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De Wetenschepper

Dromend staar ik in de ondergaande zon

Denkend hoe mijn weten ooit begon

Was het de Schepper die mijn weten schiep naar Zijn beeld?
Of was het mijn mensengeest die het weten fiad gewild?

Een vogel stijgt op in het licht van de zon
Daar waar het weten ooit begon

IR voel zijn vieugels van warm licht

Mij wijs omarmen in het zicht

Het wijze licht en mijn weten smelten saam

Daar waar fet weten ooit begon in Zijn naam

IR schreeuw’t eureRg, ben slechts bij geloven gebaat
Om te Runnen scheppen, mijn weten van de dageraad

Marnix ten Kortenaar
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Chapter 1

General Introduction

The electrocatalytic oxidation of formaldehyde on transition metals has been
studied extensively over the past decades in view of its application in
electroless metal deposition. Most studies have focussed on the elucidation
of reaction mechanisms although little effort has been made to describe the
reaction kinetically. The kinetics of the catalytic reaction may depend on the
metal-reactant adsorption enthalpies in a volcano-type fashion, a
dependence that is generally assumed to validate the so-called Sabatier
principle. This principle states that optimum catalytic properties arise at
optimum surface coverage of reactants at the catalyst and at optimum metal-
reactant bond strengths. The verification of the volcano-type dependence
and the related validation of Sabatier’s principle for the metal-formaldehyde
system was the scientific motivation to conduct the research described in this
thesis. To arrive at this stage, the kinetics of the oxidation of formaldehyde
was studied first on gold by voltammetry, electrochemical impedance
spectroscopy and differential electrochemical mass spectrometry (Chapter 3
and 4). Then, the adsorption characteristics of the formaldehyde-gold system
were examined by the radiotracer thin-gap technique (Chapter 5). The
models that resulted from these studies have served as springboard for the
comparison of reaction rates on other metals than gold (Chapter 6 and 7).
Experimental methods are given in Chapter 2, while a summary of related
work that was considered to be beyond the scope of this thesis is described
in Chapter 8. Final discussions and recommendations are drawn up in
Chapter 9.



Chapter 1

1.1 Introduction

Catalysis refers to the area of science and technology that uses substances, called
catalysts, which change the mechanism and kinetics of a reaction without changing the
thermodynamics of that reaction.' The first reports on catalysis go back to 1796 when von

Marum described the dehydrogenation of alcohols using metals but it was not until 1836

before Berzelius defined this area of science as catalysis.” Today, an estimated one-sixth

of all manufactured goods in industrialized countries are made using catalysts with
thirteen of the top twenty synthetic chemicals being produced directly or indirectly by
catalytic processes.' Generally, catalysis is thereby classified as homogeneous catalysis if
the catalyst is present in the same phase as the reagents, as heterogeneous catalysis if it is
in a different phase, and as electrocatalysis when an electrical potential difference exists
across the catalyst-reactant interface.'™

The virtue of catalysts to promote reaction rates results from their role as substrate in the

adsorption of reactants and products, a view that was set out by Sabatier in 1912.'%* A
volcano-type relationship was reported for the dependence of the metal-dependent rates of
ethene hydrogenation on the metal-reactant adsorption enthalpies, which led to Sabatier’s
principle, implying that optimum catalytic reaction rates arise at optimum surface
coverage of reactants and at optimum metal-reactant bond strengths.">*® The principle is
widespread in heterogeneous catalysis today, although the derivation of the principle from
volcano-type relationships in electrocatalyis may be disputed, as it goes along with some
poorly verified implicit assumptions:

¢ The contribution of the entropy to the Gibbs free adsorption energy is neglected, as the
principle is settled on volcano-plots that use adsorption enthalpies rather than Gibbs
free adsorption energies.

¢ The optimum adsorption heat in the volcano-type relationship is assumed to reflect an
optimum surface coverage, an optimum bond strength and (often) an optimum
residence time of reactants at the surface as well.>*

e The contribution of solution effects in the thermodynamics and kinetics of the
adsorption process is neglected, as volcano plots generally employ adsorption
enthalpies obtained from the gas-phase or thermodynamic heats of formation.>5"%!0

One of the main reasons for the absence of a profound empirical base for Sabatier’s
principle in electrocatalysis seems associated with the difficulties to determine the in-situ
values of the adsorption enthalpy, the surface coverage and the residence time of species
at the catalytic surface.'' These values cannot be determined by conventional
electrochemical techniques but an attempt has been made in this thesis by using the
radiotracer thin-gap technique in combination with electrochemical impedance
spectroscopy (EIS), voltammetry and differential electrochemical mass spectrometry

(DEMS).'>"® The oxidation of formaldehyde on transition metals has been chosen as
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model reaction for three reasons: First, the mechanism is relatively simple and well
understood, enabling a better focus on the kinetic and thermodynamic aspects of the
reaction.* Second, the reaction has great practical relevance in the area of electroless
metal deposition. Enhanced insight into the metal-dependent kinetics of the reaction
seems for instance particularly interesting in the improved control of small-dimensional,
selective plate processes.'*'* Third, the required isotopic-labelled forms of formaldehyde
(*CH,0 and CD,0) are ecasily available and suitable to the radiotracer thin-gap
technique.'*'®

As most knowledge on the formaldehyde-metal system comes from studies related to
electroless metal deposition, this Chapter will commence by addressing the role of
formaldehyde in these processes. Then, the mechanism of the oxidation of formaldehyde
is discussed, followed by a brief overview of techniques and methods used to describe the
kinetics and thermodynamics of the reaction. The discussion is followed by a summary of
literature on volcano-type relationships and an analysis of empirical conditions that would
allow the validation of Sabatier’s principle for the transition metal-formaldehyde system.
Finally, the work preceding this thesis is chronologically overviewed and the scope of this
thesis is given.

1.2 Electroless Plating

Background - Electroless metal deposition (or plating) is an autocatalytic process by
which metals can be deposited from a solution without the use of an external electrical
current.'*"® The metal ions and the reducing agent are both supplied from the same
solution, making the process applicable to conductive and non-conductive substrates.
Well-known examples of industrial electroless plating processes refer to the nickel plating
of car parts or the copper plating of printed circuit boards in microelectronics.'”'® The
relatively cheap and simple way of plating still makes it a growing process in industry
although difficulties with the kinetic control of selective, small-scale plate processes have
limited the application in ultra large-scale integration (microelectronics).'**

The art of electroless plating is to run the reaction between the metal ions and the
reducing agent at the substrate while suppressing it to occur in the solution. This may be
achieved by choosing the right combination of the metal ion and the reducing agent as
well as by using complexing agents like EDTA. The latter prevents the direct reaction
between the reducing agents and the metal ions in solution. Initiation of the metal
deposition process can be achieved by using a metallic substrate that induces the
adsorption of the reducing agent and subsequent deposition of at least one monolayer of
metal atoms. Propagation may then occur in an autocatalytic fashion, provided that the
deposited metal layer catalyses the adsorption and oxidation of the reducing agent as well.
Metals that can be plated by electroless plating (sometimes referred as electroless metals)

3
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are: Cu, Ni, Au, Ag, Pt, Ir, Pd, Ru, Rh, Cd, Sn, Pb, Sb, Bi, In and Co. Most of these metals
are transition metals and are known as good dehydrogenation catalysts.***?” Examples of
well-known reducing agents are formaldehyde, sodium borohydride, dimethylamine
borane, hydrazine and sodium hypophospite,l“’15 7

Kinetics - The kinetics of electroless plating may be understood in terms of the mixed
potential theory. In this theory, the plate potential or open circuit potential (OCP) is the
potential where the oxidation reaction balances the reduction reaction (Figure 1):'*%

Red > Ox+ne

OCP or Plate Potential

M +ne >M

Figure 1. Electroless plating: A reducing agent is oxidized at a catalytic
substrate. Released electrons are consumed by metal ions that are deposited.

The rate of plating may be predicted from the theoretical values of the cathode and anode
current at the OCP.'*"” When the space between the anodic and cathode voltammograms
at the OCP is large, the rate of plating is high; when it is small, the rate of plating is low.
Hence, the shape of both voltammograms determines the deposition rate and the plate
potential under plating conditions. This shape may be calculated using the classical
Butler-Volmer equation (or Tafel equation) although this approach would be limited, as it
assumes electron-transfer controlled reaction rates, an assumption that may still apply to
the reduction of metal ions, but not to the catalytic oxidation of formaldehyde."****° The
rate of the latter is likely to have a catalytic, more chemical character, as witnessed by the
relatively high values of the activation energies and the strong dependence of the rate on
the chemical potential (catalyst, temperature, pH etc.).B16

1.3 Reaction Mechanism

The oxidation of reducing agents applied in electroless metal deposition has been
studied in view of its key role in the overall rate of plating.'*'*'7 A summary of these
studies was made by van den Meerakker et al. in 1980, concluding that only one

mechanism may describe the oxidation of any reducing agent on any metal applied in
4
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electroless metal deposition.”®’ As this mechanism is the most cited one in literature, and
as it was confirmed for the electro-oxidation of formaldehyde in a range of more recent
studies, the basic equations of the mechanism are summed up.

In aqueous solution formaldehyde exists as the gem-diol, which may ionise in alkaline
to form the electro-active enolate anion:*"**
CHy(OH), + OH < CH,OHO + H,O [1] (Ionisation)
The presence of CH,OHO" was confirmed by UV spectroscopy with an absorption band at
215 nm.** The pK, of the gem-diol is high under the conditions examined in this thesis
(pK, ~13) and the pH of the solution may be assumed to have a constant value, as the
weakly acidic gem-diol is ionised by the strongly alkaline NaOH.*****"* The oxidation of
the enolate anion may proceed in various steps: First, the ion diffuses to the
electrocatalytic surface, followed by the successive physisorption and chemisorption. The
chemisorbed intermediate is oxidized to formate, yielding an electron and atomic
hydrogen. Adsorbed hydrogen may react to molecular hydrogen, or react with hydroxyl
ions to water and a second electron. Released electrons may be consumed by metal ions
(electroless plating) or transferred to the electrode surface (electrocatalysis)®26:2731-35.40-44

CH,0HO" < CH0HO gyface [2] (Diffusion)

CH,0HO geface < CH;OHO s [31 (Physisorption)
CH,OHO phys <> *CHOHO,; + °*H. [4] (Chemisorption))
*CHOHO e, + OH" —» HCOO" + H,O + ¢ [5] (Oxidation, Desorption)
*Hy4 + Hy —» H,T [6] (Hydrogen Evolution)
*H,q + OH - H,0 + e [7]1 (Oxidation, Desorption)

Clearly, an intricate mechanism is under study, and some aspects of it are still under
discussion. However, for the moment it is assumed to be correct and it will serve as base
for the discussion of data in this thesis. This assumption will turn out to be reasonable, as
shown later in this thesis.

1.4 Radiotracer Thin-Gap Technique

Methodology - As mentioned, the absence of an extensive study on the basis of Sabatier’s
principle in electrocatalysis seems associated with the limitations of conventional
electrochemical and spectroscopic techniques to determine the values of the adsorption
enthalpies and the times of residence of species at the catalytic surface. A solution may
nevertheless come from the use of the radiotracer thin-gap technique.'>* This technique is
based on a press-down and pull-up procedure of a flat electrode to and from a flat glass
scintillator. It enables the in-situ registration of the quantity of radioactive species
adsorbed on the electrode under equilibrium and non-equilibrium conditions (steady state
and dynamic state) as well as the simultaneous measurement of the oxidation rate and
surface coverage.'”***’ Another beneficial feature refers to the ability to verify the
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presence of a clean metal surface by comparing the voltammograms recorded in
conventional electrolytes with those reported in literature. Although any flat surface can
be used as substrate, adsorption studies are restricted by the availability of soft-f§ emitting
and o-emitting radionuclides.*®

Compartimental Analysis - The adsorbed quantities obtained from the radiotracer
measurements may be fitted by compartimental analysis to obtain values for the residence
times of species at the catalytic surface.*** Compartimental analysis conceives the
adsorption process by pseudo-stable states, called compartments, which are
interconnected by mass flows. Derivation of the best fitting compartmental model is
performed in two steps: First, the number of compartments required to describe the data
properly is derived from the number of exponents used to fit the adsorption kinetic
curves.**! Then, the sets of first order linear differential equations for each model with
the determined number of compartments are derived and fitted to the data. Rate constants,
intercompartment flows and times of residence are obtained from the best fitting set of
equations.

Thermodynamic Energies - Assuming Langmuir-conditions at low adsorbate
concentrations, the values for the respective Gibbs adsorption energies, the adsorption
enthalpies, and the adsorption entropies can be derived from the initial slopes of the
adsorption isotherms at different temperatures by linear least square fitting.”'
Complementary Insight - A shortcoming of the radiotracer thin-gap technique is that
determination of values kinetic parameters occurs in a non-direct fashion from modelling
of the adsorption and exchange data. The first order set of mathematical differential
equations is thus assumed to describe the real transport processes well.**° To meet this
limitation, and to gain an unprejudiced, kinetic view of the formaldehyde oxidation
reaction, complementary techniques like DEMS, EIS and Voltammetry have been used in
this thesis.” The use of equivalent circuit fitting procedures for the description of
electro-organic oxidation EIS data had not been reported before at the time this thesis was
written. A similar comment applies to the use of compartimental analysis for the
description of kinetic adsorption data in electrocatalysis.

1.5 Volcano-type Relationships

Heterogeneous Catalysis - A practical example of a well-known volcano-type
relationship in heterogeneous catalysis refers to the dependence of the transition metal-
variable rate of decomposition of formic acid (with a structure closely related to that of
formaldehyde) on the metal-reactant adsorption heats.’® The volcano plot shows a
maximum for platinum, iridium and palladium, a left-wing tail for silver and gold, and a
right-wing tail for nickel and copper. The location of metals in the volcano plot cannot be
correlated with valence states or atomic numbers given in the periodic Table, as tails and
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peaks of the volcano do not coincide with the groups or periods of the periodic Table.
Other entities like atomic orbitals or work functions may therefore be taken into
consideration to understand the location of the metals in the volcano plot.

