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Degenen die mij vanaf dag één gesteund hebben en alle kansen hebben aangereikt

om tot hier te geraken zijn mijn ouders. Naast al de goede momenten die we gehad

hebben, zijn er ook moeilijke periodes geweest waar we eveneens door geraakt zijn.

Vokke, moest je hier nog zijn zou ik je eindeloos veel dingen willen vertellen maar

vooral bedanken voor alles wat je voor mij gedaan hebt. Net als jou zal ik dat nooit

vergeten.

Benjamin, jou wil ik ook bedanken om niet zomaar een broer maar een echte

vriend te zijn. Samen met alle andere vrienden aan het thuisfront wil ik jullie

bedanken voor de broodnodige ontspanning die jullie geboden hebben tussen alle

doctoraatsbeslommeringen door.

Last but certainly not least wil ik jou bedanken, Laura. Jij bent tenslotte degene

waarbij ik steeds terecht kan, waar ik mijn hart kan luchten en onvoorwaardelijke

steun kan verwachten. Bedankt voor alles!

Bart

ii



Scientific contributions

This PhD thesis is realized with the scientific contribution of several people.

Dr. Jon Ustarroz spent the last two years helping with the development of the

nanoporous Pt structures as possible fuel cell electrocatalysts. Chapters 7 and 8 of

this work originate from the close collaboration with Jon.

Nick Daems and dr. Xia Sheng cooperated in the elucidation of the NOMC materials

as highly selective catalysts under the supervision of Prof. Paolo Pescarmona. The

synthesis and majority of the physical characterization was realized by Nick and Xia

while the electrochemical experimentation was performed by myself.

Prof. Sara Bals coordinated the transmission electron microscopy measurements

reported throughout this work (chapters 7, 8 and 10). Kadir Sentosun obtained the

HAADF-STEM data while Hans Vanrompay took the lead in the three-dimensional

electron tomography reconstructions.

Ioanna Mintsouli synthesized the Cu@Pt core-shell electrocatalyst discussed in

chapter 5. The interpretation of the electrochemical results was established under

supervision and in close collaboration with Prof. Sotiris Sotiropoulos.

Finally, Marnix Depauw and Raf Claessens intensively contributed to the realization

of the Fast Screening Reactor (FSR). Both devoted the necessary hours on thinking,

fabricating and optimizing the set-up. Marnix focused on the mechanical design

while Raf took the electronic control for his account.

iii





Summary

Electrocatalysis is the linchpin of several modern electrochemical applications ranging

from energy storage devices over electroanalytical sensors to organic electrosynthesis.

Over the past decades electrocatalysis has grown to be a full-fledged part of hetero-

geneous catalysis, supported by state-of-the-art theoretical insights.

Despite its vast possibilities, economical profitability still impedes the widespread

implementation of electrocatalysis in several areas. A major topic within modern

electrocatalyst research therefore is the tailoring of nanostructures to enhance the

surface specific activity and reduce the mass amount of precious metals. Some of the

most attractive strategies include directing the particle size, tuning metal support

interactions, alloying and controlling catalyst morphology. A general model based

activity prediction of catalytic materials is not yet possible to date and might not lie

within reach. Certainly more complex catalyst morphologies are difficult to describe

theoretically. Future advances in electrocatalysis will thus require a contribution of

both theoretical models and experimental techniques.

This work focuses on the latter and aims to develop an innovative measurement

approach to contribute to the elucidation of a variety of electrocatalytic activity

enhancement strategies. To reach this ambition, a well-considered combination of

measurement techniques is applied. Atomic resolution microscopic and spectroscopic

analyses are intertwined with macroscopic electrochemical techniques. The proposed

approach is validated in two relevant electrocatalytic case-studies: polymer electrolyte

membrane fuel cells and organic electrosynthesis.

First, the oxygen reduction reaction (ORR) activity of platinum based electrocatalysts

is investigated in relation to their composition and morphology. A practical two-
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Summary

step galvanic displacement process is applied to obtain both Cu@Pt and Ni@Pt

core-shell nanoparticles relevant for polymer electrolyte membrane fuel cells. Also

highly porous, unsupported Pt nanostructures are synthesized using a double pulse

electrodeposition procedure. The morphology of the structures is detailed using three

dimensional reconstructions gathered from state-of-the-art electron tomography. The

high amount of control able to exert on the particle morphology is put to use to

augment the ORR activity of these Pt structures.

Second, electrochemical hydrogen peroxide formation is studied as step-up to organic

electrosynthesis. The selectivity of the oxygen reduction reaction is conducted towards

the two-electron mechanism by using a metal free nitrogen doped mesoporous ordered

catalyst. Also the organic halide reduction is investigated through the benzyl bromide

model reaction. An electrodeposition approach is applied to direct the nanoparticle

diameter and study its activity enhancement.

In general, a variety of catalyst synthesis technique are applied successfully in this

work with the final goal being to induce activity enhancement effects. Applying a

case specific measurement approach ensured adequate catalyst activity augmentation.
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Samenvatting

Elektrokatalyse is de hoeksteen van verschillende moderne elektrochemische toep-

assingen gaande van energie opslag en elektroanalytische sensoren tot organische

elektrosynthese. Gedurende de laatste decennia is elektrokatalyse, ondersteund

door theoretische inzichten, uitgegroeid tot een volwaardig onderdeel van heterogene

katalyse.

Ondanks de ruime mogelijkheden, beperkt de economische rentabiliteit nog steeds

de brede implementatie van elektrokatalyse in verschillende domeinen. Eén van de

belangrijkste onderwerpen in hedendaags elektrokatalyse onderzoek is bijgevolg het

aanpassen van katalysatoren op nanoschaal om de oppervlakte specifieke activiteit te

verhogen en de massa aan edelmetalen te verlagen. Enkele van de meest effectieve

strategieën zijn het controleren van de deeltjesgrootte, de samenstelling en de mor-

fologie. Een generisch model om de katalysatoractiviteit te voorspellen is tot op

vandaag niet beschikbaar en ligt mogelijk buiten bereik. Meer complexe morfolo-

gieën in het bijzonder zijn zeer moeilijk theoretisch te beschrijven. Toekomstige

vooruitgang in elektrokatalyse vereist dus de interactie tussen zowel theoretische

modellen als experimentele technieken. Dit werk focust op de laatste en heeft als

doel een innovatieve testprocedure op te stellen om bij te dragen aan de ontrafeling

van verschillende elektrokatalytische versterkingseffecten. Om deze ambitie te ver-

vullen wordt een weloverwogen combinatie van meettechnieken gebruikt. Atomaire

resolutie microscopische en spectroscopische analyses worden daartoe gecombin-

eerd met macroscopische elektrochemische technieken. De voorgestelde benadering

werden gevalideerd in twee relevante case-studies: polymeer elektrolyt membraan

brandstofcellen en organische elektrosynthese.

vii



Samenvatting

Eerst werd de activiteit van de zuurstof reductiereactie op platina gebaseerde kata-

lysatoren onderzocht als gevolg van hun samenstelling en morfologie. Een praktisch

twee-staps galvanisch uitwisselingsproces werd toegepast om core-shell nanodeeltjes

te synthetiseren als brandstofcel katalysatoren. Ook zeer poreuze platina nano-

structuren zonder koolstof drager werden gesynthetiseerd met een dubbele puls

elektrodepositie procedure. De morfologie van de structuren werd ontrafeld aan de

hand van driedimensionale reconstructies uit state-of-the-art elektrontomografie. De

grote controle op de deeltjesmorfologie uitgevoerd tijdens de synthese leidde tot een

aanzienlijke verhoging van de activiteit van deze katalysatoren.

