixed value and current is measured over time. Without any form of enhanced transport (ie. 

convection or stirring of the solution), current will decay as a function of time as system is 

diffusion controlled. When poisoning is occurring, a reduction in current will still be 

observed as the time increases, however, the rate of decay will be more significant. 

Depending on the length of the measurement, a plateauing region may be seen which would 

suggest that the poisoning mechanism would be at its greatest for the given material. If the 

entire material becomes poisoned, the current will be reduced down to zero (0).  
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Figure 2.5. Chronoamperometry plot for the decay in current over time.  

2.4.3.1 Acidic Alcohol Oxidation  

 Chronoamperometry measurements for acidic EOR and MOR were performed at 

a potential of 0.8 VRHE for a span of 10 minutes. 

2.4.3.2 Alkaline Alcohol Oxidation  

Chronoamperometry measurements for alkaline EOR and MOR were performed 

at a potential of -0.09 VNHE for a span of 5 minutes.  

2.5 Physical Characterizations 

 

The catalysts employed in this thesis have been extensively studied varying 

physical and electrochemical testing techniques. The following physical characterization 

techniques have previously been published and can be found at: J. Mater. Chem. A., 
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2018, 6, 14805 (Pt/TOMS), ECS Trans., 2020, 97, 659 (Pt/TOS), and RINENG., 2022, 

16, 100767 (Pt/NbOS).  

2.5.1 Scanning Electron Microscopy, Transmission Electron Microscopy, and Energy 

Dispersive X-Ray Spectroscopy 

Scanning electron microscopy (SEM) has been used to study the surface 

morphology of the catalyst and catalyst supports using a Hitachi FlexSEM 1000 

instrument paired with an energy dispersive x-ray (EDX) analyzer. Powdered samples 

were pressed onto copper tape and loaded onto a standard SEM platform. SEM images 

were collected at accelerating voltages of 10 and 15 kV over varying magnifications to 

obtain images of the surface of the material, and elemental compositions were obtained 

from the resulting EDX mapping.  

 

Figure 2.6. TEM and EDX analysis of Pt/TOMS. Reproduced from Esfahani et al. Appl. 

Catal. B Environ. 147, 518-525 (2020). Reproduced with permission from Elsevier.   
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Figure 2.7. SEM and EDX analysis of NbOS.  

 

Figure 2.8. TEM and EDX mapping of the TOS support76. 
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2.5.2    X-Ray Diffraction 

Crystalline phases of the catalysts and supports were determined using X-ray 

diffraction (XRD). Measurements were performed on a Rigaku Ultima X-ray 

diffractometer using a Cu Kα radiation source (λ=0.15418) at 40 kV and 44 mA. The 

resulting diffractograms provided insight into the strong metal-support interactions 

present within the materials.   

2.5.3    X-Ray Photoelectron Spectroscopy  

X-ray photoelectron Spectroscopy (XPS) was employed to study the surface 

elemental compositions, as well as the chemical and electronic states of the catalysts. 

Analyses were performed using a Thermo Scientific K-Alpha Angle-Resolved system 

equipped with a monochromatic Al Kα (1486.7 eV) X-ray source. The system was also 

equipped with a 180° double focusing hemispherical analyzer with a 128-channel 

detector with effective charge compensation. 
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Chapter 3: Alkaline Alcohol Oxidation Kinetics of Pt/TOMS vs. Pt/C 

 In this chapter, Pt/TOMS was studied for EOR and MOR activity at varying 

temperatures in alkaline media to determine its kinetic parameters and compare these to 

the commercially obtained Pt/C electrocatalyst. A previous study of EOR and MOR in 

acidic media demonstrated that Pt/TOMS exhibited faster kinetics than Pt/C72,73. It is 

hypothesized that a similar trend will be observed in alkaline media due to the oxophilicity 

of molybdenum.  

3.1 Alkaline Carbon Monoxide Stripping Voltammetry  

 

Prior to studying methanol oxidation, we first examined CO stripping voltammetry 

in a CO saturated 1 M KOH electrolyte (Figure 3.1) to understand their ability to remove 

the poisoning intermediate that is formed during the oxidation of these alcohols and the 

overall mechanism77. Both catalysts display the characteristic stripping peak at the same 

potential (-0.09 VNHE) which suggests that they are able to oxidize and remove the 

poisonous CO alcohol oxidation intermediate at a similar rate. Another peak is visible at a 

potential of 0.01 VNHE which corresponds to the formation of the Pt-O layer and is unrelated 

to the stripping of CO. When the CO is oxidized to CO2, the formation of carbonates in the 

basic electrolyte is always possible and should be a factor to take note as the carbonates 

can act as a poison as well. The charge under the peak for Pt/TOMS is larger than that of 

Pt/C, indicating that the ECSA is larger for Pt/TOMS and that Pt/C may not be as active 

towards the oxidation of CO under these parameters. It was determined that the ECSA of 

Pt/TOMS is 92.1 m2/gPt and that of Pt/C is 52.4 m2/gPt. While there is a large difference in 

Pt area available to the electrolyte, our previous study in acidic media detailed that superior 

performance from Pt/TOMS was likely due to the influence of the support73. 
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Figure 3.1. Alkaline CO stripping voltammograms of Pt/TOMS and Pt/C.  

3.2 Alkaline MOR Kinetics   

 

To obtain kinetic parameters, the MOR was performed at a constant methanol 

concentration from 10°C to 50°C, as shown in Figure 3.2. CVs were performed on both 

Pt/TOMS and Pt/C over the potential range of -0.79 – 0.41 VNHE. Upon first glance, the 

onset potentials for both catalysts are very similar, indicating the kinetics for the 

oxidation under these conditions are similar as well. The current densities give light to 

the reactions that are occurring at the surface of the Pt NPs. At a temperature of 30°C and 

higher, Pt/TOMS is producing current densities which are twice as large as Pt/C, and 
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while this is being performed with an equal amount of Pt on both catalysts, the TOMS 

support allows for better utilization of Pt on the surface. It may also suggest that Pt/C is 

experiencing a higher degree of poisoning on the Pt surfaces which allows for fewer 

reactions to be taking place, leading to lower currents.  

 

Figure 3.2. CV profiles for (A) Pt/TOMS and (B) Pt/C at a MeOH concentration of 0.5 

M in 1 M KOH between 10° and 50°C.  

 A problem to keep in mind, especially during methanol oxidation in alkaline media, 

is that the formation of CO2 will contribute to the production of carbonates in solution. 

Carbonates may pose no threat to the overall reaction which is taking place, however, they 
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may actually act as another form of poison to block active sites and render Pt surfaces 

unusable.  

 Based on the work and proposition of the Arrhenius equation, Equation (3.1), by 

Svante Arrhenius, activation energy can be determined from a reaction that displays a 

dependence on temperature72,78,79. To determine activation energy for the alcohol oxidation 

systems, a simple rearrangement of the Arrhenius equation is performed to provide 

Equation (3.2). The rate constant, k, and mathematical constant, A, in Equation (3.1) are 

encompassed together and represented as the current density, j, in Equation (3.2). When 

plotting ln(j) vs. 1/T, the resulting slope is equal to − ��
�  which can then be rearranged to 

provide the activation energy80.  

k= A$�%&
'( 

(Eq. 3.1) 

ln(j) = − ��
�  (

�
�) (Eq. 3.2) 

 

 This method was performed to determine the apparent activation energy (Ea
app) 

for Pt/TOMS and Pt/C during the oxidation of methanol. Figure 3.3 displays the 

Arrhenius plots constructed for both catalysts where the linear relationship was used to 

observe the Ea
app of Pt/TOMS and Pt/C at the given potential.  
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Figure 3.3. Arrhenius plots for (A) Pt/TOMS and (B) Pt/C for the MOR.  

 The Arrhenius plots were then used to provide values for Eaapp where the average 

values for each catalyst are observed in Figure 3.4. Initially at a potential of -0.34 VNHE, 

Pt/TOMS produces an average Eaapp value of 20.79 J/mol while that of Pt/C was 

determined to be 24.51 J/mol. For most of the CVs, mainly those above 10°C, this 

potential occurs after the onset of the reaction and suggests that Pt/TOMS lowers the 

activation barrier during the reaction which in turn facilitates the easier conversion of 

MeOH to CO2. Although the catalysts do show some variability in their performances, 

Pt/NbOS still possesses the lower Eaapp values. The overall differences in average Ea
app 

advocates for the use of Pt/TOMS over Pt/C and will in theory decrease the cost for the 
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use of the catalyst as less energy will need to be put into the system in order to initiate a 

reaction at the given potential.  

 

Figure 3.4. Average apparent activation energies for Pt/TOMS and Pt/C between -0.34 V 

to 0.01 VNHE.  

