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Abstract

A clear understanding of small organic molecules (SOM) electrochemical oxidation

opens a great opportunity for breakthrough in the development of fuel cell technology.

SOM such as formic acid, methanol, and ethanol can produce electrical power through

their oxidation in the fuel cell’s anode. These molecules are also known as organic

fuels and theoretically have the potential to produce close to 100% energy efficiency

in a fuel cell. However, fast and complete oxidation of some organic fuels, such as

ethanol, has not been achieved at this time, and has led to a dramatic decrease in the

level of fuel cell efficiency. Therefore, a comprehensive study of the electrocatalytic

oxidation mechanisms of organic fuels as well as a determination of the average

number of transferred electrons (nav) are crucial for the enhancement of fuel cell

efficiency. Hydrodynamic methods are highly effective approaches for these study

purposes, and they have the ability to emulate the hydrodynamic conditions of a fuel

cell anode.

The main purpose of this project was establishing a simple and novel system for

the assessment of various fuel cell catalysts performances in relation to formic acid,

methanol and ethanol electrochemical oxidation. For this purpose, we applied two

different approaches of hydrodynamic techniques, rotating disk voltammetry (RDV)

and flow cell electrolysis. Also, as for fuel cells, thick catalyst layers were applied in

our studies in order to obtain meaningful data which are more relevant to an actual

fuel cell.

We showed that RDV is a convenient and useful method for the determination

of the pure kinetic component of the oxidation current which represents a catalyst
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activity. Also, we estimated nav for methanol and ethanol using mathematical

treatments related to RDV. Two-electrode and three-electrode flow-through cells

were designed to determine the mass transport and kinetic parameters of the formic

acid oxidation current, which can be further extended to methanol and ethanol

for nav determination. The two-electrode flow-through cell provided for rapid

collection of oxidation products and real time measurements of CO2 for stoichiometric

investigations.
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1.1 Introduction

Oxidation of small organic molecules (SOM) has been one of the most active targets

of investigation in electrochemistry for several decades. SOM oxidation can be

employed as a framework to study electrochemical oxidation reactions.1 Moreover,

electrocatalysis studies of SOM provide fundamental information to guide catalyst

design.? The significance of these investigations is enhanced by the fact that many

SOM, such as formic acid, methanol, and ethanol, can be used to produce electrical

power through their oxidation.2 These organic molecules have the potential to produce

reasonable energy density and can be applied as fuels in fuel cells. Therefore, SOM

are capable of contributing to a wide range of industry sectors.

A fuel cell is an electrochemical cell that can convert chemical energy to electrical

energy without a Carnot cycle limitation.3,4 Therefore, a fuel cell is capable of

producing close to 100% energy efficiency in theory. It is like a battery with unlimited

capacity in which reactants are supplied continuously into the cell from an external

source. On the other hand, products (water and carbon dioxide in theory for an

organic fuel) are removed through the cell exhaust. The fuel cell was introduced

by a Welsh scientist, Sir William Grove, for the first time in 1839.5 Due to high

demands for a reliable and environmentally friendly sources of power, rapid fuel cell

development has occurred during the past few decades. Various generations of fuel

cells with different electrolyte materials have been introduced to the industry.

Proton exchange membrane fuel cells (PEMFC) are a type of fuel cell that has

a solid thin layer membrane between electrodes for the movement of hydrogen ions

generated during fuel oxidation. This type of fuel cell is widely used due to its high
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durability and convenience. PEMFC are capable of producing high power densities

while having low weight and low operation temperature. These advantages make

them an excellent choice for automobile and portable electronics applications.6–10

Nafion is the most widely used membrane in PEMFC due to its degree of availability.

It is a perfluorosulfonic acid membrane consisting of a hydrophobic backbone and

hydrophilic side chains. The hydrophobic backbone is tetrafluoroethylene as a

continuous phase, and the hydrophilic part is formed by sulfonic acid group (−SO3H)

terminals of side chains. Figure 1.1 shows the chemical structure of Nafion.11–13 The

acidic terminals of the side chains provide good proton conductivity in the presence of

water, which enhances both hydrogen dissociation from the sulfonic acid and proton

transport at the same time.

Figure 1.1: The general structure of Nafion.

For many years, hydrogen PEMFC have been on the top of the research ladder.

These fuel cells have been applied widely in the transportation industry, for example.

However, despite the high energy density of hydrogen (energy produced per mass

of fuel = 33.3 kWh kg−1), it is not an ideal fuel for fuel cells. That is because

of complications and dangers associated with its storage and handling as a highly

explosive gas, as well as the need for highly purified hydrogen. Therefore, demand
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had risen for substitution by liquid fuels and this has led to the introduction of direct

organic fuel cells (DOFC).

Organic compounds such as alcohols (e.g. methanol), aldehydes (e.g. furfural)

and acids (formic acid) can be supplied to PEMFC either directly (direct organic

fuel cell (DOFC)) or indirectly (i.e. used as a source of hydrogen). Ethanol,

methanol, and formic acid are renewable through biomass processes. Being liquid is

the principal advantage of organic fuels over gas fuels such as hydrogen and ammonia

in terms of storage and safe handling.7,14,15 Also, direct organic PEMFC provide

considerable weight and volume advantages over indirect ones due to the elimination

of the reforming step. This fact simplifies their application in low-temperature direct

PEMFC.16,17 Nowadays, there are rising demands for high-tech portable electronic

devices such as cellular phones and laptop computers with a highly efficient source

of power in terms of power output and operation times. DOFC can be used ideally

for producing a few hundred watts to around 3 kW power, which for instance is very

suitable for military purposes, while their operation doesn’t need an electrical power

supply.14,18,19

1.2 DOFC Reactions

A typical fuel cell consists of two electrodes (anode and cathode) separated by

the membrane for ion-transport purposes (i.e., proton), with an external circuit

for electron flow between the electrodes.2,3 DOFC are a type of PEMFC in which

oxidation of an organic compound such as formic acid, methanol, and ethanol occurs

at the anode, and reduction of oxygen occurs at the cathode, to produce electrical
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power. Figure 1.2 represents a simplified schematic of a DOFC. Complete oxidation

of the fuel in the presence of water produces protons, carbon dioxide, and electrons

(eq. 1.1). Protons and electrons combine with oxygen at the cathode to produce

water (eq. 1.2). Oxygen can be either supplied by airflow or pure oxygen gas flow.

CxHyOz + (2x− z) H2O → x CO2 + (y + 4x− 2z) H+ + n e− (1.1)

O2 + 4 H+ + 4 e− → 2 H2O (1.2)

Figure 1.2: Schematic of a DOFC.

DOFC produce maximum charge when the fuel is oxidized completely to water and

carbon dioxide. Table 1.1 compares theoretical energy density (per unit of volume or

mass) for some organic fuels.19,20 The energy density of organic fuels increases with

the number of produced electrons in the oxidation reaction.20 On the other hand,
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Table 1.1: Energy densities of some organic fuels.19,20 (E◦ is standard potential of

reaction)

Type of fuel Anode reaction Energy density Energy density

(Wh L−1) (Wh g−1)

Methanol CH3OH + H2O → 4820 6073

CO2 + 6 H+ + 6 e− E◦ = 0.016 V

Formic acid HCOOH → CO2 + 2 H+ + 1750 1630

2e− E◦ = −0.17 V

Ethanol C2H5OH + 3 H2O → 6280 8028

2 CO2 + 12 H+ + 12 e− E◦ = 0.085 V

the energy density is inversely proportional to the molar mass of the fuel molecule.

However, complete oxidation of organic fuels is a complicated process and, in most

cases, unachievable. In the evaluation of a fuel for DOFC, other factors, such as the

toxicity of intermediates, should be considered as well.

1.2.1 Methanol Oxidation

Methanol is inexpensive and can be synthesized either through the direct oxidative

conversion of natural gas or from a mixture of CO and H2 obtained from incomplete

combustion of natural gas. It also can be produced using CO2 from the industrial

exhaust through hydrogenative recycling.19,21–23 Methanol as a liquid fuel with high

energy density can be a promising alternative for hydrogen2,21 in direct methanol fuel

cells (DMFC). Methanol reacts at the anode in the presence of water to produce CO2,

6 protons, and 6 electrons (eq. 1.3).

CH3OH +H2O → 6 CO2 + 6 H+ + 6 e− (1.3)
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There have been many studies on the methanol oxidation reaction (MOR).21,24,25

Breiter has suggested a general pattern of parallel pathways for complete oxidation of

methanol.26 After the adsorption of methanol, in one of the pathways, CO is produced

and then is oxidized to CO2. In the other pathway, CO2 is produced through the

oxidation of formic acid and formaldehyde intermediates. Both pathways require a

catalyst to break the C − H bonds and facilitate the oxidation of intermediates to

CO2. Various studies have shown that Pt is the most effective catalyst for C − H

bond breaking and complete oxidation of methanol.22,26–28

MOR in acidic media begins with adsorption of methanol at Pt sites (eq. 1.4)

and proceeds through a series of electrochemical dehydrogenation steps (eq. 1.5-

1.8).21,29,30

CH3OH + Pt→ Pt− CH3OHads (1.4)

Pt− CH3OHads → Pt− CH3Oads +H+ + e− (1.5)

Pt− CH3Oads → Pt− CH2Oads +H+ + e− (1.6)

Pt− CH2Oads → Pt− CHOads +H+ + e− (1.7)

Pt− CHOads + Pt−OH → Pt− COads +H2O + Pt (1.8)

At sufficiently high potentials, the CO intermediate adsorbed at the Pt surface

(Pt–COads), can be oxidized to CO2 as the final step (eq. 1.9 and 1.10).30,31 This

step is also known as oxidative removal of the adsorbed CO.

Pt− COads +H2O → Pt+ CO2 + 2 H+ + 2 e− (1.9)

Pt− COads + PtO → 2 Pt+ CO2 (1.10)
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1.2.2 Formic Acid Oxidation

Formic acid is the simplest small organic fuel that has been applied as a promising

fuel for direct fuel cells. Pt− (and Pd−) based catalysts are typically used for formic

acid oxidation in direct formic acid fuel cells (DFAFC). The oxidation of formic acid

occurs through a dual-path mechanism at the surface of platinum.32 Initially, formic

acid is adsorbed on the Pt surface. In the next step, it can be either dehydrogenated

(eq. 1.11) to form CO2
33,34 or dehydrated (eq. 1.12) and blocks (poisons) sites on

the Pt surface by COads. CO can be further oxidized to produce CO2 (eq. 1.13).33,35

The dehydrogenation pathway is known as the direct pathway and dehydration as

the indirect pathway.

HCOOHads → CO2 + 2 H+ + 2 e− (1.11)

HCOOHads → –COads +H2O (1.12)

–COads +H2O → CO2 + 2 H+ + 2 e− (1.13)

1.2.3 Ethanol Oxidation

Ethanol is also one of the most studied liquid fuels for fuel cells.36 Ethanol can be

produced from agriculture, forestry, and urban residues. It is less toxic compared

to methanol and has a higher energy density (8.03 kWh kg–1 vs. 6.1 kWh kg–1).

However, the reaction pathways for the ethanol oxidation reaction (EOR) are much

more complicated than for the MOR. They involve multi-step mechanisms which

provide an obstacle in the development of direct ethanol fuel cells (DEFC). Cleavage

of the C−C bond in ethanol is the most challenging step in its mechanisms; therefore,
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finding more efficient catalysts becomes a critical issue for DEFC development. The

following equations (eq. 1.14-1.19) represent some of the proposed steps for the EOR

in the presence of Pt.37–39

CH3CH2OH + Pt→ Pt–O − CH2CH3 +H+ + e− (1.14)

CH3CH2OH + Pt→ Pt–CH(OH)CH3 +H+ + e− (1.15)

Pt–O − CH2CH3 or P t–CH(OH)CH3 → Pt–CHOCH3 +H+ + e− (1.16)

Pt–O − CH2CH3 or P t–CH(OH)CH3

→ Pt− CHx + Pt–CHyO + (7− x− y) H+ + (7− x− y) e−
(1.17)

Pt–CH2O → Pt− CO + 2 H+ + 2 e− (1.18)

Pt− CO + Pt−OH → 2 Pt+ CO2 +H+ + e− (1.19)

Equation 1.17 shows the C −C bond cleavage. After this step, absorbed species can

be further oxidized to COads and then CO2 as the final product. However, the overall

efficiency of the complete oxidation of ethanol as a fuel cell reaction is often very low.

1.2.4 Oxygen Reduction

For a continuous flow of current in a fuel cell, there must be an efficient reduction

reaction happening in the cathode. This consumes electrons and protons produced

through the oxidation of the fuel. Oxygen is the reactant that generally is applied in

fuel cell cathodes, and Pt or Pd catalysts are used for the highest reduction efficiency.

The oxygen reduction reaction (ORR) occurs through two parallel pathways.40,41 In

the first pathway, which is called dissociative pathway (eq. 1.20-1.22), the oxygen

molecule is first absorbed to the surface of the catalyst, and the O = O bond is
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weakened by metal-oxygen interaction. Dissociation of oxygen coincides with the

addition of a proton to each oxygen to produce water.

1/2 O2 +M(reaction site) → O −M (1.20)

O −M +H+ + e− → HO −M (1.21)

HO −M +H+ + e− → H2O +M (1.22)

Complete reduction of oxygen to water through consumption of 4 electrons is the

most favorable path, which can also happen through an associative pathway.

The associative pathway starts with protonation of an absorbed oxygen molecule

and production of a HO2 −M intermediate (eq. 1.23-1.24). This intermediate can

either reduce to hydrogen peroxide (eq. 1.25) or proceed with complete oxidation to

water (eq. 1.26-1.28).

O2 +M(reaction site) → O2 −M (1.23)

O2 −M + (H+ + e−)→ HO2 −M (1.24)

HO2 −M + (H+ + e−)→ H2O2 +M (1.25)

HO2 −M + (H+ + e−)→ H2O +O −M (1.26)

O −M + (H+ + e−)→ HO −M (1.27)

HO −M + (H+ + e−)→ H2O +M (1.28)

To achieve high efficiency of ORR, a high loading of Pt is required. Due to the high

price of Pt metal, efforts are being made to find alternative non-Pt catalysts. ORR

is discussed further in the section 1.4.3.1.
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1.3 Typical Voltammetric Observations for DOFC

Anodic Reactions

1.3.1 Electrocatalytic Oxidation of Formic Acid at Pt

Formic acid is non-toxic in dilute solutions, and can be produced as a byproduct of

levulinic acid synthesis or through reduction of CO2. Therefore, it has the capacity

to become an important renewable fuel.2,42 Knowing the fact that formic acid can

be produced as an intermediate during methanol or ethanol oxidation, adds to the

importance of the formic acid oxidation understanding.16 Moreover, high power

density, fast oxidation kinetics, and a high theoretical cell potential are known as

the main advantages of DOFC.34,42,43 However, selecting an appropriate and efficient

anode catalyst is the first and foremost challenge to achieve these accomplishments.

As an example, Sanjeske et al. have studied the mechanism of formic

acid oxidation reaction (FAOR) on Pt in acidic media by applying an in situ

spectroscopy technique for probing oxidation intermediates.44 Figure 1.3 shows a

cyclic voltammogram for the oxidation of a 0.1 M formic acid in 0.5 M sulfuric

acid as recorded in Sanjeske et al. studies.44 During the positive going potential

scan, at 0.6 V , an oxidation peak of formic acid was observed, which is stated by

authors to be highly influenced by both adsorption/desorption of CO and adsorption

of dehydrogenated of formic acid (formate). The second anodic peak was observed at

0.9 V coinciding with the highest concentration of formate with no evidence of CO

presence. According to the authors, at this potential all absorbed CO was stripped

and the current reduced due to Pt oxide formation at higher potentials. Sanjeske et al.
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explained that, during the negative going potential scan at 0.85 V , while the reduction

of the oxide layer was still occurring, formate formation commenced and increased in

the same pattern as the oxidation peak but with less intensity. They also observed

CO formation at 0.5 V , which increased with a potential decrease.44 Grozovski et

Figure 1.3: Cyclic voltammogram of 0.1 M formic acid in 0.5 M H2SO4 at a platinum

electrode with scan rate of 50 mV s−1. Reprinted with permission from Reference,44

Copyright (2006), American Chemical Society.

al. also studied FAOR on Pt nanoparticles.45 They stated FAOR occurred mainly

through direct oxidation path in negative potential scan until the potential reached

to 0.5 V and lower where CO adsorption was initiated. They also observed smaller

positive potential scan oxidation currents compared to negative scan and attributed

that to the blockage of Pt electrode sites by CO absorption at low potentials.45
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1.3.2 Electrocatalytic Oxidation of Methanol at Pt

The MOR is the most investigated subject among the oxidation of other small organic

molecules and it is the most popular fuel for direct alcohol fuel cells (DAFCs).19,46

Complete oxidation of methanol to CO2 requires an efficient catalyst to facilitate

C − H bond dissociation. Pt is known to be the most effective catalyst for C − H

scission.22,26–28 Dissociative methanol adsorption on Pt is a multistep process, and it

leads to formation of various adsorbed species.

Figure 1.4 shows a typical cyclic voltammogram of 1 M of methanol in 1 M

H2SO4 at an unsupported platinum electrode as investigated by Prabhuram and

Manoharan.47 They reported that MOR initiated at 0.06 V through dehydrogenation.

They also stated that, at this potential, methanol is adsorbed on Pt as well and

Pt − H oxidation is commenced. At 0.44 V , the oxidation current was increased

sharply to a peak of 0.95 V , which was ascribed to the formation of PtOHads, Pt2CO,

and PtCO2H species followed by CO2 production. The distinctive oxidation peak,

observed at 0.77 V in the negative potential scan, is attributed to the oxidation of

COads to CO2.
47 Zhao et al. investigated oxidation peak of methanol electrooxidation

on noble metal electrodes in negative going potential scan. The authors stated the

cathodic oxidation peak was originated from oxidation of freshly adsorbed methanol

on catalyst surface after metal oxide layer was removed.48

1.3.3 Electrocatalytic Oxidation of Ethanol at Pt

Theoretically, ethanol is almost a perfect fuel for fuel cells. It is safe with high

energy density and can be simply produced from renewable biomass (i.e. sugar
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Figure 1.4: Cyclic voltammogram of 1 M methanol in 1 M H2SO4 at a unsupported

platinum electrode with scan rate of 25 mV s−1. Reprinted from Reference,47

Copyright (1998), with permission from Elsevier.

fermentation).2,21,49 In many studies, Pt is reported to be the most effective catalyst

for breaking the C −C bond.38,50–52 The EOR at Pt occurs in a number of multistep

pathways. It is initiated by adsorption of ethanol on the Pt surface while it is

decomposed to intermediates such as CHxCO, C2HX, CHxO, CO, and CHx species.

Various spectroscopy techniques have been applied to study EOR mechanisms on

Pt and Pt alloys.1,53,54 Figure 1.5 shows the oxidation of ethanol at Pt, studied

by Shao et al. using surface enhanced infrared absorption spectroscopy (SEIRAS)

with attenuated total reflection (ATR).53 Based on their observations, formation of

adsorbed CO occurred at almost all scanned potentials but mainly at low potentials
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during the positive scan. As the potential was scanned to higher than 0.3 V , acetate

formation was initiated and reached a maximum amount at 0.65 V . Also, at this

potential the minimum amount of COads was observed, which was due to its oxidative

removal during the main peak of the first anodic oxidation peak. The second peak

appearing in the anodic extreme, overlapping a rising current, was attributed to the

desorption of acetate and formation of PtO. In the backward scan, the inhibiting

oxide layer on Pt was removed and acetaldehyde/adsorbed acetyl formed from fresh

ethanol.

Torrero et al. have investigated the oxidation of ethanol on carbon supported

Pt in D2O using an in situ IR technique.1 They could detect acetaldehyde and/or

acetic acid at potentials higher than 0.4 V (vs. Ag/AgCl reference electrode), which

were not possible to distinguish in the presence of the H2O IR band. They reported

acetaldehyde formation at low potentials which is oxidized to acetic acid in presence

of hydroxyl groups on Pt at potentials higher than 0.4 V . Also, at potentials higher

than 0.6 V both acetaldehyde and acetic acid were observed in this study.

1.4 Electrochemical Techniques

Cyclic voltammetry, chronoamperometry, and rotating disk voltammetry are

three powerful electrochemical techniques that we applied in our research.

Cyclic voltammetry can provide valuable information regarding kinetics and

thermodynamics of oxidation/reduction reactions.55 Chronoamperometry is also a

sensitive and powerful technique for studying diffusion controlled processes occurring

at an electrode. Moreover, it can be applied to evaluate the electrochemical activity
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Figure 1.5: Cyclic voltammogram of 0.1 M ethanol oxidation in 0.1 M HClO4 at a Pt

thin film electrode. Reprinted from Reference,53 Copyright (2005), with permission

from Elsevier.

and stability of the electrocatalysts.56 Rotating disk voltammetry is a hydrodynamic

method that can be applied as a complementary technique for cyclic voltammetry and

chronoamperometry because of its advantages in providing separation of the overall

current into its kinetic and mass transport components.55

1.4.1 Cyclic Voltammetry

Cyclic voltammetry (CV) consists of cyclic potential scanning of a stationary working

electrode between two potential values in a stationary solution and recording the

current as a function of potential to produce a cyclic voltammogram (Figure 1.6).55

The scan rate and number of cycles can be varied, while plotting current versus
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potential gives a cyclic voltammogram. A cyclic voltammogram can provide a wide

range of information about physical and chemical characteristics of reactants as well

as reversibility of a redox reaction. Therefore, in most cases, CV is performed as the

first diagnostic experiment in electrochemical studies.55

Figure 1.7 shows a typical CV for a reversible redox process with anodic

and cathodic current peaks at a similar potential (peak separation ∼ 59/n

mV ).55 However, for irreversible electrochemical reactions with complicated

mechanisms, remarkably different CV are observed, as illustrated in previous sections.

Irreversibility can happen chemically (ca. when the product of electrochemical

reaction is transferred to a new species before reverse electron transfer reaction

(O + ne− ⇀↽ R → P )) or electrochemically (ca. when the kinetics of the reaction is

slow). In these situations the anodic peak shifts to higher potentials and cathodic

peak becomes smaller or disappears.

Figure 1.6: Potential changes vs. time in a cyclic voltammetriy experiment.55
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Figure 1.7: Typical cyclic voltammogram for a reversible O + ne− ⇀↽ R redox

process.55

1.4.1.1 CV of Pt

Many investigations have been reported on the development of anode catalysts to

increase the efficiency of DOFC. The literature shows that metal catalysts have

different catalytic properties based on their particle size, shape, and chemical

composition.57 Pt is widely used in PEMFC as a major component of both the anode

and the cathode catalyst. It has remarkable activity, selectivity, and stability within

the SOM framework. Also, it has a high activity for cleavage of the C–C bond of

ethanol.58–61
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Based on the crystallographic orientation of Pt atoms in the electrode structure,

the characteristic CV shape of a Pt electrode in an inert electrolyte will be different.