Elektrosynthese als tweede case werd ingeleid met de elektrochemische vorming van

waterstofperoxide. De selectiviteit van de zuurstof reductiereactie werd gestuurd

naar het twee-elektron mechanisme door gebruik van een stikstof gedopeerde meso-

poreuze katalysator. Ook de organische halide reductie werd bestudeerd met de

reductie van benzyl bromide als modelreactie. Elektrodepositie werd toegepast om

de deeltjesdiameter te sturen en de invloed op de activiteit te bestuderen.

Globaal genomen werden verschillende katalysator synthesetechnieken succesvol toege-

past in dit werk met als doel het verhogen van de activiteit door versterkingseffecten.

Het gebruik van een case-specifieke benadering verzekerde telkens een voldoende

verhoging van de activiteit.
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Chapter 1

General introduction

The basic principles of electrocatalysis and its relation to

chemical catalysis are discussed in this chapter. The import-

ance of electrocatalysis in energy storage applications (fuel

cells) and electrosynthesis is illustrated. Examples of cata-

lyst synthesis techniques are provided. To conclude, the most

important activity enhancement strategies used in this work

are elaborated.
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Chapter 1. General introduction

1.1 Electrocatalysis

Electrocatalysis is a relatively unknown concept in the chemical scientific field contrary

to heterogeneous chemical catalysis. In essence both phenomena include one or more

reactions occurring at an interface, where the catalyst itself is sequestered unchanged

from the reaction. However, the main difference that separates electrocatalysis

from common heterogeneous chemical catalysis is the transfer of charge (electrons)

between the electrode and the reagents across the electrode/solvent interface. The

surface chemistry in the presence of an electrolyte containing solvent is significantly

influenced and complicated by the occurrence of ions, charged interfaces, complex

surface potentials and electric fields [1]. In the past, this difference in environment

has led to easier detailed insights in heterogeneous chemical catalysis due to the

available theoretical knowledge and spectroscopic capabilities of that time. Over the

last decades both computational and (in-situ) surface analysis techniques advanced

significantly, leading to many new insights in electrocatalytic phenomena mainly

driven by the need for efficient fuel cell catalysts.

In the theory of simple electrochemical electron transfer, the interactions between the

reactant on one hand and both the solvent and electrode on the other hand need to be

accounted for. Depending on the relative strength of both interactions, the electron

transfer can proceed according to two mechanisms. When a reactant undergoes only

a weak interaction with the metal electrode, its solvation shell is maintained and

no direct contact between the reactant and electrode takes place. This is called an

outer sphere electron transfer reaction. Marcus first proposed a theory stating that

the reaction rate is determined by the reorientation of the solvation shell between

reactant and product as a result of their difference in charge [2]. Hence the electrode

has no direct influence and no catalysis occurs.

When the reactant adsorbs on the electrode surface, part of the solvation shell is lost

and direct contact takes place. This is called inner sphere electron transfer. The

metal-reactant interaction can either be weak or strong depending on the electronic

structure of the electrode metal and thus catalysis is possible [3]. Outer sphere

reactions are significantly slower compared to inner sphere mechanisms. However,
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bond breaking is possible because activation can be achieved. Differences in catalyst

activity up till 6 orders of magnitude have been observed in inner sphere reactions

such as hydrogen evolution on different transition metals [4].

The effect that a transition metal electrode induces on the reactant depends on

the energy of its d band center. The higher the energy level of the d-band, the

stronger the chemisorption interaction between metal and reactant will be [5]. The

electronic level of the reactant can be shifted by the solvent and applied electrode

potential. A more extensive, reaction dependent model can be developed to describe

these effects [6]. So far, the combination of density functional theory (DFT) and

a theoretical development of the hydrogen evolution/oxidation reaction has been

applied with success to describe the electrocatalytic conversion. The major problem

however remains to extend the theory towards other, more complex reactions. A

perfect example is the economically interesting oxygen reduction reaction (ORR).

The large amount of possible intermediate reaction and adsorption steps compared

to hydrogen evolution impedes the suggested methodology as illustrated by several

studies [7, 8].

1.1.1 Volcano relationships in electrochemistry

For a catalytic chemical reaction to occur, a certain bonding strength is necessary

between the reactant and the catalyst. This principle was first described by Sabatier

[9]. If the bonding is too weak only a low surface concentration will be achieved

resulting in low reaction rates. However, when the bonding is too strong the formed

products will not desorb from the catalyst surface and block new reactant from

being catalyzed. This concept can be expanded beyond the binding energy to other

thermodynamic properties of the catalyst such as heat of formation, surface oxide

formation, adsorption enthalpy of a key intermediate etc. This general principle causes

another resemblance between heterogeneous chemical catalysis and electrocatalysis.

Noble metals that show high activity as heterogeneous chemical catalysts are often

also good electrocatalysts since the ideal bonding strength for a multitude of reactions

overlaps. For example, Pt and Pd are known to be very active towards electrocatalytic

reactions (alcohol oxidation, oxygen reduction, etc.) and chemical conversions
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Chapter 1. General introduction

Figure 1.1: Volcano plot of the oxygen reduction reaction, showing ORR activity
in function of oxygen bonding strength [10].

(automotive exhaust catalysis, hydrogenation catalysis in petroleum conversion,

etc.).

When a measure for catalytic activity is plotted in function of a thermodynamic

reactivity parameter, a volcano shaped curve will result from the Sabatier principle.

The ultimate use of these ’volcano’ plots would be to relate the activity to an atomic

property that can be deduced from the periodic table. For the electrocatalysis of

the oxygen reduction reaction, Nørskov et al. [10, 11] proposed a model where (i)

the d band center ǫd, (ii) the filling of the d band fd and (iii) the coupling matrix

element, Vad between adsorbate states and metal d states are used to construct

the volcano plot. The concept is derived from the fact that the d band plays an

important role in the electrocatalytic effect. The resulting volcano plot for the oxygen

reduction reaction (ORR) is shown in Figure 1.1, where the ORR activity is plotted

in function of the O binding energy. It can be seen that both Pt and Pd are good

ORR catalysts, in agreement with various literature reports [12–14]. Although, a

metal with a slightly lower binding energy would be beneficial. One way of tuning
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the O binding energy of a catalyst is by alloying as discussed later in section 1.3.2.

1.1.2 Electrocatalysis in practice

1.1.2.1 Polymer electrolyte membrane fuel cells

One of the most widely investigated applications of electrocatalysis are polymer

electrolyte membrane fuel cells (PEMFC’s). Here, oxygen and hydrogen are con-

verted at the cathode and anode side respectively alongside a proton conductive

membrane (generally perfluorosulfonic acid, PFSA). The combination of both half

reactions results in the carbon neutral conversion of the reagents towards water.

Electrocatalysts in PEMFC’s are incorporated in the ionomer membrane and thus

form a membrane electrode assembly (MEA) which only comprises 50 - 100 µm

[15] to achieve sufficient mass transfer rates. Compared to the anode half reaction

(hydrogen oxidation reaction, HOR) the cathodic oxygen reduction reaction (ORR)

is kinetically much slower, presenting the limiting factor in fuel cell performance.

PEMFC’s provide a promising link in the future sustainable energy cycle. Two major

markets are targeted: transportation and stationary power generation. PEMFC

based zero emission vehicles are already in the development and application stage.

The main advantages of using PEMFC’s in automotive technology are less range

limitations compared to batteries and a higher theoretical efficiency compared to

thermal combustion engines [16, 17]. Small power systems such as combined heat and

power generation (CHP) are ideal stationary applications. Fuel cells are currently

the only practical power source for domestic micro-CHP’s (5-10 kW) [16]. However,

the high capital cost of PEMFC’s compared to conventional electricity production

impedes their widespread implementation [18, 19]. The cost breakdown of a PEMFC

shows that a considerable amount (ca. 15 ✩/kWh) of the total 61 ✩/kWh is still

due to the MEA [20]. Increased catalytic activity would not only lower the required

catalyst mass, but also reduce the necessary volume of a fuel cell stack.