Electrocatalysis - A well-known volcano-type relationship in electrocalysis refers to the
dependence of the potential of hydrogen evolution in acid solution on the metal-hydrogen
adsorption enthalpies at a current density of 1 mAcm™.***" This dependence shows a
maximum for palladium and platinum, a right-wing tail for silver, nickel, gold and
palladium, and a left-wing tail for metals like gallium and mercury. The data points for the
metals applied in electroless plating are nevertheless roughly located in a straight-line
fashion. This observation is roughly in concordance with the curved dependence of the
exchange current density of hydrogen evolution in acid solution on the metal-hydrogen
adsorption enthalpies (Figure 2).

-2

Exchange Current, -log(i)) / A cm

160 200 240 280
M-H Bond Strength / kJmol"

Figure 2. Exchange currents for electrolytic hydrogen evolution versus
strength of intermediate metal-hydrogen bond formed  during  the
electrochemical reaction.

The relation in Figure 2 nevertheless contradicts observations made in alkaline solutions

by Bindra et al.® The latter group made a categorisation of metals from group VIII and IB

according to hydrogen adsorption energies and compared these with the formaldehyde

oxidation rates in alkaline solutions. Three types of metals were proposed, with the metals

relevant for this thesis set in brackets:®

® Metals from group IB with positive free energies of hydrogen adsorption,
characterised by the evolution of hydrogen during the oxidation of formaldehyde (Cu,
Ay, Ag).
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e Metals from group VIII with free energies of hydrogen adsorption close to zero,
characterised by the absence of hydrogen evolution during the oxidation of
formaldehyde (Pd, Pt, Ir).

e Metals from group VIII with negative free energies of hydrogen adsorption
characterised by a low catalytic activity for the oxidation of formaldehyde (Ni).

Metal-Formaldehyde System - Only one report has addressed the presence of a volcano-

type relationship for the dependence of the formaldehyde electro-oxidation rates on the

metal-formate formation enthalpies.® Platinum and palladium were found as peak of a

rough volcano with gold and silver tailing left wing, and copper and nickel tailing right

wing (Figure 3).

~2f 1
?‘;‘
S
0
60 65 70 75 80
AH,, oo /K mol”

Figure 3. Volcano plot for the dependence of the relative rate of oxidation of
Jormaldehyde (0.1 M) in NaOH (1.0 M) on the metal-formate formation
enthalpies.

The scientific relevance of this volcano for the data presented in this thesis may
nevertheless be disputed, as rates relative to the average rates were presented that were
obtained at pH-values different to those employed in this thesis. Besides, data were
obtained under non-steady state conditions, at undefined potentials and metal-formate
formation enthalpies were taken rather than adsorption enthalpies.® However, the results
do roughly correlate with those discussed above for the heterogeneous catalytic rate of
decomposition of formic acid on transition metals. Namely, three similar groups may be
recognized in both volcano’s: Ag and Au as left-wing tail, Pt, Ir and Pd as top, and the
less noble Cu and Ni as right-wing tail.
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1.6 Sabatier’s Principle
As mentioned, Sabatier’s principle states that optimum catalytic reaction rates arise at an

optimum surface coverage of reactants and at an optimum metal-reactant bond strength.*®

The principle is based on a relationship between a kinetic observable (reaction rate)

measured under non-equilibrium conditions and a thermodynamic property that applies

under equilibrium conditions (adsorption enthalpy). Contemplating the criteria for the

validation of the principle in the electrocatalytic oxidation of formaldehyde on transition

metals, brings up the following four empirical conditions:

1) The metal-dependent formaldehyde oxidation rate (i) should depend on AH,q4 or (AG,q4)
in a volcano-type fashion.

2) Values of AH,q approach those of AG, in order to allow the derivation of Sabatier’s
principle from a volcano that uses adsorption enthalpies (AH,g).

3) Values of AG,y or AH,q in the gas-phase should approach those in the liquid phase in
order to allow the use of adsorption energies obtained in the gas-phase.

4) Values of AG,4 have to correlate with the residence times of species at the surface (7)
and with the surface quantities (Q).*®

The latter condition in turn assumes the absence of multilayer adsorption and the validity

of Eyring’s generally accepted picture of fixed and time-invariant potential fields with

transition states being in equilibrium with thermodynamic minima.’

1.7 Chronological Overview of Work preceding this Thesis

Original Approach - In the original approach to meet the objective for this thesis, it was
planned to study adsorption and exchange rates on transition metal colloids (rather than on
electrodes) by using radiotracer-experiments and compartmental analysis. The colloids
were chosen as substrates, as previous similar studies were successfully made using
cadmium-sulphide colloids, and as electroless plating occurs at surfaces that are not
polarized externally as well.®® Attempts were therefore made to prepare pure,
monodisperse and small transition-metal colloids, as these would offer high, relatively
well-specified, surface areas and a minimised interference between the adsorption of
chemical agents and reducing agents. The electric dispersion of silver wires, as described
for the first time by Ritter for tellurium already in 1808, was applied first to meet these
goals.* Surprisingly, the resulting dispersions contained sub-nanometre sized clusters that
remained stable for weeks. An extensive study was made next of the dispersion
mechanism, the formation of the particles and the stability of the sub-nanometre sized
silver clusters. Related to these studies, a new method was further developed that enabled
selective silver-plating of silicon structures in the lowest dimensions reported ever for the
deposition of metal from aqueous solutions. The pictures on the cover of this thesis is an
example of this process, showing the selective silver deposition of 100 nm wide lines

9
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(written as “TUDelft’) at an aspect ratio of 4.25. Three publications resulted from these
studies, which are summed up in more detail in Chapter 8.

To still verify Sabatier’s principle for the metal-formaldehyde system, attempts were

made to study the adsorption of [*C]-labelled formaldehyde on silver colloids that had
been prepared by anodic dispersion. Various quantities of ['*C]-labelled formaldehyde
were added to different colloidal dispersions, each settled for different periods of time.
Particles were then separated from the solution by ultra-centrifugation and/or ultra-
filtration, followed by measuring the particle-free solutions on radioactivity by liquid
scintillation counting. However, no reproducible decreases in radioactivity with increasing
amounts of formaldehyde were obtained. Similar unsatisfactory results were obtained later
for silver and gold sols prepared by chemical reduction. Most likely, the coalescence of
colloids upon the addition of formaldehyde accounted for the fruitless attempts, as the
colour of the sols changed with increasing amounts of formaldehyde.
Modified Approach — During the colloidal studies the radiotracer thin-gap technique
described by Wieckowski et al. was considered as a better alternative, as it measured
adsorption on defined surfaces in a straightforward in-situ fashion. However, as some
concerns also existed on the possible low signal for the formaldehyde-transition metal
system related to the relatively small electrode surface areas employed for this technique,
it was decided to run some test experiments at the facilities of Wieckowski (University of
Illinois). Successful adsorption measurements were obtained within a month in the USA.
A dedicated set-up was built in Delft, which took approximately one year. It went along
with some other experimental studies described in this thesis. Studies on silver particles
and plating were finished off after the radiotracer thin-gap technique had been
constructed.

1.8 Scope and Survey of this Thesis
The following issues have been defined as the final scope of this thesis:

e Elucidation of adsorption kinetics, reaction kinetics and thermodynamics of the
formaldehyde-electro-oxidation reaction on different transition metals under different
conditions.

¢ Demonstration of the added value of EIS using equivalent circuit fitting procedures
and the radiotracer thin-gap technique in the study of an electrocatalytic oxidation
reaction.

e Verification of the presence of a volcano-type relationship for the metal-formaldehyde
system and verification of the validity to derive Sabatier’s principle from this
relationship.

To meet these goals, the mechanism, kinetics and thermodynamics of adsorption and
oxidation have been elucidated on gold at different pH-values, concentrations and

10
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temperatures first (Chapter 3-5). Then, the influence of the metals and their physical
properties on the kinetics of the reaction has been discussed (Chapter 6). The view
acquired from these studies has been used to discuss the outcome of the radiotracer
adsorption studies on transition metals other than gold (Chapter 7). Experimental details
have been given in Chapter 2, while a summary of work that was considered to be beyond
the scope of this thesis is presented in Chapter 8. Final discussions and recommendations
are drawn up in Chapter 9.
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Chapter 2

Techniques, Methods, Experiments

The techniques, methods and experiments used to collect the data for this
thesis are discussed. Electrochemical impedance spectroscopy (EIS) was
applied to obtain a qualitative view of the rate of oxidation of formaldehyde
on gold in alkaline solutions. Fitting of the data was performed by so-called
equivalent-circuit procedures. Voltammetry and chronoamperometry were
applied to derive the apparent activation energies (E,.) and kinetic isotope
effects (KIE) of the reaction. The gas evolution properties of the system
were addressed by differential electrochemical spectroscopy (DEMS), while
the adsorption kinetics and thermodynamics were addressed by the
radiotracer thin-gap technique. The kinetic and thermodynamic aspects
were examined first on gold at different pH-values, concentrations and
potentials. Then, the composition of the solution was held constant and the
reaction was studied on transition metals other than gold.
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2.1 General Approach

To extend the qualitative mechanistic description given in Chapter 1 to a quantitative
kinetic model, the effect of the partial reaction steps in the overall rate of oxidation of
formaldehyde on transition metals were studied. Different techniques and methods were
used to meet this goal.'? The identification of the rate-determining step (RDS) and its
dependence on both the metals and the composition of the solution was of special
relevance, as it was considered to rule the overall rate of plating.*” The choice of
techniques, methods and conditions was based on the mechanism presented in Chapter 1
and the most important underlying consideration are summed up below:
Techniques - To confirm the occurrence of (Step [1]) of the mechanism, some redox
titration’s were carried out using KI as oxidising agent.® The influence of diffusion (Step
[2]) was studied using a rotating disc electrode by voltammetry and EIS. Physisorption
and chemisorption (Step [3] and Step [4]) were examined by the radiotracer thin-gap
technique and compartimental analysis. The formation of formate and water (Step [5] and
Step [7]) was studied using voltammetry and EIS. Moreover, differential electrochemical
mass spectrometry (DEMS) was applied to study the hydrogen-evolution characteristics
and to confirm the view that no CO, forms at lower overpotentials.>'®
Conditions - Rates were determined at different pH-values in order to gain insight into the
importance of Step {5] and Step [7] in the overall rate of the reaction, as these steps
depend on the pH by stochiometry. Besides, the concentrations of the reactants and the
temperatures were varied in order to determine the respective adsorption isotherms, the
reaction orders and the activation energies (E,) of the system. Moreover, rates were
studied at different potentials and at different scan rates in order to see if rates had a
faradic, diffusive or capacitive character.
Kinetic Isotope Effects - Insight into the relative importance of Step [4] through Step [7]
in the overall reaction kinetics was obtained by determining the kinetic isotope effects
(KIE) under conditions where Step [1] through Step [3] were known to play a minor role
in the overall rate of the reaction. A value of the KIE of ~7 was reasonably assumed to
reflect a rate-limiting role of the C-H bond rupture in the overall reaction kinetics (Step
[4]).>"" A value of 1 indicates a major role of formate (Step [5]), as no rupture of
hydrogen bonds are involved in this step. A value lower than one was assumed to reflect a
major role of the desorption of molecular hydrogen or water (Step [6]) and/or Step [7]), as
further discussed in Chapter 4.>"'
Activation Energies - Quantitative insight into the catalytic impact of the metal surface
and surrounding molecules on the rate of the reaction was obtained by bearing in mind
that the value of E,, for a non-catalytic, rate-limiting C-H bond rupture step is metal
invariable and equal to the dissociation energies of C-H and C-D (338.1 kJ mol" and
341.4 kJ mol respectively).’> Moreover, an electrochemical reaction with a rate-limiting
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electron transfer step may be characterized by a value of the KIE of 1 and a value of the
E.« that depends on the potential applied in a linear fashion.'? In addition, the value of the
E.. is positive when the rate of the reaction increases at increasing temperatures and
negative when the rate of the reaction decreases at increasing temperatures. Note, that a
negative activation energy calculated from the Arrhenius equation implies the presence of
a so-called pre-equilibrium in the reaction (rather than a large influence of the entropy in
E.), as the Arrhenius slope depends only on the enthalpy of activation.

Influence of the Metal Catalyst - The influence of the metal catalyst on the rate of the
reaction has been studied by measuring the current response for the oxidation of
formaldehyde on various metals by voltammetry. Two different reaction pathways may
lead to desorption of adsorbed hydrogen: adsorbed hydrogen may react to molecular
hydrogen on copper (by Step [6]), and to water on platinum, iridium, palladium and nickel
(by Step [7]). On gold and silver, both reactions may proceed simultaneously. Besides,
palladium is not only known as a gocd adsorbent for hydrogen, but as a good absorbent
for hydrogen as well *+5!41316

2.2 Electrochemical Impedance Spectroscopy
2.2.1 Background

Electrochemical impedance spectroscopy (EIS) is based on the sinusoidal voltage
perturbation of an electrochemical steady-state process with the simultaneous registration
of the sinusoidal current response.'”'? The phase difference and amplitude of the current
signal are measured at different input frequencies and contain kinetic and mechanistic
information on processes in and at the electrode as well as on reactions proceeding in the
solution.'”*! Data are often plotted in the complex plane (Nyquist diagram) with each data
point constructed at the end of a tensor that has a length equal to the current amplitude and
an angle relative to the real axis that is equal to the specific phase difference. The
sinusoidal voltage perturbation is small and imposed upon the steady-state voltage of the
cell, allowing the assumption that the steady-state current depends on the voltage applied
in a linear fashion within the voltage range of perturbation.” Hence, the information
extracted from the non-linear current response is assumed to reflect the kinetics of the
steady-state process.' "%

The art of the technique is to extract the right kinetic information from the vast amount
of data and the complex Nyquist diagrams. This may be achieved by fitting the data using
a transfer function or a so-called electrical equivalent circuit.'”***! In the transfer function
approach, the correlation of the reaction mechanism and the kinetic model is made prior to
the fitting procedure, whereas in the equivalent-circuit approach this is mainly done after
the assessment of the most appropriate circuit.'™'®? A disadvantage of the electrical
equivalent-circuit approach may be nevertheless that often no straightforward relation
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applies between the physical elements of the fitted equivalent circuit and the chemical
steps of the reaction.'”*' The features of the circuit, the relative and absolute value of the
elements and their dependencies on relevant system parameters may nevertheless provide
insight into the double layer structure and kinetics of the reaction.” A circuit that mimics
data well may therefore still set a proper base for further elucidation of the reaction by
complementary techniques like DEMS, voltammetry and the radiotracer thin-gap
technique .5’

As the mechanism for the oxidation of formaldehyde (CH,O) consists of seven steps, the
transfer function approach goes along with a complex derivation of formulas with an
associated low reliability and causality of the fits.'®?! As a consequence, the equivalent
circuit approach was chosen. This approach offered the possibility to gain a qualitative
unprejudiced view of the reaction kinetics, as over 50 physical models were fitted without
assuming one mechanism to be valid a priori.