 

 To further assess the kinetics of the MOR, EIS was employed to determine the 

charge transfer resistance (Rct) for the MOR using each catalyst. Figure 3.5 displays the 

Nyquist plots obtained for Pt/TOMS and Pt/C in 1 M KOH with a methanol 

concentration of 0.5 M. At first glance, the diameter of the arcs for Pt/TOMS are much 

smaller than those of Pt/C at all temperatures, indicating smaller Rct values for Pt/TOMS. 

This indicates that Pt/TOMS is a more efficient material for use during the alkaline MOR 
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MOR. Figure 3.6 and Table 3.1 provide the relationship for Rct vs. temperature and the 

exact values at each temperature.  

  

Figure 3.5. Nyquist plots for (A) Pt/TOMS and (B) Pt/C in 1 M KOH + 0.5 M MeOH at 

a DC bias of -0.19 VNHE with the equivalent circuit shown. Dashed lines denote 

equivalent circuit fits.  

 Figure 3.6 shows the trend of decreasing Rct values with increased temperature. 

From each measurement to the next, Pt/C decreases at a quicker rate than Pt/TOMS, as 

seen from the steeper lines. While decreasing the Rct at a quicker rate would be a good 

characteristic to have, Pt/NbOS constantly possesses the smaller Rct which ultimately 

trumps the rate of change seen by Pt/C.   



42 

 

 

Figure 3.6. Graphical comparison of the change in charge transfer resistance upon the 

increase in temperature for Pt/TOMS and Pt/C.  

 

In order to visualize the relationship between performance and temperature, 

tabulated values for peak oxidation currents and charge transfer resistances are displayed 

in Table 3.1.  
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Table 3.1. Tabulated peak oxidation current and charge transfer resistance values for 

Pt/TOMS and Pt/C during the MOR.  

 10°C 20°C 30°C 40°C 50°C 

Pt/TOMS      

Peak Oxidation Current 
(mA/cm2) 

 

22 40 82 98 153 

Rct 
(Ω) 

150 86 48 31 23 

      

Pt/C      

Peak Oxidation Current 
(mA/cm2) 

 

17 28 38 54 77 

Rct 
(Ω) 

256 145 86 55 37 

 

3.3 Alkaline EOR Kinetics  

 

 The oxidation of ethanol adds a new level of complexity towards the oxidation 

process. Compared to the oxidation of methanol, there are two additional products that 

can be formed as a result of the longer carbon chain which may not be cleaved to afford 

the monocarbon CO2 product81. For the formation of acetaldehyde, a two-electron 

process must occur, along with the loss of two hydrogens, but does not require the one 

electron process of water (H2O) which ultimately becomes OHads. The formation of these 

additional products, other than CO2, decrease the faradaic efficiency of the fuel cell as 

acetic acid and acetaldehyde are only 33.3% and 16.6% efficient, respectively, while 

producing less than 12 electrons.  
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 Once again, CVs were performed to monitor the response of peak oxidation 

currents between 10°C - 50°C, which we have previously performed in acidic media with 

Pt/TOMS73. Figure 3.7 displays the responses of Pt/TOMS and Pt/C at 0.5 M EtOH from 

10°C - 50°C. For Pt/TOMS, we observe a similar CV to the MOR as the peak oxidation 

currents increase as the temperature increases and also observe earlier onset potentials. 

For Pt/C, there is no pattern or order for the peak oxidation currents which is viewed for 

Pt/TOMS. One of the main reasons for this is assumed to be poisoning on the surface of 

the platinum nanoparticles from the COads intermediate, or the formation of carbonates 

when CO2 is produced in the basic electrolyte, as shown in Equation (3.3). Alkaline 

media is also known to be very harsh on Pt anchored to carbon supports, which could 

also help to explain the observations in Figure 3.7A with Pt/C82.   

CO2 + 2 KOH → K2CO3 + H2O (Eq. 3.3) 
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Figure 3.7. CV profiles for (A) Pt/C and (B) Pt/TOMS at an EtOH concentration of 0.5 

M in 1 M KOH between 10° and 50°C.  

 

 The formation of carbonates is not ideal as they can be insoluble in the 

electrolyte, however, with the formation of the CO2 as a product, it is unavoidable. The 

nature of the catalyst will affect the amount of poisoning. To aid in removing any poisons 

or inactive material on the catalyst’s surface, electrochemical cleaning cycles were 

attempted between measurements but provided little to no help in acquiring reliable data, 

especially for Pt/C.  
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Arrhenius plots for the EOR are plotted in Figure 3.8.  Based on the slope of the 

lines, Pt/TOMS produces a smaller (less steep) slope, which ultimately translates to a 

smaller Ea
app. The smaller Ea

app values suggest that Pt/TOMS helps to lower the activation 

barrier for the oxidation of ethanol towards its different products and makes it a more 

energy favourable material. The average Ea
app comparisons are shown in Figure 3.9. 

Evidently, Pt/C appears to display smaller average Eaapp values, however, the variability 

of the measurements extends far beyond the average value, which helps to describe the 

unreliable data obtained for this catalyst during the EOR. Although we observe larger 

Eaapp values, the data suggests the use of Pt/TOMS would actually be better as the data is, 

somewhat, more consistent than the use of Pt/C.   
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Figure 3.8: Arrhenius plots for (A) Pt/TOMS and (B) Pt/C for the EOR.  
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Figure 3.9. Average apparent activation energies for Pt/TOMS and Pt/NbOS between -

0.24 VNHE and -0.04 VNHE. 

To assess the kinetics even further, Pt/TOMS and Pt/C were once again studied by 

impedance to observe the Rct associated with the EOR. Based on the data presented in 

Figure 3.10, it is evident that Pt/TOMS produces smaller Rct values. Comparatively, the 

diameter of the semi circles for Pt/TOMS are much smaller than those of Pt/C, and are 

also much smoother. At 10°C, Pt/TOMS displays an Rct value of 274 Ω and when the 

temperature is increased to 20°C, the Rct increases to 308 Ω. Once temperature is further 

increased to 30°C, the pattern of decreasing Rct values with increasing temperature is 

observed. The increasing Rct from 10°C to 20°C would suggest that there is some 
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poisoning is minimal or has a smaller effect on this catalyst. When comparing this to the 

data observed for Pt/C, there is no obvious or notable pattern in relation for decreasing 

Rct with increasing temperature. This can then be related back to the poisoning viewed in 

the CVs. At all temperatures, the Rct’s are much larger than those observed for Pt/TOMS 

which gives light to Pt/TOMS’s faster kinetics towards the alkaline EOR.  

 

Figure 3.10. Nyquist plots for (A) Pt/TOMS and (B) Pt/C in 1 M KOH + 0.5 M EtOH at 

a DC bias of -0.29 VRHE with the equivalent circuit shown. Dashed lines denote the 

equivalent circuit fits. 
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Table 3.2. Tabulated peak oxidation current and charge transfer resistance values for 

Pt/TOMS and Pt/C during the EOR.  

 10°C 20°C 30°C 40°C 50°C 

Pt/TOMS      

Peak Oxidation Current  
(mA/cm2) 

 

69 73 95 115 136 

Rct 
(Ω) 

274 308 254 188 168 

      

Pt/C      

Peak Oxidation Current 
(mA/cm2) 

 

12 62 57 57 49 

Rct 
(Ω) 

658 852 861 655 606 

 

 Upon observing the Rct’s at varying concentrations, it is apparent that Pt/TOMS 

presents faster kinetics likely owing to the reduced poisoning on the Pt surfaces. 

Interestingly, a study performed by Karuppasamy et. al., observed the electrocatalytic 

behaviour of Pd on TiO2 nanospheres in alkaline EOR (1  M EtOH) and they observed 

Rct’s as low as 19.5 Ω83. This demonstrates an idea of further studying Pt/TOMS with an 

increased EtOH concentration which may allow for better diffusion towards the surface 

of the electrode, however, this would also increase the likelihood of further poisoning on 

the surface of Pt. Additionally, the use of Pd on TOMS (Pd/TOMS) would be interesting 
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to observe if the use of Pd helps to provide faster electron transfer with the help of the 

metal oxide material.  

3.4 Summary 

 

  Based on the data provided, Pt/TOMS shows to be a better catalyst towards the 

alkaline EOR and MOR. Not only does Pt/TOMS exhibit faster kinetics in both reactions, 

it also demonstrates its superior poisoning tolerance, especially in the EOR. The faster 

kinetics in the alkaline MOR were revealed with smaller charge transfer resistances and 

apparent activation energy values over a range of potentials. To follow this up, the same 

performance was observed for Pt/TOMS vs. Pt/C in the alkaline EOR. The smaller 

charge transfer resistances and apparent activation energies displayed by Pt/TOMS show 

that it is able to outperform the commercially available Pt/C. 