Besides catalyst activity, also degradation poses a barrier towards commercialization.

Durability requirements vary from ca. 5000 h for back-up power, automotive and
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Chapter 1. General introduction

portable electronics applications to as much as 80000 h for stationary power generation

[21]. PEMFC catalysts generally consist of Pt based nanoparticles in the 2 to 50 nm

range supported on a conductive high surface area support (mostly carbon black).

On the catalyst level, Pt dissolution is caused by potential cycling and the occurrence

of high potential values and is associated with two major degradation mechanisms:

(i) Pt migration away from the catalyst layer and (ii) surface area loss due to particle

growth. In the former mechanism, the dissolved Pt leaches out of the catalyst layer

and recrystallizes inside the ionomer membrane due to the reducing environment

created by hydrogen transport towards the cathode [22–25]. The latter mechanism

can be caused by Ostwald ripening (selective redeposition on the remaining Pt

nanoparticles causing them to grow in size) [21, 26] or by nanoparticle movement on

the high surface area support followed by particle coalescence.

1.1.2.2 Electrosynthesis

Electrocatalysis can be applied beyond the well known electrochemical energy applic-

ations such as fuel cells and batteries. In recent years there has been a growing search

for clean, catalytic and environmentally friendly methodologies in organic synthesis.

For example intramolecular C-C bond formation reactions to assemble rings for the

construction of complex molecules are of particular interest [27]. The intricate nature

of these organic syntheses arises from the large number of reaction steps, use of

auxiliaries and sometimes low selectivity. To tackle these issues, an electrosynthetic

methodology can be applied. Electrosynthesis uses the combination of an electron

transfer step at the electrode with a chemical reaction. A distinction is made between

direct and indirect electrosynthesis. In the former case the electron transfer converts

the substrate directly to a reactive intermediate (e.g. radical, anion or cation) while

in the latter case an intermediate reagent (e.g. electrophile, nucleophile, acid or base)

is generated in-situ [28].

Selectivity in electrochemical reactions is driven by the potential dependency of the

electron transfer step, contrary to the reliance on ambient conditions in chemical

conversions. This intrinsic characteristic is readily implemented in potential controlled
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1.2 Electrocatalyst synthesis techniques

electrolysis to synthesize favored products. The electrode potential is controlled here

accurately using electrical instrumentation. Moreover, electrochemical strategies

often allow an easier scale-up than chemical organic syntheses and they can be

conducted at ambient temperature and pressure while using electricity as the driving

force for the reaction. Since the electron as a redox reagent is not chemically bound

it is inherently pollution free, reducing the waste produced by electrosynthesis [27].

Of special interest is heterogeneously catalyzed direct electrosynthesis where elec-

trocatalytic materials developed for conventional inorganic reactions can be readily

implemented. Such a methodology can pave the way for this relatively unknown, yet

promising application.

1.2 Electrocatalyst synthesis techniques

Electrocatalysis, as all electrochemical phenomena, occurs at the solid/liquid inter-

face. Consequently, electrocatalysts have several morphological requirements to allow

for sufficient mass transfer and kinetics of the catalyzed reaction. Most important

are the correct particle size with a narrow distribution, the homogeneous coverage

over a possible high surface area support and the presence of desired surface proper-

ties. Several methodologies are applied in literature and described briefly hereafter.

Generally, two synthesis methodologies are used: (i) single-step immobilization and

particle formation or (ii) successive immobilization followed by reduction [29]. The

discussion in this section is limited to metallic nanoparticle catalysts.

1.2.1 Electroless

Colloidal chemical precipitation A reducing agent is added to an aqueous solution

containing a metal salt of the desired catalyst material. Capping agents are

added to the deposition solution to enable particle size control and prevent

coagulation. This relatively simple process is used to prepare unsupported

metal nanoparticles. The necessary immobilization in a successive step is

generally performed by drop-casting [29]. The nanoparticle solution is placed
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Chapter 1. General introduction

on the high surface area support and the solvent is left to dry, leaving the

NP’s behind. Especially around the droplet edges an inhomogeneous deposit

of agglomerated NP’s is however possible. The advantage of colloidal chemical

precipitation on the other hand is its simplicity and mild conditions (room

temperature and pressure).

Impregnation This is the most commonly used method to synthesize transition

metal FC catalysts [30–32] and is closely related to colloidal precipitation.

The main difference is that the metal precursor salt is first immobilized by

impregnating it in the high surface area support (generally carbon black or

activated carbon) in the presence of a capping agent such as ethylene glycol.

Alloyed bimetallic nanoparticles can be made using co-reduction of two metal

precursor salts in solution [33–35]. The most frequently used reducing agents

are sodium borohydride, citrate, hydrazine or hydrogen in the gas phase at

elevated temperatures. Although mono-disperse catalysts can be obtained

using this technique, the necessary capping agents such as stabilizing ligands,

surfactants and polymers [36] can block active sites lowering the material

utilization and thus activity [37]. A suitable annealing procedure thus needs to

be used without deteriorating the catalyst morphology.

Micro-emulsion When surfactants are used to stabilize NP formation and the critical

micelle concentration is exceeded, this is called the micro-emulsion technique.

Both micelles and reversed micelles can be used to form NP’s. However,

since most metal precursors are water soluble reversed micelles are used in

the majority of publications [38–40]. The reaction medium is made up of a

non-polar solvent containing micro droplets of water with the metal precursor,

stabilized in reverse micelles [41]. The reducing agent can be added directly

to the solvent or encapsulated as a second micro-emulsion system. Particle

size depends both on micelle size and nature of the reducing agent. Excess

surfactant and oil need to be removed prior to immobilizing the NP’s on a

support.

Vapor deposition The metals are transported in the gaseous state towards the

substrate (high surface area support or flat model electrode) and successively
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1.3 Electrocatalyst synthesis techniques

crystallized. The metal source can either be an inorganic compound containing

the metal (chemical vapor deposition) or the pure metal sublimated at elevated

temperature and lowered pressure (physical vapor deposition) [42, 43]. The

disadvantages of these vacuum techniques are the high cost of the necessary

equipment, difficult up-scaling and possible precursor toxicity [41].

1.2.2 Electrodeposition

This technique comprises of the direct immobilization and nanoparticle formation

from a metal precursor solution (aqueous, non-polar or ionic liquid). The reduction

of the metal salt is instigated not by chemicals, but by the use of potential or current

pulses. Nanoparticle formation can be obtained on low energy substrates (glassy

carbon, boron doped diamond, carbon nanotubes, etc.) and is caused here because

metal atoms are more tightly bound to each other than to the substrate. The

difficulty in this technique is to separate NP nucleation and growth in time to obtain

relatively small size distributions. This will be discussed into further detail later in

this work (Chapter 4).

The use of electrodeposition for catalyst preparation holds several advantages over

the discussed conventional chemical methods such as impregnation. The application

of potential of current pulses provides additional tunable parameters to control size,

shape and spacial distribution of the NP’s [29]. In addition, it can be applied directly

on a high surface area support (even on more complex geometries) [44], decreasing

the number of processing steps and thus cost. Also, no expensive equipment is

needed such as with vacuum deposition techniques. Most importantly, the catalyst

material is only deposited in regions with ionic and electronic conductivity. In

chemical techniques where a catalyst ink is applied on the membrane in the final

step, up to 30% of the catalyst remains inactive in the MEA [45]. This combination

of effects thus renders electrodeposition a relatively easy and cost effective technique

for practical electrocatalyst fabrication.
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1.3 Activity enhancement strategies

To provide the necessary activity boost of electrocatalysts beyond the values of

mono-metallic materials, several enhancement strategies are applied. Efficient im-

plementation requires the elucidation of complex phenomena such as the nature

of the active site, competitive adsorption, the influence of alloys, promoters and

poisons and structure sensitivity. Common strategies include tuning the particle size,

changing metal support interactions, alloying and controlling catalyst morphology

[1]. The most important strategies used in this work, being the particle size effect

and catalyst alloying are discussed in detail below.