2.2.2 Qualitative Approach

Realizing that the overall kinetics of the electro-oxidation reaction is ruled by the
kinetics of the rate-determining step (RDS), it is important to find out whether this RDS
manifests itself as a capacitance, as a resistor or as a diffusive loop. Diffusive behaviour at
very low frequencies for instance, is interpreted as a diffusive rate-limiting step under
steady-state conditions, and may therefore link up with either Step [1] or a product-related
diffusion step.'® The transport number of OH- is approximately four times higher than the
transport number of formaldehyde and formate. Diffusion steps associated with OH™ may
therefore be ruled out, an assumption frequently made?*® A capacitance at low
frequencies may correlate with adsorption or desorption steps although still some dispute
exists about the origin of negative capacitances (also referred as inductive behaviour).22®
Resistive behaviour at low frequencies is usually encountered when faradic behaviour
(transfer of an electron in the RDS) applies to the overall kinetics of the reaction. In this
case, Tafel behaviour will apply characterized by a linear log i - V relationship.?

2.2.3 Materials

The EIS experiments were carried out in a conventional three-electrode glass cell. The
working electrode was a gold wire, partly wrapped by teflon tape in order to keep the
constant surface area of ~3.1 c¢m’ (diameter wire 2 mm, purity 99.99%, Goodfellow,
England). The Teflon-taped part of the wire was just heid above the meniscus of the
solution. A platinum foil counter electrode and a double junction saturated calomel
electrode (SCE) were used as counter electrode and reference electrode respectively. The
cell and counter electrode were rinsed with perchloric acid (1 M) followed by rinsing with
millipore water (Milli-Q system, 18.2 MQcm') prior to the experiments. The working
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electrode was cleaned by rinsing with perchloric acid (1M) and water, followed by
polarizing at a potential of -2.0 V vs. SCE for 60 s to strip surface impurities.

Solutions were prepared from chemicals of analytical grade (Sigma, Belgium). Both
CH,0O and deuterated paraformaldehyde (CD,O, D quantity >99.0% in formaldehyde,
Thamer Diagnostica, The Netherlands) were dissolved by ultrasonic vibration. The exact
concentration of CH,O of three solutions containing 0.1 M NaOH and 0.1 M CH,0 was
determined iodometrically as a function of time.” Assuming that all paraformaldehyde
had dissolved as CH,O after ultrasonic vibration, the solutions contained 99.6% to 99.8%
CH,O eight minutes after ultrasonic vibration and did not decrease by more than 1.6 %
over the period of an impedance measurement (~24 hours). As the impure character of the
formaldehyde solutions is generally encountered in practical plating processes as well, no
attempts were made to further purify the solutions and concentrations were assumed

constant over the period of a measurement.””"!

2.2.4 Methods

The steady-state V-i curves were recorded using a scanning potentiostat (EG&G, PAR,
type 363). Potentials were stepped at 25 mV and currents were measured when the current
remained approximately constant (remaining within 5 pA for at least 30 s). No gas was
bubbled through the cell to minimize evaporation of the volatile formaldehyde. Impedance
spectra were recorded using a Solartron 1255 HF frequency response analyzer connected
to a Solartron electrochemical interface (type 1286). Data acquisition and control of the
set potentials was performed using the ISIS computer program.’” Potentials were chosen
slightly positive of the open circuit potential (OCP), as these conditions approached those
in practical electroless solutions most satisfactorily, and as side-reactions do virtually not
occur under these conditions.'**°

Spectra recorded at an AC voltage of 5 mV showed strong noise at low frequencies and
the AC perturbation was therefore set at 15 mV. Measurements were performed in
triplicate at each potential in the frequency range between 1 mHz and 60 kHz, after
conditioning the current at each potential step for 300 s. The spectra presented in this
thesis are the third spectrum measured each time, although no significant differences were
seen between the triplicate spectra. The OCP conditioned within seconds, but the
conditioning time was set at 300 s as well. The cell was stored in a Faraday cage during
the measurements. Fitting of the data and assessment of the data on causality, linearity and
stability of the system by Kramers-Kronig transformation was performed using the
“Equivalent Circuit” software package."’

2.2.5 Data Evaluation
Fitting was usually attended by the fact that a particular spectrum could be fitted well by
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more than one circuit. This problem, i.e. of identifying the most likely circuit as well as of
distinguishing partial processes involved, was alleviated by fitting a range of spectra
measured at different, but closely related, potentials and concentrations. Besides, data
were measured for CD,O. The information obtained from the literature and from the data
obtained by the radiotracer thin-gap method, DEMS and voltammetry further facilitated to
choose the most plausible circuit. Moreover, one circuit was sought that described the
formaldehyde oxidation satisfactorily under all conditions examined.

The fitted circuits were composed of defined elements, i.e. the use of constant phase
elements (CPE) was circumvented deliberately.'® Correlation of the circuit to practical
systems is helped by including elements with practical significance. The CPE is usually
encountered in ‘black box’ approaches but contains various (electro)chemical obscurities.
Contrary to R, C and W, no straightforward physical interpretation has been given yet >**'

2.3 Voltammetry and Chronoamperometry
2.3.1 Introduction

Voltammetry is based on the perturbation of an electrochemical system by a potential
that changes constantly with time. The simultaneously recorded current contains
information on processes proceeding in the solution, at and in the working electrode.
Voltammetry is referred to as linear sweep voltammetry when the potential ramp concerns
a single sweep and as cyclic voltammetry when the potential is cycled between two
extremes.*>** Chronoamperometry is based on imposing a sinusoidal potential on an
electrochemical system with the simultaneous recording of the current response as a
function of time.*’

2.3.2 Materials

Solutions were prepared from chemicals of analytical grade (Sigma, Belgium, and Milli-
Q water ~18.2 MQ cm™). Both CH,O and CD,0 (D quantity in formaldehyde 99%,
Thamer Diagnostica, The Netherlands) were dissolved by ultrasonic vibration. Nitrogen
was bubbled through the solutions at ~five bubbles per second.

Disk-shaped polycrystalline metal electrodes (99.99%, Goodfellow, England) with a
diameter of 5 mm were attached to a copper electrode holder that had been embedded in
polytetrafluoroethylene (PTFE). The holder and electrode were connected to a rotator that
in turn was linked with the potentiostat. Voltammograms were recorded at 16 rps, unless
stated otherwise. Electrodes were polished manually using 3, 1, and 0.25 pm diamond
paste followed by a thorough rinsing with water. A platinum electrode and a Hg/Hg,SO,
(sat. K»,SOy) electrode was used as counter electrode and reference electrode, respectively.
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2.3.3 Methods

Cyclic voltammograms and current transients (chronoamperometry) were recorded
using a 362 EG&G PAR potentiostat and a double wall, single-compartment glass cell.
Prior to each measurement, a cyclic voltammogram was recorded in 0.1 M NaOH to

confirm the presence of the clean metal surface from the characteristic voltammogram
38-43

(Figurel).
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Figure 1. Cyclic voltammograms recorded at a scan rate of 50 mV s™' in
solutions containing 0.1 M KCIO,.
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Then, voltages were cycled at 50 mV s in the formaldehyde solutions of interest until
signals were reproducible. Voltages were cycled between -1.5 V vs. Hg/Hg,SO, and 0.2 V
vs. the potential where a sudden drop in the formaldehyde electro-oxidation current
occurred due to the oxidation of the metal surface.* Definite cyclic voltammograms were
then recorded in the solutions of interest at a sweep rate of 10 mV s™.

An attempt was made to derive the roughness factors of the electrodes by comparing
double layer capacitances (C) of the electrodes with the minimum value of 22 pFem™
reported for single crystalline gold (111) surfaces.*” The capacitances were calculated
from i = Cv (where: C is the capacitance [F cm™], i the current density [mA c¢m™] and v
the scan rate [V s']) at voltages where current densities were reversible, approximately
independent of the potential, and zero at very slow scan rates.*® This method may contain
a significant error, but as it is impossible to derive all surface areas by one method with
high accuracy, and as relative comparisons between metals and solutions were considered
more important than absolute determinations, the values of the roughness factors were
assumed as practicable (Table 1).**’. Current densities in this thesis are expressed in real
surface areas, unless stated otherwise.

Metal  Capacitance / Surface Area/  Roughness V/V
uF cm? Factor / - vs.Hg/Hg,S04

Ag 37.0 1.68 3.36 -0.47
Cu 70.1 3.19 6.38 -0.81
Pd 21.7 0.99 1.98 -0.34
Ni 11.6 0.53 1.06 -0.51
Au 36.0 1.64 3.28 -0.85
Ir 573 2.60 5.20 -0.58
Pt 17.9 0.81 1.62 -0.49

Table 1. Surface data obtained for the metals studied by voltammetry.

The dependence of the reaction rate on temperature was studied by slowly heating the
solutions and recording voltammograms simultaneously. In this way, the heating time was
kept to a minimum and results were seen to be most reproducible. The temperatures given
in the text are averages of the initial and final temperatures of each positive scan.
Moreover, no data could be obtained for the oxidation of CD,O on nickel at higher
temperatures, as current densities fluctuated around zero. The values of the KIE for nickel
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were therefore obtained by recording one voltammogram at room temperature for the
solution containing CH,0, followed by the immediate exchange with the solution
containing CD,O (leaving one drop of the solution containing CH,O on the electrode) and
the recording of the voltammogram.

Current transients were recorded at different potentials by first polarizing the electrode
for 1 min at 0.3 V vs. the potential where the drop in current associated with the oxidation
of the gold surface was seen. Then, the electrode was held at the OCP for 1 minute, and
stepped to the potential of interest, while recording the current as a function of time.

2.3.4 Data Evaluation

To investigate the diffusive or kinetic character of the reaction, the current transients
were fitted by (square)root-functions and exponential functions using Microsoft Origin
software. The derivation of the values of E,, was performed at each potential from the
slopes of the Arrhenius plots by linear least-squares fitting using Microsoft Mathematica
software. Confidence intervals of 95% of these fits were included in the data. Note, that
E, represent apparent activation energies, as it assumed the validity of the Arrhenius
equation and as the pH of the solution and the potential of the reference electrode were
assumed constant at all temperatures during a measurement.

2.4 Differential Electrochemical Mass Spectrometry
2.4.1 Introduction

Differential Electrochemical Mass Spectrometry (DEMS) is based on the simultaneous
measurement of volatile products and the current at various potentials.”'® A porous
working electrode is used that is attached to a solution-impermeable Teflon membrane,
which is connected to the cell and the gas chamber of the mass spectrometer.”'®

2.4.2 Materials and Methods

The DEMS measurements were conducted using a Leybold Quadruvac PGA 100 mass
spectrometer.>”'" A Hg/HgO electrode was used as the reference electrode in all
measurements. The products were examined for CO,, H,, HD and D, using a gold
electrode of which the cyclic voltammogram attested to clean gold (Figure 2a).*® The
calibration constant, K*, of the mass spectrometer was obtained by recording the faradaic
current and hydrogen current in 0.1 M NaOH (Figure 2b), and using Equation 1:*
o diontHy) 1

nl p(Hy)

Where: I{H,) refers to the faradaic current for hydrogen evolution, n to the number of
electrons (being 2 under the assumption that gas evolution can be described by the
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standard hydrogen evolution reaction in alkaline, aqueous solution: 2 H;O +2e¢ — 2 H,
+ 2 OH"), and I;,, the ion current form/ z = 2.12

0,0 o ———

0,4} a
I/mA

0,8}

0,6}
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0,3r

0’ A a /Ay
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Figure 2. (a) Cyclic voltammgram for gold in 0.1 M NaOH at a scan rate of
10 mV s, (b) Corresponding mass signal for H; .

2.5. Radiotracer Thin-Gap Technique
2.5.1 Introduction

This technique is based on the measurement of radiolabelled molecules or ions adsorbed
at a flat electrode by pressing down and pulling up the working electrode to and from a
flat glass scintillator (Figure 3).**>* The glass scintillator converts ionising radiation into
light pulses that are next converted to electric signals by a photon muitiplier tube (PMT),
amplified and stored in a multi-channel analyser. The overall signal (from a window
between two selected channel settings) results from species adsorbed both at the electrode
and trapped in the gap between the electrode and the scintillator.*® For this reason, the
signal originating from radiolabelled species, trapped in the gap between the electrode and

the scintillator, is determined under conditions when no adsorption occurs. >
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Up Position Down Position

O Non-labeled molecule/ion

I @ Labeled molecule/ion

Figure 3. Schematic representation of the radiotracer thin-gap technique:
Labelled species in the gap between the electrode and the scintillator, are
detected when the electrode is in the up position. Labelled species adsorbed
at the electrode and trapped in the smaller gap between the electrode and
the scintillator are detected when the electrode is in the down position.