 Pt/TOMS’s higher performance compared to Pt/C can potentially be assigned to 

two different aspects; its strong metal support interactions (SMSIs) and the use of 

molybdenum. Using the OH--rich electrolyte allowed for both catalysts to have an OH 

source from the KOH but also from the water used to dilute the KOH. The molybdenum 

in Pt/TOMS is considered to be oxophilic which then allows for easier adsorption of OH 

molecules that will be in the vicinity of the Pt NPs that are adsorbing CO. This allows for 

Pt/TOMS to participate in what’s called a bifunctional mechanism where it’s not just the 

Pt NPs that are performing the overall reaction, but the secondary active site 

(molybdenum in this case) participates as well by. The carbonaceous material in Pt/C 

does not possess these characteristics that would allow for a bifunctional mechanism to 

occur. The SMSIs in Pt/TOMS allows for better performances for CO oxidation in both 

the MOR and EOR as the reduced support can generate an electron-rich active metal that 
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weakens the CO-metal bond which in turn increases the catalytic activity for CO 

oxidation84. Although Pt/TOMS displays an ECSA that is much higher than that of Pt/C, 

it is assumed that this only plays a minor role in the excellent performance of Pt/TOMS 

towards both the EOR and MOR as compared to Pt/C. 
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Chapter 4: Acidic Alcohol Oxidation of Pt/NbOS vs. Pt/TOS vs. Pt/C 

 In this chapter, the kinetics of the EOR and MOR associated with Pt/NbOS was 

studied and compared to the commercial Pt/C. The kinetic parameters of Ea
app and Rct’s 

of Pt/NbOS will then be compared with Pt/TOMS to observe how these parameters differ 

between the two materials73. Additionally, the kinetics of Pt/TOS will be studied versus 

Pt/C and further compared to Pt/NbOS. The difference between Pt/TOS and Pt/NbOS is 

just the transition metal oxide used, as silicon is the sole dopant in the support material 

and will provide an insight into which transition metal oxide is more valuable for the 

desired alcohol oxidation.  

4.1 Pt/NbOS vs. Pt/C Acidic EOR and MOR Kinetics  

 

With CO being both an intermediate and a poison on Pt surfaces during the 

oxidation of ethanol and methanol, the ability of the catalyst to oxidize and remove this 

species is of great importance in acidic alcohol oxidation. Figure 4.1 shows the overlay of 

CO stripping profiles for Pt/NbOS and Pt/C. The first cycle for Pt/NbOS displays a pre-

peak centered at 0.75 VRHE before the main oxidation peak at 0.83 VRHE while Pt/C 

produces a single peak at 0.84 VRHE. The pre-peak has been observed in other metal 

oxide catalysts and has been attributed to the oxidation of weakly adsorbed CO72,85,86.  
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Figure 4.1. CO stripping profiles of Pt/C and Pt/NbOS in 0.5 M H2SO4.  

4.1.1 Acidic MOR Kinetics 
 

The MOR was also performed from 10° to 50°C and at a constant methanol 

concentration (0.5M) to mimic different temperatures that could be used in direct 

methanol fuel cells (DMFCs). The temperature dependent CVs for Pt/NbOS and Pt/C are 

shown in Figure 4.2. At each temperature, Pt/NbOS is displaying larger peak oxidation 

currents, owing to the more reactions occurring on the platinum surfaces. This again, may 

suggest that there could be some increased poisoning on the surface of Pt in Pt/C, which 

is inhibiting more reactions to be taking place. It is apparent that the oxidation peaks for 

Pt/NbOS are shifted towards higher potentials than Pt/C, which indicates that the solution 

resistance found in the Pt/NbOS system is higher than the solution resistance in the Pt/C 

system.  
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Figure 4.2. CV profiles for (A) Pt/C and (B) Pt/NbOS at a MeOH concentration of 0.5M 

in 0.5M H2SO4 between 10° and 50°C.  

To study the kinetic parameters, EIS was used to obtain the Nyquist plots for 

Pt/NbOS and Pt/C. We observe over each temperature, that Pt/NbOS is demonstrating a 

smaller Rct. The Rct parameter was obtained by fitting the data to an equivalent circuit, as 

shown in the inset photo of Figure 4.3. The equivalent circuit possesses the resistance of 

the solution (Rs), in series with the Rct while the Rct is in parallel with a constant phase 

element (CPE) which can be attributed to the capacitance of the double layer. The smaller 

Rct values demonstrate that Pt/NbOS has less resistance to transfer an electron in the rate 
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limiting step during the oxidation of MeOH. The trend of smaller Rct’s has also been 

observed with the use of other metal oxide materials present in the support for Pt87.  

 

Figure 4.3. Nyquist plots of A) Pt/NbOS, and B) Pt/C at a DC bias potential of 0.6 VRHE. 

 

Figure 4.4 displays the Rct values for Pt/NbOS and Pt/C from 10°C to 50°C. As 

observed in Figure 4.3, Pt/NbOS exhibits smaller Rct values than Pt/C at all temperatures. 

We also note that both catalysts decrease in Rct values as the temperature increases due to 

the faster kinetics at elevated temperatures. This holds true with the idea that kinetics 

energy is directly proportional to the speed of a particle and as the temperature increases, 
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the particles in the system (i.e methanol) move faster in the electrolyte, which in turn 

provides a better availability to the Pt active sites.  

 

Figure 4.4. Charge transfer resistances of Pt/NbOS and Pt/C between 10°C and 50°C.  
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Pt/NbOS during the CO stripping. We observed an earlier onset of CO oxidation for 

Pt/NbOS, owing to the faster kinetics, but additionally this suggests that Pt/NbOS has a 

better poisoning tolerance as the rate to oxidize the adsorbed species is much quicker and 

easier.  

 

Figure 4.5. Arrhenius plots for A) Pt/NbOS and B) Pt/C obtained for the MOR.  
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Figure 4.6. Average Ea
app values for Pt/NbOS and Pt/C from 0.7 VRHE to 0.9 VRHE. 
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ethanol for the EOR. The EOR follows a similar pathway as the MOR where the fully 

oxidize product is CO2, but with the added complication of a C-C bond needing to be 

broken. In Figure 4.7, the trend of larger peak oxidation currents is observed for Pt/NbOS 

at all temperatures as compared to Pt/C is once again observed, owing to the better 

catalytic performance due to the metal oxide support.  

 

Figure 4.7. CV profiles for (A) Pt/C and (B) Pt/NbOS at an EtOH concentration of 0.5M 

in 0.5M H2SO4 between 10° and 50°C. 
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Rct values, as compared to Pt/C at all temperatures. Using the same equivalent circuit 

model (inset of Figure 4.8) as the MOR, and other EOR systems73,90, the exact Rct values 

were obtained and displayed in Table 4.1 and compared with our previously studied 

Pt/TOMS material in acidic EOR.  

 

Figure 4.8. Nyquist plots of A) Pt/C, and B) Pt/NbOS at a DC bias potential of 0.6 VRHE.  
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Table 4.1. Variable temperature charge transfer resistances of Pt/C, Pt/NbOS and 

Pt/TOMS.  

Charge Transfer Resistance (Ω) 

 10°C 20°C 30°C 40°C 50°C 

Pt/C 963 551 429 323 254 

Pt/NbOS 625 374 243 192 142 

Pt/TOMS73 778 360 211 141 90 

 

Hereon, we compare EOR kinetic values with Pt/TOMS in Table 4.1 and Table 

4.2. The trend in Rct shown in Table 4.1 is the same for all catalysts: decreasing Rct values 

as temperature increases. The trend of smaller Rct values with increasing temperatures 

can be explained by a small change in entropy as temperature and pressure increase, 

ultimately resulting in a better cell performance91. We do observe, however, that 

Pt/NbOS exhibits the smallest Rct at 10°C. This could suggest that the electronic 

interaction between niobium and platinum is better at influencing the oxidation of ethanol 

at this temperature and below. However, the oxophilicity of molybdenum to adsorb OH 

groups at lower temperatures may not be as pronounced at 10°C, which would suggest 

slightly slower kinetics for Pt/TOMS as compared to Pt/NbOS. At temperatures of 20°C 

and above, the Rct for Pt/TOMS is visibly lower demonstrating that the interactions of 

titanium and molybdenum play a significant role in the ethanol oxidation on platinum at 

higher temperatures. 
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To determine the Ea
app values for Pt/NbOS and Pt/C, Arrhenius plots were once 

against used and their slopes help to provide the values of the parameter. Figure 4.10 

displays the comparison of Ea
app values obtained from the Arrhenius plots of Figure 4.9. 

Between the potential range of 0.65 VRHE – 0.85VRHE, Pt/NbOS not only produces the 

smallest Eaapp values, but also the smallest amount of variability. The lower Ea
app can be 

explained by an electronic effect that affects the occupancy of platinum’s 5d band which 

helps to lower the activation barrier92.  