1.3.1 Particle size effect

Metallic clusters in the range of 1-10 nm are known to provide unique properties

deviating from the bulk material. The distribution of surface atoms participating in

the electrocatalytic reactions varies with the crystallite dimension instigating the

change in electronic and structural properties.

In electrocatalysis, the elucidation of this particle size effect is further hindered

by spectator species that do not participate in the reaction itself but do effect the

kinetics trough adsorption. The influence of the supporting electrolyte on the ORR

activity is thus significant and has to be taken into account in experimental studies.

In HClO4 which offers low anionic adsorption strength, the activity increases in the

following order on the Pt low index planes: (100) < (110) ≤ (111) [47, 48]. In H2SO4

on the other hand where the HSO4
- ion strongly adsorbs on the electrode surface, the

order is quite different: (111) ≪ (100) < (110) [6]. The symmetry match between

the Pt (111) facet and the C3v geometry of the oxygen atoms of the bisulfate anion

is said to cause severe deactivation by blocking the initial adsorption of O2 [49].

Several experimental studies found that the surface specific activity (activity nor-

malized to the Pt surface area) decreases with decreasing particle size in the 30 to

1 nm range. The Pt mass based activity on the other hand showed a maximum in

particle sizes between 2 and 3 nm [46, 50, 51]. Generally two causes are put forward
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Figure 1.2: Size dependence of specific activity (blue diamonds) and mass activity
(red squares) of Pt/C for the oxygen reduction reaction at 0.93 V.
The specific activity (open blue diamond) and mass activity (open red
square) of Pt/C from TKK (TEC10E50E, 46.7 wt%) with an average
particle size of 2.5 nm are also included for comparison [46].

to explain these experimental findings: (i) a changing ratio of the crystal facets and

(ii) altering binding energies between oxygen containing species and the Pt surface.

Shao et al. used a layer-by-layer growth method based on Cu underpotential deposition

(UPD) to carefully control nanoparticle size and measured surface and mass specific

activities [46]. Experimental findings were explained based on DFT calculations on

fully relaxed particles. Due to the face centered cubic (fcc) crystal shape of Pt, the

perfect regular crystallite shape is a cuboctahedron. The higher relative amount of

edge sites on smaller NP’s with a very strong O binding energy was suggested to

cause the decrease in surface activity (Figure 1.2). The maximum in mass activity

at 2.2 nm was proposed to be caused by two opposing effects when particle size

decreases. On the one hand the larger compressive surface strain which shifts the

d-band center and causes lower O binding energy. On the other hand the larger

amount of undercoordinated Pt atoms which increase the O binding energy.
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Figure 1.3: Schematic representation of a normally alloyed bimetallic nanoparticle
(left hand side) and an ideal, unalloyed core-shell nanoparticle (right
hand side) [53].

The observed increase in oxophilicity with decreasing particle size is indicated as the

cause for the decrease in surface activity by Mayrhofer et al. [52]. Adsorbed OH is

said to block active sites, preventing O2 adsorption and O−O splitting while the

reaction mechanism remains unchanged on all particle sizes.

The recent report of Nesselberger et al. [48] where the prevailing particle size models

are questioned due to the complex capacitive contribution of high surface area

supports, indicate that the exact nature of the particle size effect is still to be

elucidated.

1.3.2 Alloying effects

The most invasive alteration of catalyst activity can generally be obtained through

alloying catalysts with a second or even third metal. For this reason a major topic

in electrocatalysis is the development of a fundamental understanding of the effects

at play. This knowledge could lead to an unprecedented control on catalyst activity.

Although far from complete, advanced knowledge on several mechanisms is available

today. These can be grouped as the ligand, strain and ensemble effects.

Norskøv et al. [54] showed by combining experiments and DFT calculations that

the ORR activity enhancement of Pt-M (M = Fe, Co, and Ni) alloys is due to a

14
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downshift in energy of the Pt d-band center (ǫd). This was later called the ligand

effect. The strength of the coupling of the oxygen 2p states and the metal d states

determines the oxygen-metal bond and thus varies with different catalyst materials.

In a metallic environment an upward ǫd shift relative to the Fermi level causes a

stronger bond.

The activity enhancement caused by the strain effect also results from a d-band

down shift. Pt overlayers in the bimetallic nanostructure are compressed due to the

smaller lattice spacing of the substrate (e.g. Ru) [55]. Both the Pt-Pt bond distance

and ǫd are affected [56]. Also a decrease in activity is possible when the substrate

lattice is larger compared to Pt (e.g. Au [57]). Contrary to the ligand effect, the

influence is less local (it can be extended to several monolayers) and can even be

retained when the alloyed substrate is removed [58].

Finally, the ensemble effect weakens the O binding energy by lowering the number

of surface atoms contributing to the M-O bond. In the most stable adsorption

configuration of oxygen (through position) on the Pt (111) lattice, each O atom

binds with three Pt surface atoms. If one or more of these atoms is replaced by the

alloyed metal, the bond is severely weakened [57].

The schematic presentation of an alloyed nanoparticle where the above effects can

take place is shown in Figure 1.3 (left hand side). Although the enhancement effects

can take place in these types of particles, the mass amount of Pt remains substantial

and limits the overall Pt mass based activity. Being the most important activity

benchmark for PEMFC’s, methods were sought to further lower the inaccessible

Pt atoms beyond the limit caused by the particle size effect. The most promising

technique described on several occasions [30, 59, 60] is the synthesis of core-shell

NP’s (Figure 1.3 right hand side). The NP core consists of a less noble (inexpensive)

metal, preferentially without Pt alloying. The shell ideally comprises one or several

atomic layers of Pt. In addition to the extremely low Pt content, both the strain and

ligand effect (until ca. 4 atomic layers [57, 61, 62]) can contribute to an enhanced

catalytic activity. Commonly used core-shell synthesis techniques will be discussed

in chapter 4.
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Chapter 2

Objectives and strategy

In this chapter the objectives of the doctoral work are elu-

cidated. The strategy and outline to achieve the goals that

are set will be discussed in detail.
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2.1 Objectives

From the discussion in the previous chapter it is clear that although electrocatalysis

is of utmost importance to several practical applications, model based activity

prediction of catalytic materials is not yet possible. Certainly more complex catalyst

morphologies are difficult to describe theoretically. This thesis is devoted to gathering

experimental insights in some of the most important phenomena in electrocatalysis.

The aim is to develop an innovative measurement approach to contribute

to the elucidation of a variety of electrocatalytic activity enhancement

strategies. To reach this ambition, a well-considered combination of measurement

techniques is applied. Atomic resolution microscopic and spectroscopic analyses are

intertwined with macroscopic electrochemical techniques. Existing electrocatalyst

synthesis techniques are further developed to reach augmented catalytic activity

towards a given reaction. When establishing this approach, attention is paid to

obtaining straightforward and economically feasible electrocatalyst materials.

2.2 Strategy

Augmenting electrocatalyst activity is not a general concept, but depends strongly

on reaction parameters. Due to a large amount of possible reaction mechanisms,

intermediates and spectator species a wide variety of strategies can be used. Most of

them are related to changing the surface reactivity through altering the adsorption

strength of species on the catalyst. In addition, also the application can demand

specific requirements from a catalyst. Examples are the high volume based activity in

portable PEMFC’s or the long term stability in continuous industrial electrosynthesis

processes.