2.5.2 Materials and Equipment

Solutions were prepared from chemicals of analytical grade (Sigma, Belgium) and milli-
Q water (Millipore, 18.2 MQcm'™'). Both formaldehyde and deuterated formaldehyde (D
quantity in CD,O > 99%, Thamer diagnostica, The Netherlands) were dissolved in water
by ultrasonic vibration. The ['*C]-labeled CH,O (ICN, the Netherlands) used for the
radiotracer adsorption studies had a specific activity of 1.99 GBq mmol™ and a radioactive
concentration of 0.7 GBq mlI™. The [**S]-labeled Na,SO, (ICN, the Netherlands) used for
the determination of the gap thickness had a radioactivity of 104 MBq (carrier free).

Disk-shaped polycrystalline metal electrodes (thickness 5 mm, diameter 11.5 mm,
99.99%, Goodfellow, England) were optically cut and polished using 1.0 pm and 0.25 um
diamond paste. A platinum electrode and a Hg/Hg,SO, (sat. K»SOy) electrode were used
as counter electrode and reference electrode, respectively. The metal electrodes were pre-
treated by rinsing with 0.1 M HCIO,, followed by potentiodynamic cycling between —1.3
V and 0.4 V vs. Hg/Hg,SO, in 0.1 M NaOH. Cycling was continued until signals were
reproducible and indicative for clean metals (Figure 4).**
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The potential-dependent radiotracer studies were carried out using a scanning
potentiostate (EG&G, type 362) and a double-wall glass cell which was connected to a
thermostate.”>** The bottom of the cell consisted of a glass scintillator embedded in a
ceramic disc covered by a protecting, transparent polyethylene film. Light signals were
detected, amplified and collected using a photomultiplier tube (PMT, Thorn EMI, type:
B2F/RFI) a power supply (EG&G Ortec, type 478), an amplifier (Canberra, type: TSCA,
2015A) and a multi-channel analyser as the data collector (Tracor Northern, type: 7200).
The high voltage supply to the PMT operated at 1500 V during all measurements.
Nitrogen was bubbled through the cell in each experiment at ~3 bubbles per second, as

counted by the eye.
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Figure 4. Cyclic voltammograms obtained in 0.1 M
NaOH at a scan rate of 50 mV s™ for the metals used
in the radiotracer studies.
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2.5.3 Methods

The theory behind the thin-gap method has been described in detail elsewhere*, but as
slightly different procedures were followed, the modified procedure is briefly summed up:
A flat electrode is pressed against the polyethylene foil (thickness 0.1 mm) and the glass
scintillator in the bottom of the cell. The amount of species adsorbed at the electrode can
be obtained from Equation 2:**3***

-3
o Ny C10 @
ngﬂsRFb exp(- u5x)

Where: T" (mol cm™) is the concentration of adsorbed ions at the surface. Nog, (cps) is the
net count rate from the adsorbate on the electrode surface counted when the electrode is in
the ‘down’ position. N, (cps) is the counting rate from the solution and the adsorbate at
the polyethylene foil counted when the electrode is in the ‘up’ position. C (mol dm™) is
the concentration of adsorbate in the bulk solution. , is the linear absorption coefficient
of B-radiation in water (300 cm™ for [**C], 256 cm™ for [*°S] at 295 K). R (-) is the
roughness factor of the electrode surface, x (cm) is the gap thickness between the
electrode and the foil on the glass scintillator, F;, (-) is the backscattering factor which can
be obtained from:

-Z
Fb—2—exp[ﬁ:| )

Where: Z is the atomic number (Z 2= 4). F, amounts to 1.86 for gold.sz’55

The gap thickness, x, must be calibrated under conditions when no adsorption
occurs.’”™ As these conditions did not apply to the formaldehyde-gold system (see
below), the gap thickness was obtained by measuring the up and down signals for the gold
sodium-sulphate system (**S has a B-energy spectrum comparable to that of '*C).*
Increasing amounts of a radioactive [*°S]-labelled Na,SO, solution (radioactive
concentration 104 MBq ml') were injected into 10 ml 0.1 M HCIO, at 0.6 V vs. Hg-
Hg,SO0,. Signals were recorded in the up and down position (Figure 5).

T T

Figure 5. System responses at different
concentrations of [PS]Na;SO, in 0.1 M
HCIO,. Electrode potential: —0.6 V vs.
Hg/Hg»S0,.
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The gap thickness was calculated from Equation 4:°>

d

]’ép =[1-expl- prsx )1+ (3 ~1)exp(- 2] @

Where: N is the counting rate (cps) in the down position. The ratio N, / N, is called the

squeeze efficiency. A is the linear absorption coefficient (cm™) in water for the

backscattered B-radiation, which can be obtained from Equation 5:%

A= 2Hs )
(106+2)

As adsorption of formaldehyde on the polyethylene foil could eclipse the signal
originating from the electrode surface, it was examined by liquid scintillation counting:
Five pieces of polyethylene film were dipped for different periods of time into 100 ml of a
[“C]-labeled formaldehyde solution containing 0.1 M NaOH and 102 M CH,0
(radioactive concentration: 0.04 MBq ml™). Then, pieces were thoroughly rinsed with 0.1
M NaOH, dipped into 10 ml Ultima Gold XR scintillation cocktail (Packard), and counted
using a liquid scintillation counter (Packard, type: Tricarb 2750/LL). As signals obtained
did not increase at longer times, and as they did not differ from pieces that were not
exposed to the radioactive solution, it was assumed that no significant irreversible
adsorption of formaldehyde on the film had occurred.

As repeated polishing of the optically cut electrodes induced a roughening of the metal
surface, the gap thickness was determined for gold as a function of the number of

polishing treatments (Figure 6).

4
3t |
2

Gap / um

1t
1 2z 3 4

Treatments with 0.25 pm diamond paste / -

Figure 6. Gap thickness as a function of the number of scouring treatments.

As the electrodes treated twice with 0.25 um diamond paste yielded most reproducible
voltammograms, it was decided to conduct all measurements with these electrodes (Figure
7a).” The roughness factor of the electrode was derived from the cyclic voltammograms
recorded in 0.1 M NaClO, by the procedure discussed in Section 2.2.2 (Figure 7b).*
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Figure 7. (a) Cyclic voltammograms obtained in 0.1 M NaOH for the gold
electrode used in the radiotracer experiments. (b) Cyclic voltammograms for
the same electrode in 0.1 M NaClO,. (c) Dependence of the capacitive
current on the scan rate.

The linear dependence of the current with increasing scan rates at —0.48 V wvs.
Hg/Hg,SO, for gold confirmed the capacitive character of the current (Figure 7c). The
current densities were not entirely independent of the potential for any metal but still the
double layer capacitances were derived. The impact of the erroneous determination
seemed acceptable, as values were in rough agreement with the values of the metal
electrode used in voltammetry. Moreover, as the main focus of the adsorption study was
laid on the differences in response to the various solutions rather than on the detailed
elucidation of absolute numbers, each value was assumed as practicable (Table 2).

After determining the various constants of Equation 2, the net counting rates originating
from the adsorbate on the electrode, N,4, were obtained by first collecting counts when
the electrode was in the down position. Then, both the background signal, measured prior
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to the injection of the radiolabelled species into the cell, and the signal originating from
the radioactive solution in the thin layer was subtracted. The latter was calculated from the
squeeze efficiency obtained for the gold-sodiumsulphate system (Figure 5).>* Each value
in the plots discussed in this thesis are an average result of six times counting for 20 s.

Metal Capacitance / Roughness v/
UF cm? Factor / - V vs. Hy/Hg,SO,
Au 65.9 3.00 -0.89
Ag 105.8 4.81 -0.52
Cu 74.9 3.40 -0.82
Ni 53.0 241 -0.62
Pd 322 1.46 -0.93

Table 2. Surface data for the metal electrodes used in the radiotracer
experiments

2.5.4 Measurement Procedures

Adsorption Kinetics - The adsorption kinetics of formaldehyde on the metal electrodes
was studied by first injecting 9 ml 0.1 M NaOH into the glass cell with the gold electrode
held in the up position. The electrode was then pressed down and 1.1 ml of [**C]-labelled
formaldehyde solution containing 0.1 M NaOH and 10> M CH,O (radioactive
concentration: 3.4 MBq ml") was injected into the cell and homogenized by air bubbling.
When neither adsorption nor diffusion of the labelled formaldehyde into the trapped
solution layer had occurred, as revealed by the constant, low response of the system, the
electrode was lifted. The electrode was then held in the up position until complete
homogenisation of the labelled formaldehyde in the thin gap and adsorption of
formaldehyde onto the electrode had occurred. Complete homogenisation was deduced
from the unchanged up and down signal under conditions where no adsorption occurred
(i.e. the gold-sulphate system).>* Adsorption was seen from the increased signal when the
electrode had been pressed down. The procedure of holding up the electrode for a fixed
period of time, pressing it down, and measuring was repeated for the gold-formaldehyde
system until the down signal remained constant.

Exchange Kinetics - When adsorption of molecules at the gold surface had completed, the
electrode was pressed down and the solution was pumped out. The trapped solution had
thereby remained in the gap, as revealed by the unchanged response of the system. Then,
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10 ml of a non-labeled formaldehyde solution containing CH,O and NaOH at the same
concentration as used for the adsorption experiment (described above), was injected into
the cell. The electrode was repeatedly held in the up position for different periods of time
and pressed down until the down signal remained constant. The adsorption and exchange
kinetics were studied at the open circuit potential (OCP) in solutions, as listed in Table 3.

Procedure T/ [CH,0]/ [NaOH]/ [CD,0]/ OCP/
°C 10°moldm® moldm®  10° moldm® V vs. Hg/Hg,SO,
1 23 10 0.1 - -1.04
2 23 - 0.1 10 -1.01
3 38 10 0.1 - -1.07
4 53 10 0.1 - -1.10
5 23 10 0.005 - -0.46
6 23 10 1.0 - -1.07
7 23 0.17 0.1 . -0.97

Table 3. Solutions and conditions used for the adsorption and exchange
experiments.

Potential Dependence - The dependence of the adsorption of formaldehyde on the
potential applied was studied by first injecting 100 pl of a ['*C]-radiolabeled
formaldehyde solution (radioactive concentration: 37 MBq ml") into 10 ml 0.1 M NaOH.
Then, the up and down signals were measured, first at the OCP, then at the most negative
potential of interest and then at higher potentials. Data were collected at each potential
when counting rates remained constant. After stepping to the highest potential, the
electrode was held at the OCP for 20 minutes. Then, the concentration was raised by
injecting known quantities of unlabeled formaldehyde into the cell. Again, the quantity of
the electrode was measured at different potentials.

Temperature Dependence - The adsorption at different temperatures was studied by
raising the temperature stepwise from room temperature to ~55 °C, while measuring the
counting rates. After completing the measurements at the OCP, the potential was stepped
to 300 mV vs. OCP (see Table 1). The count rates were then measured again, first at
higher temperatures, then at lower temperatures.
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2.5.5 Reproducibility and Reliability of Data

Reproducibility - In addition to the extensive testing of the system on signal responses
upon the adsorption of formaldehyde on gold, the reproducibility of the measurements
was verified more specifically by duplicate measurements of the adsorption and exchange
kinetics on gold from a solution that contained 10 mM formaldehyde and 0.1 M NaOH.
The first measurement is further referred as the test measurement. The whole cell was
cleaned after this test measurement, deconstructed and rebuilt to carry out the definite
measurements for gold. As half the quantity of tracer was used in the test measurement
relative to the definite one, fewer pulses were obtained in the test measurement. The
number of counts in the test measurements was therefore normalized to the number of
counts in the definite measurement. This normalization was not requested for the
exchange measurements, as both measurements were normalized to one. Without
discussing the information on the adsorption kinetics yet, a good resemblance between
both data was seen, attesting to the reproducibility of the system (Figure 8).
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Figure 8. Results obtained for two independent adsorption (a) and exchange
(b) kinetic measurements.

Evaluation of Systematic Errors — The accuracy of the calculated surface concentration
(') depends on the accuracy of the measurements of p, f,, R and C (equation 2). The
parameters U, C and Fy, can be treated as accurate parameters while the systematic error in
the roughness factor for gold generally ranges in the order of 15%.¢ For other metals only
rough estimates are available. Hence, an error will be likely present in the absolute values
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of the roughness factors. However, as the surfaces were all determined by the same
method, and as the differences in responses upon the adsorption of formaldehyde on
various metals from various solutions were large, these errors seemed acceptable. Besides,
the rate constants determined for the exchange kinetic measurements were determined
from the relative decays in data points rather than from calculated surface concentrations,
implying that an erroneous roughness factor would not affect these rate constants at all.
Evaluation of Statistical Errors — In addition to the systematic errors hidden in the
constants of Equation 2, some errors may arise from the counting statistics.’® These errors
are generally assumed to follow Poisson statistics and lie in the range of \/(Nt), with N
being the count rate. As an order of magnitude, ~6000 counts were obtained per six times
counting for 20 s at the end of adsorption kinetic measurement, while ~2000 counts were
obtained at the end of an exchange experiment. As these counting rates go along with an
error in the order of magnitude of 2-3% of the total signal, the error was considered as
acceptable. Finally, the relative error in the surface concentration measurements also
depends on the bulk concentration of the adsorbate in the solution, on the specific activity
of the adsorbate and on the time of counting. For typical activities in the experiments of
~3.7 10® Bq and bulk adsorbate concentrations up to 107 M, the absolute errors will lay
below 15% for each data point.*® More than one data point was measured in all curves,
reducing the overall error substantially.