Figure 1.8 shows a CV of polycrystalline Pt in an acidic solution.62 Two important

potential regions can be observed in this voltammogram (underpotential adsorption

and desorption of hydrogen, and oxide formation and reduction). During anodic scan

at low potentials, hydrogen underpotential desorption peaks are observed. Integration

of the current in this region can be applied to determine the electrochemically

active electrode surface area for normalizing activities. Two merged cathodic peaks

observed at low potentials of cathodic scan are related to underpotential adsorption

of hydrogen. As the potential decreases to lower than 0.04 V, the hydrogen evolution

reaction (HER) occurs.

At potentials between 0.8 V and 1.4 V formation of a Pt oxide layer is observed

in a broad, complex anodic wave. At higher potentials (ca. 1.55 V ), oxygen evolution

occurs. The reverse (cathodic) potential scan strips off the oxide layer and provides a

clean, bare Pt surface. A similar voltammetric pattern for hydrogen electrochemistry

can be observed for some other metals such as Ir, Rh, Pd and Pt alloys.31,62,63 The

main issue with Pt and Pt-based catalysts is CO adsorption at the Pt surface (due

to the poisoning effect of CO). This adsorption blocks the active sites of catalysts

and inhibits further oxidization of organic fuels to CO2. Figure 1.9 Shows CV of CO

stripping from the surface of a Pt electrode.37 In this CV, a sharp peak is observed

for CO oxidation at 0.6-8.2 V vs. RHE. In this potential region water is activated

towards formation of Pt − OH, which facilitates CO oxidation to CO2. Alloying a

more electropositive metal (M) with Pt to provide M−OH groups at lower potentials

can reduce the CO poisoning rate.37,64 Moreover, high loadings of catalyst are needed
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Figure 1.8: Cyclic Voltammogram of a Pt electrode in 1 M H2SO4 solution (scan

rate = 100 mV s−1). Reprinted from Reference,62 Copyright (2010), with permission

from Springer.

for a fuel cell; therefore, it becomes very costly to use pure Pt catalysts.65–67

1.4.2 Chronoamperometry

Chronoamperometry (CA) is another powerful diagnostic tool in electrochemical

analysis. In this technique, the potential of the working electrode is generally

stepped from a low enough potential for no reaction to occur to a potential in which

the surface layer of the electrode becomes depleted of all electrochemically active

reactants (diffusion control).55,68 In this technique current is recorded as a function

of time. Using this method, the charging current is only significant at short times,

and therefore the faradaic signal is improved.

The interpretation of current vs. time plots in a step potential is relatively simple
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Figure 1.9: CO stripping voltammogram of a Pt catalyst in 0.1 M HClO4 solution.

Reprinted from Reference,37 Copyright (2009), with permission from Elsevier.

for a reversible system; however, for an irreversible or quasi-reversible system, in which

electron transfer kinetic is slow, complications arise.55 Quasi-reversibility occurs when

the electron transfer kinetic is slow but not slow enough to be considered an utterly

irreversible system. For the systems with slow kinetics, an overpotential is required

to facilitate a forward electrochemical reaction. The faradaic current is governed by

both the kinetic of the electron transfer and mass transport. To study the kinetics of

the electrode process, the kinetics of electron transfer should be the significant factor

in directing electrochemical reactions while the effect of mass transport (i.e. diffusion

in stationary solution) is negligible. i vs. t plots obtained from CA can provide

information for the Tafel plot for mechanistic studies of irreversible reactions.55 For

an irreversible system such as SOM oxidation, the i vs. t plot gives a curve in which

the current decays sharply and after a certain amount of time it reaches a steady-
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Figure 1.10: Current vs. time plots for step potential experiments in 0.1M formic acid

in 0.1 M H2SO4(aq) at (a) PtPd and (b) Pt electrodes. Reprinted from Reference,69

Copyright (2003), with permission from IOP.
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state (i.e. kinetic current). For a quasi-reversible system, the i vs. t curve can be

linearized by using mathematical treatments and the kinetic current can be obtained

from interception of the linear plot. Figure 1.10 shows examples of potential step

studies of FAOR on Pt and Pt/Pd nanoparticles conducted by Zhao et al..69 They

conducted stepped potential experiments at a range of potentials and recorded the

current until it reached a fairly steady state. Then they investigated the mechanism

of FAOR and the activity of both electrodes by using Tafel plots extracted from CA

experiment data. More valuable information can be achieved by CA studies of SOM

in addition to kinetic studies, such as activity and rate of electrode poisoning, as well

as long-term stability of the catalyst.70,71

1.4.3 Rotating Disc Voltammetry

In the cases where the current density is relatively high, such as with thick

catalyst layers or highly active electrode materials, concentration polarization (mass

transport) can limit the current. Therefore, it becomes beneficial to apply a technique

that can determine kinetic parameters independent of mass transport limitations.

Moreover, as has been shown in previous hydrodynamic studies,6,24 oxidation of

organic fuels is not typically diffusion controlled which warrants the application of a

technique that can extract pure kinetic controlled parameters.

Rotating disk voltammetry (RDV) is the most convenient and widely used

hydrodynamic technique. In rotating disk voltammetry (RDV) a disk electrode

rotation creates a radial force which drags solution containing reactants towards the

center of the electrode. By this technique, higher mass transport to the electrode,
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Figure 1.11: Rotating disk electrode (RDE).55

compared to the stationary electrode, is provided and more importantly the rate of

mass transport can be controlled.55 A rotating disk electrode (RDE) is illustrated

in (Figure 1.11). The Koutecky-Levich equation (K-L) (eq. 1.29) is a mathematical

treatment used for RDE rotation and provides important kinetic information.55 By

using the K-L equation, the overall current can be separated into kinetic (ik) and

mass transport limited (ilim) components.

1/i = 1/ik + 1/(0.62nFAD2/3ν−1/6Cω1/2) (1.29)

Parameters of this equation include; ik for the kinetic current, n for the number
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of electrons transferred, F for the Faraday constant, D for the diffusion coefficient, ν

for the kinematic viscosity (1.0 × 10−2 cm2 s−1),72 ω for angular velocity and C for

the concentration of the reactant.55 RDV can be a complement to cyclic voltammetry

in catalyst performance evaluation. This method is widely used for oxygen reduction

reaction (ORR) studies as a cathode reaction in a fuel cell.73–75 In contrast, only

limited RDV studies have been reported on catalytic electrooxidation of organic fuels.

1.4.3.1 ORR RDV

As mentioned in Section 1.2.4, ORR is a critical reaction occurring at the cathode

of a PEMFC, and so far, a wide range of studies have been reported in order to

understand its mechanisms. RDV is primarily used as an electrochemical technique

for electrocatalysis studies of ORR.73–76 A study on quantification of the activity of

Pt electrocatalysts for ORR has been reported by Garsany et al.73 using the RDV

method. In this study, a three-electrode system (working, counter and reference

electrode) was applied to compare the performance of three different coatings of Pt

catalyst layer in ORR. They compared uniform, partially uniform, and nonuniform

catalyst coatings by recording ORR polarization curves in O2 saturated solution at

various electrode rotation rates (ca. 400, 900, 1600, 2500, and 3600 rpm). By means

of the K-L equation, they could calculate the mass transport corrected kinetic current

for each catalyst layer, which indicates their efficiency. They showed the effectiveness

of the catalyst layer became poorer as the catalyst film became less uniform. As a

result, RDV could provide a convenient and accurate approach for the evaluation of

various catalyst performances.

Pavel et al. applied a rotating ring disk electrode (RRDE) to study the ORR
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mechanism on Pt nanoparticles attached to carbon nanotubes/nanofilaments.74 In

RRDE, the disk electrode is surrounded by a ring of conductive material with the

option of independent potential control. As the electrode rotates, reactants first reach

the surface of the disk electrode and some reacts, then the products reach the ring

due to centrifugal forces and can be further oxidized or reduced. The ring provides

the opportunity of detecting the H2O2 escape rate from the diffusion layer, and a

better understanding of the mechanism can be achieved. The n value for ORR they

obtained fell between 2 and 4. This means a mixture of the direct (eq. 1.30) and

indirect (eq. 1.31-1.32) mechanisms of ORR occurs, which is primarily dependent on

Pt loadings and potential. Figure 1.12 shows briefly the potential dependency of the

ORR mechanism on Pt nanoparticles.74

O2 + 4 H+ + 4 e− → 2 H2O (direct) (1.30)

O2 + 2 H+ + 2 e− → 2 H2O2 (indirect) (1.31)

H2O2 + 2 H+ + 2 e− → 2 H2O (1.32)

Zhou et al. also studied RDV and RRDV of ORR to determine the efficiency

of oxygen conversion and understand its mechanism by obtaining the number of

transferred electrons (n).75 The n value is an essential factor since a low n value

means incomplete oxidation and high concentrations of hydrogen peroxide, which has

a detrimental effect on the proton exchange membrane in fuel cells. They applied

two different catalysts, including Ru and Au, for this study. They showed that

n values obtained by RDV (using K-L plot) were dependent on rotation rate and

therefore unreliable. Also, they showed that n values obtained through the RRDV
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Figure 1.12: Schematic representation of the contribution of direct (blue) and series

(red) paths to the overall ORR current (green). Reprinted with permission from

Reference,74 Copyright (2011), American Chemical Society.

method using a properly biased Au ring were theoretically and experimentally more

reasonable and accurate.

Mohan and Cindrella studied linear sweep voltammetry (LSV) and CA of ORR

on PtNiO − A, PtCoO − A, PtCeO2 − A and Pt − A catalysts in acidic media by

RRDE.76 A is a cubic zeolite-A applied as a support for the catalyst preparation.

ORR and the oxidation of hydrogen peroxide to H2O were probed at disk and ring

electrodes, respectively. As the electrode was rotated, the current of both disk and

ring showed an increase. The n for all four catalysts measured to be 4. By calculation

of ik, they could compare the activity of the above-mentioned catalysts.76
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1.4.3.2 FAOR RDV

Although RDV has been used as a powerful technique for ORR electrocatalytic

studies, only a few reports can be found on RDV studying of the electrocatalytic

oxidation of organic fuels. Pavese and Solis77 reported that the FAOR current

decreased at a palladium ring while the electrode was rotating. The decrease in

current was attributed to the strong adsorption of oxidation intermediates, and

therefore less available active surface area of the electrode.77 Shin et al. also observed

a decrease in FA oxidation current at a Pt disk electrode with rotation and attributed

this to a decline in the accumulation of oxidizable intermediates.

Seland et al. reported an increase in oxidation current with electrode rotation

for both positive and negative potential scans for formic acid oxidation at a Pt disk

electrode, but K-L plots were not investigated.78 A few more studies also reported

normal RDV behavior with K-L plots, but in some cases, the K-L plots were not

linear, or their slope was not interpreted.79,80 Tian et al. studied the electrochemical

oxidation of formic acid on regular carbon supported Pd electrode and modified one

using RDV.81 The FAOR peak current showed an increase and a slight shift to higher

potentials as a result of electrode rotation (Figure 1.13).81 K-L plots reported in this

study were linear and parallel at low potentials. However, at higher potentials, slopes

of the K-L plots decreased. Based on these observations, they concluded that mass

transport through diffusion is the rate determining step (RDS) in FAOR. They also

calculated kinetic currents using the intercepts of K-L plots to compare activity of

two catalysts toward ethanol oxidation.
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Figure 1.13: Cyclic voltammograms of 0.5 M formic acid in 0.5 M H2SO4(aq) at

the surface of modified Pd (a) and carbon supported Pd (b) electrodes at various

rotation rates. Reprinted from Reference,81 Copyright (2018), with permission from

IOP.

1.4.3.3 MOR RDV

Early studies of methanol RDV reported unusual behavior that depended on the

type of electrode employed. Gojcovic has reported an extreme decrease in MOR

current with the rotation of smooth Pt82 and Pt3Co
83 electrodes. This was ascribed

to convective removal of intermediates (i.e., formic acid and formaldehyde) from

the surface of the electrode. The same influence has been reported by Velazquez-

Palenzuela et al. using PtRu alloy nanoparticles on Vulcan XC-72 carbon black.84

Seland et al. also observed a current decrease in both positive and negative going

potential scans with electrode rotation for MOR at a Pt disk electrode.78

There are also research studies reporting either a significant increase in MOR

current85 or normal RDV behavior86 with the rotation of the electrode. However,

there are some unexplained points in these studies, such as applying a much

lower apparent diffusion coefficient than is reasonable. Mohan and Cindrella also
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investigated LSV and CA of MOR on vPtNiO − A, PtCoO − A, PtCeO2 − A and

Pt−A catalysts in acidic media by RRDE.76 They reported a decrease in MOR current

at the disk electrode and positive shift of the onset potential by increasing the rotation

rate. They ascribed the decrease in the current to the diffusion of intermediates

away from the disk surface. On the other hand, they observed an increase in ring

current, which originated from further oxidation of MOR intermediates. The higher

the rotation rate, the lower the disk current, and the higher the ring current were

observed in this study.76

Puthiyapura et al.6 studied electrooxidation of methanol, ethanol, n-butanol,

and 2-butanol using RDE. They applied either a carbon supported Pt film or

electrodeposited Pt film on glassy carbon electrodes in a three-electrode system for

this study. The MOR current for both anodic peaks decreased (Figure 1.14)6 with

rotation rate increase (in the range of 0 to 900 rpm) at the electrodeposited Pt film.

This observation was ascribed to the diffusion of oxidation intermediates away from

catalyst surface, preventing their further oxidation. It has been said that there is a

competition between the diffusion of methanol to and diffusion of intermediates away

from the electrode surface. Also, they said that at high rotation rates, CO2 formation

happened only through oxidation of COads while at a stationary electrode, both

parallel mechanisms are involved in CO2 formation (Section 1.2.1). They observed the

same trend of MOR current decrease vs. rotation rate increase at carbon supported

Pt as well (Figure 1.13).6

Recently Xu et al. studied the effect of scan rate and mass transport on

MOR.87 They studied MOR at both low and high potential scan rates at a smooth

polycrystalline Pt electrode (Figure 1.15).87 A significant decrease in oxidation
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Figure 1.14: Cyclic voltammograms of 0.1 M methanol oxidation in 0.1 M HClO4

at the surface of electrodeposited Pt film (a) and carbon supported Pt (b) electrodes

at various rotation rates.6

current was observed with increasing rotation rate at overpotentials higher than 0.25

V and low potential scan rate (10 mV s−1). No change in current appeared at low

overpotentials (-0.2 to 0.25 V ) at low scan rate and was attributed to deactivation

of the electrode due to adsorption of MOR intermediates. Opposite behavior was

observed for high potential scan rate (400 mV s−1). They reported that adsorption

of intermediates such as CO was less pronounced at low overpotentials for high scan

rates due to the fast electrochemical reaction process. Therefore, intermediates are

removed away from the electrode surface by rotation of the electrode and more free

active sites became available, resulting in a MOR current increase. While at low scan

rates, intermediates are absorbed firmly and MOR occurs through soluble species

(HCHO and HCOOH) pathways. This means that both rotation rate and potential

scan rate effect mass transport and therefore the MOR pathways.
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Figure 1.15: Dependence of anodic oxidation peak current of methanol on RDE

rotating rate at different potential scan rates (10 mV s−1 and 400 mV s−1) at a

Pt electrode. Reprinted from Reference,87 Copyright (2020), with permission from

Elsevier.

1.4.3.4 EOR RDV

There have only been a few reports on RDV of ethanol, and the results show either

a decrease in oxidation current with electrode rotation88 or an insignificant effect.87

Shieh and Hwang have investigated ethanol electrooxidation kinetics at a ruthenium

oxide RDE in alkaline solutions at 0, 100, 300, 500, and 1500 rpm at 26 ◦C.88

In this study, the reaction current decreased as the rotation rate was increased,

and it remained constant above 500 rpm. Convective removal of the acetaldehyde

intermediate before it gets a chance to become further oxidized was assumed to be

the main reason. Zheng et al. reported that rotation of Pt and Pt/Sn coated GC

electrodes (100- 2500 rpm) increased the current for EOR in acidic solution and gave

linear K-L plots.85

Seland et al. have reported the opposite effect of rotation rate on current in
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anodic versus cathodic voltammetric scans.89 They have ascribed strongly adsorbed

intermediates such as CO to the current decay with the rotation of the electrode in

the anodic scan, and slow formation of adsorbed intermediates to the current increase

during the cathodic scan of potential. McClure et al. studied EOR in alkaline media

on various homemade PdxAu1−x catalysts using RDE. In this study the electrode

was rotated at a constant rate (i.e. 900 rpm) to obtain a consistent hydrodynamic

boundary layer.90

In an RDV study of EOR, Puthiyapura et al.6 reported contradicting effects of

rotation on the electrooxidation current for ethanol at carbon supported Pt and

electrodeposited Pt film catalysts. At the electrodeposited Pt film, the oxidation

current peak in the anodic scan (a1) decreased with an increase in rotation rate

(Figure 1.16),6 similar to methanol. However, in contrast to methanol, the peak in

the cathodic scan (a2) increased with increasing rotation rate up to 100 rpm and

then remained constant at higher rotation rates. They stated that in contrast to

MOR, where the a2 peak current is the result of the fast formation of CO2, in EOR

the current is due to the slow formation of acetic acid and acetaldehyde from freshly

adsorbed ethanol. The stability of the current with rotation rate increase is attributed

to a non-mass transport controlled EOR process. At Pt/C, the current increased

for both oxidation peaks (Figure 1.15).6 This contrasting response of the catalysts

was attributed to rough carbon surface at Pt/C, which facilities longer residence

times of adsorbed intermediates and, therefore more complete EOR. Pushkarev et

al. applied RDE to study electrooxidation of ethanol on 20% Pt/C to assess various

catalysts activity and determine n values involved in the reactions.91 They applied

different rotation rates at a range of constant potentials (i.e. 0.6-0.9 V vs. the
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Figure 1.16: Cyclic voltammogram of 0.1 M ethanol oxidation in 0.1 M HClO4(aq)

at the surface of electrodeposited Pt film (a) and carbon supported Pt (b) electrodes

at various rotation rates.6

standard hydrogen electrode (SHE)). Current increased with rotation rate and fairly

linear but non-parallel K-L plots were obtained. They extracted kinetic current and

n values from K-L plots for each studied catalysts for performance assessment and

comparisons. Through RDV studies they showed n value is dependent on potential,

and it increases for SnPt electrode compared to Pt electrode.

1.5 Flow Cells

Methodologies with the ability to produce controlled mass transport are required

for a better understanding of catalytic activity towards the electrooxidation of

organic fuels. These techniques provide the opportunity for determination of

kinetic parameters without concentration polarization (mass transport) limitation.55

RDE which is discussed in section 1.4.3, despite its all advantages, still has some
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deficiencies. For instance, product collection is very challenging for RDE, due to the

escape of volatile oxidation intermediates from the rotator gasket. Moreover, mass

transport by rotation of a RDE occurs through a relatively thick diffusion layer. On

the other hand, in a flow cell, the flow of the analyte past or through the electrode can

provide more effective mass transport. It also can be designed with various beneficial

features, such as highly efficient collection of products.92,93 Particularly, it can be

designed quite similarly to a fuel cell system and provide more relevant data for fuel

cell development purposes. The flow rate of the electrolyte solution into the cell can

be controlled easily with an external pump, and products can be collected from cell

exhaust.92,93

Sun et al. have investigated the electrooxidation of ethanol at a carbon-

supported Pt/Vulcan catalyst with a high-pressure/high-temperature differential

electrochemical mass spectroscopy (DEMS) set-up.94 They applied a thin-layer

channel flow cell “under reaction and transport conditions” relevant to fuel cells.

However, they were not able to discriminate between acetaldehyde and acetic acid as

partial oxidation products.

An electrochemical flow cell was designed based on a wall-jet configuration

by Temmel et al. to investigate the ORR on various Pt catalysts.95 Their new

design was applicable for non-conductive substrates, and the atmosphere in which

the experiments were conducted could be controlled. Bondue et al. designed a

two-compartment flow-through cell combined with DEMS.96 This flow cell, which

consisted of 6 electrodes, was applied for ORR studies as well. Gisela et al. studied

FAOR kinetics on Pt using a flow cell.97 However, only electrochemical measurements

were conducted in this study. Recently, Cychy et al. designed a spectrochemical flow
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cell to study electrooxidation of the alcohols.98 A plastic pump was applied to pump

electrolyte solution through the center of a borehole electrode. They studied ethanol

oxidation at a NixB catalyst, and reported that flow of the electrolyte at a desirable

rate provided effective mass transport of reactants to the surface of the electrode.

They also reported that the flow prevents heterogeneous pH distribution.98

Among various flow cell designs, flow-through cells provide maximum utilization

of the catalyst, and more even potential and current distributions. Since electrolyte

passes through the working electrode, intermediates have more chance to react

further, and higher efficiency can be achieved. The cell can also be designed to

minimize the solution resistance.92

1.6 Thesis Outline

This project was based on two main parallel objectives. One of the objectives was

to develop new methodologies for evaluating the intrinsic activity of various catalysts

applied for formic acid (Chapter 5), methanol(Chapter 3), and ethanol (Chapters 4

and 6) oxidation. It is important to establish a reliable and inexpensive method for

assessing fuel cell catalysts’ activity through the determination of their pure kinetic

currents. Therefore, we aimed to establish a simple system which can emulate the fuel

cell hydrodynamics and provide separation of overall current into its kinetic and mass

transport components. Developing reliable mathematical models was also required

to determine corrected kinetic currents.

Another objective of this project was developing a simple and novel method to

determine the nav of ethanol oxidation. nav is a crucial parameter which represents
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the faradaic efficiency of the fuel. The investigation of nav and the effect of various

catalysts on its variation are of fundamental importance in improving DEFC’s

efficiency. Designing a simple electrochemical cell (Chapter 7), which can provide an

efficient collection of oxidation products and is applicable in elevated temperatures,

was also one of our main focuses. Thus establishing an efficient model which allows

for the determination of the mass transport and kinetic parameters of a current for

various catalysts in relation to formic acid oxidation was required. These parameters

are crucial and can be applied for the determination of the nav involved in complex

oxidation reactions such as ethanol oxidation on the same catalyst.
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Chapter 2

Experimental Methods

38



2.1 Chemicals and Materials

Solutions were prepared using anhydrous ethanol (Commercial Alcohols Inc.),

methanol (Fisher Scientific), formic acid, hydrochloric acid (Sigma-Aldrich).

Industrial grade nitrogen (Air Liquide) was used for oxygen removal from solutions

during experiments.