As a result, the approach developed in this work will be validated on two case

studies selected for their relevance in present-day electrochemistry: (i) polymer

electrolyte membrane fuel cells and (ii) electrosynthesis. The reaction of interest

in the former case is the ORR, while in the latter case two reactions are chosen:

hydrogen peroxide formation and benzyl bromide reduction. When investigating
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PEMFC’s it is apparent that efforts are directed towards the cathode reaction (ORR)

since it is rate determining. In the electrosynthesis case on the other hand a multitude

of reactions can be chosen. Seeing that a gradual transition towards organic reactions

is aimed at, the formation of hydrogen peroxide is deemed an ideal case. When

H2 and O2 are used as reagents, the reaction mechanism is essentially the same as

for the ORR and only catalyst selectivity has to be addressed. Since the focus in

this work is on heterogeneous catalysis, the applied concepts can also serve for the

reductive cleavage of carbon-halogen bonds. The simplest model reaction for this

class is the reduction of benzyl bromide.

Three catalyst enhancement strategies are applied throughout this work: alloy-

ing, tuning the morphology at the nanoscale and Pt-free catalysts. Besides the

considerable activity increase these strategies can provide, they are all regarded

as economically profitable and are thus candidates for practical application in the

future.

Globally the same steps are used in the following experimental chapters. First,

an existing catalyst synthesis technique is selected and optimized based on the

requirements of the reaction under study. Then, the synthesized catalyst is analyzed

using a well-considered combination of surface analysis techniques. Finally, an

electrochemical characterization is performed including active surface determination,

activity measurements and possibly a stability evaluation.

2.3 Outline

The experimental work in this dissertation is composed out of two main parts: (i) elec-

trocatalysis for the oxygen reduction reaction and (ii) application of electrocatalytic

concepts to electrosynthesis. The schematic outline is shown in Figure 2.1.

In part II, Pt-based nanostructures are implemented as oxygen reduction reaction

catalysts. Chapter 5 describes the synthesis and characterization of a core-shell

Pt@Cu catalyst. The production of a practical (high surface area supported) ORR

catalyst prepared by galvanic displacement of chemically deposited Cu NP’s is not yet
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Core@Shell 
 

Chapter 5 & 6 

Conclusions and outline 

Part IV                                        

Morphology 
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Activity enhancement strategies 

Part II: PEM Fuel Cells Part III: Electrosynthesis 
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electrocatalyst development? 

Part I 

Chemical 

impregnation 
Nanocasting Electrodeposition 

Figure 2.1: Schematic outline of this doctoral work, illustrating the pursued
strategy.
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described in literature. The same galvanic displacement concept is applied in chapter

6, albeit on electrodeposited Ni nanoparticles. Electrodeposition is introduced here

to exert a high amount of control on the NP morphology as illustrated by using

different metal precursors. The electrodeposition technique is further developed in

chapter 7 to grow dendritic Pt structures on a glassy carbon substrate. A number of

deposition parameters are varied and the resulting particle morphology is studied

using state-of-the-art three dimensional electron tomography in combination with

electrochemical surface area measurements. Two of these synthesized structures

which display high and low nanoporosity respectively, are studied in detail as ORR

catalysts in chapter 8. Possible research questions in this part are:

❼ Does the catalyst alloying augment Pt mass based activity towards the ORR?

❼ Which synthesis parameters are identified as critical and could be used to

further improve the activity?

❼ Is the created morphology on the nanoscale stable under reaction conditions

and can this property be influenced?

Part III deals with the relatively unknown concept of electrosynthesis. First, nitrogen

doped mesoporous carbon (NOMC) is used as an electrocatalyst for hydrogen

peroxide production in chapter 10. The synthesized materials are physically and

electrochemically characterized. The electrochemical response is compared against

a commercial Pt PEMFC catalyst to assess the peroxide selectivity. A next step

towards organic electrosynthesis is taken in the final section of this work (chapter

11) where the benzyl bromide reduction is examined. The effect of particle size

and morphology of electrodeposited Ag NP’s on the activity is discussed. Possible

research questions in this part are:

❼ Does the examined electrocatalyst provide sufficient activity and selectivity to

allow for future industrial implementation?

❼ Can a possible reaction pathway be identified?
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To conclude this doctoral dissertation, the general conclusions of the experimental

work are provided in part IV, which ends with an outlook to interesting future

research subjects.
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Chapter 3

Theory and experimental techniques

This chapter provides an overview and theoretical background

of both the electrochemical and surface analysis techniques

used in this work. The development of the fast screening re-

actor (FSR) - used in a considerable amount of the performed

electrochemical experiments - is also described.
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3.1 Electrochemical techniques

The outline of this section is based on references [63–67], for further elaborate

information the reader is directed there. The detailed experimental parameters of the

hereafter described techniques will be presented later in this work in the respective

chapters.

3.1.1 Cyclic voltammetry (CV)

Cyclic voltammetry is an extremely powerful technique due to the immediate qualit-

ative information it renders. It is therefore one of the most practiced electrochemical

techniques to obtain initial information on a studied electrochemical system. In

cyclic voltammetry, the working electrode potential is varied linearly in one direction

until the switching potential (Eλ) is reached, here the scan direction is inverted. In

general, the potential scan rate (νr) is chosen between 20 mV s-1 and 1 kV s-1. These

relatively high scan rates can be used since CV is a potentiodynamic technique. This

implies that besides the faradaic current also a capacitive contribution is present in

the current response. The total current can be described as

I = IC + If = Cd
dE

dt
+ If = νr Cd + If (3.1)

This implies that iC is directly proportional to νr, while if is directly proportional

to ν
1/2
r for diffusional control and in the absence of a chemical step as will be

demonstrated later in this section. The capacitive contribution results both in the

advantage of detecting adsorptive phenomena (e.g. H UPD measurements) as well as

the disadvantage of subtracting the capacitive current to obtain accurate values of

rate constants. Despite the simple contributions of faradaic and capacitive current,

their deconvolution is not straightforward. Therefore, other near steady-state elec-

trochemical techniques such as linear sweep voltammetry (LSV) and electrochemical

impedance spectroscopy (EIS) are generally used to attain kinetic information. When

possible, this strategy is also followed in this work.

24



3.1 Electrochemical techniques

To describe the potential-current relationship in CV the most basic electrochemical

reduction reaction is considered: O + ne− −−⇀↽−− R. Semi-infinite linear diffusion

is assumed and the electrolyte solution only contains O in the initial state. The

potential at any time can be described by

E = Ein± νrt (3.2)

Since the electron transfer at the electrode occurs rapidly, the ratio of species O and

R in the reversible system will react according to the Nernst equation.

CO(0, t)

CR(0, t)
= exp

[

nF (Ei − E0)

RT

]

exp

[

±nFνrt

RT

]

(3.3)

Since a time dependence is introduced in potentiodynamic experiments, the deriv-

ation of this equation is mathematically greatly complicated compared to static

electrochemical techniques such as potentiometry. Hence the Laplace transformation

to solve the differential equation with the stated boundary conditions (eq. 3.3) is

not shown here. This problem was solved independently by Augustin Sevcik and

John E.B. Randles in 1948. The resulting current response which holds for the entire

potential region of the CV is

I = nFAC∗

O(πDOσ)
1/2χ(σt) (3.4)

where: σ = nFνr/RT

In this equation χ(σt) presents the normalized current for reversible systems. The

total current response is directly proportional to ν
1/2
r due to the faradaic contribution.

This is a direct result from the semi-infinite linear diffusion and can be used to verify

if an experimental CV peak is caused by a reactant in the electrolyte solution or

by a surface process. The resulting current plot for a discrete potential variation

described by equation 3.4 on a nernstian system is shown in Fig 3.1 (solid black line).