2.5.5 Compartmental Analysis.

Fitting Procedure - To describe the overall adsorption and exchange process at the OCP
in a quantitative fashion, a compartmental analysis was carried out:>™** The overall
adsorption process was conceived by various (pseudo)stable states, called compartments,
which were interconnected by mass flows of formaldehyde. The rates of the formaldehyde
mass flows were assumed to obey first order kinetics with rate constants being
independent of both formaldehyde concentration in the solution and surface coverage.
Moreover, the concentration of formaldehyde (exchange experiments) and its specific
radioactivity (adsorption experiments) were assumed constant in the compartments during
each measurement.””*® Derivation of the most appropriate compartmental model was
performed by first determining the minimum amount of compartments required to
describe the data properly. Then, the sets of differential equations associated with each
possible model for the determined number of compartments were derived and fitted to the
data, first to the adsorption kinetic curves and then to the exchange kinetic curves. The
equations were solved simultaneously for the various rate constants using MicroMath
Scientist software. In addition to the compartmental analysis, various root functions were
fitted to the data in order to see if diffusion had played an important role in the kinetics of
the adsorption process.”
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Derivation of the Model - 1t was frequently seen that a particular adsorption or exchange
curve could be fitted well by more than one set of equations. Seeking one model that
described all curves satisfactorily alleviated this problem, and enabled a better comparison
of different results. Besides, a model was sought which was plausible in terms of the
respective mechanism outlined in Chapter 1, the fitted equivalent circuit and the double-
layer structure (Chapter 3). Moreover, it was sometimes seen that, even although fits
turned out reasonable, plausible and unique, errors in the fitted rate constants were still in
the range of tens of percents. As it was unclear to which extent these errors arose from the
inadequacy of the model, from the limited number of data or from statistical scattering of
data, no detailed evaluation of errors in the fitted constants could be made. However, as
different initial values of the rate constants (input values) yielded roughly similar relative
differences between rate constants, the values of the respective rate constants, the
residence times and the inter-compartment flows were further evaluated. The absolute
values of the adsorption kinetic rate constants should nevertheless be interpreted as an
order of magnitude for reasons outlined above.
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Chapter 3

Anodic Oxidation of Formaldehyde on Gold Studied by
Electrochemical Impedance Spectroscopy”

The anodic oxidation of formaldehyde on gold in alkaline aqueous
solutions was studied by electrochemical impedance spectroscopy (EIS).
One equivalent circuit was found to mimic all impedance spectra measured
Jor formaldehyde (CH,0) and deuterated formaldehyde (CD,0) in various
solutions at different voltages. The circuit is in line with the reaction
mechanism proposed in Chapter 1. The resistors and capacitors of the
circuit depend on the voltage in a logarithmic fashion, implying that the
overall kinetics of the overall reaction may be unravelled in different
Butler-Volmer-type reaction steps. A double layer structure was
constructed from the fitted capacitors, which described the double layer of
the system by an inner Helmhotz plane (IHP) and an outer Helmholtz plane
(OHP) mediating the solution and the electrode surface. A negative
capacitance (inductive loop) and a negative resistance were further
observed at low frequencies, which suggested the depletion of negative
charge in the IHP upon charging the electrode surface positively. As the
inductive loop became more apparent for solutions containing CD,0 than
Jor those containing CH,0, and as it depended on the pH to great extent, it
was related to the desorption of formate rate and the adsorption of enolate
anions. Data were Kramers Kronig transformable and a }’-value of ~10*
or less was attained in all fits.
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3.1 Introduction

This chapter addresses the kinetic and electrostatic features of the oxidation of
formaldehyde reaction on gold under different conditions by EIS. First, an electrical
equivalent circuit is derived that is expected to describe the current responses of the
system to the sinusoidal voltage perturbations. Then, the fitted circuit is given and the
values of the elements are discussed, followed by a search for correlations between
elements and reaction steps. A double layer structure is derived from the fitted capacitors
that will serve as springboard for the description of adsorption processes in the next
chapters. Finally, the reliability, causality and linearity of the data and the fits are
discussed.

3.2 Results and Discussion
3.2.1 Expected Circuit
Reaction Model - Recalling the reaction mechanism set out in Chapter 1, a corresponding
equivalent circuit may be derived, assuming that each reaction step can be represented
directly by an electrical sub-circuit (element or combination of elements). This
assumption may not hold, as outlined in Section 2.2.1, but it may help to explain the
peculiar shape of the spectra and the dependencies of the elements on the voltage applied.
The reaction considered is shown schematically in Figure 1. :
OHP IHP
R-H piffusion R-H physisorption R-H = = =

R-H ——- R-H s—r- RH™ =— =—
RH 0 ry Ce,

R-H = CH,OHO R €
RO =CHOO OH Oxidation R

H
H, HO ZRO' Desorption

RO H,0

RO @)\

Figure 1. Reaction model of the anodic oxidation of formaldehyde on gold
in alkaline aqueous solutions as based on data presented in literature

Diffusion of the enolate anion is followed by physisorption, chemisorption and a parallel
set of reactions, i.e. the respective formation and desorption of hydrogen, water and
formate. The corresponding double layer structure may be imagined by chemisorbed
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species in the Inner Helmholtz Plane (IHP), physisorbed species in the Outer Helmholtz
Plane (OHP) and species captured in the electrostatic field of the electrode (Figure 1b)."™*
Diffusion Elements - The absence of significant convection gives rise to a relatively large
Nemnst diffusion layer, in particular at higher overpotentials and at lower formaldehyde
concentrations. This layer typically reaches a thickness between 1 and 10 mm under the
‘stationary’ conditions examined, assuming that the rate of the reaction is governed by
diffusion and that migration does not play a significant role in the rate of the enolate
anion transport (no rotating disc electrode was used).*’ Hence, diffusive or so-called
Warburg behaviour may be observed, characterised by the 45° slope in the Nyquist
diagram and a corresponding ‘W’ element (defined below) in the circuit. Deviations from
this Warburg behaviour may result from strong hydrogen evolution (increased
convection), or opposing reactant and product fluxes (non-linear concentration
gradients).'”

Faraday Impedance - As the faradic current is accompanied by the simultaneous
charging of the double layer, the reaction may be represented by the parallel unit, (Z;Cy),
where Z; is the Faraday impedance and Cg the overall double layer capacitance.” The
Faraday impedance represents reaction steps that may occur under steady-state conditions,
and usually, the so-called Randles circuit is considered to apply, implying that the
Faraday impedance comprises the diffusion-related elements as well.>® However, the
nanometre-sized electrostatic field (typically 1/, with k being the Debye length) at the
electrode is the driving force for reactions charging processes at the gold surface and
induces the millimetre-sized concentration gradient in the solution in a second stage.
Consequently, the Warburg impedance (W) may be chosen outside the (Zs Cy) unit."*
This concept, i.e. of W in series with both Cy as well as Zy, will appear correct, as shown
later, but is little envisaged in calculations of the total electrode impedance.” These do
nevertheless usually deal with either smaller Nernst diffusion layers, or with a smaller
contribution of specific adsorption to the overall impedance of the interfacial system.'
Other Elements - The reaction steps may be conceived by Arrhenius-like activation
energies, each approximated by a resistance. The charging and discharging of the IHP and
OHP upon physisorption, chemisorption, oxidation and desorption bring in capacitors
parallel to these resistors.> These sub-circuits are embedded in the Faraday impedance
and are introduced as: (Rohys Cphys)s (Rehem Cenem), and (Rues Caes). The oxidation to formate
and water as well as the recombination of H,q to H, do likely occur parallel since both
reactions proceed on bare gold-sites.® These reactions are accompanied by changes in
the double layer structure of the IHP and may therefore be represented by (Rox Cox). The
transfer of electrons to the gold electrode may be represented by a charge transfer
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resistance R.,, embedded in the Faraday impedance, as usual.>*'® The solution resistance,
Ri, has been introduced as a distinct resistance in series with the remaining
impedances.>>*’ Figure 2a sums up the various considerations.

a Circuit Expected
—RsW
Rz Rz Ry Rz
o H o o H. J}
b Circuit Fitted
—R~0- —
R R
L Rs L_cs:l—

Figure 2. (a) Circuit expected to describe the impedance data most satisfactory.
(b) Circuit fitted to all impedance data.

3.2.2 Fitted Circuit

Over 50 plausible circuits were endeavoured, of which only the circuit shown in Figure
2b was capable to mimic all spectra with a chi-square value (x%) around 10 or less. These
values correspond to fitting errors of less than one percent of the overall impedance
values. Generally, the x’-statistics should be less than 107 if the data are said to fit within
the noise level of the measurement. The x’-values of 10 are higher, but as the circuit
mimics all spectra reasonable, and as its features were considered to correlate with the
mechanism in Section 1.3, the fitting results were further evaluated.

Comparison of Figure 2a with Figure 2b shows that various impedances have merged,
or have vanished because of negligible values in the frequency range investigated.
Replacement of the Warburg element, W, which assumes an infinite thickness of the
diffusion layer, for the finite-diffusion layer based elements, O and B, was found to
emend the quality of the fit.>® The related dispersion relations can be obtained by solving

Fick’s second law under different boundary conditions:">'"'?
AV (@) 1
Z(0) =225 _ (1)
T AL(e) ()
. 0.5
tanh[B(ja)) ]
AV @
Zo(w)= 2250 )

A AT
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Where: Zo(w) and Z,(w) are the diffusion dispersion relations [Q]; AV(w) the voltage
perturbation [V], Al{(w) the current response to the voltage perturbation [mA], ® the
frequency [Hz] and j the imaginary number [-]. Y, and B are the fitted parameters (Y, is
represented by W or O) and are defined as:

__n2F2acp® o
o RT

o
B = Dos )

Where: 8 is the thickness of the diffusion layer [cm]; A, the real surface area of the
working electrode [cm’]; D, the diffusion constant of the species concerned [cm® s™']; n,
the number of electrons transferred per ion oxidised [-]; F, the Faraday constant [C mol'];
C, de concentration in the bulk [mol cm™).

At first sight, the fitted elements may provide the diffusion coefficient and the thickness
of the diffusion layer directly. However, the system seems more complicated, as it is
likely that the diffusion elements fitted correlate with the net diffusion effects of the
various species, rather than with that of one electroactive species. As mentioned, the
transport of OH™ may be ruled out, but diffusion of, particularly, hydrogen, the enolate
anion and formate remain to be taken along."> In addition, migration effects may not be
rejected a priori with diffusion layer thickness encountered in the current study, as the
concentration gradient was small (no rotating disc was used) relative to the potential
gradient.'

3.2.3 Discussion of the Spectra

0.1 M NaOH and 0.01 M CH,0 - The steady state V-i curves and the impedance spectra
measured for solutions containing 0.1 M NaOH and 0.01 M CH;O are shown in Figure 3.
Clearly, the impedance spectra reflect the change in kinetics of the various partial
reactions relative to each other and to the dc potential. Examination of the impedance
behaviour at low frequencies reveals resistive behaviour at about -1.1 V while diffusive
behaviour prevails at 0.5 V. The negative slope of the steady-state current at ~0.4 V
manifests accordingly in the impedance spectra with loops in the second quadrant.
Moreover, spectra reveal simple behaviour, i.e. the seven time constants associated with
the different steps of the mechanism given in Chapter 1 are not reflected accordingly by
the spectra. Clearly, various steps have either similar time constants, or differ
significantly, the latter resulting in the camouflage of the rapid partial reactions of the
mechanism.
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[
g
Q
1
-1,5 -1,0 -0,5 0,0 0,5 1,0
E/V vs. SCE
Figure 3. Impedance spectra and steady-state voltage-current plots

obtained for solutions containing 0.0/ M CH,0 and 0.1 M NaOH.

0.05 M NaOH and 0.1 M CH,O - The measured and fitted impedance spectra in 0.05 M
NaOH and 0.1 M CH,0 as well as the steady-state current density are shown in Figure 4:

i/mA cm”

02

0,0 -

-0,6
E/V vs SCE

Figure 4. Measured (Q) and fitted (®) impedance spectra together with
the steady state current density obtained in 0.1 M CH,0 and 0.05 M NaOH.
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Negative capacitive behaviour prevails at low potentials while positive capacitive
behaviour rules at higher potentials, reflecting the change in the rate-determining step
(RDS) at increasing potentials under pseudo steady-state conditions.

Although the fitted equivalents turned out to be very good in the Nyquist diagrams,
some small deviations were encountered at high and low frequencies (Figure 5). The
deviations are smaller than ~1% of the measured values and are explained by statistical
scattering of data as well as by the incompleteness of the circuit. Simple parallel (RC) fits
yielded poor y’-values of approximately 107 and failed to explain both the flattened
shape of the semicircle as well as the negative capacitance at low frequencies. The
imperfect shape of the semicircle was therefore tackled by embedding an additional,
positive and parallel (RC) unit in the Faraday impedance. The negative capacitance was
met by introducing a negative parallel (RC) unit in the Faraday impedance.

Figure 5. Residual errors for spectra obtained
in 0.1 M CH,0 and 0.05 M NaOH. (m Real
error, © Imaginary error)

r -100 mV vs OCP

Residual Error

O,E)I 0:] l I.O l(:)O 10.00 lO{)ﬁU
Frequency / Hz

The values of fitted elements are listed in Table 1 and plotted at different potentials in

Figure 6. The elements of the Faraday impedance (R,, R3, Ry, C; and C;) depend on the

potential in a logarithmic manner, with either positive slopes (R;, R3, C,) or negative ones

(R4, C5). No Tafel behaviour (linear log i-V plot) was observed in any of the steady-state

V-i plots, which is explained by the complicated character of the reaction: First, relatively
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small impedances associated with diffusion are seen (Table 1). Second, a negative
impedance (negative R and C) is hidden in the system at low frequencies, implying that
the local rate of the responsible charging processes are controversially in counter phase
with the charging of the counter layer. The sudden change in value of the responsible
elements (R4 and Cs) from negative values to positive ones upon slightly changing the
potential at higher potentials relative to the reference electrode suggests that the overall
impedance has a different character than the interfacial impedance in a conventional
electrochemical (Tafel-type) reaction. Note, that the negative capacitance in the spectra
was always accompanied by the presence of both a negative R and a negative C in the
representative (RC) unit. The negative impedance has been further reported for systems
exhibiting galvanostatic potential oscillations.'*

Y o) B R; R, R, Ci C Cs x
/mVws. /102 /107s** /10°Q 10°Q 10°Q 10°F /10°F /10'F /10°
OCP 05 (!