Chemicals applied for catalyst ink preparation include: commercial carbon-

supported Pt (20% Pt/C; Etek), commercial Pt − Ru black (Ru : Pt = 50:50,

Alfa Aesar), commercial carbon supported Pt (70% Pt/C, HiSPECTM 13100, 70%

Pt on a high surface area advanced carbon support, Alfa Aesar, Lot# M22A026)

and commercial carbon supported PtRu alloy catalyst (75% PtRu/C) which was

HiSPECTM 12100, 50% Pt and 25% Ru on a high surface area advanced carbon

support, Alfa Aesar, Lot# P17B047). 1-propanol (J.T. Baker), and NafionTM solution

in a mixture of lower aliphatic alcohols (5.14% from DuPont) were also applied for

dispersion and adhesion of catalyst purposes respectively.

Carbon fiber paper (CFP; TorayTM, TGP-H-090; 0.26 mm) and Pt black

electrodes (proprietary) consisted of 4 mg Pt cm−2 with a PTFE binder on wet-

proofed CFP were used as electrode materials. CO2 (Air Liquide) was used in

detector calibration. Fumaric acid (Sigma) was used as an internal standard for

product analysis.
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2.2 Rotating Disk Voltammetry

2.2.1 Cell Compartments

A three-compartment glass cell was operated with a Pine Instruments RDE4

potentiostat and ASR Analytical Rotator. The working electrode was a glassy carbon

rotating disk electrode (0.196 cm2; Pine Instruments) loaded with catalyst ink. A

piece of Pt wire was applied as a counter electrode. The reference electrode was

either a saturated calomel electrode (SCE) (241 mV vs. SHE) or mercury sulfate

electrode in 3.8 M sulfuric acid (MSE) (Koslow; 635 mV vs. SHE). All potentials

reported in this thesis are given relative to the standard hydrogen electrode (SHE).

2.2.2 Preparation of Catalyst Ink

Catalyst inks were prepared by dispersing weighed amounts of catalyst powder in

either a Nafion solution or a mixture of 1-propanol and Nafion solution. The mixture

was homogenously sonicated in an ultrasonic bath for 1-3 h. The surface of a

glassy carbon disk electrode was polished with an alumina slurry (0.3 µm, Sturbridge

Metallurgical Services, Inc.) before the catalyst application.

For each experiment, the required amount of catalyst ink was applied with an

Eppendorf micropipette (or fine paint brush) onto the polished surface of the RDE in

several small aliquots. After using each aliquot, the electrode was rotated at a rate

of 100 rpm for 15 min and then at 600 rpm for 5 min to achieve a homogeneous

dispersion layer of catalyst on the surface. Between each application, the ink was

sonicated for a minimum of 10 min to prevent precipitation. 4 µL of Nafion solution
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was pipetted onto the catalyst layer and allowed to dry for 30 min at ambient

temperature to improve the catalyst attachment.

2.2.3 Electrochemical Measurements

Either an EG&G model, 273A Potentiostat/Galvanostat, or RDE4 potentiostat was

applied for electrochemical records. A Pine Instruments ASR Analytical Rotator was

also used for the rotating working electrode. An EG&G Model 5210 Lock-in Amplifier

and Power-Suite commercial software were used for cell impedance measurement.

2.3 Flow Cell

2.3.1 Cell Compartments

2.3.1.1 Three-Electrode Flow-Through Cell

A three-electrode flow cell was designed using two separate pieces of graphite blocks

for anode and cathode compartment with a hole passing through the center for the

electrolyte solution to flow (Figure 2.1). A wider hole was used in the cathode side

to facilitate the removal of gas bubbles. Conical cavities adjacent to each graphite

block dispersed the solution over the CFP layer supporting the anode catalyst (first

electrode), and collected solution and gases from the cathode. Both the anode and

cathode were circular pieces of carbon fiber paper (0.196 cm2) coated with an intended

catalyst layer, held in place by two layers of the gasket. A layer of Lexan plastic (6

mm thickness), with a hole in the center, was placed between the blocks to hold a

reference electrode, which is attached from the side into the hole in a way that the
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reference electrode locates between anode and cathode catalyst.

Figure 2.1: Schematic representation of the three-electrode flow-through cell.

In typical operation, the electrolyte solution was passed through the anode

first and exited through the cathode. Carbon dioxide and hydrogen gas bubbles

are produced through fuel oxidation at the anode and proton reduction at the

cathode respectively and can interfere with electrochemical measurements. One of the

beneficial approaches to the design in Figure 2.1 is that carbon dioxide and hydrogen

bubbles can be flushed out of the cell by temporarily increasing the flow rate.
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2.3.1.2 Two-Electrode Flow-Through Cell

The cell consisted of two stainless steel cylinders (anode and cathode) with a diameter

of 3 cm and a thickness of 1 cm and conical cavities in the center. Catalyst layers for

both anode and cathode were the same as for three-electrode cell held in place and

separated by three silicone gaskets (Figure 2.2).

Figure 2.2: Schematic representation of the two-electrode flow-through cell.

2.3.2 Electrode Preparation

Either a custom made electrode or a commercial one was applied in flow cells. The

commercial catalyst layer consisted of 4 mg Pt cm−2 with a PTFE binder on wet-

proofed CFP. Homemade catalyst inks were prepared by dispersing weighed amounts

of catalyst powder in a mixture of 1-propanol and Nafion solution on circular pieces

of CFP (0.196 cm2).
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2.3.3 Electrochemical Measurements

EG&G model 273A Potentiostat/Galvanostat was applied for electrochemical

measurements. The EG&G Model 5210 Lock-in Amplifier and Power-Suite

commercial software were used for cell impedance measurement.

2.3.4 Product Analysis

2.3.4.1 CO2 Analysis

For CO2 measurements, a Non-dispersive Infrared (NDIR)99 Carbon Dioxide detector

(commercial Telaire 7001) was applied, and CO2 signals were recorded by Logger Pro3

software. This detector has a gas through inlet in which a gas stream of N2 carries

produced CO2 into the detector, where a dual-beam absorption infrared method is

used for detection. An IR source delivers light through the gas tube, and IR waves

are absorbed by the CO2 leading to a decrease in light detected. Beer’s law represents

the correlation between the intensity of light and analyzed concentration.

2.3.4.2 NMR Analysis

Proton nuclear magnetic resonance (1H-NMR) spectroscopy was applied for the

analysis of residual organic fuel, uncompleted oxidation products, and their

derivatives. Uncompleted oxidation products consisted of acetic acid and

acetaldehyde for ethanol. Formic acid and formaldehyde are bi-products of incomplete

methanol oxidation. During each experiment, chemicals were collected in the cell

outlet in a sealed container covered with a mixture of ice and dry ice in order to

provide minimum loss of chemicals, especially acetaldehyde, which is very volatile. A
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100 µL of the cell’s exhausts was added to a 400 µL of fumaric acid solution in D2O

in an NMR tube for measurement purposes.

1H-NMR spectra of collected samples were recorded by a Bruker AVANCE III 300

MHz with a BACS auto-sampler. A Topspin 3.0 with ICON was used as the software.

The concentrations of the organic fuel and reaction products were measured against

the peak area of the internal standard, which was fumaric acid in D2O with a singlet

in the spectra at 6.72 ppm. Spectra were referenced to sodium 3-(trimethylsilyl)-

2,2,3,3-tetradeuteropropionic propionate at 0 ppm.
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Chapter 3

Evaluation of Methanol Oxidation

Catalysts by Rotating Disc

Voltammetry
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All experiments in this chapter were conducted by Azam Sayadi. Data analysis

was performed by Azam Sayadi and Prof. Peter G. Pickup. This chapter has been

published as (Sayadi, A.; Pickup, P. G. Evaluation of methanol oxidation catalysts

by rotating disc voltammetry. Electrochim. Acta 2016, 199, 12-17). Prof. Peter G.

Pickup was the corresponding author and Azam Sayadi contributed to writing of the

first draft.
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3.1 Introduction

The electrochemical oxidation of methanol is of fundamental importance in

the development of our understanding of the electrochemistry of small organic

molecules,29,100–102 and central to the development of direct methanol fuel

cells (DMFC).19,103–106 The development of more active catalysts for methanol

oxidation106,107 requires efficient methodologies for evaluating large numbers of new

formulations in sufficient depth to identify candidates for further development.108

Typically, new catalysts for methanol oxidation are assessed by cyclic voltammetry

and chronoamperometry, with the latter method providing data most relevant to

DMFCs.108 However, neither of these techniques provides a clear separation of

kinetic and mass transport effects. Rotating disc voltammetry (RDV) is much

more suitable for this, and so has become the normal method for evaluating

oxygen reduction catalysts.73,109,110 Although it should be possible to apply RDV

similarly to methanol oxidation, and extract both steady-state kinetic parameters

and stoichiometry (the number of electrons per methanol molecule), there are a

number of complications. Consequently, there are few reports on methanol oxidation

at rotating electrodes. Gojkovic reported that electrode rotation decreased the current

for methanol oxidation at smooth Pt82 and Pt3Co alloy83 electrodes, and attributed

this to convective removal of partially oxidized products (mainly formaldehyde).

Oxidation of methanol to formaldehyde produces only two electrons (eq. 3.1; n

= 2) relative to the six electrons for complete oxidation to carbon dioxide (eq. 3.2;

n = 6), and formic acid (eq. 3.3; n = 4) can also be produced. The number of

electrons released during methanol oxidation (nav), and hence the current produced,
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is determined by the product distribution.

CH3OH → 2 H+ + 2 e− +HCHO (3.1)

CH3OH +H2O → 6 H+ + 6 e− + CO2 (3.2)

CH3OH +H2O → 4 H+ + 4 e− +HCO2H (3.3)

Since both formaldehyde and formic acid can be further oxidized to CO2, nav

depends strongly on the mass transport conditions, with thick catalyst layers and

slow mass transport leading to more complete oxidation of the methanol (higher

nav).
111–113 Consequently, rotation of the electrode had less (negligible) influence when

the electrode is coated with a layer of carbon supported Pt catalyst.82,85 Electrode

rotation has also been reported to have an insignificant effect on methanol oxidation

at a PtRu alloy on Vulcan XC-72 carbon black.84 In contrast, a significant increase

in current was seen with electrode rotation at a carbon supported Pt9Sn catalyst.85

In that work, a Koutecky-Levich plot was used to obtain the kinetic current, but

the mass transport behaviour was not analysed. However, the methanol diffusion

coefficient can be estimated to be ca. 1 × 10−7 cm2 s−1 from that plot, which is

much too low (the literature value is ca. 1.5 × 10−5).114

Experiments in a flow cell, with arrays of catalytically active cylindrical Pt

nanostructures at two different densities, paralleled the RDV results at Pt disc

electrodes.115 Simultaneous measurement of the CO2 produced by differential

electrochemical mass spectrometry (DEMS) showed that the efficiency for complete

oxidation of the methanol decreased with increasing flow rate, and increased when

the density of Pt nanostructures was increased. This was explained by a “desorption-

readsorption-reaction” model in which reactive intermediates that desorb from the
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electrodes can either be readsorbed or can diffuse into the bulk solution.115

Seland et al.89 found that an increase in rotation rate caused a transient increase

in current for the oxidation of 1 M methanol in 0.5 M H2SO4 at a Pt disc. This was

attributed to the increased mass transport rate (i.e. the normal effect of electrode

rotation), while the decrease in current with time was attributed to an increasing

coverage of adsorbed intermediates.

Hou et al.86 reported seemingly normal RDV behaviour for 1 M methanol (in

0.5 M H2SO4) at a polycrystalline Pt rotating disc electrode (RDE). Substantial

increases in current were obtained over the range of 400–1600 rpm, with the data

providing parallel Koutecky-Levich plots over the range of 0.4–0.6 V vs. RHE, and a

linear Tafel plot with a slope of 125 mV decade−1. However, the slopes of Koutecky-

Levich plots gave an unreasonably low number of electrons of (ca. 10−5) for the

reaction, or an apparent diffusion coefficient of ca. 5 × 10−12 cm2 s−1 (for n = 6).

This was attributed to “counter diffusion of gaseous CO2 and other intermediates

in a thin film adjacent to the electrode surface”.86 Using a diffusion coefficient of

5.37 × 10−12 cm2 s−1, obtained from chronoamperometry, they found that nav

increased from ca. 1.8 at 0.41 V to ca. 5.4 at 0.6 V .

The purpose of the work described here was to further develop RDV as a method

for evaluating methanol oxidation catalysts, and in particular to address the very low

apparent diffusion coefficient that has been reported86 and the reliability of nav values

that are obtained. nav is a central parameter in determining the energy efficiency of

a DMFC, since the faradaic efficiency is proportional to nav (efficiency for oxidation

to CO2 = nav/6).22,116 It also provides an indication of by-product117 and harmful

emission levels.118 However, it is very difficult to measure nav experimentally.119
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Consequently, RDV would be a powerful techniques for catalyst evaluation if it

could provide reliable nav values. Here we demonstrate that methanol oxidation

at thick layers of a carbon supported Pt catalysts, and PtRu black, shows mixed

mass transport and kinetic control of the current with a normal methanol diffusion

coefficient. nav values are consistent with reported product distributions.

3.2 Experimental

3.2.1 Materials and Solutions

Solutions were prepared by using methanol (95–98% from ACP Chemical Inc.),

sulfuric acid (98% from ACP Chemical Inc.) and deionized water. NafionTM solution

in a mixture of lower aliphatic alcohols (5.14% from DuPont), commercial carbon

supported platinum (20% Pt/C; Etek) and commercial platinum-ruthenium black

(Ru : Pt = 50:50, Alfa Aesar) were used for catalyst ink preparation. Electrodes

were polished with an alumina slurry (0.3 µm, Sturbridge Metallurgical Services,

Inc.).

3.2.2 Electrode Preparation

Catalyst inks were prepared by dispersing weighed amounts of catalyst powder (ca.

50 mg mL−1 for carbon supported Pt; 63 mg mL−1 for PtRu) in a Nafion solution

homogenously by sonicating in an ultrasonic bath for 1 h. For each experiment, the

required amount of catalyst ink was applied with an Eppendorf micropipette (or fine

paint brush for PtRu) onto the polished surface of a glassy carbon disk electrode
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(0.196 cm2; Pine Instruments) in several small aliquots. Before depositing each

aliquot, the catalyst ink was sonicated again for 10 min. Each aliquot was allowed to

dry for 20 min at ambient temperature. To improve the catalyst attachment, 4 µL

of Nafion solution was pipetted onto the catalyst layer and allowed to dry for 30 min

at ambient temperature. The catalyst loading amounts were 7.6 and 10 mg cm−2

for the carbon supported platinum catalyst and ca. 8 mg cm−2 for the PtRu black

catalyst.

3.2.3 Electrochemistry

Electrochemical measurements were at ambient temperature in a three-compartment

glass cell operated with a Pine Instruments RDE4 potentiostat and ASR Analytical

Rotator. The working electrode was a catalyst loaded glassy carbon rotating disk

electrode and the counter electrode was a platinum wire. The reference electrode was

either a saturated calomel electrode or mercury sulfate electrode in 3.8M sulfuric acid.

However, all potentials are given relative to SHE. Rotating disk cyclic voltammetery

and constant potential experiments were run in 0.1 M methanol solutions with 1 M

sulfuric acid as the electrolyte. Before each experiment, the solution was de-aerated

by passing N2 gas into the solution for 15 min and over the surface of the solution

continuously during the experiments.
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3.3 Results and Discussion

3.3.1 Carbon Supported Platinum (20% Pt/C)

From literature reports, it appears that electrode rotation begins to increase the

current for oxidation of methanol when the Pt loading on the electrode reaches

ca. 0.25 mg cm−2.82,85 Consequently, much higher loadings of a commercial carbon

supported Pt catalyst were employed here, leading to significant increases in currents

with increasing rotation rate. This is illustrated by the voltammograms in Figure 3.1

for 2 mg Pt cm−2 (10 mg cm−2 of 20% Pt/C). Although the current did not reach

a mass transport limited plateau, rotation of the electrode did increase the current

significantly at potentials above ca. 0.4 V . The current peaked in the 0.7–0.9 V

region due to the formation (forward scan) and stripping (reverse scan) of an oxide

layer on the Pt surface, which strongly inhibits methanol adsorption and oxidation.86

The voltammogram of the electrode in the the absence of methanol in Figure 3.1

is distorted by resistance effects within the very thick catalyst layer, and so is not

typical of other Pt/C voltammograms in the literature.73

Although voltammograms recorded over a range of electrode rotation rates could

be analyzed to provide acceptable Koutecky-Levich plots in some cases, the small

differences in currents relative to the large background current (in the absence of

methanol) subtraction resulted in unacceptable uncertainty. Consequently, steady-

state currents (i) were measured at constant potentials over a range of rotation rates

(ω), as illustrated in Figure 3.2. Koutecky-Levich plots (i−1 vs. ω1/2) for data

at various potentials are shown in Figure 3.3. These are approximately parallel,

indicating that the diffusion characteristics did not vary significantly with potential.
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Figure 3.1: Cyclic voltammograms (10 mV s−1) of a GC/Pt/C (10 mg cm−2)

electrode in 1 M H2SO4(aq) (dotted), and with 0.1 M methanol without rotation

(dashed) and at 400 rpm (solid).

Analysis of the slopes and intercepts according to the Koutecky-Levich equation (eq.

3.4) provided the diffusion and kinetic parameter listed in Table 3.1.

1/i = 1/ik + 1/(0.62navFAD
2/3ν−1/6Cω1/2) (3.4)

where ik is the kinetic current, D is the methanol diffusion coefficient, ν is the

kinematic viscosity of the solution (1.0 × 10−2 cm2 s−1), C is the methanol

concentration, and ω is the angular velocity. If it is assumed that the methanol

is completely oxidized to CO2 (eq. 3.2; nav = 6), the data in Figure 3.3 give an

54



Figure 3.2: Current vs. time at 0.64 V and various rotation rates for the oxidation

of 0.1 M methanol in 1 M H2SO4(aq) at a GC/Pt/C (10 mg cm−2) electrode.

average (apparent) diffusion coefficient of (5.3 ± 1.3)× 10−6 cm2 s−1 (Table 3.1),

which is unreasonably low. Literature values for the diffusion of methanol in water

at ca. 22 ◦C are ca. 1.4 to 1.5× 10−5 cm2 s−1.114 Use of D = 1.45× 10−5 cm2 s−1

in eq. 3.4 yields an average nav of 3.1 ± 0.5. This indicates that the oxidation of

methanol was inefficient, and that large amounts of formaldehyde plus formic acid

were formed. The nav values in Table 3.1 do not show at clear trend with potential,

relative to the uncertainly of the measurement.

The nav values reported in Table 3.1 are within the range expected from literature

reports of product distributions at ambient temperature measured in differential
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Figure 3.3: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for constant potential

oxidation of 0.1 M methanol in 1 M H2SO4(aq) at a GC/Pt/C (7.6 mg cm−2)

electrode.

electrochemical mass spectrometry (DEMS) studies.112,113,120,121 Eq. 3.5120 can be

used to obtain nav from the chemical yields of formaldehyde (yFAL), formic acid

(yFA), and CO2 (yCO2).

nav = 2yFAL + 4yFA + 6yCO2 (3.5)

Wang et al. reported an nav (z in ref.120) of 2.6 for oxidation of 0.1 M methanol at

a Pt disc electrode120, and faradaic CO2 yields of 30% (2.5 <nav <4.4) at a Pt disc

and 88% (4.8 <nav <5.7) at carbon supported Pt.112 Jusys and Behm121 reported

that ca. 9.2 electrons were required to produce each CO2 molecule in the oxidation
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Table 3.1: Apparent diffusion coefficients (Dap; for nav = 6), kinetic currents (ik),

and nav (for D = 1.45 × 10−5 cm2 s−1)114 from the Koutecky-Levich plots (eq. 3.4)

for 20% Pt/C shown in Figure 3.3.

E vs. RHE (V ) ik (mA) Dap (10−6 cm2 s−1) nav

0.555 1.8 7.0 3.7

0.575 2.6 3.8 2.5

0.615 3.9 4.2 2.6

0.635 4.6 5.2 3.0

0.655 5.2 6.2 3.4

of 0.1 M methanol at a 20% Pt/C catalyst layer. This puts nav between 3.5 and 5.1,

depending on the formic acid to formaldehyde ratio, which could not be quantified.

In a later study it was reported that the CO2 yield increased from 54% to 85% as the

loading of catalyst was increased, and formic acid and formaldehyde yields were also

reported.113 The product distributions measured under potentiostatic conditions113

yield nav values ranging from 3.3 to 5.5 as the catalyst loading was increased.

The kinetic currents in Table 3.1 are presented as a Tafel plot in Figure 3.4. The

Tafel slope of 200 mV decade−1 is significantly higher than the value of 125 mV

decade−1 reported for RDV of 1 M methanol at a Pt disc,86 and other literature

summarized in that work. Gojkovic122 reported 136 mV decade−1 from cyclic

voltammetry at 5 mV s−1 for carbon supported Pt, but lower values were obtained

with increasing time at constant potential. To investigate this apparent discrepancy

with the literature, a Tafel plot was obtained from a background (no methanol)

corrected cyclic voltammogram (CV; no rotation). The effect of rotation in the
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Figure 3.4: Tafel plots for the data in Table 3.1 (and additional data collected

for the same electrode; 7.6 mg cm−2 Pt/C(4), and a background corrected cyclic

voltammogram (10 mV s−1) for the same electrode (◦)).

kinetically controlled region (below 0.5 V ) was too small to provide reliable Koutecky-

Levich plots, and so correction of kinetic currents for mass transport was not possible,

or required, in this region. The two techniques are therefore complementary, in that

electrode rotation is not required in the kinetic region (<10% of the mass transport

limit), while correction for mass transport (eq. 3.4) is required at higher potentials.

The Tafel plots from CV and RDE (fixed potential) are compared in Figure 3.4.

The Tafel slope in Figure 3.4 for the CV data between 0.41 and 0.48 V is 143 mV

decade−1, which is similar to literature values (above) from RDV at a Pt disc86 and

CV at carbon supported Pt.122 At higher potentials, the slope decreased to 429 mV
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decade−1 (0.55 to 0.66 V) and then levelled off. The first change in slope occurs at

ca. 0.51 V , at a current of ca.1.7 mA, which corresponds to ca. 11% of the calculated

mass transport limited current at 100 rpm (for nav = 3.1). Consequently, the CV

data at potentials above ca. 0.49 V do not provide accurate kinetic currents, and

the Tafel data above this potential is meaningless. Only the RDV Tafel data are

accurate in the higher potential region. The somewhat higher slope of the RDV data

relative to the low potential CV data can presumably be attributed to the effects of

Pt oxide formation, while the positive offset on the potential axis may be due to a

higher coverage of adsorbed CO due to the longer timescale of the RDV experiments.