This curve is simulated for a one electron transfer process with a standard reduction

potential E0 of 0 V, an initial potential (Ei) of 0.4 V and switching potential (Eλ)

of -0.4 V. The peak current for the cathodic peak can be measured directly. For the

anodic peak this is not straightforward in a practical experiment since the baseline
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Figure 3.1: Theoretical cyclic voltammogram of a reversible (k0 = 0.025 s-1) one
electron reaction (solid black line) and an irreversible system (k0 =
5E-5 s-1) (solid red line) following the EC (electrochemical/chemical)
mechanism. Other important parameters are kept identical between
both curves: νr = 100 mV s-1, T = 298 K, α = 0.5 and C∗

O = 10 mM.

(dashed black curve) has to be known. Theoretically this is determined by the current

response obtained in the cathodic scan direction if Eλ would be chosen infinitely

large. This is one of the reasons why it can be difficult to extract kinetic data from

CV measurements.

For a totally irreversible system, the nernstian boundary condition does not hold

and is replaced by

I

FA
= DO

[

∂CO(x, t)

∂x

]

x=0

= kf (t)CO(0, t) (3.5)

The solution can be obtained in analogy with Nernstian systems by a numerical

solution of an integral equation.

I = FAC∗

O(πDOb)
1/2χ(bt) (3.6)
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where: b = αFνr/RT

Again χ(bt) is a dimensionless function that describes the shape of the reduction wave,

however it is different from χ(σt) as can be seen from the broader reduction peak

in Fig. 3.1. The red solid line describes the totally irreversible counterpart of the

solid black curve. Both curves differ in onset potential (Eonset), peak potential (Ep)

and peak current density (Jp). Despite both systems having an identical standard

reduction potential, the shift in peak potential amounts to 223 mV. Note the absence

of the oxidation peak in the red curve. This is not due to its electrochemical

irreversibility, but due to the EC mechanism at play. The product R from the

electrochemical reduction undergoes a chemical reaction towards product C. Because

the rate constant of the backward chemical reaction is 0 s-1, no oxidation towards O

can occur.

It is clear that the knowledge on the reversibility and global mechanism of an elec-

trochemical system implies a different approach towards deducing its experimental

parameters through CV. Besides the boundary situations of reversible and irreversible

reactions, also intermediates (quasi-reversible reactions) are possible and further com-

plicate the problem. The analysis of irreversible systems is of particular importance

for the benzyl bromide reduction where obtaining linear sweep voltammograms is

difficult as discussed in chapter 11.

A more practical measure to interpret experimental CV reduction waves is to use

the peak parameters. For example the expression for the peak current can be found

through calculating χ(bt). This function goes through a maximum at π1/2χ(bt) =

0.4958. Inserting this value in eq. 3.6 yields

Ip = 2.99E5 α1/2AC∗

OD
1/2
O ν1/2r (3.7)

3.1.2 Diffusion controlled linear sweep voltammetry (LSV)

Linear sweep voltammetry is an electrochemical technique where the potential is

swept linearly from an initial value (Ei) until the final potential (Ef ). In contrast

to CV, the potential sweep rate is much smaller (order of magnitude between 0.1
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mV s-1 and 10 mV s-1), allowing for the system to reach a new equilibrium. As a

consequence no capacitive contribution is observed in this stationary technique. LSV

is particularly powerful in combination with a rotating disc electrode (RDE). Here,

the circular working electrode is rotated around the center axis perpendicular to its

surface with angular velocity ω. The advantage of this set-up is that the instated

laminar flow regime is well known and can be calculated. The three-dimensional

treatment here is in contrast to the one dimensional expressions used in CV where

semi-infinite linear diffusion was assumed.

The flux of species O (JO) in an electrochemical system can be written as

JO = −DO∇CO −
zF

RT
DOCO∇φ+ COv (3.8)

The terms on the right hand side represent the different forms of mass transport:

diffusion, migration and convection respectively. If there is an excess of supporting

electrolyte in electrochemical systems, the migration term can be neglected. The

vector differential operator ∇ is defined in rectilinear coordinates as i
∂

∂x
+j

∂

∂y
+k

∂

∂z
.

The time variation of CO is given by

∂CO

∂t
= −∇JO (3.9)

When the former equations (3.8 and 3.9) are combined and by stating that DO is

not a function of x,y and z, the general convective-diffusion equation is obtained

∂CO

∂t
= DO∇

2CO − v.∇CO (3.10)

The form of the Laplacian operator in the case of one-dimensional diffusion is given

in reference [63] and yields

∂CO

∂t
= DO

∂2CO

∂y2
− vy.

∂CO

∂y
(3.11)

To obtain the correlation between the electrode current and the RDE rotation

rate for experimental use, the convective-diffusion equation needs to be solved for

the concentration profiles CO(x, y, z) and for the currents from the concentration
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Figure 3.2: Vector representation of fluid velocities at a rotating disc electrode (a)
and resulting flow profile (b) [63].

gradients at the electrode surface. This can only be done when the velocity profile

v(x, y, z) is obtained in terms of x, y, z and rotation rate. This means solving the

Navier-Stokes equation for the system under study. The RDE is by far the most

rigorously studied amongst all hydrodynamic electrochemical set-ups (e.g. wall-

jet, flow cells, etc.). In Fig. 3.2 a vector representation of the fluid velocity near

the electrode surface is given. Also the schematic profile of the flow towards the

RDE surface is depicted as a cross section and perpendicular to the surface. The

convective-diffusion as well as the hydrodynamic equations for an RDE have been

solved for the steady state. Since this solution is beyond the scope of this work, the

reader is referred to [63, 66, 67] for a detailed description. A solution in the current

region limited by mass transfer control, which is sufficient for most experimental

applications is the Levich equation

Ilim = 0.62nFAD
2/3
O ω1/2ν−1/6C∗

O (3.12)

In Fig. 3.3 an experimental linear sweep voltammogram of the ORR is shown for a

commercial high surface area Pt catalyst (Pt/C 20 % Johnson Matthey) in 0.1 M
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Figure 3.3: Linear sweep voltammogram of oxygen reduction on a commercial 20
% Pt catalyst supported on Vulcan XC72 carbon (Johnson Matthey).
Linear sweeps are obtained at 5 mV s-1 in the anodic direction in 0.1
M KOH aqueous solution.

KOH. The three regions are marked where the current density is limited by either

kinetics, diffusion or a combination of both. A single reduction wave can be observed.

However, when the standard reduction rate of the reaction is sufficiently low, a

second wave can be obtained. This phenomenon occurs on the catalysts synthesized

in chapter 10, where it is utilized for the selective reduction of oxygen towards

H2O2. In the kinetic control region the rotation rate has no influence on the current

density. Here the electrode kinetics and thus catalyst activity can be read directly.

It is possible though to determine electrode kinetics in the mixed control region by

extrapolating the results to an infinite rotation rate where mass transfer is infinitely

large. The equation for this purpose can be deduced from the Nernst diffusion layer

model. The current for a totally irreversible one electron process can be written in

terms of the kinetics of electron transfer

I = FAkf (E)CO(y = 0) (3.13)
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Where kf is the potential dependent heterogeneous rate constant of the forward

reaction. When setting the integration limits for non-limiting current conditions we

obtain the relation between the total current and diffusion limited current

I = Ilim

[

C∗

O − CO(y = 0)

C∗

O

]

(3.14)

Where C∗

O is the bulk concentration of the oxidant O. Combination of 3.13 and 3.14

yields

I = FAkf (E)C∗

O

(

1−
I

Ilim

)

(3.15)

after rearrangement and defining iK

IK = FAkf (E)C∗

O (3.16)

the Koutecký-Levich equation is obtained

1

I
=

1

IK
+

1

Ilim
=

1

FAkf (E)C∗

O

+
1

0.62nFAgeoD
2/3
O ω1/2ν−1/6C∗

O

(3.17)

To extract one of the parameters from experimental data, the current (or current

density) has to be determined as a function of rotation rate ω. The data at a certain

potential in the mixed kinetics region can be plotted as I−1 in function of ω−1/2. A

linear relationship should be obtained and the intercept where ω → ∞ is the inverse

of the kinetic current (Ik), which can be used to calculate the kinetic current density

(jk) when the real electrode surface area (A) is known. If this procedure is performed

for several potential values, the potential dependency of the rate constant can also

be plotted. Besides the reaction rate, also the number of exchanged electrons (n) or

the diffusion coefficient (Di) can be obtained from the slope of the plot.
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3.2 Surface analysis techniques

The outline of this section is based on references [68–75], for further elaborate

information the reader is directed there.