 

Figure 4.9. Arrhenius plots for A) Pt/NbOS and B) Pt/C during the EOR.  
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Figure 4.10. Average Ea
app values for Pt/NbOS and Pt/C during the EOR between 0.65 

VRHE to 0.85 VRHE. 

Furthermore, Table 4.2 looks at the apparent activation energies determined for 
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Table 4.2. Apparent activation energies for Pt/C, Pt/NbOS and Pt/TOMS. 

Apparent Activation Energy (J/mol) 

 0.65 V 0.7 V 0.75 V 0.8 V 0.85 V 

Pt/C 14.5 25.2 32.8 33.7 32.6 

Pt/NbOS 11.9 20.7 26.8 27.8 25.0 

Pt/TOMS73 9.1 14.7 19.9 22.0 21.6 

 

 The kinetic parameters of Ea
app and Rct’s have helped to display the improved 

EOR kinetics for Pt/NbOS as compared to Pt/C. Similarly to the MOR, the excellent 

performances for Pt/NbOS are likely due to the SMSI interactions between the support 

and the Pt NPs and the better poisoning tolerance. Comparing this performance with 

Pt/TOMS, we observed that Pt/NbOS exhibits higher Ea
app values and Rct’s, indicating 

that Pt/TOMS is the better catalysts for the EOR. With that being said, this once again 

indicates that the use of silicon to dope a metal oxide material is an excellent strategy to 

develop a supporting material capable of outperforming the commercially available Pt/C 

electrocatalyst. 

4.2 Pt/TOS vs. Pt/C Acidic EOR and MOR Kinetics  

 

 CO Stripping voltammetry was used to observe the catalytic performance of 

Pt/TOS towards oxidizing the poisonous CO alcohol oxidation intermediate. Figure 4.11 

shows that Pt/TOS exhibits very low currents, owing to its small electrocatalytic surface 

area (ECSA) which was determined to be 4x smaller than Pt/C (15.1 m2/gPt for Pt/TOS 

vs. 61.0 m2/gPt for Pt/C). Comparing the activity further with Pt/C, we observe the 
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characteristic stripping peak for Pt/C at 0.84 VRHE, however, only a small peak for 

Pt/TOS is observed at 0.80 VRHE. The magnitude of the peak for Pt/TOS could be 

indicative of its small ECSA, but it could also indicate that Pt/TOS is not as active 

towards the oxidation of CO, making it a less suitable material for alcohol oxidation.   

 

Figure 4.11. CO stripping voltammograms of Pt/C and Pt/TOS.  

4.2.1 Acidic MOR Kinetics 
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to have large agglomerates of silicon on the surface, which could inhibit the adsorption of 

methanol as well93. 

 

Figure 4.12. CV profiles for (A) Pt/TOS and (B) Pt/C at an MeOH concentration of 0.5 

M in 0.5M H2SO4 between 10° and 50°C. 

 

 The Ea
app values for Pt/TOS were once again obtained using the Arrhenius 

equation to obtain Arrhenius plots, as shown in Figure 4.13. Of note, the slopes for 

Pt/TOS are much smaller than those for Pt/C, indicating smaller Ea
app values, which are 

also displayed in Figure 4.14. This is very interesting as even with smaller ECSAs, 
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different electronic interactions within materials have shown to promote better catalytic 

activity compared to Pt/C93. 

 
Figure 4.13. Arrhenius plots for A) Pt/TOS and B) Pt/C during the MOR.  
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Figure 4.14. Average Ea
app values for Pt/NbOS and Pt/C during the MOR between 0.7 

VRHE to 0.9 VRHE. 

 To further study the kinetics of the MOR for Pt/TOS, EIS was employed to 

determine the Rct values. In Figure 4.15, it is evident that Pt/TOS exhibits much larger 

Rct’s, as observed by the larger semi-circle diameter of the data over all temperatures. 

This actually contradicts what was observed from the Ea
app values, but may be explained 

by the smaller active surface area of Pt/TOS. Resistance is based on area, so the smaller 

area of Pt NPs on Pt/TOS makes it appears as if it is experiencing slower kinetics 

compared to Pt/C. 
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Figure 4.15. Nyquist plots for A) Pt/TOS and B) Pt/C at a DC bias of 0.6VRHE. 

 

 Even though Pt/TOS is known to possess SMSIs that should help to improve the 

electrocatalytic behaviour of the Pt NPS, the small ECSA and silicon agglomerates may 

work against the material and make it less desirable as a catalyst for DMFCs.  

4.2.2 Acidic EOR Kinetics 

 

 The CV profiles in Figure 4.16 display a similar story that was seen in the acidic 

MOR; Pt/TOS displays smaller current densities over all temperatures as compared to 

Pt/C. Once again, this may be attributed to the smaller ECSA, however, poisoning of the 

Pt NPs may be more profound in the use of EtOH as the fuel.  
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Figure 4.16. CV profiles for (A) Pt/TOS and (B) Pt/C at an EtOH concentration of 0.5M 

in 0.5 M H2SO4 between 10° and 50°C. 

 The Ea
app and Rct parameters were determined for Pt/TOS versus Pt/C and relating 

back to the acidic MOR of Pt/TOS vs. Pt/C, we observe similar trends. Over all potentials 

measured, Pt/TOS exhibits smaller Ea
app values, suggesting faster kinetics in Figure 4.17. 

Even with the smaller ECSA, the SMSIs of Pt/TOS are playing a significant role 

especially with the kinetics. This idea can be further assessed by studying the Nyquist 

plots provided in Figure 4.18. At each temperature, Pt/TOS is displaying an Rct well over 

1000Ω. Even at a temperature of 10°C, Pt/C’s Rct does not exceed 1000 Ω. Once again, 
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this suggest that Pt/TOS exhibits slower kinetics, however, the with the difference in area 

between Pt/TOS and Pt/C, it may not be as significant.  

 

Figure 4.17. Average Ea
app values for Pt/NbOS and Pt/C during the EOR between 0.65 

VRHE to 0.85 VRHE. 
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Figure 4.18. Nyquist plots for A) Pt/TOS and B) Pt/C at a DC bias of 0.6VRHE. 

 Although Pt/TOS has shown to be a reasonable catalyst to employ in PEMFCs93, 

based on the results obtained, it may not be as suitable for DMFCs or DEFCs. Further 

studies into different synthetic routes for producing this material should be explored as a 

relatively similar procedure was used to obtain NbOS and it has clearly demonstrated its 

potential for its use in DMFCs and DEFCs.  
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4.3 Pt/TOS and Pt/NbOS Kinetic Comparison 

4.3.1 Pt/TOS and Pt/NbOS MOR Comparison 

 While the previous sections of this chapter have studied the differences in the two 

doped metal oxide materials (Pt/NbOS and Pt/TOS) versus Pt/C, this section will 

compare the activity of Pt/TOS and Pt/NbOS versus each other.  

 Figure 4.19 shows a comparison of the Ea
app values for Pt/TOS and Pt/NbOS in 

the potential range of 0.7 VRHE to 0.9 VRHE for the MOR. Pt/TOS is displaying smaller 

Ea
app values than Pt/NbOS, even with higher amounts of variability at certain potentials. 

 

Figure 4.19. Comparison of the average Ea
app values of Pt/TOS and Pt/NbOS during the 

MOR.  
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 Furthermore, the differences in the peak oxidation currents obtained from CVs 

and Rct values from EIS display the excellent performance of Pt/NbOS towards the MOR 

and are shown in Figure 4.20 and Figure 4.21, respectively. At 10°C, Pt/NbOS exhibits a 

peak oxidation current that is more than 5x larger than Pt/TOS. As the temperature then 

increases, the different in peak oxidation currents becomes even larger. Similarly with the 

Rct, at 10°C Pt/TOS is exhibiting a resistance that is ~4x larger than that of Pt/NbOS, and 

this difference only continues to grow as the temperature increases.  

 

Figure 4.20. Peak oxidation currents for Pt/TOS and Pt/NbOS during the MOR.  
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Figure 4.21. Rct’s of Pt/TOS and Pt/NbOS during the MOR.  

4.3.2 Pt/TOS and Pt/NbOS EOR Comparison 

 Figure 4.22 shows a comparison of the Ea
app values for Pt/TOS and Pt/NbOS in 

the potential range of 0.65 VRHE to 0.85 VRHE for the EOR. From 0.65 VRHE to 0.8 VRHE, 

Pt/TOS produces the smaller average Eaapp values, even with a larger amount of 

variability. From here, Pt/NbOS then produces a slightly smaller average Eaapp value at 

0.85 VRHE, suggesting that as the potential increases further, the difference in energy 

barriers becomes more favourable for Pt/NbOS.  
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Figure 4.22. Comparison of the average Ea
app values of Pt/TOS and Pt/NbOS during the 

EOR. 