The RDV method provides steady state Tafel parameters that are more relevant

to methanol oxidation in fuel cells than those obtained by cyclic voltammetry. The

optimal operational region for a fuel cell balances efficiency with power output, both

of which increase to a peak with increasing current density.105,123 Consequently, the

cell should be operated in the mixed kinetic mass transport region where the kinetic

current rises sharply, but there are not large mass transport losses. This typically

occurs between ca. 40% and 60% of the mass transport limited current.123

3.3.2 PtRu Black

Previously,86 it has been reported that RDV of methanol at a Pt disc yields

anomalously low diffusion coefficients of ca. 5 × 10−12 cm2 s−1. Consequently, the

accuracy of the nav values reported in Table 3.1 may be questionable, since we have

assumed the diffusion coefficient to be the average literature value for methanol in

water. To investigate this further, an electrode with a high loading of a PtRu black
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catalyst was used. The presence of Ru decreases the onset potential for methanol

oxidation,120 which provides a wider potential window for measuring rotation effects

before interference from Pt oxide formation. It is also expected to increase the

efficiency of methanol oxidation,112,120,124 with nav expected to be close to the value

of 6 for complete oxidation to CO2.
125 Figure 3.5 shows cyclic voltammograms of the

Figure 3.5: Cyclic voltammograms (10 mV s−1) of a GC/PtRu black (ca. 8 mg cm−2)

electrode in 1M H2SO4(aq) (dotted), and with 0.1M methanol (solid). The electrode

was not rotated.

PtRu coated electrode in H2SO4(aq) in the absence and presence of methanol. In

comparison with the data in Figure 3.1 for 20% Pt/C, the onset of methanol oxidation

60



occured at a lower potential (ca. 0.27 V vs. ca. 0.39 V at Pt/C). Although the peak

currents are similar, the peak potential is ca. 100 mV lower at the PtRu electrode,

and currents in the 0.45 to 0.75 V region are significantly higher.

Figure 3.6: Steady-state Koutecky-Levich plots (i−1 vs. ω1/2) for constant potential

oxidation of 0.1 M methanol in 1 M H2SO4(aq) at a GC/PtRu black (ca. 8 mg cm−2)

electrode.

Figure 3.6 shows Koutecky-Levich plots for the PtRu electrode obtained from

potentiostatic RDE experiments in a 0.1 M methanol solution. The data at

different potentials show similar slopes, indicating that nav is approximately constant.

Furthermore, the intercepts (1/ik) decrease with increasing potential, showing that

the kinetic current was still increasing over this potential range (0.64 to 0.79 V ),
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which corresponds to the approach to the top of the broad peak in the voltammogram

(Figure 3.5), where the current was not changing greatly. Clearly, the current in this

region was still significantly influenced by the electron transfer kinetics.

Table 3.2: Diffusion coefficients (for nav = 6) and kinetic currents from the Koutecky-

Levich plots for PtRu black shown in Figure 3.5.

E vs. RHE (V ) Dap (10−5 cm2 s−1) ik (mA)

0.64 2.27 ± 0.16 11.0 ± 0.2

0.69 1.69 ± 0.01 16.2± 2.4

0.74 1.62 ± 0.07 15.9 ± 0.9

0.79 1.75 ± 0.36 22.0 ± 1.0

Table 3.2 presents diffusion coefficients for = 6 and kinetic currents from the

Koutecky-Levich plots shown in Figure 3.6. Although the diffusion coefficients are all

somewhat higher than the expected range of 1.4 to 1.5 × 10−5 cm2 s−1, there are

significant uncertainties in both the literature values,114 and the values reported in

Table 3.2. The global average for the data in Table 3.2 of (1.79 ± 0.29) × 10−5 cm2 s−1

is not statistically different from literature values. It can therefore be concluded that

methanol oxidation at the PtRu black electrode produced CO2 exclusively.

Observation of a faradaic efficiency of 100% here for the oxidation of methanol

to CO2 confirms that complete coverage of the electrode with active catalyst was

achieved, since any inactive areas would have caused a decrease in the apparent

nav.
73 The use of thick catalyst layer films makes it easier to completely cover the

electrode, and thinner regions can still support the required current density.
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The oxidation of methanol occurring within the catalyst layer is very complicated,

with multiply pathways and poisoning species, all of which are potential dependent.

This could lead to inaccuracy of the nav values that are obtained even when Koutecky-

Levich plots are linear.126 To avoid this, we have obtained data for Koutecky-Levich

analysis at constant potentials. This allows ik to approach a steady-state value

based on the concentration of methanol at the catalyst layer surface determined by

mass transport in the solution diffusion layer. Because the reaction occurs primarily

within the bulk of the catalyst layer, blocking of the catalyst particles (e.g. by

CO) will influence ik, but will not block the geometric surface area that determines

mass transport in the solution. This interpretation is supported by the reasonable

agreement of the nav values with expectations from the literature. Although it is

possible that there are inaccuracies due to changes in ik over the course of each

constant potential experiment, these would be expected to result in variations in the

Koutecky-Levich slope with potential.126

The kinetic currents reported in Table 3.2 are not suitable for Tafel analysis

because of the high potentials that were employed in order to produce a strong mass

transport effect. They cover the region in which the current peaks due the effect of

Pt oxide formation. Lower potentials were not investigated here since the purpose

was to evaluate whether the literature diffusion coefficient is applicable to RDV of

methanol, which it is. Where a comparison can be made between the two catalysts, it

can be seen that the kinetic current was significantly larger at the PtRu black catalyst

layer (11 mA at 0.640 V in Table 3.2) than at the Pt/C catalyst layer (4.6 mA at

0.635 V in Table 3.1). This difference is notably higher than the difference seen in

cyclic voltammetry without rotation (6.6 mA for PtRu vs. 5.4 mA for Pt at 0.64
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V in Figures 3.5 and 3.1, respectively). This illustrates the importance of correction

for mass transport effects for proper comparison of the activities of different catalyst

layers.

The use of thick catalyst layers in this work complicates the interpretation of ik

because it includes the effects of mass transport through the catalyst layer.73 This

does not mean that the kinetic data are incorrect. Rather, it makes them more

relevant to applications in fuel cells, etc., where thick layers are required. Methods

are available for separating ik into its kinetic and mass transport components.55

3.4 Conclusions

Rotating disc voltammetry of methanol oxidation at thick catalyst layers has been

shown to accurately account for mass transport effects and provide a simple measure

of the average number of electrons lost per molecule. The method reproduces

the higher efficiency for oxidation to CO2 (higher nav) for PtRu relative to Pt

reported in differential electrochemical mass spectrometry (DEMS) studies. The RDV

method complements cyclic voltammetry (and chronoamperometry) in the evaluation

of catalysts for methanol oxidation by providing mass transport corrected kinetic

currents at high potentials, in addition to providing nav values. From a practical

perspective, this is extremely important because we can now accurately determine

the number of electrons released per methanol molecule, which is crucial for fuel cell

applications. In addition, RDV provide mass transport corrected kinetic currents in

the potential region of most importance for fuel cell applications (mixed kinetic-mass

transport region). This has not been possible previously, because of the inaccurate

64



slopes of the Koutecky-Levich plots in previous work.85,86

Although nav is the key parameter that determines the faradaic efficiency of

methanol oxidation, it does not provide the distribution of products between

formaldehyde, formic acid and carbon dioxide unless the faradaic yield of one of these

products is known. Complementary analytical techniques, such as DEMS, infrared

spectrometry, or chromatography, are therefore required to determine the product

distributions to gain a full characterization.
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Chapter 4

Evaluation of Ethanol Oxidation

Catalysts by Rotating Disc

Voltammetry
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All experiments in this chapter were conducted by Azam Sayadi. Data analysis

was performed by Azam Sayadi and Prof. Peter G. Pickup. This chapter has been

published as (Sayadi, A.; Pickup, P. G. Evaluation of ethanol oxidation catalysts by

rotating disc voltammetry. Electrochim. Acta 2016, 215, 84-92). Prof. Peter G.

Pickup was the corresponding author and Azam Sayadi contributed to writing of the

first draft.
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4.1 Introduction

Ethanol is an attractive liquid fuel for sustainable energy systems since it is renewable,

readily available, and non-toxic. It is currently produced on a large scale from

biomass, and since it is a liquid, storage and transportation are not issues for

concern.20 Ethanol has a high energy density (8.0 kWh kg−1), high solubility in

aqueous electrolytes, and is a promising green energy source for direct ethanol fuel

cells (DEFC).20,49,127,128 A comprehensive understanding of the ethanol oxidation

reaction (EOR) is of fundamental importance in determining and enhancing the

commercial potential of these fuel cells.

The complete EOR to carbon dioxide produces twelve electrons according to

equation 4.1.

CH3CH2OH + 3 H2O → 2 CO2 + 12 H+ + 12 e− (4.1)

However, this reaction has not been achieved exclusively on the surface of any

anode material at temperatures that are compatible with proton exchange membrane

fuel cell (PEMFC) technology. To understand this, numerous experimental techniques

have been applied,36,129 and there have been a number of computational studies.130–136

For example, in situ Fourier transform infrared spectroscopy (FTIRS)37–39,137–151

and differential electrochemical mass spectrometry (DEMS),151–153 have been

used to identify adsorbed intermediates on the electrode, and DEMS and

chromatography37,139,154–159 have been used to determine product distributions. As a

result of these and many other studies, the oxidation mechanism of ethanol in acid

solution may be summarized in the parallel reactions shown in eqs. 4.2 and 4.3,

where C1ad and C2ad represent adsorbed fragments with one and two carbon atoms,
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respectively.

CH3CH2OH → [CH3CH2OH]ad → C1ad, C2ad → COad → CO2 [total oxidation]

(4.2)

CH3CH2OH → [CH3CH2OH]ad → CH3CHO → CH3COOH [partial oxidation]

(4.3)

Due to the strong bond between the two carbon atoms in the ethanol molecule,

the complete electro-oxidation of ethanol to CO2 occurs to only a small extent under

ambient conditions.36,38,94 Instead, acetaldehyde (two-electron oxidation) and acetic

acid (four-electron oxidation) are the main products, which decreases the faradaic

efficiency due to the lower number of electrons transferred per molecule.160 Although

the yield of CO2 can be increased to >80% at elevated temperatures,72,94,161 and

catalyst activity can be increased by alloying platinum with other metals, such as Ru

and Sn,36,129 better catalysts are needed for the development of efficient DEFCs.

Electrochemical investigations of ethanol oxidation have largely relied on cyclic

voltammetry and chronoamperometry which provide details of both the potential and

time dependence of the reaction rate. However, data analysis and interpretation of

the results is hampered by the time dependent interplay of electrode kinetics and

mass transport. In other areas, rotating disk voltammetry (RDV) is commonly

used to separate kinetic and mass transport currents.55 RDV is a hydrodynamic

method in which a rotating disk electrode (RDE) provides well-defined, steady-state

mass transport of the reactant to the electrode surface. Generally, the Koutecky-

Levich equation (eq. 4.4) can be applied to separate the kinetic and mass transport
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parameters,

1/i = 1/ik + 1/(0.62navFAD
2/3ν−1/6Cω1/2) (4.4)

where i is the measured current, ik is the kinetic current, nav is the average

number of electrons transferred, F is the Faraday constant, D is the diffusion

coefficient, ν is the kinematic viscosity (1.0 × 10−2 cm2 s−1),55 ω is angular

velocity and C is the concentration of the reactant. The mass transport limited

current (ilim = 0.62navFAD
2/3ν−1/6Cω1/2) and kinetic current are obtained from

the slope and intercept, respectively, of a plot of i−1 vs. ω1/2. RDV has become a

particularly important technique in the evaluation and study of catalysts for oxygen

reduction.73,109,110,162 It is surprising therefore that there have only been a few reports

of ethanol oxidation at RDEs.85,88,89,163,164

Shieh and Hwang88 reported that the current for ethanol oxidation at ruthenium

oxide in KOH(aq) decreased as the rotation rate was increased, and became constant

above 500 rpm. This was attributed to convective removal of the acetaldehyde

intermediate (n = 2) before it could be further oxidized to acetic acid (n = 4).

In contrast, rotation had an insignificant effect on ethanol oxidation at a nickel

electrode in NaOH(aq),163 but increased the current at a Pt electrode.164 In the

latter work, a rotating ring-disc electrode was used to monitor pH changes during

ethanol oxidation in NaOH(aq).164 For ethanol oxidation at a Pt disc electrode in

H2SO4, Seland et al.89 found that electrode rotation decreased the current on the

forward voltammetric scan but increased it on the reverse scan. This difference was

attributed to slow formation of adsorbed intermediates during the reverse scan, since

it was concluded that the decrease in the forward scan was due to the accumulation
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of strongly adsorbed intermediates (e.g. CO) that block ethanol oxidation. Zheng et

al.85 have reported linear Koutecky-Levich plots (i−1 ∝ ω1/2) for ethanol oxidation at

glassy carbon electrodes coated with Pt and PtSn nanoparticles, but did not analyze

the mass transport characteristics.

Similarly contradictory effects have been reported for RDV of methanol

oxidation,82,85,86,89,165 and this can be attributed largely to the thickness of the

catalytic layer on the electrode. Flat Pt electrodes generally show decreased currents

with increasing rotation rate,82 due to removal of intermediates by convection,

while thick layers of higher surface area catalysts provide normal Koutecky-Levich

behavior.165 In the latter work, nav was determined to be 6.0 for methanol oxidation

at a PtRu black catalyst layer and 3.1 at a carbon supported Pt layer.165

In this work we investigate ethanol electro-oxidation by RDV using thick layers

of carbon supported Pt and PtRu black catalysts on a glassy carbon (GC) electrode,

in order to explore the interplay between kinetic and mass transport effects and

determine parameters that will be useful in the development of anode catalysts for

DEFCs. The use of thick catalyst layers on the electrode not only increases current

densities into the range required for DEFCs, but also provides total coverage of the

electrode surface, which improves the accuracy of the kinetic and mass transport

parameters.165 Of particular importance is the average number of electrons (nav)

transferred, which plays a central role in determining the energy efficiency of a

DEFC.119 It is clear from studies of the film thickness dependence of nav for oxygen

reduction,74 and borohydride oxidation,166 that thicker catalyst layers favor the

conversion of intermediates to the final product. Consequently, nav increases with

increasing catalyst layer thickness, and values obtained with thick catalyst layers are
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more representative of the behavior of the catalyst in a fuel cell.

4.2 Experimental

4.2.1 Materials

Anhydrous ethanol and sulfuric acid were obtained from ACP Chemicals Inc.

Catalyst inks were prepared from a NafionTM solution in a mixture of lower aliphatic

alcohols (5.14%; DuPont), 1-propanol (J.T. Baker), and commercial carbon supported

platinum (20% Pt; Etek) or commercial platinum-ruthenium black (Ru : Pt = 50:50,

Alfa Aesar). Prior to application of each catalyst ink, the electrode was polished with

an alumina slurry (0.3 µm; Sturbridge Metallurgical Services, Inc.).

4.2.2 Electrode Preparation

Catalyst inks were prepared by dispersing weighed amounts of catalyst powder (ca.

62 mg mL−1) homogenously in either a Nafion solution or a mixture of 1-propanol

and Nafion solution by sonication in an ultrasonic bath for 1 h. The electrode

was prepared by applying the required amount of catalyst ink, with an Eppendorf

micropipette, onto the polished surface of a glassy carbon disk electrode (0.196 cm2;

Pine Instruments). Each catalyst layer was allowed to dry for at least 30 min at

ambient temperature. Where loadings higher than 1.5 mg cm−2 were required, the

catalyst ink was applied in several aliquots, with ultrasonic re-dispersion of the ink

for 10 min. Specified catalyst loadings do not include the mass of Nafion used as a

binder, which varied from 17% to 50% of the catalyst layer mass as specified.
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4.2.3 Electrochemistry

Electrochemical experiments were conducted at ambient temperature in a three-

compartment glass cell operated with a Pine Instruments RDE4 potentiostat and

ASR Analytical Rotator. The working electrode was a catalyst coated glassy carbon

electrode, the counter electrode was a platinum wire and a mercury sulfate electrode

in 3.8 M sulfuric acid (Koslow; 635 mV vs. SHE) was used as a reference electrode.

All potentials are given relative to the standard hydrogen electrode (SHE). Rotating

disk cyclic voltammetry and constant potential experiments were carried out in 0.1 M

ethanol solutions with 1 M sulfuric acid as the electrolyte. Prior to all experiments,

the solution was de-aerated by passing N2 into the solution for 15 min, and then over

the surface of the solution continuously during the experiments. Steady-state cyclic

voltammograms, obtained after repeated potential sweeps, are shown.

4.3 Results and Discussion

4.3.1 Comparison of Thick Layers of Carbon Supported Pt

and PtRu Black Catalysts

Carbon supported Pt was employed here as a typical baseline catalyst for ethanol

oxidation, while PtRu black was chosen for comparison due to its higher activity,

particularly at low potentials. PtRu was previously shown to provide very efficient

oxidation of methanol in RDE experiments.165 Initially, high catalyst loadings and

high Nafion contents were employed to maximize the efficiency of ethanol oxidation.165

As is illustrated by the voltammograms in Figure 4.1 and Figure 4.2, rotation of
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the electrode can significantly increase the current for ethanol oxidation at both Pt/C

and PtRu electrodes, although the effects were less pronounced for Pt/C than PtRu

black. For PtRu black (Figure 4.1) the increase in current with electrode rotation

began at very low potentials (ca. 0.1 V ) and was observed on both the forward and

reverse scans. For Pt/C, the current did not begin to increase as the rotation rate was

increased until potentials above ca. 0.5 V . In both cases, the formation of an oxide

layer on the Pt surface, starting at ca. 0.7–0.8 V , inhibits ethanol absorption and a

mass transport limited plateau was not achieved. The effect of oxide formation was

more pronounced for Pt/C than PtRu. In the reverse potential scan, the adsorbed

oxide layer on the surface of the electrode is stripped and the ethanol oxidation

current increases to a broad peak between 0.8 and 0.4 V . Interestingly, this reverse

peak was more sensitive to rotation rate than the forward peak, particularly at Pt/C.

Additional experiments with thicker PtRu layers (up to 13 mg cm−2) and rotation

rates as low as 30 rpm were performed, but a mass transport limited plateau was

not obtained. This can be attributed primarily to the low potential dependence of

the kinetic current over the 0.2 to 0.6 V region, where the Tafel slope is very high

(see below). Consequently, the mass transport limited region is shifted to potentials

beyond the decrease in ik due to oxide formation. Although ik initially increased as

the PtRu layer thickness was increased, it became independent of thickness at ca. 6

mg cm−2.

Since it was not possible to obtain pure mass transport control of the current,

nav could not be obtained from the Levich equation. Consequently, the Koutecky-

Levich equation was used to separate the kinetic and mass transport components of

the current measured at potentials between 0.53 and 0.89 V . In order to achieve
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Figure 4.1: Cyclic voltammograms (10 mV s−1) of a GC/PtRu black (2.0 mg cm−2;

30% Nafion) electrode in 1 M H2SO4(aq) (dotted), and with 0.1 M ethanol without

rotation (dashed) and at 100 rpm (solid).

steady state conditions, and avoid errors from the large background currents due to

the surface electrochemistry of the catalyst seen in voltammetry (Figure 4.1), steady-

state currents (i) were measured at constant potentials over a range of rotation rates

(ω). Figure 4.3 displays an example of the steady-state current change with rotation

rate at a constant potential of 0.785 V . Koutecky-Levich plots (i−1 vs. ω1/2) (eq. 4.4)

of these experiments were applied to extract the kinetic current (ik) and stoichiometry

(nav). A literature diffusion coefficient of 1.22 × 10−5 cm2 s−1 for aqueous ethanol

at 25 ◦C was employed.167 Koutecky-Levich plots obtained from potentiostatic RDE
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Figure 4.2: Cyclic voltammograms (10 mV s−1) of a GC/Pt/C (6.0 mg cm−2; 43%

Nafion) electrode in 1 M H2SO4(aq) (dotted), and with 0.1 M ethanol without

rotation (dashed) and at 100 rpm (solid).

experiments using the PtRu black catalyst are displayed in Figure 4.4, while nav and

ik values obtained from the slopes and intercepts (eq. 4.4) are plotted in Figures 4.5

and 4.6, respectively. nav was independent of potential between 0.585 V and 0.885

V at ca. 3.6. This is consistent with product analysis results from a DEMS study

of ethanol oxidation at carbon supported PtRu, which also indicated that nav was

independent of potential.52 The reported product distribution gives an average nav of

3.0 ± 0.1 between 0.4 and 0.7 V vs. RHE. The somewhat higher nav here suggests

that the PtRu black catalyst layer was more efficient than the carbon supported
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Figure 4.3: Current vs. time at 0.785 V and various rotation rates for the oxidation

of 0.1 M ethanol in 1 M H2SO4(aq) at a GC/PtRu black (2.0 mg cm−2; 30% Nafion)

electrode.

PtRu layer employed in.52 Differences in efficiencies have previously been reported for

different carbon supported PtRu catalysts.168 In addition, the efficiency will depend

on the thickness and structure of the catalyst layer.74,166,169

The nav of 3.6 obtained from the Koutecky-Levich plots for PtRu corresponds

to a limiting current of 15.6 mA at 100 rpm. This is significantly higher than the

maximum current of 7.1 mA seen in the voltammogram at 100 rpm (Figure 4.1) or the

maximum current of 5.6 mA obtained in the potentiostatic experiments at 100 rpm.

This confirms that the mass transport limit was not reached in these experiments.

Examples of Koutecky-Levich plots of steady state data for 6.0 mg cm−2 Pt/C
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Figure 4.4: Steady-state Koutecky-Levich plots for constant potential oxidation of

0.1 M ethanol in 1 M H2SO4(aq) at a GC/PtRu black (2.0 mg cm−2; 30% Nafion)

electrode.

are shown in Figure 4.7. Although these plots are linear at most potentials, they

are not parallel, indicating that nav was potential dependent. There is significant

curvature at the lowest potentials, and this leads to unreasonably low values of nav

(Figure 4.5) which should not be less than 2 (i.e. for 100% conversion of ethanol

to acetaldehyde). The origin of this curvature is explored in Section 4.3.3. For the

Pt/C electrode, nav values from eq. 4.4 increased from < 2 to 3.5 with increasing

potential (Figure 4.5), which is consistent with reports that the ratio of acetic acid to

acetaldehyde increases with increasing potential.37,139,160 However, a decrease in the

acetic acid to acetaldehyde ratio at 0.7 V vs. RHE was also reported160, and a DEMS
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Figure 4.5: nav vs. potential for oxidation of 0.1 M ethanol in 1 M H2SO4(aq)

at GC/PtRu black (2.0 mg cm−2; 30% Nafion) and GC/Pt/C (6.0 mg cm−2; 43%

Nafion) electrodes. Error bars for the PtRu electrode are standard deviations for two

or more data sets at each potential.

study indicated that the acetic acid to acetaldehyde ratio was constant between 0.5

and 0.7 V ,52 which means that nav was also constant over this range of potentials.