3.2.1 Field emission scanning electron microscopy (FESEM)

3.2.1.1 Electron imaging

The generation of the incident electron beam is done by an electron gun. The

most widespread method is through thermionic emission. Generally a tungsten or

LaB6 wire is heated to temperatures in excess of 2700 K by passing a small current

induced by a large potential difference (10 to 100 kV). The emitted electrons are then

accelerated towards the sample. To gain sufficient resolution and contrast for imaging

nanoparticles, this technique is however inadequate. An alternative is the use of a

field emission gun (FEG), where the electrons are drawn from tungsten using an

extremely high electric field (>10E9 V m-1). Under the influence of the electric field

there is a high probability that an electron can leave the surface without the energy

of the work function being applied to it. This is known as the quantum mechanical

tunneling effect. The brightness can thus be increased by a factor thousand or more,

resulting in higher brightness and resolution. The downside of this method however

is the fragility of the tungsten point (0.1 µm) which needs an environment very low

on ions and thus an ultra high vacuum (UHV) below 10E-7 Pa. This leads to a

significant increase in cost.

When accelerated electrons enter a solid both elastic and inelastic scattering can

occur. A primary electron gets elastically scattered when it undergoes Coulombic

interactions with the nucleus and the surrounding electrons of a sample atom. This

is shown schematically in Fig. 3.4 (b). This Rutherford scattering is accompanied

with little energy loss and primarily small scattering angles. These backscattered

electrons can be used for SEM imaging. Inelastic scattering occurs when a primary

incident electron loses energy to an atomic electron. If the atomic electron is bound

with less energy then it acquires, it can escape from its orbital into the vacuum and
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Figure 3.4: Schematic representation of the electron interactions occurring when
an incident electron beam interacts with the sample atoms in SEM,
showing the possible emission modes [76].

reach the detector (Fig. 3.4 (a)). Secondary electrons get scattered at much higher

angles compared to backscattered electrons and lose a considerable amount of energy

compared to the primary electrons.

The volume where most scattered electrons are generated is called the interaction

volume and is often depicted as a pear shape. The depth where secondary electrons

originate from is only around 1 nm compared to several 100 nm for backscattered

electrons. The former are thus primarily used to obtain morphological information (as

is the case with NP imaging) while the latter can provide atomic number contrast due

to the higher relative abundance in high Z atoms. FESEM measurements are used

throughout this entire work as a first characterization or as a tool for nanoparticle

image analysis.

3.2.1.2 Energy dispersive x-ray spectroscopy (EDX)

If a secondary electron is emitted from an atom, a vacancy is left. This places

the atom in a higher energy state. The empty electron state will be filled by the

relaxation of an electron from a higher shell and the excess energy will be released as

a consequence. The release of energy can take place under two forms: the emission

of a characteristic x-ray or Auger electron (schematic representation in Fig. 3.4 (c)).

The detection of the characteristic x-rays can be done in conjunction with SEM

if a suitable x-ray detector is used. The energy of the emitted x-ray is equivalent
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to the energy difference between the two excited states and is characteristic to the

particular atomic species. For example when a K shell vacancy in a molybdenum

atom is filled by a L shell electron, the energy difference is 17 400 eV. This amount

of energy is then emitted by the Kα x-ray of molybdenum.

3.2.2 Transmission electron microscopy (TEM)

Transmission electron microscopy is arguably the most powerful surface analysis

technique to gather both morphological and structural information. Magnifications

in the range of 10E3 to 10E6 are possible, providing atomic scale resolution. To study

the catalysts synthesized in this work FESEM is used in first instance. However,

when detailed information on nanoparticles or on catalyst active sites is necessary

its resolution renders FESEM insufficient. Although TEM has several principles in

common with SEM, important differences exist and are discussed in detail in the

following sections.

3.2.2.1 Microscope layout

In contrast to SEM, the electron beam in transmission electron microscopy is directed

through the sample and the detector is placed underneath. A TEM instrument

typically consists of five sections: the electron gun, condenser system, sample stage,

projection system and image recording. As in SEM, both thermionic and field emission

is used to induce an electron beam towards the sample. Given the advantages of

a field emission gun (FEG) most modern TEM instruments apply this technique.

Electrons that are emitted from the FEG cathode are accelerated to their final

kinetic energy before they reach the sample. This is done by inducing an electric

field parallel to the optical axis through a potential difference between an anode and

the FEG cathode.

In the condenser system a minimum of two lenses and an aperture are used to

demagnify the electron beam and control its diameter on hitting the sample. The

34



3.2 Surface analysis techniques

Specimen 

Objective 

lens 

Intermediate 

lens 

Image 

Second 

image 

Diffraction 

pattern 

Back focal plane /  

objective aperture 

Figure 3.5: Part of the projection system in TEM, including the objective and
intermediate lenses. In imaging mode (left hand side) the intermediate
lens magnifies the image of the objective lens further. In diffraction
mode (right hand side), the focus of the intermediate lens is on the
back focal plane of the objective lens and passes the diffraction pattern.

smallest possible spot size depends on the beam diameter coming from the electron

gun, the strength of the first condenser lens and the aperture.

After the electron beam passes the specimen, the objective lens forms an intermediate

image and diffraction pattern as can be seen in Fig. 3.5. This enables two modes of

operation: (i) imaging mode where the intermediate lens is focused on the image

formed by the objective lens and (ii) diffraction mode where the inevitably formed

diffraction pattern in the back focal plane of the objective lens is focused by the

intermediate lens. In both modes the image formed by the intermediate lens is

magnified towards the detector by subsequent projector lenses. An important part

of the projection system is the objective aperture. It determines the angular range

of scattered electrons that can reach the detector. Therefore, it greatly controls the

image resolution. A large aperture will be essential for high resolution TEM, because

it sends the highest amount of information (electrons) towards the CCD detector

(see Fig. 3.5).
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3.2.2.2 Contrast mechanisms

While the discussion of magnification, focus, depth of field etc. in TEM is parallel

to optical light microscopy, the image formation is far from. Contrary to light

microscopy, all electrons (instead of photons) in TEM pass the sample without

absorption. The atoms of the specimen cause the passing electrons to be scattered.

Contrast formation is caused by this scattering and results in three basic contrast

mechanisms: mass-thickness, diffraction and phase contrast. These mechanisms

could occur to some extent simultaneously and each provide different information on

the specimen.

Primary electrons that pass the specimen will experience a change in their angular

range and energy spread due to elastic and inelastic scattering within the specimen.

If the objective aperture is placed concentric to the optical axis, electrons with a

high scattered angle will be stopped and will not contribute to the image formation.

Regions of the specimen that are thicker or have a higher density will scatter electrons

at higher angles and thus appear darker in the image. Therefore this mechanism is

called mass thickness contrast. This setup, as shown in Fig. 3.5 on the left-hand

side, will result in a background brighter than the specimen and is called bright field

imaging.

If the specimen is crystalline, diffraction contrast is additionally encountered as

a result of the crystal lattice. The scattering intensity is greatly affected by the

orientation of the specimen. A wide variety of diffraction effects can occur and it is

beyond the scope of this section to discuss them all. Globally seen all crystal defects

(e.g. dislocations, stacking faults, etc.) give rise to diffraction contrast and contribute

to the image formation.