 The comparison of peak oxidation currents and Rct’s for Pt/NbOS and Pt/TOS are 

visible in Figure 4.23 and Figure 4.24, respectively. Based on this data, it is difficult to 

determine exactly which catalyst is more suited for the EOR as they both possess good 

kinetics. The difference between peak oxidation currents and Rct values begins to increase 

with temperature in Pt/NbOS’s favour, which may suggest that there is a degree of 

poisoning occurring on Pt/TOS which is inhibiting its performance.  
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Figure 4.23. Peak oxidation currents for Pt/TOS and Pt/NbOS during the EOR.  

 

 

Figure 4.24. Rct’s of Pt/TOS and Pt/NbOS during the EOR.  
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4.4 Summary  

 This chapter focused on the use of a niobium suboxide doped with silicon as a 

supporting material for platinum nanoparticles to provide a catalyst known as 

Pt/NbOS, as well as a titanium suboxide doped with silicon as a supporting material 

for platinum nanoparticles to provide Pt/TOS. When compared to the conventional 

Pt/C electrocatalyst currently used in alcohol fuel cells, Pt/NbOS produced larger 

peak oxidation currents, smaller charge transfer resistances and smaller activation 

energies for both the ethanol and methanol oxidation reactions. One of the main 

reasons for Pt/NbOS’s superior performance would be the strong metal support 

interactions between the support and the platinum nanoparticles, as well as the 

beneficial insertion of silicon into the Nb2O5 lattice which still provides a large 

enough surface area.  

When comparing Pt/NbOS to a supporting material comprised of TiO2 doped with 

silicon, we observe some roles (or interactions) that the Ti and/or Nb have towards 

the EOR and MOR. Overall, Pt/NbOS appears to be the better catalyst towards the 

EOR and MOR with larger peak oxidation currents and smaller charge transfer 

resistances and this is largely attributed to its larger ECSA. The smaller surface area 

of Pt/TOS plays a role in the activity as this leads to less ethanol and methanol being 

able to be adsorbed onto the surface which, or may not, prevent a large degree of 

poisoning. The interactions of the doped metal oxide supports and the Pt NPs appear 

to be very favourable towards the EOR and MOR, however, based on the ECSA, it is 

suggested that Pt/NbOS would be the best choice of catalyst.   
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Chapter 5: Conclusions and Future Work 

 The objective of this thesis was to investigate different doped metal oxide supports 

and their contributions with active Pt NPs towards acidic and alkaline alcohol oxidation 

reactions. Additionally, the influence of different dopants and precursor materials were 

also investigated during acidic alcohol oxidation. This study has determined the 

performance of TiO2 doped by molybdenum and silicon (Pt/TOMS) and how it compares 

to a commercially available Pt/C electrocatalyst in alkaline media. Furthermore, the alcohol 

oxidation performances of Pt on a silicon doped Nb2O5 support (Pt/NbOS) as well as Pt on 

a silicon doped TiO2 support (Pt/TOS) were explored to determine the influence of Ti and 

Nb towards the EOR and MOR in acidic media.  

 The Pt/TOMS electrocatalyst was able to provide better performances in alkaline 

media as compared to Pt/C. During the MOR, peak oxidation currents on Pt/TOMS were 

much larger, indicating that more electrons were being transferred during the course of the 

reaction. The kinetics of this reaction, as determined by EIS and Ea
app, indicate that using 

TOMS, as opposed to carbon, as a supporting material will help to lower the activation 

barrier during the reaction, and also provide less resistance for an electron to be transferred. 

The use of molybdenum also plays into the hands of the TOMS material as molybdenum 

is known to be oxophilic, which would allow for easier adsorbing of OH- species and 

participation in a bifunctional mechanism.  

 When performing the EOR measurements using Pt/C, the CVs showed evidence of 

substantially more poisoning on the surfaces on platinum. Kinetically, Pt/TOMS showed 

to be the most effective catalyst towards the EOR. It is apparent that Pt/TOMS exhibits 

smaller Rct values implying that the rate limiting step occurs faster with the use of the doped 
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metal oxide support. Additionally, the smaller activation energies help to explain the Rct 

value of Pt/TOMS versus Pt/C as it indicates faster kinetics towards the oxidation of 

ethanol. As previously stated, this could be explained by the use of the oxophilic 

molybdenum which would be beneficial for adsorbing OH- species, but the SMSIs 

associated between Pt and TOMS would also aid in explaining how the doped metal oxide 

enhances the EOR on platinum surfaces.  

 When examined in acidic media, the Pt/NbOS material demonstrated exceptional 

performances towards the EOR and MOR. CO stripping voltammetry showed that, 

Pt/NbOS is able to oxidize the adsorbed CO at lower potentials than Pt/C. This superior 

poisoning tolerance is highly beneficial for the electrooxidation of small alcohols. For the 

MOR, Pt/NbOS showed higher peak oxidation currents and earlier onset potentials 

compared to the conventional Pt/C. The kinetics displayed helped to advocate for the 

replacement of carbon with doped metal oxide materials. At all temperatures, Pt/NbOS 

shows fast electron transfer kinetics than Pt/C, denoted by the smaller Rct values. To 

corroborate this, the Ea
app values display lower activation barriers for Pt/NbOS as well. 

Similar trends are observed in acidic EOR for Pt/NbOS as smaller Rct’s, Ea
app, and larger 

peak oxidation currents were produced as compared to the Pt/C. This impressive catalytic 

performance is reflective of the SMSI effect between the support and the active Pt NPs.  

Of all the doped metal oxides tested, Pt/TOS showed the lowest activity towards 

alcohol oxidation as shown in the CVs. The only difference, chemically, between Pt/TOS 

and Pt/NbOS would be the metal from the metal oxide; Ti vs. Nb. Thus, the low activity, 

from the small surface area, observed for Pt/TOS is presumably from the large 

agglomerates of silicon on the surface. On the other hand, Pt/NbOS had a relatively high 
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surface area with considerably less agglomeration of the silicon dopant on the surface. 

Given that Pt/NbOS shows excellent activity for the EOR and MOR, we were expecting 

that a Pt/TOS material with a similar morphology would also perform similarly. Thus, it is 

recommended that alternative synthetic methods for Pt/TOS be explored do reduce the 

amount of silicon agglomeration and ultimately improve the catalytic ability and surface 

area of the material. In this case, the chemical nature of Nb allows for less agglomeration 

of silicon on the catalyst support which in turn is part of what makes this material a more 

suited catalyst support for the EOR and MOR.  

When we compare this study to our previous acidic EOR study on Pt/TOMS, the 

only chemical similarity between Pt/TOMS and Pt/NbOS would be the use of the silicon 

dopant. Previous publications show that unlike Pt/TOS, silicon is dispersed well 

throughout the support Pt/TOMS and Pt/NbOS which can help to explain why they 

performed much better than the Pt/TOS. The inclusion of the additional dopant, 

molybdenum, in Pt/TOMS could explain why it is more kinetically favourable towards the 

EOR and MOR as the oxophilicity of the molybdenum can adsorb the OH- species needed 

to complete the oxidation process.  

To study this further and to tie together the links between Ti and Nb, an Nb2O5 

material doped with both molybdenum and silicon (NbOMS) containing platinum NPs 

dispersed over the surface (Pt/NbOMS) should be synthesized and tested towards the EOR 

and MOR. This work has shown the effects of using single-doped Ti and Nb using silicon, 

as well as dual doped Ti with silicon and molybdenum and has shown each dopant with 

the desired precursor metal oxide material can influence each alcohol oxidation reaction. 

With silicon being the crucial dopant, primarily for reducing the band gap, the role of 
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molybdenum in conjunction with silicon would be able to relate the performance to 

Pt/TOMS, and additionally would determine if molybdenum displays any benefit when 

introduced to the already studied Pt/NbOS electrocatalyst.  

Additionally, another avenue the doped metal oxide support project could explore 

is their use in ethanol vapour sensors. All catalysts exhibit activity towards the oxidation 

of liquid ethanol, and the only difference would in this case would the detection of ethanol 

vapour. The doped metal oxides have shown to be more durable than the Pt/C, suggesting 

that they would last longer and reduce the cost of the device as the catalyst would have to 

be changed less frequently.  

Furthermore, studies for product distributions in the EOR (both acidic and alkaline) 

would be important to understand which products are being formed, and in what kinds of 

ratios. The product distribution has already been performed in the acidic EOR for Pt/TOMS 

and can be used as an initial benchmark to determine the efficiency of the doped metal 

oxide materials versus Pt/TOMS. To go one step further, assessing the ideal platinum 

loading for the EOR and MOR would be essential to reduce cost associated with the price 

of platinum. Using an identical platinum loading (30 µg/cm2) in this studied provided 

Pt/TOMS and Pt/NbOS with smaller Rct’s, Ea
app values, and larger peak oxidation currents 

than Pt/C, however, determining the amount of platinum needed with Pt/TOMS or 

Pt/NbOS to achieve the same, or similar, performances as Pt/C would be interesting.  