Product distributions reported in that work give nav = 2.7 ± 0.1, which is consistent

with the range in Figure 4.5. A nav of 2.7, averaged over a full cyclic potential scan,

was also reported in another DEMS study.38 These discrepancies in the potential

dependence of nav can be attributed to variations in the product distributions with

time and the experimental protocol.38 Consequently, it can be concluded that the nav

values reported in Figure 4.5 for Pt/C at potentials above ca. 0.7 V are reasonable.
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Figure 4.6: ik vs. potential for oxidation of 0.1 M ethanol in 1 M H2SO4(aq) at

GC/PtRu black (2.0 mg cm−2; 30% Nafion) and GC/Pt/C (6.0 mg cm−2; 43%

Nafion) electrodes.

However, a quantitative comparison cannot be made here because the thicknesses and

structures of the catalyst layers were different. The variation of product distributions

with the thicknesses and structure of the catalyst layer, and the experimental protocol,

make it very difficult to obtain reliable estimates of nav that can be used to verify or

dispute the values from Koutecky-Levich plots. Unlike the oxygen reduction reaction,

the EOR does not form an intermediate or products that can be selectively monitored

at a ring electrode. Analysis of products by other means is hampered by significant

losses of CO2 and acetaldehyde from the cell during electrolysis at the RDE.
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Figure 4.7: Steady-state Koutecky-Levich plots for constant potential oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at a GC/Pt/C (6.0 mg cm−2; 43% Nafion) electrode.

The complete oxidation of ethanol to CO2 is a very minor pathway at Pt

and PtRu electrodes at ambient temperature and the current is due primarily to

dehydrogenation of ethanol to produce acetaldehyde and oxidation to acetic acid,

which results in 2 and 4 electrons, respectively.37,38,52,160

Kinetic currents extracted from the Koutecky-Levich plots for both PtRu (Figure

4.4) and Pt/C (Figure 4.7) are presented as Tafel plots in Figure 4.6. The slope

of 613 mV decade−1 for PtRu is much higher than a value of 165 mV decade−1

reported for a Ru modified platinized platinum electrode,170 and also higher than

values that have been report for Ru-decorated carbon-supported Pt catalysts, which
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range from 215–500 mV decade−1.171 The slope of 629 mV decade−1 for Pt/C is

also much higher than literature values which range from of 137 to 310 mV decade−1

for carbon supported Pt.147,170–172 It corresponds to a transfer coefficient (a) of 0.12,

which is much lower than the value of 0.44 reported by Hitmi et al. for a smooth Pt

electrode.139 It has been suggested that a Tafel slope of 420 mV decade−1 for ethanol

oxidation at a Pt−Rh− SnO2/C catalyst could indicate that the rate limiting step

involves breaking of the C − C bond,173 although that seems highly unlikely here

based on the low nav values. The high slopes here are more likely to be due to the

formation of Pt oxide at the high potentials employed. Several reports168,172 show

a transition to a higher Tafel slope in the 0.5 to 0.9 V region covered by the data

in Figure 4.6. It should also be noted that the Tafel slope could be dependent on

the product distribution, which was presumably different in each of these studies. To

the best of our knowledge, there are currently no theoretical or mechanistic models

available for interpreting Tafel slopes for the EOR at Pt in acid. However, a first

principles model is available for methanol oxidation,174 and this provides some basis

for understanding the wide range of Tafel slopes that are observed experimentally.

4.3.2 Ethanol Concentration Dependence

The application of eq. 4.4 is based on the assumption that the reaction order is unity:

i.e. that ik = navFAkC, where k is the rate constant. However, literature values for

the reaction order of ethanol range from 0.5 to 1.1,38,139,175 and show a potential

dependence139. The effect of ethanol concentration was therefore investigated here

in order to assess the validity eq. 4.4. Figure 4.8 displays cyclic voltammograms at
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a Pt/C electrode for ethanol at various concentrations. On the forward potential

scan, the currents increased linearly with increasing ethanol concentration (R2 >

0.95) over the potential range of 0.63 to 0.84 V , indicating that the reaction order

was unity under these conditions. However, the current did not depend significantly

on concentration at 0.56 V and decreased with increasing concentration at lower

potentials. This can be attributed to the blocking effects of adsorbed intermediates

(e.g. CO), which is also reflected in the suppression of the hydrogen under-potential

deposition and desorption waves (between 0 and 0.2 V ) with increasing ethanol

concentration.

4.3.3 Dependence on Catalyst Loading

Studies of methanol oxidation at RDEs coated with thin catalyst layers have shown

little or no dependence of the current on electrode rotation,82,84,85 and this has

been attributed to loss of reaction intermediates (formaldehyde and formic acid)

by convection.82 A similar effect would be expected for ethanol oxidation, where

enhanced diffusion of acetaldehyde away from the electrode with increasing rotation

rate would be expected to decrease nav. Such an effect could be responsible for the

curvature of the Koutecky-Levich plots at low potentials in Figure 4.7, which leads

to underestimation of nav.

To explore the effects of convective removal of acetaldehyde, the loading of Pt/C

on the electrode was decreased relative to the electrodes described in Section, 4.3.1 and

the dependence on loading was investigated. In these experiments, the percentage of

Nafion in the catalyst layer was also decreased, in order to increase the rate of ethanol
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Figure 4.8: Cyclic voltammograms (10 mV s−1) of a GC/Pt/C (2.8 mg cm−2; 17%

Nafion) electrode in 1 M H2SO4(aq) containing ethanol at (a) 0.02 M , (b) 0.04 M ,

(c), 0.06 M , (d), 0.08 M , (e), 0.1 M .

and product diffusion in the layer. By analogy with the effects of electrode rotation

on methanol oxidation,82,85 oxygen reduction,74 and borohydride oxidation,166 the

balance between the opposing effects of faster ethanol transport to the electrode

and faster acetaldehyde removal is expected to shift towards the latter as the catalyst

layer thickness is decreased. Figure 4.9 shows voltammograms of ethanol oxidation at

Pt/C electrodes with a range of loadings. Currents increased linearly with increasing

catalyst loading, indicating that the entire catalyst layer was active for ethanol

oxidation. There was no evidence of the activity levelling off, which would occur
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Figure 4.9: Cyclic voltammograms (10 mV s−1; no rotation) for oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at GC/Pt/C electrodes with 17% Nafion and Pt/C

loadings of (a) 0.6 mg cm−2, (b) 1.1 mg cm−2, (c) 1.6 mg cm−2, (d) 2.1 mg cm−2,

(e) 2.8 mg cm−2.

if a large fraction of the ethanol was consumed before reaching the glassy carbon

support. This indicates that over this range of loadings the whole of the catalyst

layer was involved in ethanol oxidation. Although RDE measurements at constant

potential showed strong dependences on rotation rate for all loadings, they did not

provide linear Koutecky-Levich plots, as illustrated by the data set shown in Figure

4.10. Since eq. 4.4 could not be reasonably applied here (and it gave nav values below
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Figure 4.10: Steady-state Koutecky-Levich plots for oxidation of 0.1 M ethanol at

0.735 V in 1 M H2SO4(aq) at GC/Pt/C electrodes with 17% Nafion and Pt/C

loadings of (a) 0.6 mg cm−2, (b) 1.1 mg cm−2, (c) 1.6 mg cm−2, (d) 2.1 mg cm−2,

(e) 2.8 mg cm−2.

2), each data point was fitted to eq. 4.5.55

i = ilim(C − C0)/C (4.5)

where ilim is the mass transport limited current (0.62navFAD
2/3ν−1/6Cω1/2) and C0 is

the ethanol concentration at the interface between the catalyst layer and the solution.

To allow for a possible deviation in the reaction order (m) from unity, ik and i are
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expressed as eqs. 4.6 and 4.7, respectively.

ik = navFAkC
m (4.6)

i = navFAkC
m
0 (4.7)

Combining eqs. 4.5–4.7 yields eq. 4.8.

ik = i/(1− i/ilim)m (4.8)

These relationships were used in a spreadsheet to explore how the parameters nav, ik,

and m influenced the calculated Koutecky-Levich plots, and to fit the experimental

data. It was found that simulated Koutecky-Levich plots were linear for all values

of m. Varying nav or m with rotation rate over reasonable values (2 < nav< 12; 0.5

< m < 2) could not reproduce the curvature of the experimental Koutecky-Levich

plots, while small variations in ik with rotation rate could be used to reproduce the

experimental data. This is illustrated in Figure 4.11, which shows ik values, calculated

from the experimental currents by using eq. 4.8 with various nav and m values, vs.

ω1/2 for a typical data set. It can be seen that variation of nav and/or m had only

a small influence, and so it is not possible to extract meaningful values of these

parameters from the data. The almost linear increase in ik with the mass transport

rate (proportional to ω1/2) seen in Figure 4.11, suggests that transport of a product

away from the electrode may be responsible, since the effect of ethanol transport to

the electrode is accounted for by eq. 4.5.

These results raise two key questions. Firstly, what causes the variation in ik

with rotation rate? Secondly, why was this problem not encountered under most

conditions for the thick catalyst layers employed in Section 4.3.1? The variation in ik
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Figure 4.11: Kinetic current (ik), calculated from the experimental currents by using

eq. 4.8 with various nav and m values, vs. ω1/2 for oxidation of 0.1 M ethanol at

0.735 V in 1 M H2SO4(aq) at a GC/Pt/C (1.1 mg cm−2; 17% Nafion) electrode.

is opposite to the effect of rotation on the convective removal of acetaldehyde away

from the electrode. This would cause nav to decrease with increasing rotation rate,

which would also decrease ik (eq. 4.6). Consequently the most reasonable explanation

of the rotation rate effect on ik is that acetaldehyde in the catalyst layer acts as a

poison. This is supported by a report on the effect of acetaldehyde on the oxidation

of ethanol in a fuel cell, where addition of acetaldehyde was found to decrease the

performance of the cell.176

The effect of increased acetaldehyde removal by convection would have been much
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less significant at the thicker catalyst layers with high Nafion loadings used in Section

4.3.1. The oxidation of ethanol would have occurred throughout the layer, and most

of the acetaldehyde would have been oxidized to acetic acid (and small amounts of

CO2) before it could diffuse into the solution. This is supported by the high nav

values that were obtained from the linear Koutecky-Levich plots.

4.3.4 Effect of Nafion Content in the Catalyst Layer

Since different Nafion contents were used for the electrodes in Sections 4.3.1 and 4.3.3,

it was important to assess the role that this could have played in changing the RDE

behavior. Figure 4.12 shows cyclic voltammograms of 0.1 M ethanol at electrodes

with the same amounts of Pt/C (2.0 mg cm−2), but different Nafion to Pt/C ratios.

When there was no rotation, the ethanol oxidation current was higher for the electrode

with less Nafion at all potentials, except for the region between 0.8 and 0.9 V on the

forward scan where the currents were similar. The effect of Nafion content was most

pronounced in the regions between 0.4 and 0.8 V on the forward scan, and 0.4 to

0.7 V on the reverse scan. These results indicate that a higher Nafion content slows

the diffusion of ethanol into the catalyst layer. Since ik contains a component due to

ethanol transport in the catalyst layer (see discussion), this would decrease ik, and

reduce the effect of electrode rotation. Consequently, when the electrodes were rotated

at 400 rpm, the increases in current were less pronounced for the higher amount of

the Nafion. The clear and expected effect of Nafion content on ethanol diffusion in

the catalyst layer seen in Figure 4.12 would also occur for diffusion of products out

of the catalyst layer. In particular, higher Nafion contents would slow the diffusion of
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Figure 4.12: Cyclic voltammograms (10 mV s−1) for oxidation of 0.1 M ethanol in

1 M H2SO4(aq) at GC/Pt/C (2.0 mg cm−2) electrodes. (a) 17% Nafion by mass

without rotation, (b) 50% Nafion without rotation, (c) 17% Nafion at 400 rpm, and

(d) 50% Nafion at 400 rpm.

acetaldehyde out of the catalyst layer, and decrease the effect of electrode rotation.

This would increase the electrochemical conversion of acetaldehyde to acetic acid (and

small amounts of CO2), and therefore produce higher nav values. In addition, the

effect of electrode rotation on ik would be decreased. It can therefore be concluded

that both the thickness of the catalyst layer and its Nafion content play important

roles in determining whether linear Koutecky-Levich plots are obtained. Thick layers

with high Nafion contents (Section 4.3.1) are required to determine meaningful nav
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values.

4.3.5 Discussion

The observation of linear Koutecky-Levich plots for ethanol oxidation at thick layers

of PtRu black and carbon supported Pt in Section 4.3.1, and the observation of nav

values that are consistent with literature reports of product distributions, suggests

that the Koutecky-Levich treatment is appropriate under these conditions. This is

expected from theoretical treatments of RDV at electrodes coated with catalytic

layers, which show that linear Koutecky-Levich plots should be obtained and that

the kinetic current consists of an electron transfer component (ie) coupled with a

component due to diffusion of the reactant through the catalytic layer (is) according

to eq. 4.9.177

ik = (isie)
1/2 tanh(ie/is)

1/2 (4.9)

Consequently, the slope of a Koutecky-Levich plot should provide an accurate value

of nav, and there should be no effect of rotation rate on ik.

For multi-step reactions, nav values from linear Koutecky-Levich plots do not

generally provide the total number of electrons that would be determined from

exhaustive coulometric electrolysis.126 That is clearly the case here, since all of the

acetaldehyde intermediate would be oxidized to acetic acid or CO2 during electrolysis.

However, the value from RDV is more relevant to oxidation of ethanol in a fuel cell

because they are both hydrodynamic methods in which the product distribution is

influenced by convection, and the thickness and structure of the catalyst layer.

Zhou et al.75 have shown that for oxygen reduction, nav values from Koutecky-
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Levich plots are inaccurate, and show by modelling that the diffusion of hydrogen

peroxide away from the electrode, and reversibility of the reduction to H2O2, lead to

deviations from Koutecky-Levich behavior. Although this raises concerns regarding

the accuracy of the Koutecky-Levich equation to multi-step/pathway reactions in

general, the relevance to the EOR is unclear, since the reduction of acetaldehyde back

to ethanol is not possible under the conditions of the experiments presented here, and

we have used very thick catalyst layers. The observation of linear Koutecky-Levich

behavior for these thick films can be attributed to restriction of the current by slow

mass transport through the catalyst layer, which is not dependent on rotation rate.

This, together with the low acetaldehyde yield, would result in a low concentration

gradient of acetaldehyde in solution, and therefore only a small effect of electrode

rotation on the diffusion of acetaldehyde away from the catalyst layer. Although

small increases in nav presumably occur as the rotation rate is increased, it has

been shown in Section 4.3.3 that these cannot account for the non-linearity of the

Koutecky-Levich plots.

The non-linearity of the Koutecky-Levich plots obtained for the thinner Pt/C

layers in Section 4.3.3 (Figure 4.10), and thick Pt/C layers at low potentials in Section

4.3.1 (Figure 4.7), does not appear to be due to the effects of diffusion through the

catalyst layer,177 nor the multistep mechanism.126 Furthermore, as shown in Section

4.3.3, it cannot be due to a rotation rate dependence of either m or nav. It is

consistent, however, with a variation in ik that could arise from poisoning of the

catalyst by acetaldehyde produced as an intermediate.

This hypothesis is supported by the known inhibitory effect of acetaldehyde on

ethanol oxidation,176 the effect of varying the catalyst layer thickness (Section 4.3.3),
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and the potential dependence seen for Pt/C in Figure 4.7, where non-linear Koutecky-

Levich plots are observed only at low potentials, where the acetaldehyde production

is high. The measured nav values indicate that the main product was acetic acid at

PtRu all potentials, and for Pt/C at high potentials. In both of these cases, the

Koutecky-Levich plots were linear. However, non-linear Koutecky-Levich plots were

observed for Pt/C at lower potentials, where acetaldehyde is expected to be the major

product, and the slopes yield low nav values.

Although this work has focused on nav, an equally important application of

linear Koutecky-Levich plots is the determination of mass transport corrected kinetic

currents. This is particularly important in the evaluation of fuel cell catalysts,

which are generally operated under mixed kinetic and mass transport control of the

current. The ik values reported here therefore complement those in the literature

that have been determined under kinetic control at lower potentials. It should be

noted that we, and others,147,168,170,172 have reported ik values that include the effect

of mass transport within the catalyst layer, rather than the intrinsic kinetic current

(ie). Extraction and comparison of ie values would require detailed knowledge of

the physical properties of each catalyst layer, including ionic conductivity, ethanol

diffusion coefficient, porosity, tortuosity, and partitioning of ethanol.178

Finally, it should be noted that the Koutecky-Levich treatment employed here

is an approximation. Although the nav values obtained from linear Koutecky-

Levich plots are reasonable, and follow trends reported in the literature, they could

be inaccurate. It is certainly clear that the nav values obtained from non-linear

Koutecky-Levich plots are inaccurate, since some are impossibly low (<2). As with

the measurement of nav for oxygen reduction by RDV,74,75,169,179 and studies of CO
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oxidation180 more sophisticated modelling is required for RDV of ethanol to be more

than a semi-quantitative method for comparing different catalyst.

4.4 Conclusions

RDV has been shown to be a convenient and useful method for estimating the average

number of electrons per ethanol molecule transferred under hydrodynamic conditions.

High loadings of catalyst are required to obtain meaningful results. This makes the

method well suited to the evaluation and comparison of catalysts for fuel cells, for

which thick catalyst layers are required. Since RDV emulates the hydrodynamic

conditions of a fuel cell anode, it provides more relevant stoichiometry and mass

transport corrected kinetic parameters than coulometry, cyclic voltammetry, and

chronoamperometry.

Thinner catalyst layers, which are better suited to mechanistic studies, show

more complex RDV behavior due to the enhanced convective removal of soluble

reaction intermediates (primarily acetaldehyde). Analysis of such data should allow

differentiation of the various reaction pathways that have been identified,129,136 but

will require more sophisticated modelling to unravel.
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Electrochemical Oxidation of

Formic Acid at Carbon Supported

Pt Coated Rotating Disk
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5.1 Introduction

The electrochemical oxidation of formic acid is the simplest process for the oxidation

of an organic molecule to carbon dioxide and therefore serves as an important model

for understanding the fundamental steps in the electro-oxidation of organic fuels.

Formic acid fuel cells are currently being developed for portable applications,16,181

and methanol fuel cell technology is now well developed.105,182

Fundamental studies of formic acid oxidation have focussed on the use of Pt

and Pt-based electrodes and catalysts, and there is now a good understanding of the

mechanistic details.16,183,184 Formic acid oxidation at Pt proceeds through two parallel

pathways, direct and indirect, which both occur following the adsorption of formic

acid onto an active site on the Pt surface. In the direct pathway (eq. 5.1), formic

acid is oxidized directly to carbon dioxide through a dehydrogenation mechanism. On

the other hand, the indirect pathway (eq. 5.2) involves dehydration of the adsorbed

formic acid molecule to form adsorbed carbon monoxide (COads), which is a stable

intermediate at low potentials. The resulting COads can accumulate on the Pt surface

and partially block (poison) formic acid adsorption, which inhibits both pathways for

its oxidation. The second step in the indirect pathway, oxidation of COads to CO2,

only occurs at a significant rate when the Pt surface begins to oxidize to Pt–OH at

potentials above ca. 0.5 V vs. SHE.

HCOOH(aq)→ HCOOHads → 2 H+ + 2 e− + CO2 (5.1)

HCOOH(aq)→ HCOOHads → COads +H2O → 2 H+ + 2 e− + CO2 (5.2)

The kinetics of these processes, and the activities of different catalysts, are generally

investigated by cyclic voltammetry and chronoamperometry. The effects of mass
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transport have been assumed to be negligible in most cases, which is reasonable

for most flat electrodes. However, highly active electrode materials and thick

catalytic layers produce much larger current densities, which can result in a significant

reduction in the current due to concentration polarization (mass transport).79,80 In

such circumstances, rotating disk voltammetry (RDV) is generally used to separate

the kinetically (ik) and mass transport limited (ilim) components of the overall current

(i) through use of the Koutecky–Levich (K–L) equation 5.3.55,185–187

1/i = 1/ik + 1/ilim (5.3)

where (ilim = 0.62nFAD2/3ν−1/6Cω1/2) , n is the number of electrons transferred (n

= 2), F is the Faraday constant, A is the electrode area, D is the diffusion coefficient

(1.46 × 10−5 cm2 s−1 for aqueous formic acid at 25 ◦C),188 ν is the kinematic

viscosity (1.0 × 10−2 cm2 s−1) for water, C is the concentration of the reactant and

ω is angular velocity.

There are only a few reports on the effects of electrode rotation on formic acid

oxidation, and we have found no analysis of the mass transport rate. Pavese and

Solis have investigated oxidation of formic acid on a palladium ring electrode in

acid and reported that the oxidation current decreased as a result of increasing the

rotation rate.77 This was attributed to the blocking of the electrode surface by strongly

adsorbed intermediates, which is enhanced by the convective increase in the HCOOH

concentration at the Pd surface.77 Shin et al. found that the current at a Pt disk

electrode decreased with increasing rotation rate, while poisoning of the electrode (i.e.

accumulation of adsorbed, oxidizable intermediates mainly COads) decreased.189 In

contrast to these results at Pd and Pt disk electrodes, Casado-Rivera et al. reported
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normal RDV behavior and a linear K–L plot (i–1 vs. ω–1/2) for formic acid oxidation

at an intermetallic PtBi electrode.80 Matsumoto et al. reported RDV data for formic

acid oxidation at electrodes coated with Pt black, Pd black, carbon supported PtRu,

and intermetallic PtPb nanoparticles.79 While the PtPb gave a linear K–L plot, there

was significant curvature for the other catalysts. In addition, the slopes of the K–L

plot were different for each catalyst. Heterogeneous charge transfer rate constants

were calculated from the intercepts of the K–L plots, but analysis of the slopes was

not reported. A number of other electrochemical studies of formic acid oxidation

have been made at rotating disk electrodes (RDE) using a single rotation rate,190–194

in order to minimize mass transfer limitations,193 supress re-deposition of Bi when a

PtBi alloy electrode was used,190 or minimize the effect of local pH changes.194

We report here on the effects of electrode rotation at a glassy carbon disk electrode

coated with a commercial carbon supported Pt catalyst (Pt/C). The goal was to

verify that the mass transport rate conformed to the Levich equation, and to explore

how the kinetics varied with potential and time. By using eq. 5.3 to obtain mass

transport corrected kinetic currents, we have been able to observe the true rate of

poisoning of the catalyst surface.

5.2 Experimental

5.2.1 Materials and Solutions

Formic acid (98–100% from Sigma Aldrich), sulfuric acid (95–98% from ACP

Chemical), and deionized water were used to prepare solutions. The catalyst ink was
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prepared from a NafionTM solution in a mixture of lower aliphatic alcohols (5.14%

from DuPont), 1-propanol (J.T. Baker), and a commercial carbon supported platinum

catalyst (20% Pt; Etek). The electrode was polished with an alumina slurry (0.3 µm,

Sturbridge Metallurgical Services, Inc.).