2150 121 232 295 136 - 228 145 - 14.0

-125 1.18 235 3.01 148 -351 212 113 -077 145
-100 1.13 2.20 2.55 144  -2.01 1.96 1.07 -087 113
-75 1.09 1.97 3.45 142 -278 184 061 -080 153
-50 1.08 1.73 3.58 124 -1.81 1.79 063 -122 162
-25 1.08 1.54 4.06 1.09 -154 178 052 -0.88 220
(0104 1.05 1.46 3.08 088 -1.09 175 064 249 111
25 1.03 1.35 2.01 068 -059 173 084 406 103
50 1.15 1.05 1.19 041 -0.27 171 088  -839 8.9
75 1.14 1.00 0.73 030  -015 170 1.16 -13.66 7.0
100 1.25 0.83 0.53 020 -0.08 1.68 1.07 -1832 54
125 1.08 0.94 0.45 0.19 0.11 1.74 142 1131 6.8

150 1.01 0.94 042 016 0.15 1.76 1.54  51.05 8.6

Table 1. Value of the fitted elements for solutions containing 0.1 M CH,O
and 0.05 NaOH. The OCP was —0.55 mV vs. SCE.
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Figure. 6. Dependence of the elements of the circuit fitted (Fig. Ic) on the

potential applied for solutions containing 0.1 M CH,0 and 0.05 M NaOH.
The OCP was -0.55 V vs. SCE.
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0.1 M CH;O0 and 0.1 M NaOH - Impedance spectra and fitted equivalents for solutions
containing 0.1 M formaldehyde and 0.1 M NaOH are shown in Figure 7. The values of
the fitted elements are listed in Table 2 and plotted in Figure 8 (a line to guide the eye has
been drawn through the fitted values).

[
-600 150
N +100 mV vs OCP +150 mV vs OCP
0,6 -
g
o
03 21 100 my s oce \ 2
I N
: — -1500 ocp
] N
0 k= EIEIEI%
0 Rez 2000 = g~
0,0 - o
» .__.-—-."'./
h’ ) 0 Rez 1500
08 0,6 -0,4

E/V vs SCE

Figure 7. Impedance spectra measured (Q) and fitted (®) at various
potentials together with the steady state current for solutions containing 0.1
M CH,0 and 0.1 M NaOH.

Smaller negative capacitive loops are reflected by the spectra than for the less alkaline
solutions (Figure 4). The higher rate of oxidation at the higher hydroxyl concentration is
evident by comparing the steady state V-i plots of Figure 4 with that of Figure 7.
Contrary to the less alkaline system discussed above, none of the elements fitted showed
clear logarithmic dependencies on the dc potential. This observation is explained by the
irregular hydrogen evolution of the system at different potentials: The relative amount of
electrons tunnelling to the electrode for each formaldehyde molecule alters with each dc
potential, as discussed in Chapter 4.” The variation in hydrogen evolution may be
accompanied by an irregular convective contribution to the local transport properties of
the various reactants and products at the interface.
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Figure 8. Dependence of the elements of the fitted circuit on the dc potential

Jfor solutions containing 0.1 M CH,0 and 0.1 M NaOH. The OCP was -0.68
Vvs. SCE
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v/ o/ B/ R,/ Ry/ Ryl C/ G/ Gy ¥/
mVvs. 107 107s* 100Q 10°Q 100Q 10*°F 10°F 10'F 10°
OCP 05 oy
2125 123 117 992 163 447 181 019 -124 159
4100 123 116 733 148 241 177 025 -187 1Ll
75 117 120 647 143 279 172 028 -176 8.0
50 L1200 122 601 123 =205 172 030 051 79
225 107 125 338 095 -094 172 052 225 60
OCP 107 119 207 068 -060 172 066 -654 64
25 L12  1.08 121 043 -027 174 081 575 3.8
50 106 109 08 035 0.3 177 110 -1479 35
75 124 08 063 023 025 170 057 007 79
100 119 08 051 020 018 171 070 010 13
125 097 104 038 018 020 187 196 3744 66
150 093 106 045 020 019 185 185 2088 65

Table 2. Values obtained for the elements fitted for solutions containing 0.1
M CH,0 and 0.1 M NaOH. The OCP was —0.68 V vs. SCE.
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0.1 M CD;O and 0.1 M NaOH - The spectra and fitted equivalents for solutions
containing 0.1 M CD,0 and 0.1 M NaOH are shown in Figure 9.

Re Z 800
! I

04

E/V vs SCE

Figure. 9. Impedance spectra measured () and fitted (®) at various
potentials together with the steady state current for solutions containing 0.1
M CD,0 and 0.1 M NaOH..

Pronounced negative capacitive behaviour can be seen at low frequencies, implying that
other steps than diffusion or charge transfer steps are rate-limiting when the reaction runs
in the steady state. Again, a flip of the small loop at low frequencies occurs from negative
values of the imaginary impedance to positive ones at higher potentials.

The dependencies of the fitted elements on the dc potential are shown in Figure 10, with
the values of the elements listed in Table 3. It is obvious from Figure 10 that values of the
elements depend on the potential in a logarithmic fashion. Moreover, the steady-state
current of Figure 4 relative to that of Figure 7 shows a substantial KIE, suggesting that the
rate of the C-H bond rupture affects the rate of the reaction to great extent (see also
Chapter 4).
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Figure 10. Dependence of the elements of the circuit fitted (Fig. Ic) on the
potential applied for solutions containing 0.1 M CD,0 and 0.1 M NaOH.
The OCP was -0.56 V vs. SCE.
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v/ o/ B/ R,/ Ry/ Ry/ C/ Cy/ Cs/ v/

mVvs 102 10" 102Q 10°Q 102°Q 10°F 10°F F 10°
OCP 05 !
2125 115 306 587 163 - 3.05  1.69 - 220
2100 112 335 505  1.89 - 292 141 - 8.0
75 111 328 419 186 - 270 120 - 4.7

-50 1.02 3.11 3.37 1.63 -1.28 2.52 1.21 -0.23 3.6

-25 0.98 2.80 2.79 1.39 -0.87 2.33 1.25 -0.40 5.8

OoCP 0.89 2.56 3.25 1.39 -0.64 2.10 1.02 -0.42 6.8

25 0.83 2.37 3.73 1.33 -0.61 1.98 0.87 -0.88 83

50 0.76 2.26 2.88 1.01 1.44 2.04 1.09 2.07 7.4

75 0.82 1.83 3.14 0.88 111 1.92 0.95 4.55 12.6

100 0.88 1.51 1.58 0.57 -0.16 1.80 1.12 -4.40 11.8

125 0.93 1.28 0.54 0.31 -0.12 1.78 1.94 -1.08 83

150 1.18 437 0.51 0.10 -0.09 1.64 0.18 -0.35 37

Table 3. Values obtained from fitting of the spectra for the various elements
(0.1 M CD,0, 0.1 M NaOH, OCP: -0.56 V vs SCE)

3.2.4 Discussion of Fitted Capacitors
General Remarks - Capacitive behaviour at frequencies as low as 1 mHz hides a few
interesting concepts, as it suggests that strong capacitive effects are present when the
reaction proceeds in the (pseudo) steady state, Namely, the value of the impedance of a
capacitor is inversely proportional to the frequency:’

1
Ze@=—z )
The capacitive effects are particularly reflected by C; as this capacitor has by far the
highest absolute value under all conditions. The value of C; is negative when a negative
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capacitive loop is present and vice versa (Table 1-3). The origin of the capacitive
behaviour may be sought in the solution side of the double layer(s), as neither poisoning
nor oxidation of the gold sites occurs under the conditions examined.'>'®
Electrostatic Structure of the IHP - Some interesting conclusions may be drawn from the
values of the fitted capacitors by taking into account that the capacitance of a capacitor is
proportional to the respective charge, the surface area of the charged layer(s) and the
dielectric constant. Besides, it is inversely proportional to the distance and potential
difference between the charged layers:

_Qa _&d_ L (6)

AV d joC

First, it is clear that the Farad-sized capacitors fitted represent compact double layer
structures with highly polarising media.* The large capacitance related to C; may
represent processes in the IHP, as this layer may be expected to be the most compact layer
due to specific adsorption.* The Farad-sized values of the capacitance go along with
dielectrical constants of ~10*, which is much higher than the dielectric constant of
formaldehyde and water (between ~2 and ~80)."° The highly polarising media are
therefore explained by the presence of highly polarizing radicals between the layers, as a
result of chemisorbed enolate anions and adsorbed hydrogen (according to the mechanism
in Section 1.3). Additional support for this view is given in Chapter S.

Second, as a capacitor is proportional to Qg/AV, Farad-sized capacitors represent

double layers with a relatively small potential gradient. This small gradient related to Cs
(and most likely to the IHP) has been proposed for double structures dealing with specific
adsorption, but the empiric evidence for the actual presence in the reaction has never been
reported.®'** Note, that contrary to an ordinary capacitor, C; depends on the dc potential.
C; should therefore be regarded as an adsorption pseudo capacitor.'
Charging Times of the IHP — As the value of C; may be both positive and negative
(Table 1-3), the potential gradient related to C; may be both positive and negative as well.
The sudden change from positive to negative values upon slightly changing the potentials
(Figure 4 and Figure 9) suggests that the time constants associated with the corresponding
charging processes of C; have similar values. This observation seems further supported
by the absence of hysteretic behaviour in the cyclic voltammograms under kinetic
conditions and the values of the KIE around 1, as discussed in Chapter 4.™®

As the characteristic charging time of ideal Farad-sized capacitors (t = RC) and Farad-
sized adsorption pseudo capacitors (T = R,y C, where R, is the total resistance associated
with charging of the adsorption layer) lie in the time range of seconds or minutes, the
rate-determining step in the overall Kinetics of the reaction seems to manifests in C.”
Namely, the time to charge this capacitor approaches, or even exceeds the mean time at
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which species are oxidised under the pseudo steady-state conditions considered in the
present studies. This view is illustrated by the following example: Assuming that two
electrons are released for each formaldehyde molecule oxidised, a typical steady-state
current density of 0.25 mA/ cm” and 5 x 10" gold sites per real cm?, the mean reaction
time for each formaldehyde molecule to be oxidised would amount to approximately 6
seconds. Practically, the time to attain ideal steady-state conditions was nevertheless seen
to take 20 minutes. The difference between 6 s and 20 minutes is explained by slow
charging (adsorption) effects, a view which is supported practically by the radiotracer
data (Chapter 5) and theoretically by the calculation of the charging (adsorption) time
related to C3: If I = 0.1 mA and AG,4 = 40 kJ mol™, then using Rya=AG,ss/ (n " F 1), Ryg
=290 Q. For a typical value of C; of 5 F, the time to attain the steady state amounts to
1450 s (using T = CR,g).""

Correlation of Capacitors with the Actual Reaction - The unit for an adsorption pseudo
capacitance is often considered as R(RC), i.e. a resistor in series with capacitor that is
parallel to a resistor.'”** Given the circuit fitted, the adsorption pseudo capacitance may
be hidden in R3(R4Cs). C, is much smaller than C; and is always characterised by positive
values. Its value does not depend significantly on the NaOH concentration or on H/D
substitution effects (see below), but dependence is seen on the potential. C, may therefore
be regarded as an adsorption pseudo capacitor reflecting changes in the OHP (Figure 1).
Taking into account these considerations, and taking into account the order of magnitude
of values of the fitted capacitors, the electrostatic picture of the interfacial system may be
represented schematically by Figure 11.

Positive Capacitance  Negative Capacitance

Surface IHP OHP ® Surfacfr IHP OI'{P

Figure 11. Schematic representation of the (time-variant) electrostatic
structure of the double layer, as based on the values of the capacitors.

Summary - It is suggested that C; correlates with the rate-determining step of the reaction
and that the time to attain steady-state conditions is very large due to slow charging and
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discharging rates. C, and C; are adsorption pseudo capacitors representing the OHP and
IHP respectively. C, is a pure capacitor reflecting the charging of the Nernst diffusion
layer. The high values of the capacitors may be correlated with highly polarizing radicals
and the occurrence of chemisorption.

3.2.5 Discussion of Fitted Resistors

Tafel-type Dependencies - The linear ‘log R-V” lines related to R,, R; and R4, as shown
in Figure 6 and Figure 10, suggest that the dependence of the reaction on the dc potential
(overpotential) cannot be split into Ohm-type relationships (although this relationship
holds at each single dc potential). Instead, different Tafel-type (linear V-log I)
relationships seem to be present in the overall reaction.”’ The detailed elucidation of the
chemical origin of each process is difficult and subject to the next chapters, but something
may be said at this stage about R,. This resistance has slopes of ~118 mV dec” and may
therefore reflect a conventional electrochemical (electron-transfer controlled) process.”*”'
The value of R, is always much lower than the other resistances of the circuit, explaining
the absence of a Tafel slope of 118 mV dec” in the overall reaction.”* The small negative
resistance, Ry, has slopes of ~-80 to -90 mV dec” and its value is positive when C, is
positive (and vice versa). Its presence is explained by accumulation of HCOO™ and
CH,0HO" species in the OHP and IHP (see below).