 

 

 



84 

 

References 

1. Crippa, M., Oreggioni, G., Guizzardi, D., Muntean, M., Schaaf, E., Lo Vullo, E., 

Solazzo, E., Monforti-Ferrario, F., Olivier, J.G.J., Vignati, E., Fossil CO2 and 

GHG emissions of all world countries - 2019 Report, EUR 29849 EN, Publications 

Office of the European Union, Luxembourg, 2019, ISBN 978-92-76-11100-9. 

2. Wang, Y., Chen, K. S., Mishler, J., Cho, S. C., & Adroher, X. C. A review of 

polymer electrolyte membrane fuel cells: Technology, applications, and needs on 

fundamental research. Applied Energy, 88(4), 981–1007 (2011). 

3. Morassaei, M. S., Salehabadi, A., Amiri, O., Salavati-Niasari, M., & Akbari, A. 

Unveiling the synthesis of CuCe2(MoO4)4 nanostructures and its physico-chemical 

properties on electrochemical hydrogen storage. J. Alloys Compd. 826, 154023 

(2020). 

4. Cheng, X., Shi, Z., Glass, N., Zhang, L., Zhang, J., Song, D., Liu, Z.-S., Wang, H. 

& Shen, J. A review of PEM hydrogen fuel cell contamination: Impacts, 

mechanisms, and mitigation. J. Power Sources. 165(2), 739–756 (2007). 

5. Zhao, J., Tu, Z. & Hwa, S. Carbon corrosion mechanism and mitigation strategies 

in a proton exchange membrane fuel cell (PEMFC): A review. J. Power Sources. 

488, 229434 (2021). 

6. Papasavva, S., Veenstra, M., Waldecker, J. & West, T. Impact of anode catalyst 

loadings and carbon supports to CO contamination in PEM fuel cells. Int. J. 

Hydrog. Energy. 46, 21136–21150 (2021). 



85 

 

7. Park, J.-H., Shin, M.-S., & Park, J.-S. Effect of dispersing solvents for ionomers on 

the performance and durability of catalyst layers in proton exchange membrane 

fuel cells. Electrochim. Acta, 391, 138971 (2021).  

8. Peron, J., Mani, A., Zhao, X., Edwards, D., Adachi, M., Soboleva, T., Shi, Z., Xie, 

Z., Navessin, T. & Holdcroft, S. Properties of Nafion ® NR-211 membranes for 

PEMFCs. J. Membr. Sci. 356(1), 44–51 (2010). 

9. Wu, X., Chen, N., Klok, H., Lee, Y. M., & Hu, X. Branched Poly(Aryl 

Piperidinium) Membranes for Anion‐Exchange Membrane Fuel Cells. Angew. 

Chem. Int. Ed. 61(7), e202114892 (2022). 

10. Guo, K., Shi, K., Guo, J. & Xie, X. To drive Fe-based catalyst towards complete 

application in proton exchange membrane fuel cells (PEMFCs). Electrochim. Acta. 

229, 183–196 (2017). 

11. Khosravi H, S., Abbas, Q., & Reichmann, K. Electrochemical aspects of 

interconnect materials in PEMFCs. Int. J. Hydrog. Energy. 46(71), 35420–35447 

(2021). 

12. Nørskov, J. K., Rossmeisl, J., Logadottir, A., Lindqvist, L., Kitchin, J. R., 

Bligaard, T., & Jónsson, H. Origin of the Overpotential for Oxygen Reduction at a 

Fuel-Cell Cathode. J. Phys.Chem. B. 108(46), 17886–17892 (2004). 

13. Ziv, N., Mustain, W. E., & Dekel, D. R. The Effect of Ambient Carbon Dioxide on 

Anion‐Exchange Membrane Fuel Cells. ChemSusChem, 11(7), 1136–1150 (2018). 

14. Firouzjaie, H. A., & Mustain, W. E. Catalytic Advantages, Challenges, and 



86 

 

Priorities in Alkaline Membrane Fuel Cells. ACS Catal. 10(1), 225–234 (2020).  

15. Truong, V. M., Duong, N. B., Wang, C.-L., & Yang, H. Effects of Cell 

Temperature and Reactant Humidification on Anion Exchange Membrane Fuel 

Cells. Mater. 12(13), 2048 (2019).  

16. Alipour Moghadam Esfahani, R., Ebralidze, I. I., Specchia, S. & Easton, E. B. A 

fuel cell catalyst support based on doped titanium suboxides with enhanced 

conductivity, durability and fuel cell performance. J. Mater. Chem. A. 6, 14805–

14815 (2018). 

17. Hun, B., Rhan, A. & Jin, D. Profile of extended chemical stability and mechanical 

integrity and high hydroxide ion conductivity of poly (ether imide) based 

membranes for anion exchange membrane fuel cells. Int. J. Hydrog. Energy 44, 

4281–4292 (2018). 

18. Chen, J., Li, C., Wang, J., Li, L., & Wei, Z. A general strategy to enhance the 

alkaline stability of anion exchange membranes. J. Mater. Chem. A. 5(13), 6318–

6327 (2017). 

19. Marino, M. G., & Kreuer, K. D. Alkaline Stability of Quaternary Ammonium 

Alkaline Stability of Quaternary Ammonium Cations for Alkaline Fuel Cell 

Membranes and Ionic Liquids. ChemSusChem. 8(3), 513-523 (2015). 

20. Diczházi, D., Borbáth, I., Bakos, I., Szijjártó, G. P., Tompos, A., & Pászti, Z. 

Design of Mo-doped mixed oxide–carbon composite supports for Pt-based 

electrocatalysts: the nature of the Mo-Pt interaction. Catal. Today, 366, 31–40 

(2021). 



87 

 

21. Tiwari, J. N., Tiwari, R. N., Singh, G. & Kim, K. S. Recent progress in the 

development of anode and cathode catalysts for direct methanol fuel cells. Nano 

Energy. 2, 553–578 (2013). 

22. Bampos, G., Bebelis, S., Kondarides, D. I. & Verykios, X. Comparison of the 

Activity of Pd – M (M: Ag, Co, Cu, Fe, Ni, Zn) Bimetallic Electrocatalysts for 

Oxygen Reduction Reaction. Top. Catal. 60, 1260–1273 (2017). 

23. Shao-Horn, Y., Sheng, W. C., Chen, S., Ferreira, P. J., Holby, E. F., & Morgan, D. 

Instability of Supported Platinum Nanoparticles in Low-Temperature Fuel 

Cells. Top. Catal. 46, 285–305 (2007). 

24. Lin, G., Ju, Q., Jin, Y., Qi, X., Liu, W., Huang, F., & Wang, J. Suppressing 

Dissolution of Pt‐Based Electrocatalysts through the Electronic Metal–Support 

Interaction.  Adv. Energy Mater. 11(38), 2101050 (2021). 

25. Ma, Z., Cano, Z. P., Yu, A., Chen, Z., Jiang, G., Fu, X., Yang, L., Wu, T., Bai, Z. 

& Lu, J. Enhancing Oxygen Reduction Activity of Pt‐based Electrocatalysts: From 

Theoretical Mechanisms to Practical Methods. Angew. Chem. Int. Ed. 59(42), 

18334–18348 (2020).  

26. Saha, B. C. & Cotta, M. A. Comparison of pretreatment strategies for enzymatic 

saccharification and fermentation of barley straw to ethanol. N. Biotechnol. 27, 

10–16 (2010). 

27. Bothast, R. J., & Schlicher, M. A. Biotechnological processes for conversion of 

corn into ethanol. Appl. Microbiol. Biotechnol. 67(1), 19–25 (2005). 



88 

 

28. Blumenthal, P., Steger, M. C., Einfalt, D., Rieke-Zapp, J., Quintanilla Bellucci, A., 

Sommerfeld, K., Schwarz, S. & Lachenmeier, D. W. Methanol Mitigation during 

Manufacturing of Fruit Spirits with Special Consideration of Novel Coffee Cherry 

Spirits. Molecules. 26(9), 2585 (2021). 

29. Blumberg, T., Duk, Y., Morosuk, T. & Tsatsaronis, G. Exergoenvironmental 

analysis of methanol production by steam reforming and autothermal reforming of 

natural gas. Energy. 181, 1273–1284 (2019). 

30. Sheldon, D. Methanol Production - A Technical History. Johnson Matthey 

Technol. Rev. 61(3), 172–182 (2017). 