5.2.2 Electrode Preparation

For catalyst ink preparation, a weighed amount of catalyst powder (ca. 28 mg mL–1)

was dispersed in a mixture of 1-propanol and Nafion solution homogenously in an

ultrasonic bath for 3 h. The required amount of catalyst ink was applied onto the

polished surface of a glassy carbon disk electrode (0.196 cm2; Pine Instruments) with

an Eppendorf micropipette and was allowed to dry at ambient temperature for ca. 30

min while it was rotated first at 100 rpm (ca. 15 min) and then at 600 rpm.195 The

catalyst layer contained ca. 1 mg cm–2 Pt/C (0.2 mg Pt cm–2) and ca. 25% Nafion

by mass.

5.2.3 Electrochemistry

All electrochemical measurements were conducted at ambient temperature (24-

25◦C) in a three-compartment glass cell using a catalyst coated glassy carbon

electrode as the working electrode, a platinum wire as the counter electrode and

a mercury sulfate electrode in 3.8 M sulfuric acid (Koslow; 635 mV vs. SHE) as

a reference electrode. However, all potentials are given relative to the standard

hydrogen electrode (SHE). An EG&G model 273A Potentiostat/Galvanostat and Pine

Instruments ASR Analytical Rotator were used for rotating disk cyclic voltammetry,
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constant potential and pulsed potential experiments in a 0.1 M formic acid solution

with 1 M sulfuric acid as the electrolyte. The solution was de-aerated by passing N2

into the solution for 20 min prior to all experiments, and then over the surface of the

solution continuously during the experiments. Cyclic voltammetry was performed at

10 mV s–1 between 0 and 1.24 V vs. SHE. For RDV, the first cathodic scan and

second anodic scan are shown, since the first anodic scan was less reproducible due to

variations in the coverage of adsorbed intermediates. The first anodic scan was used

to clean and activate the electrode to produce a reproducible surface.

5.3 Results and Discussion

5.3.1 Rotating Disk Cyclic Voltammetry

Figure 5.1 shows cyclic voltammetry of the stationary Pt/C coated glassy carbon

electrode in sulphuric acid solution in the absence and presence of formic acid. In the

anodic scan, the oxidation current due to the direct pathway for formic acid oxidation

commenced at 0.16 V and increased to a plateau at ca. 0.5 V . At higher potentials

the oxidative removal of CO as CO2 caused the current to increase to a peak at 0.75

V , where it is dominated by the direct pathway on the unblocked Pt surface.45 At

this point the increasing oxide coverage of the Pt surface limits the availability of

sites for formic acid adsorption, and the current begins to decrease. In the cathodic

scan, reduction of the oxide layer begins at ca. 0.8 V and the oxidation of formic

acid then proceeds rapidly on the bare platinum sites that are formed. This results

in a large anodic peak at ca. 0.5 V due primarily to the direct pathway. In Figure
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Figure 5.1: Cyclic voltammograms (10 mV s–1) of a stationary GC/Pt/C (1.04 mg

cm–2) electrode in 1 M H2SO4(aq) (dashed; the 2nd scan is shown), and with 0.1 M

formic acid (solid; 1st scan from the open circuit potential of 0.06 V ).

5.2, cyclic voltammograms (CV) are shown for formic acid oxidation over a range

of rotation rates. On the anodic scans, the current for formic acid oxidation at the

CO poisoned surface (i.e. to ca. 0.55 V ) is only slightly influenced by rotation of the

electrode, while the current for the unblocked surface (>0.55 V ) increases sharply with

increasing rotation rate. The large anodic peak on the cathodic scan also depends

strongly on rotation rate. Although these differences in the rotation rate dependence

over the different regions of the voltammogram may appear to be significant, they

can simply be accounted for by use of eq. 5.3. When ik is small, the kinetic term
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dominates. Consequently, the effect of changing ilim becomes insignificant when ik is

less than ca. 10% of ilim. In Figure 5.2, ilim increases from 9.8 mA at 100 rpm to 49

mA at 2500 rpm, and so the effect of increasing the electrode rotation rate is only

significant when the current is above ca. 1 mA. The rotating disk voltammograms in

Figure 5.2: Cyclic voltammograms (10 mV s–1) of 0.1 M formic acid in 1 M

H2SO4(aq) at a GC/Pt/C (1.04 mg cm–2) electrode at 100 (1), 400 (2), 900 (3),

1600 (4), and 2500 (5) rpm. The 1st cathodic scan and 2nd anodic scan are shown.

Figure 5.2 are unusual in that they do not reach a constant, mass transport limited

current at high potentials. This is due to a decrease in ik at potentials above 0.75

V due to the formation of an oxide layer on the Pt surface. It can be seen that the
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current remains well below ilim (<50%) at all rotation rates.

It is instructive to visualize how the current is affected by concentration

polarization, to illustrate the above discussion and to assess the errors that arise

if it is assumed that the measured current in the CV at the stationary electrode is

the kinetic current (i.e. if it is assumed that there is no mass transport effect). To

do this, the CVs at the stationary electrode and at 400 rpm were first corrected for

the background current due to the charging and electrochemistry of the catalyst layer

by subtracting the current at the stationary electrode in the absence of formic acid.

Then the CV at 400 rpm was corrected for mass transport by using eq. 5.3 to obtain

ik vs. potential. The results are shown in Figure 5.3. The CVs at other rotation

rates produced very similar ik CVs, justifying the use of eq. 5.3 to estimate ik, and

making the selection of the 400 rpm data arbitrary. However, it should be noted that

the background correction employed here is only approximate because the adsorbed

intermediates change the electrochemistry of the Pt surface. This is most obvious in

the hydrogen adsorption-desorption region below 0.25 V .

It can be seen from Figure 5.3 that the CV at the stationary electrode gives a very

poor approximation of the kinetic current, which represents the true activity of the

catalyst layer. Consequently, Tafel plots of the CV currents would be very inaccurate,

except at very low potentials, and comparisons of the CVs of different catalyst layers

would be quite misleading. The application of eq. 5.3 to produce the mass transport

corrected voltammogram in Figure 5.3 is based on the assumption that the electron

transfer kinetics are first order.55 This was confirmed by analysis of voltammograms

obtained for 0.2 to 1 M formic acid at a stationary electrode. Data at three potentials

on the anodic scans and three on the cathodic scans gave an average reaction order
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Figure 5.3: Background corrected cyclic voltammogram (10 mV s−1) of 0.1 M formic

acid in 1 M H2SO4(aq) at a stationary GC/Pt/C (1.04 mg cm–2) electrode (dashed)

and ik vs. potential from a background corrected voltammogram at 400 rpm (solid).

of 0.99 ± 0.13. In order to further test the validity of eq. 5.3 here, K–L plots

were made using currents at various potentials on the anodic and cathodic scans of

the voltammograms in Figure 5.2, following background correction. Examples are

shown in Figure 5.4. These plots were linear and parallel for data collected during

the cathodic scan, with slopes corresponding to n = 2.08 ± 0.08, which is within

experimental uncertainty of the value of n = 2 for oxidation of formic acid to CO2.

There was not a significant dependence of n on potential (Figure 5.5). In contrast,

data collected on the anodic scan gave nonlinear K–L plots (Figure 5.4) with slopes
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Figure 5.4: Koutecky–Levich plots of background corrected cyclic voltammograms

for oxidation of 0.1 M formic acid in 1 M H2SO4(aq) at a GC/Pt/C (1.04 mg cm–2)

electrode at 0.535 V (circles), 0.585 V (triangles) and 0.635 V (squares) on the anodic

(solid points) and cathodic (open points) scans.

that varied with potential. The apparent number of electrons transferred (Figure

5.5) decreased with increasing potential from 4.7 to 1.2, which is clearly nonsensical.

Although this failure of eq. 5.3 for data on the anodic scan could be due to random

errors, due to the very small differences in the current with changing rotation rate, the

curvature indicates that there was also a systematic error. This is explored in Sections

5.3.2 and 5.4. Kinetic currents (ik) from the intercepts of the linear K–L plots for the

cathodic scans are shown as a Tafel plot in Figure 5.6. This clearly shows that ik is
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Figure 5.5: Apparent number of electrons transferred (nap) vs. potential for oxidation

of 0.1 M formic acid in 1 M H2SO4(aq) at a GC/Pt/C (1.04 mg cm–2) electrode,

from anodic (open points) and cathodic (solid points) voltammetric scans.

lower at higher potentials, when there is an oxide layer on the electrode. The decrease

in ik at low potentials, as the potential was decreased during the cathodic scan, is

due primarily to the decreasing overpotential. However, linear Tafel behaviour is not

observed due to the increasing coverage of COads on the Pt surface during the scan.

Kinetic currents for the anodic scan are not shown because they would clearly be very

inaccurate. It should be noted that the kinetic currents reported here presumably

include a component due to diffusion of formic acid into the thick catalyst layers that

have been employed. This does not affect the validity of eq. 5.3,177 but does provide
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Figure 5.6: Tafel plots for oxidation of 0.1 M formic acid in 1 M H2SO4(aq) at a

GC/Pt/C (1.04 mg cm–2) electrode, from the cathodic scans of cyclic voltammograms

(solid) and from steady-state currents (open).

data that is most relevant to the use of thick catalyst layers in fuel cells. The intrinsic

activity of the catalyst could be extracted if the mass transport characteristics of the

catalyst layer were known.178

5.3.2 Steady-State Experiments

In addition to cyclic voltammetry, steady-state rotating disk electrode (RDE)

experiments were conducted in order to explore why linear K–L plots and reasonable

n values were only obtained for the negative voltammetric scan. These experiments
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also provide data that is more relevant to applications, particularly in fuel cells, where

there is a steady-state coverage of COads.

During these experiments, the current was recorded at a constant potential as the

rotation rate was increased in a series of steps, as illustrated in Figure 5.7 (inset).

This type of experiment was repeated over a range of potentials, with a cyclic scan

between 0 and 1.235 V between each experiment to clean and activate the electrode.

K–L plots of the steady-state currents showed good linearity (e.g. Figure 5.7), with

slopes that were independent of potential and correspond to the transfer of 2.00 ± 0.06

electrons. Kinetic currents from the intercepts are compared with those from CV in

Figure 5.6. In the low potential region (0.4 to 0.6 V ), they are much lower because

the Pt is heavily poisoned with COads at steady-state. However, the CV and steady-

state values converge in the high potential region where the COads coverage is lower

and does not change with time. In fact, the steady-state value is higher than the CV

value at 0.685 V because of the hysteresis in the oxide coverage, since the oxide layer

reduces at lower potentials than for its formation.

Since the steady-state measurements were conducted in the order of increasing

potential, and show normal K–L behaviour, the anomalous K–L behaviour in cyclic

voltammetry does not appear to be due to the scan direction, per se. Instead, it

would appear to be due to the effect of time, which is absent in the steady-state

measurements. Previously, it has been reported that the rate of COads accumulation

on the Pt surface decreases as the rotation rate is increased.189 This would adequately

explain the curvature of the K–L plots, where the current is higher than it should be

at high rotation rates.
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Figure 5.7: Steady-state Koutecky–Levich plot for constant potential oxidation of 0.1

M formic acid in 1 M H2SO4(aq) at a GC/Pt/C (1.04 mg cm–2) electrode at 0.635

V . Inset: current vs. time at 0.635 V and various rotation rates from 0 to 2500 rpm.

5.4 Potential Step Experiments

One of the disadvantages of cyclic voltammetry is that the current at any potential

is affected by the history of the electrode at previous potentials. Also, in both CV

and steady-state experiments the electrode is exposed to poisoning for relatively long

periods of time. Poisoning is affected not only by the potential but also the time at

that potential, or its rate of change.183,196 To evaluate the effect of time on the kinetics

of formic acid oxidation, a pulsed potential procedure45 was used, in order to clean

the electrode and restore it to a consistent state before measurements at each rotation
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rate and each potential. During these experiments a high potential (1.235 V ) was

applied to the electrode for a short period of time (10 s) in order to remove COads and

form an oxide layer. The potential was then stepped to the desired lower potential in

order to remove the oxide layer and initiate the oxidation of formic acid at the clean,

and activated, Pt surface. This sequence of steps was repeated at different rotation

rates at each test potential. Data for 0.435 V , which is close to the peak potential

for the direct pathway, is shown in Figure 5.8. It can be seen that the decay rate of

the current decreased significantly when the electrode was rotated at 100 rpm, but

then appears to increase with increasing rotation rate. This indicates that the rate of

poisoning is influenced by the mass transport conditions, as previously reported for

a Pt disk electrode.189

Because of the dependence of the poisoning rate on rotation rate, K–L plots at

different times following the step to the test potential were all slightly curved, and

there were small variations in the slope with the measurement time. Consequently,

accurate ik values could not be obtained from K–L plots. Therefore, each i vs. t

curve was converted directly to ik vs. t by using eq. 5.3. Results at 0.485 V , which

were similar to those at 0.435 V , are shown in Figure 5.9. It can be seen that the

raw i vs. t curves give a misleading impression of the differences in the activities of

the catalyst, and that the decay rate of the kinetic current is not dependent on the

rotation rate from 400 to 2500 rpm. However, there is a small systematic increase

in ik with increasing rotation rate, which is consistent with the curvature seen in

the K–L plots. This same trend was observed at all other potentials (from 0.385 to

0.635 V ) that were employed. The data at 100 rpm are anomalous, and this can be

attributed to experimental errors. There is greater uncertainly (noise) in ik at low
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Figure 5.8: Chronoamperometry at 0.435 V for the oxidation of 0.1 M formic acid in

1 M H2SO4(aq) at a GC/Pt/C (1.25 mg cm–2) electrode at 0, 100, 400, 900, 1600,

and 2500 rpm. The potential was stepped to 1.235 V for 10 s while the rotation rate

was changed.

rotation rates because the measured current is closer to the mass transport limited

current. At 100 rpm, ilim was 9.8 mA, while i decreased from 8.9 to 7.3 mA. These

relatively small differences between i and ilim lead to large random and systematic

errors in ik. In addition, the thicker diffusion layer at 100 rpm takes longer to be

established, which causes a systematic error at short times, and also results in more

noise due to vibrations. Consequently, the ik values obtained at 100 rpm should be

regarded as unreliable.
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Figure 5.9: Currents (i, grey) and kinetic currents (ik, black) vs. time for oxidation

of 0.1 M formic acid in 1 M H2SO4(aq) at 0.485 V at a GC/Pt/C (1.25 mg cm–2)

electrode at 100 (1), 400 (2), 900 (3), 1600 (4), and 2500 (5) rpm. The potential was

stepped to 1.235 V for 10 s while the rotation rate was changed. Data for the first 2

s are omitted because of inaccuracy due to the time constant of the cell.
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The results in Figure 5.9 further demonstrate the importance of mass transport

corrections when conducting kinetic studies at high surface area catalysts. Even at

very low potentials, the kinetic current is much higher than the currents measured

by cyclic voltammetry or chronoamperometry at a stationary electrode, unless there

is severe poisoning.

5.5 Conclusions

Formic acid oxidation at an electrode coated with a layer of carbon supported

Pt catalyst with 0.2 mg Pt cm–2 shows substantial mass transport limitations at

potentials above 0.1 V vs. SHE unless there is severe poisoning due to adsorbed

CO. Although pure mass transport control of the current has not been observed,

the Koutecky–Levich equation can be applied to extract mass transport and kinetic

parameters. However, changes in the kinetic current with changing rotation rate

can cause plots of 1/current vs. ω–1/2 to be non-linear, with inaccurate slopes and

intercepts. Under such conditions, the kinetic current can be calculated at each

rotation rate by use of the known mass transport limited current.
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Chapter 6

Hydrodynamic Studies of Ethanol

Oxidation at Pt and PtRu

Catalysts at Elevated

Temperatures
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This work has been published in part as (Sayadi, A.; and Pickup, P. G.

Hydrodynamic studies of ethanol oxidation at Pt and PtRu catalysts at elevated

temperatures. ECS Trans 2020, 97, 869-875). The experimental part was performed

by Azam Sayadi. Data analysis and data interpretation was done by Azam Sayadi

and Prof. Peter G. Pickup. Azam Sayadi and Prof. Peter G. Pickup contributed

in preparation of the manuscript. Azam Sayadi was the corresponding author of the

manuscript. The raw data is provided in Appendix A.
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6.1 Introduction

Ethanol has received growing attention as an attractive fuel for direct fuel cell systems

in recent years.2,49,197 It has a number of advantages over other fuels, such as simple

production from biomass fermentation, being renewable and safe, and having a high

energy density (8.0 kWh kg−1). Similar to other fuel cells, direct ethanol fuel cells

(DEFC) have the potential to produce close to 100% energy efficiency, in theory.3,4

Nevertheless, despite extensive efforts having been made toward the development

of DEFC, they still suffer from incomplete and slow electrochemical oxidation of

the ethanol and, therefore, low power output and efficiency. Most of the ethanol

is partially oxidized to acetaldehyde and acetic acid (eq. 6.1) in 2- and 4-electron

pathways, respectively, vs. the 12-electron pathway for CO2 production as the final

product (eq. 6.2, where C1ad and C2ad represent adsorbed one carbon and two carbon

species).160 Partial oxidation of ethanol leads to a significant decrease in DEFC energy

efficiency.

CH3CH2OH → [CH3CH2OH]ad → C1ad, C2ad → CO2 [total oxidation] (6.1)

CH3CH2OH → [CH3CH2OH]ad → CH3CHO → CH3COOH [partial oxidation]

(6.2)

For enhancement of the energy efficiency, a comprehensive study of the

electrocatalytic oxidation mechanisms and the stoichiometry (number of electrons

transferred, n) are fundamental. One of the approaches for these studies is applying

hydrodynamic methods due to their ability to emulate the hydrodynamic conditions

of a fuel cell anode as well as discriminating between the kinetic and mass transport

limited components of the measured current. Rotating disk voltammetry (RDV) is a
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widely used hydrodynamic technique with straightforward mathematical treatments.

The Koutecky–Levich equation (K-L) can be applied to separate the effects of kinetics

and mass transport (eq. 6.3).55

1/i = 1/ik + 1/ilim = 1/ik + 1/(0.62nFAD2/3ν−1/6Cω1/2) (6.3)

Where i is the measured current, ik and ilim are kinetic and mass transport limited

currents, n is the number of electrons transferred, F is the Faraday constant, A

is electrode surface area, D is diffusion coefficient, ν is kinematic viscosity and ω

is angular velocity. There have been a number of reports on the electrochemical

oxidation of ethanol using RDV at ambient temperature.6,85,88–91,163,165 Since DEFC

are operated at high temperatures, in this study, we focused on the electrochemical

oxidation of ethanol at various catalysts using RDV at elevated temperatures.

6.2 Experimental

6.2.1 Materials

Solutions were prepared by using anhydrous ethanol and sulfuric acid from ACP

Chemicals Inc. Catalyst inks were prepared by dispersion of commercial catalysts

in 1-propanol (J.T. Baker) and a NafionTM solution in a mixture of lower aliphatic

alcohols (5.14%, DuPont). Commercial catalysts were carbon supported Pt (70%

Pt/C, HiSPECTM 13100, 70% Pt on a high surface area advanced carbon support,

Alfa Aesar, Lot # M22A026) and carbon supported PtRu alloy (75% PtRu/C,

HiSPECTM 12100, 50% Pt and 25% Ru on a high surface area advanced carbon

support, Alfa Aesar, Lot # P17B047). Prior to application of each catalyst ink,
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the working electrode was polished with an alumina slurry (0.3 µm; Sturbridge

Metallurgical Services, Inc.).

6.2.2 Electrochemical Measurements

Electrochemical measurements were carried in a three-compartment glass cell

operated with an EG&G model 273A Potentiostat/Galvanostat. The working

electrode was a catalyst loaded glassy carbon rotating disk electrode (Pine

Instruments). A mercury sulfate electrode in 3.8 M sulfuric acid and a platinum

wire were applied as reference and counter electrode, respectively. The experiments

were carried in 0.1 M ethanol solution in 1.0 M sulfuric acid. Thick layers of catalyst

were loaded onto the surface of the electrode with 20% by mass of Nafion as a binder.

Prior to each experiment, the solution was de-aerated by passing N2 gas into the

solution for 15 min and over the surface of the solution continuously during the

experiments. All of the cyclic voltammetry experiments were recorded at 10 mV s−1

and all potentials are given relative to SHE. For experiments at elevated temperatures

(50 ◦C and 80 ◦C), the cell was heated in a water bath, and ice gel packs were wrapped

around the neck of the cell to condense vapors.
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6.3 Results and Discussion

6.3.1 PtRu/C Catalyst

6.3.1.1 Cyclic Voltammetry

7 mg cm−2 of 75% PtRu/C catalyst was loaded on the electrode. Figure 6.1 shows

cyclic voltammograms at a 75% PtRu/C electrode in sulfuric acid solution without

and with ethanol at 0 and 400 rpm. In the forward scan, the oxidation of ethanol

at low potentials was hampered by adsorption of poisoning species on the electrode

surface, and oxidation commenced at ca. 0.23 V . The double-layer charging current

is relatively high for this catalyst because the capacitance is increased by the presence

of Ru-oxides.198 The current increased with potential and peaked at 0.693 V . As can

be seen, the oxidation current was increased significantly by rotating the electrode

(starting at ca. 0.45 V ), and this effect is more visible in the reverse scan. However,

a mass transport limited plateau was not achieved in these experiments due to oxide

layer formation and suppression of ethanol oxidation at potentials higher than ca. 0.7

V .

The cell was heated to 50 ◦C, and voltammograms were recorded at various

rotation rates. At 50 ◦C, the faradaic current for ethanol oxidation was roughly

a factor of 2 higher than at 24 ◦C, which can be attributed to the faster reaction

kinetics for ethanol oxidation as well as an increase in the ethanol diffusion coefficient

(i.e. D = 2.09 × 10−5 cm2 s−1 at 50 ◦C, and D = 3.46 × 10−5 cm2 s−1 at 80 ◦C vs.

D = 1.22 × 10−5 cm2 s−1 at 24 ◦C).199 Voltammograms at different rotation rates

are illustrated in Figure 6.2. The distortion of the voltammograms and increasing
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Figure 6.1: Cyclic voltammograms (10 mV s−1) of a 75% PtRu/C (ca. 7 mg cm−2)

electrode in 1 M H2SO4(aq) (blue), with 0.1 M ethanol (red), and 0.1 M ethanol at

400 rpm rotation rate (green) (temperature = 24 ◦C).

peak potentials can be ascribed to the uncompensated resistance, which causes an

increasing error in the applied potential as the current increases with increasing

temperature and rotation rate. Although the current increased significantly with

increasing rotation rate, the mass transport limited current was not achieved at this

temperature for any of the rotation rates

A new electrode, with the same catalyst loading, was examined at 80 ◦C, and the

oxidation peak current reached 40 mA in a quiescent solution. Cyclic voltammograms

at different rotation rates at 80 ◦C are illustrated in Figure 6.3. A significant increase

in the current was observed with the rotation rate increase. The current’s fluctuation
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Figure 6.2: Cyclic voltammograms (10 mV s−1) of the 75% PtRu/C (ca. 7 mg cm−2)

electrode in 0.1 M ethanol in 1 M H2SO4(aq) at various rotation rates (temperature

= 50 ◦C).

between 0.5 to 0.9 V at low rotation rates (i.e. 100 and 400 rpm) can be attributed

to CO2 bubble formation on the electrode surface. The bubbles were removed as the

electrode rotated at high rates.