KIE and R; - A look at Table 1, 2 and 3 shows that R; always has the highest value and
that it may therefore be referred as the rate-limiting resistance of the circuit under steady-
state conditions (the capacitances approach zero then). Besides, as a KIE applies to the
overall rate of the reaction under the conditions studied (shown quantitatively in Chapter
4 and qualitatively by comparing the steady-state current of Figure 7 with Figure 9), the
rate of the C-H bond rupture plays a major role in the overall reaction rate.*® Both
observations suggest that R; correlates with the C-H bond rupture step (step [4] in the
mechanism of Section 1.3). To verify this observation, the ratio between the values of R;
(‘rate-determining resistance’) related to the CH,O and CD,O were calculated using Table
2 and 3 (Table 4):

V/Vvs. OCP -0.1 -0.5 0.0 0.5 0.1 0.125 0.15
R;(CD,0) /R3(CH,0) 1.28 1.32 2.04 2.89 2.85 1.72 0.5

Table 4. Calculated values of the KIE for the largest resistance R;.

Without discussing details, the values of the calculated ratios are in reasonable agreement
with the values of the KIE presented in Chapter 4 (Figure 7): Both values ranged between

~1 and ~3 at low overpotentials and drop below 1 at higher potentials. The presence of
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values higher than one and the correlation between the values of R; and the KIE-data
(Chapter 4) thus indicate that R; correlates with the rate-limiting step of the reaction and
that it may reflect transitions of species between the IHP and OHP.

Correlations of R, R; and R, with the reaction - As mentioned, the unit for an
adsorption pseudo capacitance is often considered as R(RC), i.e. a resistor in series with
capacitor that is parallel to a resistor.'”*® Given the circuit fitted and the fact that R; may
correlate with the transition between the IHP and OHP, as well as the fact that C; was
considered to correlate with the charging of the IHP, the transitions to and from the IHP
seem further reflected by Ri(R4C;). The possible negative values of R4 may be in line
with the presence of negative activation energies in the reaction (due to slow desorption
rates and an associated pre-equilibrium).

Summary - The relative values of the resistances may explain the absence of linear Tafel
slopes under steady state conditions. Both R; and R4 correlate with the (rate-limiting)
transition of species between the IHP and OHP. R; correlates with the rate-limiting bond
rupture step, while Ry may be related to desorption rates (and to related negative
activation energies). R, has slopes similar to an ideal electrochemical two-electron
process.

3.2.6 Diffusive Behaviour

The diffusive properties of the system are reflected by the parameters Y, (or O) and B.
Generally B was seen to decrease with increasing potentials implying the build up of a
concentration gradient. The thickness of the diffusion layer amounted to ~3-10 um, as
calculated from the fitted B-values and a diffusion coefficient of 1 x 10" cm? 7.1
Calculated values for the diffusion coefficient from the O-values nevertheless yielded
much smaller diffusion coefficients. Apparently, the diffusive properties of the system are
more complicated than described by Fick’s second law. This conclusion is further
supported by the absence of Levich behaviour at higher overpotentials (Chapter 4).* The
contribution of diffusion to the overall kinetics of the reaction at low potentials is
nevertheless small at potentials considered in the current studies.

3.2.7 Negative Capacitances

Origin - To further understand the origin of the negative capacitance in the spectra, the
influence of the NaOH concentration on the capacitive behaviour was studied at different
potentials (Figure 12).
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Figure 12. Impedance spectra obtained at different potentials for solutions
containing 0.1 M CH,0 and respectively: 5 mM NaOH (a-c), 0.05 M NaOH
(d-f), 0.1 M NaOH (g-i) and 1 M NaOH (j-1).

Clearly, the negative capacitive loop diminishes at lower NaOH concentrations. The
increase in the rate of desorption (step 5 and 7 of the mechanism in Section 1.3) by
increasing the NaOH concentration may therefore favour the size of the negative
capacitive loop. As adsorbed hydrogen is unstable on gold, it is likely that the negative
capacitive behaviour is related to the desorption of formate rather than to the desorption of
molecular hydrogen or water.”>*® Furthermore, the magnitude of the real Z values suggest
that the negative capacitive behaviour does not depend substantially on the absolute rate of
the overall reaction: the value of real Z may be both small and large to observe the
negative capacitive loop.
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The negative capacitive loop is slightly more apparent for CD,0 than for CH,O,
suggesting that the rate of chemisorption is involved in the negative loop rather than the
rate of physisorption (Figure 13 and Tables 2 and 3).
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Figure 13. Impedance spectra obtained at OCP (a, c) for solutions
containing 0.1 M NaOH and respectively 0.01 M CH,O (a), 0.01 M CD,O
(b), 0.1 M CH;O (c) and 0.1 M CD,O (d).

In addition, it was frequently observed that the negative capacitive loop was more
apparent at lower potentials although no clear trends were seen. The origin of the negative
loops cannot be sought in the modifications of the gold surface, as neither oxidation nor
poisoning of the electrode occurs. The reduction of oxygen is not involved either as loops
are observed too at potentials where virtually no oxygen reduction occurs.

Ratio of chemisorption and desorption rates - Conway and Bai have studied the
occurrence of negative capacitive behaviour for reactions with a single adsorbed
intermediate.?™*® Their observations suggested that negative capacitive loops are observed
when the rate of adsorption meets the rate of desorption. To understand the negative
capacitive behaviour in the current reaction, it may be appropriate to distinguish between
adsorption (‘charging’) steps and desorption (‘discharging’) steps. The physisorption step
and chemisorption step (Step [2] and step [3] in the mechanism of Section 1.3) oppose
charging of the electrode: Positive charging of the electrode surface is attended by an
increase of negatively charged species in the solution side layer of the THP and OHP
respectively. On the other hand, positive charging of the electrode favours desorption of
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negatively charged dehydrogenated enolate anions at low overpotentials, as hydroxyl ions
attack adsorbed species resulting in a decrease of negatively charged formate species in
the solution side layer of the IHP. As mentioned, the rate of adsorption may be slowed
down relative to the rate of desorption by using CD,O or by increasing the NaOH
concentration. In both cases, the negative loop increases and the appearance of the loop
therefore seems to depend on the ratio of the rate of chemisorption relative to the rate of
desorption (i.e. r/Tes)- If it is higher than one, negative loops may be observed, if it is
smaller than one, positive loops may be observed. Figure 14 illustrates this view with the
double layer structure taken from the values of the fitted capacitors.

Positive Capacitance  Negative Capacitance

a
IHP OHP @ . IHP OHP

Figure. 14. Model explaining negative capacitive behaviour. Positive or
negative charging of the gold surface is accompanied by a decrease or
increase of negatively charged species in the solution side layer of the IHP.
The corresponding capacitors are shown (b). An example of the positive or
negative loop is shown as well (c).

A few specific notes can be made regarding the observation that the ratio Tepem / Tges
likely governs the presence of negative or positive capacitive loop:
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The charge of the «CH,OHO 4, ®CHOHO 4y and CHOO species are equal and, based
on the reasoning that a rate-determining chemisorption step opposes negative
capacitive behaviour as the capacitive behaviour is then ruled by the rate of
desorption, it is more correct to explain the loop by the total charge adsorbed per unit
time relative to the total charge desorbed per unit time in the IHP.

The observation that a negative capacitive loop can turn into a positive one by slightly
changing the conditions suggest that the rate of charging meets the rate of discharging,
which is conform the observations of Bai and Conway*"*.

The negative value of Ry, may be further understood by realizing that Ry is positive
when C; is positive (and vice versa), as well as by taking into account that when the
rate of charging is more rapid than the rate of discharging, accumulation of CH,OHO"
and HCOO' in the OHP occurs. The accumulation will result in a decline of the current
(and reflected by the negative resistance Ry) The inhibiting effect due to accumulation
of species in the IHP may lead to poisoning in the most extreme case (Chapter 4).

3.2.8 Reliability of the Data and the Circuit

The reliability, linearity and causality of the impedance data measured in 0.05 M NaOH
were examined by Kramers-Kronig transforms.*®? Clearly, both real values and
imaginary values were transformable attesting to the reliability of the data (Figure 15). It
may be pointed out that the capacitors and resistors simply arise from fitting and that their

corresponding capacitive and resistive effects in the actual reaction is not ascertained.

However, both negative and positive capacitances are practically present in the spectra at

low frequencies, implying that the responsible processes are extremely slow. In addition,

the unique character of the circuit with good fits and logarithmical dependencies of the

comprising elements on the potential support the actual presence of according capacitive
structures in the reaction, a view which is further confirmed in Chapter 4 and 5.
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®  Real Relative Error
©  Imaginary Relative Error
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Figure. 15. Kramers-Kronig transforms of spectra obtained for solutions
containing 0.1 M CH,0 and 0.05 M NaOH at various potentials.

3.3 Conclusions
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One equivalent circuit under all conditions studied can describe the anodic oxidation
of formaldehyde on gold. The circuit fits data well and explains the absence of a
Tafel slope under kinetic conditions.

The resistors and capacitors of the circuit depend on the potential applied
logarithmically under conditions were the amount of hydrogen evolution is
potential-invariable.

The circuit conceives the electrostatics of the system by an IHP and an OHP
mediating the solution and the gold surface.

Correlations were made between the elements of the circuit and the practical system
(Figure 16): C, correlates with the charging of the Nernst diffusion layer (called
Cpr). C; is an adsorption pseudo-capacitor representing charging processes of the
OHP (Coup). C; is an adsorption pseudo capacitor too representing charging steps of
the THP (Cyp). O and B represent the complicated, non rate-determining, diffusive
properties of the system. R, is the solution resistance (Rsor). R, represents charge
transfer steps although other processes may be hidden in it as well (Rcr). R; may
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correlates with the C-H bond rupture step (Rgr) and R4 may reflect the inhibition of
the reaction by an opposing flux of charged products (Rpgs).

The rate of the reaction is likely governed by the rate of chemisorption of CHOHO"
species and by the rate of desorption of ®CHOHO 4 species. Depending on the ratio
of their rates, negative or positive capacitive behaviour is observed reflected by
positive or negative values of the corresponding resistors and capacitors.

The high values of the Cyp point towards the presence of free radicals between the
IHP and the electrode surface. The slow charging of the IHP may support the
occurrence of a slow chemisorption.

Circuit Fitted
T e 1 R I
Lc ’ Lc
Circuit Interpreted
I s VR rRa |

L. L

HP

Figure. 16. Correlation of reaction steps with the fitted elements (see text
Jfor explanation)
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Chapter 4

Oxidation of Formaldehyde on Gold
Studied by DEMS and Voltammetry”

The electrocatalytic oxidation of formaldehvde (CH,O) and deuterated
Jormaldehyde (CD,0) on gold in aqueous, alkaline solution has been studied
at different pH-values, concentrations, potentials, and temperatures by
voltammetry, chronoamperometry and differential electrochemical mass
spectrometry. The H,, D, and CO; gas evolution kinetics depend to great
extent on the pH, potential, and temperature but likely play a minor role in
the overall rate of the electro-oxidation reaction. The evolution of hydrogen
at the open-circuit potential (OCP) and the current efficiencies larger than
100% pointed towards the occurrence of a non-electrochemical
dehydrogenation reaction parallel to the electro-oxidation reaction. The
values of the kinetic isotope effects (KIE) and the apparent activation
energies (E,,) suggested that the overall rate of the electro-oxidation
reaction is determined by the hydroxyl-catalysed chemisorption of the
enolate anion at low potentials, by the desorption of the formate anion at
higher potentials, and by diffusion at the highest potentials. The apparent
activation energies ranged in value between -25 and 60 kJ mol', confirming
the highly catalytic properties of gold and the solution in the overall rate of
the reaction and the possible presence of a pre-equilibrium in the overall
reaction.

*Journal of the Electrochemical Society E327, (2001) 148(8).



Chapter 4

4.1 Introduction

This chapter aims to extend the qualitative view of the formaldehyde electro-oxidation
reaction set in the previous chapters to a more quantitative one. First, the gas evolution
properties of the reaction are addressed by DEMS with special focus on the hydrogen
evolution characteristics. Next, rotating disc measurements and chronoamperometry are
used to gain insight into the transport properties of the system. Then, voltammetry is
applied to determine the apparent activation energies (E,.) and the kinetic isotope effects
(KIE) of the reaction. Finally, a model is derived that describes the electro-oxidation
reaction in a semi-quantitative fashion.

4.2 Results and Discussion

4.2.1 Gas Evolution

0.1 M NaOH and 0.1 M CH,0 - The electro-oxidation current and corresponding mass
signals of H, and CO; for a solution containing 0.1 M NaOH and 0.1 M CH,O are shown
in Figure la through lc.

0.1 M NaOH 0.1 M NaOH 0.01 M NaOH
0.1 MCH,0 0.1 MCD,0 0.1 MCH,0
4 a d g
/
2 /)
_Z
0
D, e H, h
<
g
/ —
Co, f Co, i
007505 00 -0 05 00 -0 05 00
V/V vs HgO

Figure 1. Cyclic voltammograms and corresponding H, ,.D;, and CO; mass
currents for solutions containing: 0.1 M NaOH and 0.1 M CH,0 (a, b, ¢),
0.1 M NaOH and 0.1 M CD;O (d, e, f) and 0.01 M NaOH and 0.1 M CH 2
O (g, h, i). The scan rate was 10 mVs™ in each measurement.
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The faradic current is traced by the hydrogen ion current over a range of potentials
reflecting the evolution of hydrogen during the reaction. The hydrogen current drops
nevertheless at a lower potential than the faradic current. Besides, a higher hydrogen
current and a higher faradic current flow during the positive scan than during the negative
scan, an observation that is explained by the diffusion-controlled oxidation at higher
potentials.'” The evolution of CO, sets in approximately at the potential where the
oxidation of the gold surface sets in, i.e. at potentials much higher than at which the
formaldehyde oxidation current sets in. It confirms the view that formate is the only
carbon-containing reaction product at low overpotentials.™® The counterclockwise
current-flow of the CO, mass current (Figure 1¢) suggests that CO, evolves on gold-
oxides only, as reduction of the oxidized gold surface (Figure 2, Chapter 2) roughly
coincides with the drop in the CO, mass signal during the negative scan.