31. Kobayashi, H., Hayakawa, A., Somarathne, K. D. K. A., & Okafor, E. C. Science 

and technology of ammonia combustion. Proc. Combust. Inst. 37(1), 109–133 

(2019). 

32. Vigier, F., Rousseau, S., Coutanceau, C., Leger, J.-M., & Lamy, C. 

Electrocatalysis for the direct alcohol fuel cell. Top.Catal. 40, 111–121 (2006). 

33. Ghavidel, M. Z., Rahman, M. R. & Easton, E. B. Fuel cell-based breath alcohol 

sensors utilizing Pt-alloy electrocatalysts. Sens. Actuators B. Chem. 273, 574–584 

(2018). 

34. Ozoemena, K. I., Musa, S., Modise, R., Ipadeola, A. K., Gaolatlhe, L., Peteni, S., 

& Kabongo, G. Fuel cell-based breath-alcohol sensors: Innovation-hungry old 

electrochemistry. Curr. Opin. Electrochem. 10, 82–87 (2018). 

35. Wang, T., Li, F., Huang, H., Yin, S., Chen, P., Jin, P., & Chen, Y. Porous Pd‐PdO 



89 

 

Nanotubes for Methanol Electrooxidation. Adv. Funct. Mater. 30(21), 2000534 

(2020). 

36. Gomes, J. F., Bergamaski, K., Pinto, M. F. S. & Miranda, P. B. Reaction 

intermediates of ethanol electro-oxidation on platinum investigated by SFG 

spectroscopy. J. Catal. 302, 67–82 (2013). 

37. Murthy, A., Lee, E. & Manthiram, A. Electrooxidation of methanol on highly 

active and stable Pt–Sn–Ce/C catalyst for direct methanol fuel cells. Appl. Catal. 

B: Environ. 121–122, 154–161 (2012). 

38. Yi, Q., Chu, H., Chen, Q., Yang, Z., & Liu, X. High Performance Pd, PdNi, PdSn 

and PdSnNi Nanocatalysts Supported on Carbon Nanotubes for Electrooxidation 

of C2-C4 Alcohols. Electroanal.  27(2), 388–397 (2015). 

39. Farias, M. J. S., Cheuquepán, W., Tanaka, A. A., & Feliu, J. M. Identity of the 

Most and Least Active Sites for Activation of the Pathways for CO2 Formation 

from the Electro-oxidation of Methanol and Ethanol on Platinum. ACS 

Catal. 10(1), 543–555 (2020). 

40. Dao, D. V., Adilbish, G., Le, T. D., Nguyen, T. T. D., Lee, I.-H., & Yu, Y.-T. 

Au@CeO2 nanoparticles supported Pt/C electrocatalyst to improve the removal of 

CO in methanol oxidation reaction. J. Catal. 377, 589–599 (2019). 

41. Ramli, Z. A. C., & Kamarudin, S. K. Platinum-Based Catalysts on Various Carbon 

Supports and Conducting Polymers for Direct Methanol Fuel Cell Applications: a 

Review. Nanoscale Res. Lett. 13(1), 410–410 (2018). 



90 

 

42. Altarawneh, R. M. & Pickup, P. G. Product Distributions and Efficiencies for 

Ethanol Oxidation in a Proton Exchange Membrane Electrolysis Cell. J. 

Electrochem. Soc. 164, F861–F865 (2017). 

43. Caro, C., Thirunavukkarasu, K., Anilkumar, M., Shiju, N. R., & Rothenberg, G. 

Selective Autooxidation of Ethanol over Titania-Supported Molybdenum Oxide 

Catalysts: Structure and Reactivity. Adv. Synth. Catal. 354(7), 1327–1336 (2012). 

44. Altarawneh, R. M., Brueckner, T. M., Chen, B. & Pickup, P. G. Product 

distributions and efficiencies for ethanol oxidation at PtNi octahedra. J. Power 

Sources 400, 369–376 (2018). 

45. Chen, W., Cao, J., Fu, W., Zhang, J., Qian, G., Yang, J., Chen, D., Zhou, X., Yuan, 

W. & Duan, X. Molecular‐Level Insights into the Notorious CO Poisoning of 

Platinum Catalyst. Angew. Chem. Int. Ed. 61(16), e202200190 (2022). 

46. García, G., Tsiouvaras, N., Pastor, E., Peña, M. A., Fierro, J. L. G., & Martínez-

Huerta, M. V. Ethanol oxidation on PtRuMo/C catalysts: In situ FTIR 

spectroscopy and DEMS studies. Int. J. of Hydrog. Energy. 37(8), 7131–7140 

(2012). 

47. Altarawneh, R. M. Overview on the vital step toward addressing platinum catalyst 

poisoning mechanisms in acid media of direct ethanol fuel cells (DEFCs). Energy 

Fuels 35, 11594–11612 (2021). 

48. Binninger, T., Fabbri, E., Kötz, R. & Schmidt, T. J. Determination of the 

Electrochemically Active Surface Area of Metal-Oxide Supported Platinum 

Catalyst. J. Electrochem. Soc. 161, H121–H128 (2014). 



91 

 

49. Möllersten, K., Yan, J., & R. Moreira, J. Potential market niches for biomass 

energy with CO2 capture and storage—Opportunities for energy supply with 

negative CO2 emissions. Biomass Bioenergy, 25(3), 273–285 (2003). 

50. Oshchepkov, A. G., Simonov, A. N., Simonov, P. A., Shmakov, A. N., Rudina, N. 

A., Ishchenko, A. V., Cherstiouk, O. V. & Parmon, V. N. Interrelation between 

catalytic activity for oxygen electroreduction and structure of supported 

platinum. J. Electroana. Chem. 729, 34–42 (2014). 

51. Weber, D. J., Janssen, M. & Oezaslan, M. Effect of Monovalent Cations on the 

HOR/HER Activity for Pt in Alkaline Environment. J. Electrochem. Soc. 166, 

F66–F73 (2019). 

52. Qiao, Y., Liu, Y., Liu, Y., Dong, Q., Zhong, G., Wang, X., Liu, Z., Wang X., He, 

S., Zhou, W., Wang, G., Wang, C. & Hu, L. Thermal Radiation Synthesis of 

Ultrafine Platinum Nanoclusters toward Methanol Oxidation. Small Methods, 4(9), 

2000265 (2020).  

53. Long, C. M., Nascarella, M. A. & Valberg, P. A. Carbon black vs. black carbon 

and other airborne materials containing elemental carbon: Physical and chemical 

distinctions. Environ. Pollut. 181, 271–286 (2013). 

54. Soboleva, T., Zhao, X., Malek, K., Xie, Z., Navessin, T., & Holdcroft, S. On the 

Micro-, Meso-, and Macroporous Structures of Polymer Electrolyte Membrane 

Fuel Cell Catalyst Layers. ACS Appl. Mater. Interfaces. 2(2), 375–384 (2010). 

55. Dicks, A. L. The role of carbon in fuel cells. J. Power Sources 156, 128–141 

(2006). 



92 

 

56. Fruehwald, H. M., Melino, P. D., MacLean, B. J., Zenkina, O. V. & Easton, E. B. 

Carbon materials functionalized by nitrogenous ligands for dual application in 

energy storage and production: Fuel cells and supercapacitors. Electrochim. Acta 

414, 140209 (2022). 

57. Ott, S., Bauer, A., Du, F., Dao, T. A., Klingenhof, M., Orfanidi, A., & Strasser, P. 

Impact of Carbon Support Meso‐Porosity on Mass Transport and Performance of 

PEMFC Cathode Catalyst Layers. ChemCatChem. 13(22), 4759–4769 (2021).  

58. Carmo, M., dos Santos, A. R., Poco, J. G. R. & Linardi, M. Physical and 

electrochemical evaluation of commercial carbon black as electrocatalysts supports 

for DMFC applications. J. Power Sources. 173, 860–866 (2007). 

59. Fruehwald, H. M., Ebralidze, I. I., Zenkina, O. V. & Easton, E. B. Fe−N3/C Active 

Catalytic Sites for the Oxygen Reduction Reaction Prepared with Molecular-Level 

Geometry Control through the Covalent Immobilization of an Iron−Terpyridine 

Motif onto Carbon. ChemElectroChem. 6, 1350–1358 (2019). 

60. Roen, L. M., Paik, C. H. & Jarvi, T. D. Electrocatalytic Corrosion of Carbon 

Support in PEMFC Cathodes. Electrochem. Solid-State Lett. 7, A19-A22 (2004). 

61. Sharma, S. & Pollet, B. G. Support materials for PEMFC and DMFC 

electrocatalysts - A review. J. Power Sources. 208, 96–119 (2012). 

62. Wang, K., Wang, Y., Liang, Z., Liang, Y., Wu, D., Song, S., & Tsiakaras, P. 

Ordered mesoporous tungsten carbide/carbon composites promoted Pt catalyst 

with high activity and stability for methanol electrooxidation. Appl. Catal. B 

Environ. 147, 518–525 (2014). 