6.3.1.2 Steady-State Measurements

To minimize errors from the large background currents and uncompensated resistance

that appeared in cyclic voltammetry, steady-state experiments were conducted to

discriminate between the kinetic and mass transport components of the measured

current. A constant potential was applied while the electrode rotation was increased

in steps, as illustrated in Figure 6.4. Each rotation rate was applied until the current
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Figure 6.3: Cyclic voltammograms (10 mV s−1) of a 75% PtRu/C (ca. 7 mg cm−2)

electrode in 0.1 M ethanol in 1 M H2SO4(aq) at various rotation rates (temperature

= 80 ◦C).

reached a steady-state. These measurements were made over a range of potentials

from 0.535 to 0.835 V in 0.05 V intervals at 24, 50, and 80 ◦C. K-L plots were

extracted from steady-state experiments, and n values were obtained from the K-L

plots slope for all three temperatures (see appendix A).

K-L plots at 80 ◦C showed fairly good linearity which improved with potential

increase over the potential range of 0.535 to 0.685 V . However, at higher potentials,

K-L plots showed significant curvature. At these potentials, the slopes of K-L

plots are higher; therefore, lower n values were obtained. One of the possibilities

is the poisoning of the electrode by the acetaldehyde at higher potentials.165 The

experiments at 80 ◦C were repeated, and again significant curvature was observed for
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Figure 6.4: Current vs. time at 0.735 V and various rotation rates for the oxidation

of 0.1 M ethanol in 1 M H2SO4(aq) at a 75% PtRu/C (ca. 7 mg cm−2) electrode

(temperature = 50 ◦C).

the same region. In both experiments, apparent n values decreased with potential

increase. K-L plots 80 ◦C are illustrated in appendix A as Figure A.3.

Figure 6.5 shows K-L plots for three different temperatures at 0.585 V . The

decrease in slope with increasing temperature shows an increase in n (stoichiometry).

Table 6.1 shows stoichiometries for three more potentials at the same temperature.

Values of n obtained at 24 ◦C are close to 2, indicating that the main product was

acetaldehyde (n = 2), although the curvature of the K-L plots at this temperature

may cause some underestimation of n.165 At 50 ◦C, the linearity of the K-L plot was

better, and n values were higher (ranging from 2.9 to 3.3). The increase in n with

temperature indicates that more acetic acid (n = 4), and presumably small amounts of
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CO2 (n = 12), were formed. At 80 ◦C, n values were even higher, and decreased with

increasing potential, from 5.6 to 5.0. Values above 4 indicate that there was increased

production of CO2, and the trend shows that the CO2 yield decreased with increasing

potential. This can be attributed to increasing coverage of the catalyst surface with

oxide, which leads to an increase in acetic acid formation.200 The pronounced potential

dependence at 80 ◦C, which is the only temperature at which CO2 production was

detectable (i.e. n > 4), indicates that oxide formation inhibits cleavage of the C −C

bond of ethanol.

Figure 6.5: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for oxidation of 0.1 M

ethanol in 1 M H2SO4(aq) at a 75% PtRu/C (ca. 7 mg cm−2) electrode and 0.585

V .
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Table 6.1: Stoichiometries obtained from steady-state K-L plots at various

temperatures and potentials using 75% PtRu/C.

Potential vs. SHE (V ) n at 24 ◦C n at 50 ◦C n at 80 ◦C

0.535 V 2.1 3.3 5.6

0.585 V 2.2 3.1 5.4

0.635 V 2.2 2.9 5.2

0.685 V 2.2 3.0 5.0

6.3.2 Pt/C Catalyst

6.3.2.1 Cyclic Voltammetry

The electrode was loaded with 7 mg of 70% Pt/C catalyst (20% by mass Nafion).

Figure 6.6 shows cyclic voltammograms of ethanol solution at 70% Pt/C catalyst

at 24 ◦C. The oxidation current began to increase with electrode rotation at higher

potential compared to 75% PtRu/C (ca. 0.5 V ) and the rotation effect on the current

increase was less pronounced for this catalyst.

The cyclic voltammetry experiments at different rotation rates were conducted at

50 ◦C on the 7 mg cm−2 70% Pt/C (Figure 6.7). At 50 ◦C, the effect of increasing the

temperature on the current’s increase was more pronounced at lower rotation rates

compared to 75% PtRu/C (i.e. 100-400 rpm). The oxidation peak current at 0.80 V

reached 33 mA on the stationary electrode at 80 ◦C (vs. 42 mA at 0.57 V for 75%

PtRu/C).

126



Figure 6.6: Cyclic voltammograms (10 mV s−1) of a 70% Pt/C (ca. 7 mg cm−2)

electrode in 1 M H2SO4(aq) (blue), with 0.1 M ethanol (red), and 0.1 M ethanol at

400 rpm rotation rate (green) (temperature = 24 ◦C).

6.3.2.2 Steady-State Measurements

K-L plots were obtained from steady-state experiments over a range of potentials

from 0.535 to 0.685 V for three different temperatures using 70% Pt/C. Those at

0.585 V are shown in Figure 6.8. These plots show good linearity with n increasing

as the temperature was increased, as seen for the PtRu/C catalyst. Table 6.2

shows stoichiometries obtained from 0.535 to 0.685 V . Values of n at 24 ◦C ranged

from 2.1 to 2.8 indicating that both acetaldehyde and acetic acid were produced at

this temperature, with little CO2 production. Increasing the temperature to 50 ◦C

increased n to a range of 2.9 to 3.3, indicating increased production of acetic acid.
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Figure 6.7: Cyclic voltammograms (10 mV s−1) of the 70% Pt/C (ca. 7 mg cm−2)

electrode in 0.1 M ethanol in 1 M H2SO4(aq) at various rotation rates (temperature

= 50 ◦C).

At 80 ◦C, the n values were even higher (3.4 to 4.7), and decreased significantly

with increasing potential due to oxide formation. Relative to the PtRu/C catalyst,

the Pt/C catalyst appears to give similar product distributions at 24 ◦C and 50

◦C, but lower CO2 yields at 80 ◦C. This may arise from the bifunctional effect.

Dissociative adsorption of water occurs at lower potentials by alloying Pt with an

oxyphilic metal. Ru− OH groups on the PtRu surface can oxidize adsorbed CO to

CO2 at lower potentials than Pt−OH groups on Pt.
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Figure 6.8: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at a 70% Pt/C (ca. 7 mg cm−2) electrode and 0.585

V .

Table 6.2: Stoichiometries obtained from steady-state K-L plots at various

temperatures and potentials using 70% Pt/C.

Potential vs. SHE (V ) n at 24 ◦C n at 50 ◦C n at 80 ◦C

0.535 V 2.7 2.4 4.3

0.585 V 2.5 2.9 4.7

0.635 V 2.1 3.0 4.1

0.685 V 2.8 2.3 3.4
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6.4 Conclusions

Steady-state measurements at rotating disc electrodes can provide reasonable

estimates of the stoichiometry of ethanol oxidization over a range of temperatures.

Increasing values of n observed as the temperature was increased, at both PtRu/C

and Pt/C catalysts, indicates that there were increased yields of acetic acid at 50 ◦C

vs 24 ◦C, and increased CO2 production at 80 ◦C. A significant potential dependence

at 80 ◦C can be attributed to the effects of oxide formation, which inhibits breaking

of C − C bond of ethanol. The PtRu/C catalyst showed better performances than

Pt/C in terms of both activity and the number of electrons transferred at higher

temperatures because of the Ru− OH group’s role in poison removal (ca. adsorbed

CO). The results showed that RDV can provide valuable stochiometric information

for the assessment of the completeness of ethanol oxidation.
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Chapter 7

Flow Cell Application for Kinetic

and Stoichiometric Studies
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7.1 Introduction

Small organic molecules (SOM) such as formic acid, methanol and ethanol are known

as attractive sources of energy because of their high energy density and convenience of

use as liquids.127,201–203 Therefore, understanding of SOM electrocatalytic oxidation

is of fundamental importance to direct organic fuel cell (DOFC) development. The

electrochemical oxidation of SOM on various metal catalysts has been broadly

investigated with the cyclic voltammetry technique. Despite all the advantages of

cyclic voltammetry, its data analysis is restricted by the time-dependent interplay

between electrode kinetics and mass transport.48 On the other hand, hydrodynamic

techniques can provide the separation of kinetic and mass transport components of

the overall current by providing control of mass transport through either electrode or

solution motion.55 In our previous studies, we have applied rotating disk voltammetry

(RDV) for kinetic and stoichiometric studies of formic acid, methanol and ethanol

oxidation.165,204,205 Although RDV is a very straightforward and efficient technique,

it is not ideal in many aspects. Moreover, new methodologies are required to assess

the validity of RDV findings. Recently, flow cells have received more attention in the

assessment of various catalyst performances towards SOM electrochemical oxidation.

The flow cell has a similar design to the fuel cell and provides more relevant data

for electrocatalytic studies. In this study, we have designed a two and a three-

electrode flow-through cell to measure the flow rate dependence of the current and

determine stoichiometry of ethanol oxidation on Pt/C. The flow-through cell with

a simple design allowed collection of products and real time measurements of CO2

while providing mass transport control through flow rate change.92 More advantages
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of flow cell applications are available in chapter 1, Section 1.4.

7.2 Experimental

Solutions were prepared by using anhydrous ethanol, (98%) formic acid, (99.8%)

methanol, (98%) sulfuric acid from ACP Chemicals Inc., and deionized water.

Commercial Pt black electrodes (proprietary) consisting of 4 mg Pt cm−2 with

a PTFE binder on wet-proofed carbon fiber paper (CFP) were used as electrode

materials. Custom made electrodes were also prepared by dispersing desired amounts

of either 70% Pt/C or 20% Pt/C catalyst ink on a circular piece of CFP (0.196 cm2).

More details related to materials and catalyst ink preparation can be found in chapter

2, Sections 2.2 and 2.2.2, respectively.

The organic fuel solution in sulfuric acid was supplied to either the two-electrode or

the three-electrode flow-through cell with a syringe pump. Cyclic voltammetry (CV)

and staircase voltammetry were carried out on the cells using an EG&G model 273A

Potentiostat/Galvanostat for electrochemical study purposes. Flow cell resistance was

determined prior to running each set of experiments by the EG&G Model 5210 Lock-in

Amplifier and Power-Suite commercial software. Non-dispersive infrared (NDIR) and

nuclear magnetic resonance (NMR) spectroscopy were applied for product analysis

purposes. Flow cell schemes and applied materials are available in chapter 2, Section

2.3.
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7.3 Results and Discussion

7.3.1 Three-Electrode Flow-Through Cell

7.3.1.1 Pt Electrochemistry

To assess the performance of the flow cell, first, CV experiments of Pt electrode were

conducted in an electrolyte solution (i.e. 1 M H2SO4). An anode was prepared

by deposition of 70% Pt/C ink on CFP (10 mg cm−2). Resistance of the cell was

measured prior to running the experiments (see appendix B). The electrolyte solution

was passed through the cell at 0.20 mL min−1 and CVs were recorded at a set of scan

rates (Figure 7.1). Potentials (E) in voltammograms were corrected for cell resistance

by subtracting resistance (R) times current at each potential (I) from that potential

(E−IR). Underpotential adsorption and desorption of hydrogen, and oxide formation

and reduction are evident in these CVs and there are linear relations between the scan

rate and current in voltammograms.

7.3.1.2 Formic Acid Electrochemical Oxidation

Formic acid electrochemical oxidation was studied by cyclic voltammetry using the

three-electrode flow-through cell. Figure 7.2 shows the cyclic voltammogram of a

0.1 M formic acid in 1 M sulfuric acid, which was supplied to the flow cell at 0.10

mL min−1. Oxidation of the formic acid through a direct pathway began at 0.2 V .

At higher potentials, the catalyst surface was covered with COads and the direct

pathway was surpassed by an indirect pathway. As the potential increased, the

current increased due to oxidative removal of COads and consequently the current
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Figure 7.1: Cyclic voltammograms of a 70% Pt (10 mg cm−2) electrode in 1 M

H2SO4(aq) (10 mV s−1), flow rate = 0.20 mL min−1.

peaked at 0.73 V through direct pathway oxidation on bare Pt sites.201 However,

because of oxide coverage of Pt sites at this region, the mass transport plateau was

not achieved. During the cathodic scan, the oxide layer was removed and formic acid

oxidation proceeded mainly through the direct pathway, on the bare Pt sites and a

broad peak of oxidation current was observed. CVs of formic acid solution at various

flow rates were recorded to show flow rate dependency (Figure 7.3). As can be seen,

the oxidation current increased with flow rate increase and the fluctuation in current

can be attributed to CO2 bubbles interferences.

7.3.1.3 Methanol Electrochemical Oxidation

Cyclic voltammetry studies of methanol oxidation were conducted by applying the

three-electrode flow through cell. Cyclic voltammogram of a 0.1 M methanol solution
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Figure 7.2: Cyclic voltammogram of 0.1 M formic acid in 1 M H2SO4(aq) at a 70%

Pt (2 mg cm−2) electrode (10 mV s−1), flow rate = 0.10 mL min−1.

Figure 7.3: Cyclic voltammograms of 0.1 M formic acid in 1 M H2SO4(aq) at the

70% Pt (2 mg cm−2) electrode (10 mV s−1) and various flow rates.
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passing through the flow cell with a 0.1 mL min−1 flow rate is illustrated in Figure

7.4. The oxidation current commenced at 0.29 V . The current increased sharply and

peaked at 0.83 V . Due to Pt oxide formation, a mass transport plateau was not

achieved at this potential. In the reverse scan, as potential decreased and the oxide

layer was removed, oxidation of Methanol on bare Pt sites started at 0.87 V and

increased to a sharp peak at 0.74 V . Figure 7.5 shows CVs of methanol oxidation

at various flow rates. The effect of flow rate on the oxidation current increase was

evident in all of voltammograms.

Figure 7.4: Cyclic voltammogram of 0.1 M methanol in 1 M H2SO4(aq) at a 70%

Pt (2 mg cm−2) electrode (10 mV s−1), flow rate = 0.10 mL min−1.
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Figure 7.5: Cyclic voltammograms of 0.1 M methanol in 1 M H2SO4(aq) at the 70%

Pt (2 mg cm−2) electrode (10 mV s−1) and various flow rates.

7.3.1.4 Ethanol Electrochemical Oxidation

The electrochemical oxidation of ethanol solution was studied applying cyclic

voltammetry to the three-electrode flow-through cell. Figure 7.6 shows the CV of

0.1 M ethanol in 1 M H2SO4 at a 0.10 mL min−1 flow rate. In the forward potential

scan, ethanol oxidation commenced at 0.37 V and increased sharply. The current

consequently peaked at 0.92 V . The oxide layer is formed on the surface of Pt, and

the adsorption of ethanol molecules is suppressed and prevented from forming mass

transport limited plateau. In the reverse potential scan, the adsorbed oxide layer on

the surface of the electrode is stripped and the ethanol oxidation current is observed

on the bare Pt sites. CVs of the 0.1 M ethanol solution at various flow rates are

illustrated in Figure 7.7. The flow rate increase resulted in a current increase.
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Figure 7.6: Cyclic voltammogram of 0.1 M ethanol in 1 M H2SO4(aq) at a 70% Pt

(2 mg cm−2) electrode (10 mV s−1), flow rate = 0.10 mL min−1.

Figure 7.7: Cyclic voltammograms of 0.1 M ethanol in 1 M H2SO4(aq) at the 70%

Pt (2 mg cm−2) electrode (10 mV s−1) and various flow rates.
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7.3.1.5 Flow Rate Analysis

The flow rate dependence of the current for formic acid oxidation was examined at a

20% Pt/C electrode (4 mg cm−2) in a mixed kinetic-mass transport region. In order

to decrease background interference, a staircase voltammetry technique was applied

to record formic acid oxidation polarization curves at different flow rates.92 Potential

was stepped in 25.0 mV intervals in the range of 0.0 to 0.9 V . Each step was applied

for a duration of 10 s (appendix B, Figure B.2). In a step potential technique, after

potential application both the faradaic and background currents start to decay while

the decay rate for the electrode charging current is higher than the faradaic current.55

Therefore, by sampling the current at the end of each potential step, one can correct

for charging current to a reasonable extent.

Figure 7.8 shows background and resistance corrected of formic acid staircase

voltammograms in a mixed kinetic-mass transport region (i.e. 0.425-0.9 V ) at the

Pt/C electrode and various flow rates. To correct for background interference, the

voltammogram of the blank solution was subtracted from all voltammograms and

for resistance correction see Section 7.3.1.1. The effect of the flow rate on current

increase is evident in the voltammograms. The current peaked from 0.7 to 0.9 V

for all the voltammograms. At this potential range, due to formation of an oxide

layer on the Pt surface, the mass transport plateau cannot be observed and current

was controlled by a mixture of kinetic and mass transport limitations. Therefore, a

mathematical treatment is required for determination of kinetic parameters. In our

previous study we applied a simplified version of a model reported by Alikire and

Gracon92,206 to study the oxidation of formic acid on Pd/C and Pt black catalyst
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Figure 7.8: Background and resistance corrected staircase voltammograms (mixed

kinetic-mass transport region, 0.425-0.9 V ) of 0.1 M formic acid in 1 M H2SO4(aq)

at a 20% Pt/C electrode and various flow rates.

electrodes in a two-electrode flow-through cell.92 Solution in the flow-through cell

passes through the catalyst layer and diffuses in the radial direction within the pores

in the catalyst layer. In this model, it was presumed that a linear (steady-state)

concentration gradient existed between the surface of the catalyst and the center of

each pore (Figure 7.9).

The equations of this model were solved by a finite difference method55,92 and

used here for the flow rate analysis of data from the three-electrode flow-through cell.

In the model, catalyst layer is divided to 100 discrete layers (Figure 7.10).92 Eq. 7.1
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Figure 7.9: Schematic diagram of solution flow through the catalyst in the flow-

through cell employed in this work. a is CFP, b is the catalyst layer, and c is the

diffusion layer. The black arrow shows the flow direction and red arrows show the

diffusion direction.

shows how to determine current at each layer (Ix). Overall current at each flow rate

also can be determined by eq. 7.2. Where ik, (i.e. nfk(Cx−1)) is the kinetic controlled

current and ilim, (i.e. nλuα(Cx−1)) is the mass transport limited current in layer x, u

is the flow rate in (cm3 s−1), k is the rate constant in (cm3 s−1), and α is the mass

transport coefficient determined by flow geometry. This parameter was determined

to be 0.37 for an electrode with the similar geometry to the Pt/C electrode.92 When

there is no concentration polarization, one can obtain the kinetic current using eq.

7.3.92 Also, concentration at each segment can be obtained by eq. 7.4.

1/100Ix = 1/ik + 1/ilim = 1/nfk(Cx−1) + 1/nλuα(Cx−1) (7.1)

I = Σx=100
x=1 Ix (7.2)
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Figure 7.10: Schematic diagram of the finite difference method.92

ik = nFkC (7.3)

∆Cx = Ix/(nFu) (7.4)

Voltammograms in Figure 7.8 were fitted in a simulation established on the basis

of eqs. 7.1 and 7.4 (see appendix B, Section B.2.1). The best fits were obtained by

variations of the rate constant (k) and mass transport parameter (λ) while α was

assumed to be 0.37 (Figure 7.11).

Table 7.1 shows the kinetic and mass transport parameters obtained from the best

fits of data in Figure 7.8 to eq. 7.1 in 25.0 mV intervals (Appendix B, Figures B.3-

B.6). The fitting plots were obtained by setting λ at 187 mA sα cm3(1−α) mol−1 for all

potentials except for 0.700, 0.825, and 0.925 V for which optimization was required to

obtain better fit. The steady value of λ emphasizes the fact that the mass transport

current is independent of the potential. Figure 7.10 shows log (I) vs. potential plots

(Tafel plots) obtained from the best fits. Log (ik) and log (Imeasured) converge at low

potentials which means that effective separation of the kinetic and mass transport

components of the current was obtained. At higher potentials (i.e. > 0.500 mV ), the
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Figure 7.11: Current vs. flow rate for the oxidation of 0.1 M formic acid in 0.1

M H2SO4(aq) at the 20% Pt/C electrode and 0.850 V with the best fit theoretical

curve from eq. 7.1, λ = 187 mA sα cm3(1−α) mol−1 and α = 0.37.

ik Tafel plot showed divergence from the Imeasured plot representing the involvement

of mass transport limitation on overall current. The slope of the kinetic current Tafel

plot decreased from 305 to 213 mV with potential increase which means a higher

overpotential (92 mV more) was required to increase the kinetic current by tenfold.

The Tafel slope for a Pt black catalyst was reported to be 392 mV at 0.4-0.7 V

region (using the same model)92 showing Pt black performed better towards formic

acid oxidation at low potential.

The λ parameter is dependent on the diffusion coefficient of the organic fuel (Do)

as it is shown in eq. 7.5,55 where A is the electrode area, C is the concentration of

analyte, F is the Faraday constant, and B is a constant related to the cell geometry.
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Table 7.1: Kinetic current (ik), rate constant (k), and mass transport coefficient (λ)

from 0.425 V to 0.925 V vs. SHE for voltammograms in Figure 7.8.

Potential (V ) ik (mA) k (cm3 s−1) λ (mA sα cm3(1−α) mol−1)

0.425 1.37 7.10 × 10−5 187

0.450 1.70 8.80 × 10−5 187

0.475 2.05 1.06 × 10−4 187

0.500 2.51 1.30 × 10−4 187

0.525 2.87 1.49 × 10−4 187

0.550 3.28 1.70 × 10−4 187

0.575 3.65 1.89 × 10−4 187

0.600 4.01 2.08 × 10−4 187

0.625 4.44 2.30 × 10−4 187

0.650 5.10 2.64 × 10−4 187

0.675 5.87 3.04 × 10−4 187

0.700 6.56 3.40 × 10−4 169

0.725 7.47 3.87 × 10−4 187

0.750 8.24 4.27 × 10−4 187

0.775 8.92 4.47 × 10−4 187

0.800 10.4 5.20 × 10−4 187

0.825 10.92 5.58 × 10−4 184

0.850 10.8 5.62 × 10−4 187

0.875 10.5 6.12 × 10−4 187

0.900 9.64 4.90 × 10−4 187

0.925 8.19 4.24 × 10−4 188
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Figure 7.12: Tafel plots of ik, and the measured current at 0.25 mL min−1 flow

rate for the oxidation of 0.1 M formic acid in 0.1 M H2SO4(aq) at the 20% Pt/C

electrode.