Assuming that any adsorbed hydrogen reacts to molecular hydrogen (i.e. desorption of
adsorbed hydrogen only occurs by step [6] of the mechanism set out in Section 1.3), only
one electron flows to the gold surface per enolate anion oxidized and the maximum
amount of hydrogen that may evolve can be calculated from the following equation:**
Licn=AIgK*/n 1)
Where: A is the current efficiency for hydrogen evolution, which is one under the current
assumption. The ratio between the amount of hydrogen evolved practically, and the
maximum amount of hydrogen evolved theoretically, reflects the probability for adsorbed
hydrogen to react with itself by step [6] or with hydroxyl ions by step [7]. The calculated
ratios are shown in Figure 2. Approximately 55% or less of the adsorbed hydrogen atoms
react to molecular hydrogen by Reaction 7 for solutions containing 0.1 M NaOH and 0.1
M CH,0 during the positive scan (Figure 2). This is slightly higher than results published
by Baltruschat et al. for solutions containing 0.1 M KOH and 0.05 M CH,0’
0.1 M NaOH and 0.1 M CD;0 - The oxidation current and corresponding D, and CO,
mass signals for a solution containing 0.1 M NaOH and 0.1 M CD,0O are shown in Figure
1d through 1f. Clearly, less D, evolves from CD,0 than H; from CH,O: only 10% of the
adsorbed deuterium reacts to molecular deuterium during the positive scan versus 55%
for the hydrogen equivalent (Figure 2).
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As the calculated ratio in Figure 2 roughly keeps pace with the dependence of the KIE on
the potential applied (see below in Figure 7e), the lower evolution of hydrogen is
explained by a lower adsorption rate of the deuterated enolate anion relative to the
undeuterated one. The lower rate may lead to a lower quantity of adsorbed hydrogen at
the gold surface with an associated preference of step [7] to proceed over step [6]
(section 1.3) for stoichiometric reasons, as illustrated in Figure 3. It can be further seen
from Figure 1f that smaller quantities of CO, evolve from CD,0 than from CH,0. This
KIE suggest that complete dehydrogenation also proceeds more rapidly for CH,O than
for CD,0.
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CH,0 CD,0
I[HP OHP > IHP OiIP
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Figure 3. Model explaining the different gas evolution properties for CH,O
and CD;O: Positive polarization of the gold surface favours the rate of
adsorption of undeuterated enolate anions (CH,OHQ') relative to the rate
of desorption of formate anions with an associated increase of adsorbed
and molecular hydrogen. Positive polarization of the gold surface also
Javours the rate of desorption of formate anions relative to the rate of
adsorption of deuterated enolate anions (CD,OHO') with an associated
decrease of adsorbed and molecular hydrogen.

0.01 M NaOH and 0.1 M CH,0 - The faradic current and the corresponding H, and CO,
mass currents for a solution containing 0.01 M NaOH and 0.1 M CH,O are shown in
Figure 1g through 1i. Comparison with Figure 1a shows that the faradic current sets in at a
higher potential and that it reaches lower values. It confirms the importance of hydroxyl
ions in the kinetics of the reaction.'” The relatively high evolution of hydrogen (Figure 1h
and 2c) is explained by the low concentration of hydroxyl ions, as this may speed up step
[6] over step [7] (section 1.3).
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Temperature Dependence - The dependence of the evolution of H, on temperature is
shown in Figure 4.

Figure 4. Linear sweep voltammograms, H, mass
signals and probabilities of adsorbed hydrogen to
react to molecular hydrogen at 33°C and at 43°C
(a-c). The scan rate was 10 mVs' in each
measurement

0.5 0,0
V/Vvs HgO

An increase in temperature speeds up the reaction, as seen from the higher faradic current
at 43°C than at 33°C (no comparison should be made with the evolution at room
temperature, shown in Figure la, as different gold electrodes were used). Besides, the
absolute amounts of hydrogen and the amount of hydrogen relative to the faraday current
(current efficiency) are higher at 43°C than at 33°C (Figure 4). This observation is
explained by a higher relative rate of step [4] at the higher temperature with a consequent
preference of step [6] to proceed over step [7] for stoichiometric reasons (more adsorbed
hydrogen is formed).

0.1 M NaOH and 0.01 M CH,0 - The evolution of hydrogen from solutions containing
0.1 M NaOH and 0.01 M CH,0 was negligible. Presumably, the lowering of the surface
concentration of adsorbed hydrogen goes along with a longer average path of surface
migration, favoring the formation of water over the evolution of hydrogen. Furthermore,
the HD mass signals were not higher than the background signal, supporting the view that
the evolution of hydrogen proceeds by the mechanism outlined in section 1.3.

Rate of hydrogen desorption - The rate of hydrogen evolution does likely not affect the
overall rate of the electro-oxidation reaction to great extent. Namely, a comparison of
Figures la and 1b with Figures 1c and 1d shows that larger amounts of hydrogen evolve
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for the solution containing CH,O than for that containing CD,0. The oxidation current of
the latter is nevertheless higher at potentials where relatively large quantities of hydrogen
evolve. Moreover, the rate of the formation of water does not rule the overall rate of the
electro-oxidation reaction either since comparison of Figure 4a with 4c shows that higher
currents may flow when smaller amounts of water are formed. Hence, steps 6 and 7 do
likely play a minor role in the overall rate of the electro-oxidation reaction.

4.2.2 Non-Electrochemical Side Reaction

As mentioned, the data presented in Figure 4 are theoretical results that reflect the
practical probabilities of adsorbed hydrogen to react by step [6] only when any hydrogen
evolution occurs by step [6] and step [7]. If this is the case, the probability cannot exceed
100%. However, it can be seen in Figure 2 and 4 that the probabilities of adsorbed
hydrogen and deuterium to react to H, and D, do exceed 100%. Besides, hydrogen
evolution occurs at the OCP. Both observations confirm the occurrence of a non-
electrochemical side reaction.”® The extent to which the side reaction proceeds is
nevertheless unclear as it cannot be calculated: two gas evolution steps and two partial
faradic steps proceed, whereas only one hydrogen current, one faradic current, and one
calibration current is measured. It may be pointed out that the actual occurrence of the
side reaction is doubtful, as it could arise from the uncertainty in data due to the low
currents, or from slight lowering of the faradic current due to the slight occurrence of the
oxygen reduction reaction (nitrogen was bubbled). However, the voltammogram of the
gold electrode (Figure 2, Chapter 2) does not give evidence for strong oxygen reduction at
potentials around the OCP. Besides, 95% confidence intervals did not give evidence for a
high uncertainty in the data either (Figure 2 and 4). Furthermore, as currents are
reasonably high at 43°C (Figure 4), and as the occurrence of the side reaction has been
reported before, it is concluded that the side-reaction does occur.*”’

The origin of the side reaction has been matter of dispute although its increase upon
using CD-O instead of CH,O suggests that the dehydrogenation step plays an important
role in its overall kinetics. Moreover, its presence under open-circuit conditions (OCP)
suggests that its kinetics are not ruled by electron-transfer steps. Its strong increase upon
lowering the pH suggests that hydroxyl ions are not involved by stochiometry.
Furthermore, its strong increase upon raising the temperature suggests that chemical bond
ruptures may govern the activation energy. Consequently, the side reaction may be
described by the following scheme:

CH,OHO' (aq) <> HCOO' (aq) + H,T
This scheme is in concordance with Baltruschat et al.’
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4.2.3 Diffusion

A rotating disk electrode was used to study diffusion for solutions containing 0.1 M
NaOH and 0.1 M CH;O (Figure 5). The important role of diffusion in the overall rate of
the reaction is evident at higher potentials (Figure 5a). Non-linear Levich plots (i~Vo or
1/i~Nw) were further obtained, confirming the complicated, non-Fickian character of the
diffusion process, as mentioned in Chapter 3 (Figure 5b).® The invariance of the current
with both the rate of rotation above 49 rps and the scan rate above 10 mVs™ points
towards the accumulation of reactants and products at the gold surface (Figure 5c).
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Figure 5. (a) Cyclic voltammograms recorded at 10 mVs' and 0, 4, 9, 16,
and 49 rps, respectively. (b) Levich plots at different voltages. (c) Cyclic
voltammograms recorded at 10, 50, and 500 mVs ~' | respectively, and 16

rps.
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4.2.4 pH dependence

The strong influence of the pH on the kinetics of the reaction is evident from the V-i plots

(Figure 6a).
w1
e Of
37
<
E 1f
- ; ——CH,0
ot 001MNaOH CD:Oq
’ 1- 0.1 M NaOH .
-1 0 1
b
16t
g y/
(33
<
E 8t
002 0.0
V /V vs. Hg-Hg SO, (sat. K,SO4)
12 00V ¢
E
(3]
<
=
0 T 2
0 200 400 600

Figure 6. (a) V-i plots obtained at I mVs™ for solutions containing either 0.1
M CH,0 or 0.1 M CD;0 and different concentrations of NaOH. (b) Cyclic
voltammogram obtained for a solution containing 0.1 M NaOH and 0.1 M
CH,0 at a scan rate of 10 mVs"'. Current transients recorded in the same
solution. The arrows indicate the initial potentials relative to the Hg-Hg,SO,
reference electrode. (c) The fitted functions are shown for -1.1, -1.0, and -0.9
V and are described in Table 1.
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An increase in the hydroxyl concentration by a factor ten speeds up the reaction by
multiple orders of magnitude, presumably as a result of the respective stoichiometry of
hydroxyl ions in the reaction, the lowering of the local potential at the gold surface by
adsorption of hydroxyl ions and the hydroxyl-catalyzed character of C-H bond
dissociation.'”*'® The absence of classical electron-transfer controlled rates with linear
slopes of 59 and 118 mVdec" supports the view that the kinetics of the reaction has a
catalytic character rather than electrochemical one, i.e. chemical interactions seem more
important in the overall reaction kinetics than electron transfers to and from the electrode
surface.*!! No definite theory exists for the description of catalytic reactions proceeding in
charged aqueous, electrical fields, but it was shown in Chapter 3 that adsorption of the
enolate anion and desorption of formate is accompanied by large capacitive changes in the
inner Helmholtz plane (IHP).! The large time constants (~10° s) of the electrostatic
rearrangements may eclipse the exponential dependence of the faradic current on the
applied potential at the sweep rates examined in the current study (see Chapter 3).

4.2.5 Potential Dependence of Rate-limiting Steps

A cyclic voltammogram together with the corresponding current transients for solutions
containing 0.1 M NaOH and 0.1 M CH;O is shown in Figure 8b and 8c. The transients
could be fitted well at voltages up to -0.9 V by the sum of two exponential functions
(Table 1).”* It suggests that the overall reaction kinetics may be conceived by two
different kinetic steps.

Yo A A, /s t/s t,/t; KIE G,
-1.1 045 040 018 976 25 3958 >1 Neg
-1.0 105 135 079 2326 268 8.68 >1 Neg
09 1.75 358 387 455 275 017 <l Pos

Table 1. Parameters fitted on the current transients shown
in Figure 6 using Y = Yo + A exp(-x/t;) + Asexp(-x/t3).

The ratio between the first and second decay time of the fitted exponents changes from
higher than one at -1.1 V (t; > t, ) to lower than one at -0.9 V (t; < t,), suggesting that
different steps may be rate-limiting at different potentials. Interestingly, this trend is
traced by the values of the KIE (see below in Figure 7) and the appearance of the positive
and negative capacitive behaviour in the impedance spectra (Chapter 3).* As ionisation,
diffusion, physisorption and the desorption of adsorbed hydrogen (Step [1], [2], [3], [6],
and [7]) were seen to be of minor significance in the overall reaction kinetics at these
potentials (see above and Chapter 1 and 5), and as the KIE is higher than one at -1.1 V,
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step [4] may be rate-limiting at -1.1 V. Consequently, the remaining step [5] may be rate-
limiting at -0.9 V.® This view is in accordance with the view developed in Chapter 3.

The decrease in the rate of formate desorption (step [5]) relative to the rate of
chemisorption (step [4]) with increasing potentials seems further obvious from the sudden
scattering in current after 460 s at -0.9 V, and from the rapid current decline at -0.8 V and
-0.7 V (Figure 6). Namely, the rate of desorption may become so slow at these potentials
that poisoning of the gold surface sets in. This view is further supported by the
irreproducibility and counterclockwise hysteresis of the voltammograms recorded with the
upper potential limit in the region of the current decline. At much higher potential (-0.3
V), non-oscillating transients were obtained and poisoned species stripped, as
voltammograms with the upper limit in this potential range were entirely reproducible and
showed clockwise hysteresis.

4.2.6 Kinetic Isotope Effects and Apparent Activation Energies

0.1 M NaOH and 0.1 M CH;0 or 0.1 M CH,0 - Linear sweep voltammograms recorded
at different temperatures in solutions containing 0.1 M NaOH and either 0.1 M CH,O or
0.1M CD,O together with the values of the KIE and E,, are shown in Figure 7. At lower
potentials (~-0.9 V), the rate of oxidation decreases at higher temperature for the solution
containing CH,0 but increases for the solution containing CD,O (Figure 7a and 7b). The
activation energies accompany this trend with negative values for CH,O and positive ones
for CD,0O (Figure 7c¢). It supports the presence of a pre-equilibrium (accumulation) in the
reaction due to the rate-limiting character of the formate desorption, as mentioned in
Section 3.2.5 and discussed in more detail in Section 4.2.8.
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V/V vs Hg,SO, (sat. K,SO,)

Figure 7. (a) Linear sweep voltammograms
recorded at 10 mVs'1 in solutions containing
0.1 M NaOH and 0.1 M CH,0. The largest
current corresponds with the highest
temperature, the second largest current with
the second highest temperature, etc. (b)
Reverse behavior was observed at low
overpotentials with lower currents at higher
temperatures (inset). Curves obtained for
CD;0. (c) Activation energies calculated at
different voltages. (d) KIE calculated at
different temperatures. (e) KIE obtained for a
positive and a negative scan.
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