93 

 

63. Guo, D. J., Qiu, X. P., Chen, L. Q. & Zhu, W. T. Multi-walled carbon nanotubes 

modified by sulfated TiO2 - A promising support for Pt catalyst in a direct ethanol 

fuel cell. Carbon N. Y. 47, 1680–1685 (2009). 

64. Tang, H., Chen, W., Wang, J., Dugger, T., Cruz, L., & Kisailus, D. Electrocatalytic 

N-Doped Graphitic Nanofiber–Metal/Metal Oxide Nanoparticle Composites. 

Small 14, 1–9 (2018). 

65. Odetola, C., Trevani, L. N. & Easton, E. B. Photo enhanced methanol 

electrooxidation: Further insights into Pt and TiO2 nanoparticle contributions. 

Appl. Catal. B Environ. 210, 263–275 (2017). 

66. Odetola, C., Trevani, L. & Easton, E. B. Enhanced activity and stability of 

Pt/TiO2/carbon fuel cell electrocatalyst prepared using a glucose modifier. J. 

Power Sources. 294, 254–263 (2015). 

67. Zhang, Z., Liu, J., Gu, J., Su, L. & Cheng, L. An overview of metal oxide 

materials as electrocatalysts and supports for polymer electrolyte fuel cells. Energy 

Environ. Sci. 7, 2535–2558 (2014). 

68. Portier, J., Hilal, H. S., Saadeddin, I., Hwang, S. J., Subramanian, M. A., & 

Campet, G. Thermodynamic correlations and band gap calculations in metal 

oxides. Prog. Solid State Chem. 32, 207–217 (2004). 

69. Lee, K.-S., Park, I.-S., Cho, Y.-H., Jung, D.-S., Jung, N., Park, H.-Y., & Sung, Y.-

E. Electrocatalytic activity and stability of Pt supported on Sb-doped SnO2 

nanoparticles for direct alcohol fuel cells. J. Catal. 258, 143–152 (2008). 



94 

 

70. Alipour Moghadam Esfahani, R., Vankova, S. K., Monteverde Videla, A. H. A. & 

Specchia, S. Innovative carbon-free low content Pt catalyst supported on Mo-

doped titanium suboxide (Ti3O5-Mo) for stable and durable oxygen reduction 

reaction. Appl. Catal. B Environ. 201. 419–429 (2017). 

71. Pham, H. Q., Huyng, T. T., Bich, H. N., Pham, T. M., Son, T. N., Lu, L. T., & Ho, 

V. T. T. Tungsten-doped titanium-dioxide-supported low-Pt-loading 

electrocatalysts for the oxidation reaction of ethanol in acidic fuel cells. Comptes 

Rendus Chim. 22, 829–837 (2019). 

72. Alipour Moghadam Esfahani, R., Moghaddam, R. B. & Easton, E. B. High 

performance Pt/Ti3O5Mo0.2Si0.4 electrocatalyst with outstanding methanol 

oxidation activity. Catal. Sci. Technol. 9, 4118–4124 (2019). 

73. Black-Araujo, K. Alqdeimat, D. A., Esfahani, R. A. M., Moghaddam, R. B., 

Pickup, P. G., & Easton, E. B. A Study of the Ethanol Oxidation Kinetics and 

Product Distribution using a Pt/TOMS Electrocatalyst. J. Electrochem. Soc. 169, 

034505 (2022). 

74. Yuan, X.-Z., Song, C., Wang, H. & Zhang, J. Electrochemical Impedance 

Spectroscopy in PEM Fuel Cells. (Springer London, 2010). 

75. Wnuk, P., Jurczakowski, R. & Lewera, A. Electrochemical Characterization of 

Low-Temperature Direct Ethanol Fuel Cells using Direct and Alternate Current 

Methods. Electrocatalysis. 11, 121–132 (2020). 

76. Sullivan, M. T. Conductive Si Doped Metal Oxide Fuel Cell Catalyst Supports: 

Understanding the Role of Si Content. (2021). 



95 

 

77. Jiang, Q., Jiang, L., Qi, J., Wang, S. & Sun, G. Experimental and density 

functional theory studies on PtPb/C bimetallic electrocatalysts for methanol 

electrooxidation reaction in alkaline media. Electrochim. Acta. 56, 6431–6440 

(2011). 

78. Kaedi, F., Yavari, Z., Noroozifar, M. & Saravani, H. Promoted electrocatalytic 

ability of the Pd on doped Pt in NiO-MgO solid solution toward methanol and 

ethanol oxidation. J. Electroanal. Chem. 827, 204–212 (2018). 

79. Calderón, J. C., García, G., Querejeta, A., Alcaide, F., Calvillo, L., Lázaro, M. J., 

Rodríguez, J. L., Pastor, E. Carbon monoxide and methanol oxidations on carbon 

nanofibers supported Pt-Ru electrodes at different temperatures. Electrochim. Acta 

186, 359–368 (2015). 

80. Mozafari, V. & Parsa, J. B. Promoted electrocatalytic performance of palladium 

nanoparticles using doped-NiO supporting materials toward ethanol electro-

oxidation in alkaline media. Int. J. Hydrog. Energy 45, 28847–28859 (2020). 

81. Altarawneh, R. M., Majidi, P. & Pickup, P. G. Determination of the efficiency of 

ethanol oxidation in a proton exchange membrane electrolysis cell. J. Power 

Sources. 351, 106–114 (2017). 

82. Zadick, A., Dubau, L., Sergent, N., Berthomé, G. & Chatenet, M. Huge Instability 

of Pt/C Catalysts in Alkaline Medium. ACS Catal. 5, 4819–4824 (2015). 

83. Karuppasamy, L., Chen, C. Y., Anandan, S. & Wu, J. J. Sonochemical reduction 

method for synthesis of TiO2Pd nanocomposites and investigation of anode and 

cathode catalyst for ethanol oxidation and oxygen reduction reaction in alkaline 



96 

 

medium. Int. J. Hydrog. Energy. 44, 30705–30718 (2019). 

84. Pan, C.-J., Tsai, M.-C., Su, W.-N., Rick, J., Akalework, N. G., Agegnehu, A. K., 

Cheng, S.-Y., & Hwang, B.-J. Tuning/exploiting Strong Metal-Support Interaction 

(SMSI) in Heterogeneous Catalysis. J. Taiwan Inst. Chem. Eng. 74, 154–186 

(2017). 

85. Haugen, I. G. M., Mark, K., Thomas, S. J. H. & Lewinski, K. A. (12) United States 

Patent. 2, 2–11 (2002). 

86. Alipour Moghadam Esfahani, R., Rivera Gavidia, L. M., García, G., Pastor, E. & 

Specchia, S. Highly active platinum supported on Mo-doped titanium nanotubes 

suboxide (Pt/TNTS-Mo) electrocatalyst for oxygen reduction reaction in PEMFC. 

Renew. Energy 120, 209–219 (2018). 

87. Yuan, H., Guo, D., Qiu, X., Zhu, W. & Chen, L. Influence of metal oxides on Pt 

catalysts for methanol electrooxidation using electrochemical impedance 

spectroscopy. J. Power Sources 188, 8–13 (2009). 

88. Ro, I., Resasco, J. & Christopher, P. Approaches for Understanding and 

Controlling Interfacial Effects in Oxide-Supported Metal Catalysts. ACS Catal. 8, 

7368–7387 (2018). 

89. Basri, S., Kamarudin, S. K., Daud, W. R. W. & Yaakub, Z. Nanocatalyst for direct 

methanol fuel cell (DMFC). Int. J. Hydrog. Energy. 35, 7957–7970 (2010). 

90. Sawy, E. N. El, Brueckner, T. M. & Pickup, P. G. Electrochemical Oxidation of 

Methanol and Ethanol at Rh@Pt and Ru@Pt Catalysts. J. Electrochem. Soc. 167, 



97 

 

(2020). 

91. Joseph, A. J., Abdulkareem, A. S., Jimoh, A., & Afolabi, A. S. Theoretical Energy 

and Exergy Analyses of Direct Methanol Fuel Cell. Adv. Mater. Sci. Appl. 4, 63–

75 (2015). 

92. Bergamaski, K., Gonzalez, E. R., & Nart, F. C. Ethanol oxidation on carbon 

supported platinum-rhodium bimetallic catalysts. Electrochim. Acta. 53, 4396–

4406 (2008). 

93. Sullivan, M. T., Alipour Moghadam Esfahani, R. & Easton, E. B.  Conductive 

Metal Oxide-Based Fuel Cell Catalyst Supports Prepared by Doping TiO2 with Si: 

Understanding the Role of Si Content. ECS Trans. 97, 659–670 (2020). 

 