Therefore, the λ parameter obtained for the formic acid oxidation can be applied to

determine an average number of transferred electrons (nav) for more complicated

oxidation reactions such as methanol and ethanol oxidation after correction for

difference in D value (eq. 7.6). Also, by applying the introduced flow-through cell, a

facile and non-expensive assessment of various fuel cell electrodes can be conducted.

λo = FACDo/B (7.5)

λo = Do × λformic acid/(Dformic acid) (7.6)
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7.3.2 Two-Electrode Flow-Through Cell

7.3.2.1 Cell Resistance and Potential of the Cathode

The application of the two-electrode flow-through cell was based on the assumption

that the counter electrode potential stays constant during experiments. This

assumption has been examined by running electrochemical experiments in order to

assess the counter electrode overpotential. A 0.1 M ethanol solution was supplied to

the two-electrode flow-through cell and then the solution was kept stationary during

all experiments. First, the potential was swept linearly from 0.0 V to 1 V and

then back to -0.1 V to produce hydrogen in both electrodes. In the next step, the

potential of the working electrode was scanned linearly between -0.02 V to 0.11 V vs.

counter electrode at 1 mV s−1 scan rate. The obtained CV (Figure 7.13) appeared

in two overlapping straight lines passing close to zero. This voltammogram shows

that the current changed linearly with potential, indicating that it was controlled

by the cell resistance. The slope of the lines corresponded to 18 Ω, which was very

close to the resistance measured by impedance spectroscopy (i.e. 17 Ω). All of

these observations indicate that there is a negligible overpotential for oxidation and

reduction of hydrogen and that the counter electrode acts like a dynamic hydrogen

electrode (DHE).

7.3.2.2 Product Analysis of Ethanol Oxidation

The two-electrode cell was applied for product analysis purposes of ethanol oxidation

in order to assess the n values obtained from the RDV experiments.

CO2 Measurements. For CO2 measurements, either a constant potential or
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Figure 7.13: Cyclic voltammogram of a stationary 0.1 M ethanol in 0.1 M H2SO4(aq)

in the two-electrode flow-through cell (1 mV s−1) and at a 20% Pt/C electrode.

a constant current was applied to the two-electrode flow-through cell using a 20%

Pt/C electrode as anode while analyte was supplied to the cell at a certain flow rate.

At the same time, the exhausts of the cell were collected in a sealed vial with an

inlet for N2 gas flow into the solution to strip carbon dioxide gas and pass it through

the NDIR detector. For faradaic yield measurement, the experimental rate of CO2

formation was divided by the theoretical rate of CO2 formation, which are given in

equations 7.7 and 7.8, where Vm is the molar volume of any gas (ca. 24.2 L mol−1), n

is the number of electrons transferred to form one molecule of CO2 (ca. 2 for formic

acid oxidation), and F = 96500 A s mol−1 is the faraday constant. CO2 (ppm) was

obtained by the averaging detector readings over a period of at least 100 s after it

became stabilized. I is the current applied to the solution. For the constant potential
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experiments, I was obtained by integration of I vs. t plot.

Experimental rate of CO2 formation

= (CO2 (ppm)× flow rate of N2 (L min−1))/(60× 106 × Vm)

(7.7)

Theoretical rate of CO2 formation = I(A)/(nF ) (7.8)

To evaluate the cell performance, faradaic yield of CO2 production for formic acid

oxidation was evaluated by constant potential experiments. The experiments resulted

in the 96 ± 1% faradaic yield indicating the appropriate performance of the flow-

through cell for CO2 collection. Figure 7.14 shows CO2 readings for an example of a

constant potential experiment. In this experiment, a potential of 0.11 V was applied

to the flow cell for a duration of 2550 s, while 0.1 M formic acid in 1 M sulfuric acid

was pumped through the cell at a 0.15 mL min−1 flow rate. The current vs. time

plot is also illustrated in Figure 7.15.

Figure 7.14: CO2 readings for oxidation of 0.1 M formic acid in 1 M H2SO4(aq) at a

20% Pt/C electrode and 0.11 V (flow rate = 0.15 mL min−1, temperature = 24 ◦C).
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Figure 7.15: Current vs. time plot obtained for oxidation of 0.1 M formic acid in 1

M H2SO4(aq) at a 20% Pt/C electrode and 0.11 V (flow rate = 0.15 mL min−1,

temperature = 24 ◦C).

For ethanol solution oxidation, CO2 measurements were conducted at three

different temperatures (i.e. 24, 50 and 80 ◦C). Experimental concentrations of CO2

in the nitrogen gas stream (ppm) were converted to concentrations in the electrolyte

solution (mM) by using eq. 7.9, where u is the flow rate of the ethanol solution.

Concentration of CO2 (mM)

= (Experimental rate of CO2 formation)× 60× 1000/u (L min−1)

(7.9)

The obtained CO2 concentrations and CO2 faradaic yields for the ethanol oxidation

in constant current experiments are illustrated in Table 7.2 for all three temperatures.

Figure 7.16 shows the potential vs. time plots related to the constant current

experiments.

1H-NMR analysis. For the analysis of products, intermediates, and non-reacted
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Table 7.2: CO2 concentrations and faradaic yields for oxidation of 0.1 M ethanol in

1 M H2SO4(aq) by applying constant current at 24, 50 and 80 ◦C.

Temperature (◦C) Current (mA) CO2 Concentration (mM) Faradaic Yield (%)

24 2.5 0.26 5

50 5.2 1.3 12

80 11.1 5.8 24

fuel, a constant potential was applied (i.e., electrolysis cell) while the analyte solution

was flowing through a 20% Pt/C anode catalyst in the flow cell. The cell exhausts

were collected in a sealed trap cooled by a mixture of ice and dry ice for 1H-NMR

measurement purposes. The analyte concentrations including residual ethanol, acetic

acid, and acetaldehyde is given by eq. 7.10.

Analyte concentration = (normalized area for analyte

× standard concentration)/(normalized area for standard)

(7.10)

At 24 ◦C, a constant potential of 0.35 V was applied to the cell while a 104

mM ethanol solution was supplied at a 0.05 mL min−1 flow rate for a duration

of 560 s (Figure 7.17), and the reacted solution was collected in a cooled trap for

the measurement purposes. A 1H-NMR spectrum of the cell exhaust is shown in

Figure 7.18. The integration of the triplet at 1.10 ppm showed the non-reacted

ethanol concentration (i.e. 92.8 mM). A singlet at 2.01 ppm was related to the

acetic acid and its integration showed a concentration of 3.6 mM of this compound

in the solution. Acetaldehyde’s peak appeared as a doublet at 2.15 ppm. Another

doublet peak also appeared at 1.24 ppm related to a dimer of acetaldehyde.202 The
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Figure 7.16: Potential vs. time plots obtained for oxidation of 0.1 M ethanol in

1 M H2SO4(aq) at a 20% Pt/C electrode, at 3 different constant currents and

temperatures.

acetaldehyde concentration of 1.4 mM was obtained by summing up two related peaks

integral.

By assumption of no ethanol loss and ethanol quantitative oxidation, a nav value

can be calculated using the concentration of ethanol before (Cin) and after (Cout) its

reaction in equation 7.11.127 u is the flow rate and I is the current obtained from

integration of I vs. t plot.

nav = I/uF (Cin − Cout) (7.11)

A nav of 2.7 was obtained for an average current of 2.5 mA passed at 24 ◦C for

560 s (Figure 7.14). A nav of 2.7 for 0.01 M ethanol oxidation in H2SO4 on a Pt

Vulcan reported by applying differential electrochemical mass spectrometry (DEMS)

analysis at the room temperature.38 In another DEMS study, product distribution of
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Figure 7.17: Current vs. time plot obtained for oxidation of 0.1 M ethanol in 0.1

M H2SO4(aq) at a 20% Pt/C electrode and 0.35 V (temperature = 24 ◦C).

ethanol oxidation at a Pt/C catalyst in H2SO4 gives a similar n value at the room

temperature.124

The cell block was heated by placing two heating cartridge rods into the holes

drilled in the cell block until its temperature reached 50 ◦C. A constant potential

of 0.35 V was applied to the cell for a duration of 456 s while a 101 mM ethanol

solution was supplied to the cell at 0.05 mL min−1. A nav of 3.1 was obtained at

this temperature using eq 7.11. The current vs. time plot for this temperature is

illustrated in Figure 7.19. A nav value of 3.4 was reported for ethanol oxidation on

the Pt black catalyst at the same temperature and flow rate.119 The integration of

peaks in the 1H-NMR spectrum resulted in 79.9 mM of residual ethanol, 13.7 mM

of acetic acid, and 2.9 mM of acetaldehyde.

The same constant potential experiment was conducted on the cell at 80 ◦C
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Figure 7.18: 1H-NMR spectrum for the oxidation of 0.1 M ethanol in 0.1 M H2SO4

at a 20% Pt/C electrode after running constant potential experiment at 0.35 V for

560 s duration (temperature = 24 ◦C).

with initial ethanol concentration of 108 mM for a duration of 470 s (Figure 7.20).

Concentrations of 80.6 mM residual ethanol, 10.8 mM of acetic acid and 2.9 mM of

acetaldehyde were obtained by the integration of 1H-NMR spectrum peaks. A nav of

5.0 was obtained using eq. 7.11. Similar nav values (i.e. 5.2 and 5.3) were reported

for oxidation of ethanol on a Pt black catalyst at 80 ◦C using a proton exchange

membrane electrolysis cell.59 Also, Sun et al. reported n value of 4.83 for ethanol

oxidation in sulfuric acid solution on a carbon supported Pt catalyst at 80 ◦C.94

Chemical yields of ethanol oxidation products were calculated using 7.12, where Ni
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Figure 7.19: Current vs. time plot obtained for oxidation of 0.1 M ethanol in 0.1

M H2SO4(aq) at a 20% Pt/C electrode and 0.35 V (temperature = 50 ◦C).

Figure 7.20: Current vs. time plot obtained for oxidation of 0.1 M ethanol in 0.1

M H2SO4(aq) at a 20% Pt/C electrode and 0.35 V (temperature = 80 ◦C).
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is the number of moles of ethanol required for production of i. Due to extremely high

volatility of acetaldehyde, there were uncertainties in its concentration. Therefore,

acetaldehyde concentration values were estimated using mass balance (Nacetaldehyde =

Nconsumed ethanol − (Ncarbon dioxide + Nacetic acid)).

Chemical yield of i = Ni/(Ncarbon dioxide +Nacetic acid +Nacetaldehyde) (7.12)

Table 7.3: Chemical yields of ethanol oxidation products at various temperatures

obtained by 1H-NMR and NDIR.

Oxidation Product 24 ◦C 50 ◦C 80 ◦C

% CO2 1.6 3.1 10.6

% Acetic acid 43.7 64.2 39.5

% Acetaldehyde (Mass Balance) 54.7 32.7 49.9

% Acetaldehyde (NMR) 17.5 13.5 10.5

Comparison of chemical yields of ethanol oxidation products obtained by eq.

7.12 showed that all three products (i.e. acetic acid, acetaldehyde, and CO2) were

produced at 24, 50 and 80 ◦C to some extent (Table 7.2). By increasing the

temperature from 24 to 50 ◦C and then to 80 ◦C, the chemical yield of CO2 increased.

The chemical yield of acetic acid also increased by the elevation of temperature from

24 to 50 ◦C but decreased at 80 ◦C. The chemical yield of acetaldehyde decreased

by increasing the temperature from 24 to 50 ◦C, while it increased by increasing the

temperature from 50 to 80 ◦C. Also, a comparison of nav of this work with n values

obtained by RDV207 (chapter 6, table 6.2) showed similar n values were observed for

24 ◦C on Pt/C catalyst. However, lower n values were indicated at 50 and 80 ◦C
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for RDV experiments compared to flow cell product analysis. This indicates further

investigations are required to validate n values at high temperatures.

7.4 Conclusions

The three-electrode flow-through cell with a simple construction facilitates

electrochemical studies of organic fuel oxidation. Kinetic and mass transport

parameters were obtained by a mathematical model in order to characterize a Pt/C

electrode in relation to formic acid oxidation. The application of these parameters can

be extended for stoichiometric studies of ethanol and methanol oxidation on a similar

Pt/C electrode. The three-electrode flow-through cell emulates the hydrodynamics of

an actual fuel cell; therefore, it can provide inexpensive and straightforward evaluation

of various catalysts’ activity prior to application in a fuel cell. A two-electrode flow-

through cell was also applied for product analysis of ethanol oxidation at various

temperatures. Results showed that products and unreacted ethanol can be collected

and quantified by spectrometric techniques. However, further experiments as well as

improvements of the cell in terms of acetaldehyde collection are required to obtain

more reliable nav values.
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Chapter 8

Summary and Future Work
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8.1 Summary

Two different hydrodynamic techniques were applied for kinetic and stoichiometric

studies of formic acid, methanol and ethanol oxidation as organic fuels in order

to enhance fuel cell technology. By the application of rotating disk voltammetry

(RDV) and using thick catalyst layers, it was shown that rotation of the electrode

resulted in an increase in the oxidation current of formic acid, methanol and ethanol.

However, pure mass transport limited currents were not observed under any of the

experiments in any conditions due to oxide layer formation on the catalyst surface

at high potentials. The experimental current was separated into its mass transport

and kinetic components using the Koutechy- Levich (K-L) equation. Kinetic currents

at each potential were obtained from the intercepts of the K-L plots in order to

evaluate various catalyst activities in relation to formic acid, methanol and ethanol

oxidation. The average number of transferred electrons (nav) for all three organic

fuels was extracted from the slopes of the K-L plots. Steady-state experiments were

conducted at a range of constant potentials and various rotation rates (i.e., 100, 400,

900, 1600 and 2500 rpm) on Pt/C and PtRu black catalysts. Collected data was used

for drawing K-L plots (1/i vs. ω1/2). Linear and parallel K-L plots were obtained for

methanol oxidation on a Pt/C and a PtRu black catalyst and complete oxidation of

methanol was achieved on the PtRu black catalyst.

Formic acid oxidation on Pt/C also was studied by RDV and K-L plots were

extracted from the steady-state experiments. By means of chronoamperometric

studies on formic acid oxidation, it was shown that rate of electrode poisoning by

CO adsorption depended on rotation rate and resulted in nonlinear K-L plots. In
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these cases, ik should be obtained at each individual rotation rate by using the mass

transport limited current (Section 5.1, eq. 5.3). Linear and nonlinear K-L plots were

obtained for ethanol oxidation on PtRu black and Pt/C catalysts respectively. Also,

investigation of the ethanol oxidation current dependence on Pt/C catalyst loading

showed a linear increase behavior of the current with catalyst loading increase. The

electrochemical oxidation of ethanol on Pt/C and PtRu/C was investigated and

compared at three different temperatures (ca. 24, 50, and 80 ◦C). The K-L plots

were extracted from steady-state experiments to determine ik and nav. Both linear

and nonlinear K-L plots were observed for these experiments.

New methodologies were required in order to validate RDV K-L plots data.

Therefore, we designed two-electrode and three-electrode flow-through cells as the

second approach for electrochemical hydrodynamic studies. The resistance of the

cell was probed and corrected for prior to each experiment. The oxidation current

showed an increase with flow rate for all three organic fuels. The three-electrode

flow-through cell was applied for the investigation of the flow rate dependence of

the formic acid oxidation current. The mass transport and kinetic parameters of

the Pt/C electrode were determined using mathematical treatments which can be

further extended to methanol and ethanol to determine nav values. A two-electrode

flow through cell was applied in stoichiometric studies of formic acid as a model

and then for ethanol oxidation at three different temperatures (ca. 24, 50, and 80

◦C). Real time measurements of CO2 were conducted by an infrared nondispersive

CO2 detector (NDIR). Other products of ethanol oxidation, including acetic acid,

acetaldehyde and residual ethanol were collected from the cell exhaust in a cooled

trap and probed by NMR spectrometry. nav values of ethanol oxidation on Pt/C
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were determined at all three temperatures.

8.2 Future Work

There are some aspects of this project that can be further explored. The development

of new mathematical model and/or the modification of the K-L equation model can

be considered for validating obtained parameters and interpretations of experimental

data that resulted in non-linear K-L plots. The three-electrode flow-through cell

application can be extended to the investigation of more varieties of fuel cell catalysts

and fuels at various temperatures. Mass transport and kinetic parameters can be

obtained by mathematical treatments for ethanol and methanol oxidation on a variety

of Pt-based catalysts at elevated temperatures using the flow-through cell.

Modification of flow cell to achieve more convenient and efficient product analysis

can result in obtaining more accurate and reliable nav values for SOM electrochemical

oxidation. It would be more beneficial if studies get further extended at simulated

actual conditions of DOFC operation such as potential and fuel flow rate. Also,

some minor difficulties associated with experiments should be eliminated. One of the

concerns during real time CO2 measurements was prevention of solution penetration

into the CO2 detector. This problem should be eliminated by modification of the flow-

through cell and/or the detector in the future. Acetaldehyde is an extremely volatile

product of ethanol oxidation and so modification of the flow-through cell should be

investigated in order to achieve an efficient real time measurement of it. One way

can be using online differential electrochemical mass spectrometry (DEMS). Also, in

situ infrared spectroscopy techniques can be considered as other ways of acetaldehyde
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quantification as well as other soluble products and intermediates.

Complementary spectroscopic studies can be conducted on catalyst layer structure

and porosity to probe their effect on the diffusion of organic fuels into the pores of

the deposited catalyst layer. Transmission electron microscopy (TEM) and scanning

electron microscopy (SEM) can be considered for these study purposes for instance.

The deposition of thick catalyst on the carbon fiber paper in a way that prevented

catalyst detachment at high flow rates was complex and time consuming. New

approaches of catalyst ink dispersion on the carbon fiber paper (CFP) should be

explored in order to prevent the resulting consequences. Modifications of electrode

alignments in the cell or the overall configuration of the flow cell can be considered

to facilitate removal of CO2 gas bubbles which can become trapped inside of the cell

and produce noise during current recording.
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Appendix A

K-L plots of Pt/C and PtRu/C

electrodes at various temperatures

193



Figure A.1: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at a 75% PtRu/C (7 mg cm−2) electrode (temperature

= 24 ◦C).
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Figure A.2: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at a 75% PtRu/C (7 mg cm−2) electrode (temperature

= 50 ◦C).
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Figure A.3: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at a 75% PtRu/C (7 mg cm−2) electrode (temperature

= 80 ◦C).
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Figure A.4: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at a 70% Pt/C (7 mg cm−2) electrode (temperature

= 24 ◦C).
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Figure A.5: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at a 70% Pt/C (7 mg cm−2) electrode (temperature

= 50 ◦C).
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Figure A.6: Steady-state Koutecky-Levich plots (i−1 vs. ω−1/2) for oxidation of 0.1

M ethanol in 1 M H2SO4(aq) at a 70% Pt/C (7 mg cm−2) electrode (temperature

= 80 ◦C).
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Appendix B

Raw data and graphs for chapter 7

B.1 Flow-Through Cell Resistance

Figure B.1: Nyquist plot example for three-electrode flow-through cell recorded prior

to experiments.
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B.2 Flow Rate Analysis

Figure B.2: Staircase voltammograms of 0.1 M formic acid solution in 1 M H2SO4

at various flow rates at a 20% Pt/C electrode.

B.2.1 Simulations

In the model that we applied for our flow rate dependence studies, the catalyst layer

was divided into 100 discrete layers. The current at each segment of the catalyst

layer (Ix) was simulated using eqs. B.1 and B.2 for a range of flow rates (i.e. 0.05,

0.07, 0.08, 0.09, 0.10, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5 mL min−1) at each potential. n

is the number of electrons transferred, u is the flow rate, α is the mass transport

coefficient, and F is the faraday constant. Cx is the concentration of formic acid at
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segment x which was also simulated for 100 discrete layers. k (rate constant) and

λ (mass transport parameter) are two parameters whose variations were the basis of

our simulations.92,206

Ix = 1/(1/nλCxu
α + 1/nCxFk)/100 (B.1)

Cx = C − Ix/nFu(mL s−1) (B.2)

Simulated overall currents related to each flow rate were also calculated using eq.

B.3.92,206

I = Σx=100
x=1 Ix (B.3)

The calculations related to each potential were conducted on a single excel spreadsheet

via non-linear least square method. First, the λ and k variables were adjusted

manually to obtain a proper fit of the experimental and simulated curves. Then

the sum of the squares of residuals (i.e., experimental data minus simulated data)

was calculated. In the next step, a solver operation was applied to find values of λ

and k that minimized the sum of the squares of the residuals. In other words, the

basis of solver operation basis was to minimize the vertical deviations of the simulated

and experimental points. The initial values of λ and k, which were entered manually,

play an important role in the solver operation output. Inappropriate guesses of initial

values could affect the accuracy of the solver operation, and as a result refinements

were required. Therefore, each time after running the solver, either one or both of

the variables were adjusted to run the solver again and obtain a lower sum of the

squares of the residuals. The cycle of solver operation and adjustments were repeated

until the sum of the squares of the residuals became optimized.208 λ is independent

of the potential and it should be constant over a range of potentials. Therefore,
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first it was adjusted by its variation and simulation for the first few points (i.e.

λ = 187 mA sα cm3(1−α) mol−1). Then the same value was set for the rest of the

calculations and k was the only parameter to be varied to obtain best fits. However,

for 0.700, 0.825, and 0.925 V it was needed to optimize λ value with minor variations

(Table 7.1).
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B.2.2 Simulations Graphs

Figure B.3: Current vs. flow rate plots for the oxidation of 0.1 M formic acid in

1 M H2SO4(aq) at a 20% Pt/C electrode and 0.425-0.525 V (dots), with best fit

theoretical curves from eq. 7.1 (lines), with λ = 187 mA sα cm3(1−α) mol−1 and α =

0.37.
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Figure B.4: Current vs. flow rate plots for the oxidation of 0.1 M formic acid in

1 M H2SO4(aq) at a 20% Pt/C electrode and 0.550-0.650 V (dots), with best fit

theoretical curves from eq. 7.1 (lines), with λ = 187 mA sα cm3(1−α) mol−1 and α =

0.37.
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Figure B.5: Current vs. flow rate plots for the oxidation of 0.1 M formic acid in

1 M H2SO4(aq) at a 20% Pt/C electrode and 0.675-0.725 V (dots), with best fit

theoretical curves from eq. 7.1 (lines), with λ = 187 mA sα cm3(1−α) mol−1 and α =

0.37.
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Figure B.6: Current vs. flow rate plots for the oxidation of 0.1 M formic acid in

1 M H2SO4(aq) at a 20% Pt/C electrode and 0.750-0.925 V (dots), with best fit

theoretical curves from eq. 7.1 (lines), with λ = 187 mA sα cm3(1−α) mol−1 and α =

0.37.
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