Most scattering mechanisms induce a phase change of the electron beam due to the

variation of the potential field resulting from different atomic configurations. This

can be shown in the image formation by letting electrons of different phase pass

through the objective aperture. To achieve the interference between transmitted

and diffracted beams a larger aperture is needed compared to mass-thickness and

diffraction contrast. Phase contrast is particularly exploited in high resolution TEM
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(HR-TEM) by selecting several beams that run parallel to a crystallographic axis. The

interpretation of these images is not straightforward and mostly needs comparison

with several computed images from likely structures.

Bright field TEM images are used in this work to characterize the Cu@Pt core-shell

nanoparticles in chapter 5, while HR-TEM is used in chapter 10 to visualize the

parallel carbon rods in the N-doped ordered mesoporous carbon catalysts.

3.2.2.3 Scanning transmission electron microscopy (STEM)

In scanning transmission electron microscopy (STEM) a combination of features

from SEM and TEM are implemented in one technique. As shown in Fig. 3.6, the

specimen is placed beneath the objective lens and aperture. The incident electron

beam is thus focused to a narrow spot size (sub nanometer or picometer) on the

specimen. As with SEM, scanning coils are placed underneath the condenser system

to scan the electron beam over the specimen. This means that STEM is especially

compatible with elemental analysis techniques such as EDX and electron energy-loss

spectroscopy (EELS). The elemental information can be easily obtained per pixel in

the image, enabling mapping and local analysis.

Detection of the transmitted electrons can be done in bright-field and dark-field mode,

however the latter is most frequently used. When an annular dark field detector

is used (Fig. 3.6) only diffracted electrons are imaged and the obtained contrast

is dependent on the atomic number (Z). This effect is even further employed in

high angle annular dark field (HAADF) mode. By increasing the inner diameter of

the annular detector only electrons passing close to the atom cores in the specimen

(Rutherford scattering) are imaged and the Z dependency further increases. Atomic

resolution in high Z elements can even be obtained in aberration corrected STEM

instruments. It has to be noted that resolution obtained using HAADF-STEM is

generally lower to HR-TEM because the imaged electrons pass through the lenses

at larger angles from the optical axis and experience more effect from spherical and

chromatic aberration.
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Figure 3.6: Schematic overview of the lay-out of a scanning transmission electron
microscope. Both bright-field and annular dark-field detectors are
visualized. [71].

In this work HAADF-STEM is used to characterize a variety of nanostructured

electrocatalysts (Chapters 7, 8 and 10).

3.2.3 Electron tomography

Despite the unprecedented resolution and structural information TEM offers, the

two-dimensional (2D) images it renders impede a detailed characterization of nano-

structured materials. These images are always a projection of a three-dimensional

(3D) object and the more complex this structure gets the harder to understand its

3D morphology. A possible solution is to reconstruct the 3D specimen from a series

of 2D TEM images obtained over different tilting angles, called electron tomography
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(ET). Mathematically this reconstruction is based on the Radon transform, R, which

presents the projection of a function f(x, y) describing the original object under

investigation. The Radon transform can be written as the line integral of f(x, y)

through all possible lines L with unit length ds.

Rf =

∫

L

f(x, y) ds (3.18)

The discrete sampling of the Radon transform is experimentally equivalent to the

measurement of projections from the investigated object over a number of fixed

measurement angles. The function f(x, y) corresponding to the original investigated

object can then be reconstructed using the inverse Radon transform. Practical

reconstruction algorithms used in TEM tomography are approximations of this

inverse transform but their discussion lies beyond the scope of this work.

In practice the technique called direct backprojection is used in electron tomography

(Fig. 3.7). Two-dimensional images of the specimen, acquired over a tilt series are

sequentially backprojected along the original measurement angle into 3D space. If

sufficient projections are available, the original specimen can be reconstructed with

little artifacts. This technique requires that the 2D projections are a monotonic

function of a physical quantity (known as the projection requirement). Since intensity

of HAADF-STEM scales proportionally with Z2, it is a monotonic function of

specimen thickness along the optical axis and thus especially suited for electron

tomography. As highly crystalline specimens with high atomic number (thus strongly

scattering) are frequently encountered in materials science and catalyst research,

tomography using HAADF-STEM provides the highest possible resolution and is

most frequently used.

Electron tomography is used in this work to characterize nanoporous Pt structures

in Chapters 7 and 8. Porosity values as well as surface-to-volume ratios are used to

complement and explain the gathered electrochemical parameters.
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Figure 3.7: Schematic diagram showing the two stage tomography process. In the
upper figure a series of 2D images is recorded from the 3D object about
a tilt axis. In the lower figure, the obtained images are backprojected
into a 3D space to reconstruct the object [71].

3.2.4 X-ray photo-electron spectroscopy (XPS)

The principle of x-ray photo-electron spectroscopy consists of irradiating a sample

with x-rays while emitted photo-electrons are detected. If a photon is bombarded at

an atom, a complete energy transfer occurs during the photon-electron interaction. If

the energy of the incident photon is sufficient, the electron (called photo-electron) is

emitted from its atom. This principle is schematized in Fig. 3.8. The kinetic energy
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of the photo-electron (Ek) is measured in XPS. From this value the binding energy

(EB) of the original electron can be deduced using equation

Ek = Eph − φXPS − EB (3.19)

where the x-ray photon energy, Eph, can be written as hf . The work function of the

instrument, φXPS , rather than the sample also needs to be accounted for since a

conductive sample is in contact with the instrument. This value denotes the minimum

energy necessary to remove an electron from the instrument. In an experimental

XPS spectrum the number of detected photo-electrons is plotted against EB since

this quantity is independent on incident x-ray energy.
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Figure 3.8: Principle of photo-electron excitation due to incident x-rays.

The main information an XPS spectrum provides on the specimen is elemental

information. The XPS peaks are characteristic for a particular transition for each

element. By comparing the energy values of these peaks to reference data, knowledge

on the elements in the specimen under study can be gathered. In a XPS spectrum

also peaks from Auger electrons can be present. The electron vacancy caused by the

incident x-ray can be filled through relaxation of an electron from a higher energy
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shell of the atom. The energy released during this relaxation can be transfered to

another electron of the same atom, called Auger electron, which is emitted from the

atom. Auger peaks are of lower intensity and energy level than XPS peaks.

The mayor advantage of XPS compared to other high vacuum surface analysis

techniques is that it can also provide information on the chemical state of the

substrate under investigation. Bonded atoms show a chemical shift in the core energy

level. The difference in electron bonding energy is translated to a shift in peak

energy and peak shape. By comparing the spectrum to tabulated reference data the

chemical state of the atoms can be deduced.

XPS is a surface sensitive technique due to the limited flight path of an electron

in a solid (generally less than 10 nm). While x-rays penetrate the specimen in

the micrometer range and cause photo-electron emission, only the photo-electrons

that originate close to the surface can leave the specimen without losing too much

energy in the solid. In combination with sputter depth profiling different layers

of the specimen can be analyzed with high resolution. In chapter 5 of this work

core-shell electrocatalysts are analyzed with XPS in combination with Ar+ sputter

depth profiling.

XPS measurements are used in this work to obtain a compositional depth profiling

of a bimetallic catalyst (chapter 5) and to determine the N atom configuration of

nitrogen doped mesoporous carbon in chapter 10.

3.3 Fast Screening Reactor (FSR)

Thoroughly screening fuel cell electrocatalysts can be time consuming. In the first

design stage it is not feasible to test every catalyst in a fuel cell set-up. Faster

techniques based on the simple concept of fluorescence imaging have been developed

[77–80]. As a first indication of optimal catalyst composition these high-throughput

techniques can be combined with a combinatorial analysis. However, the optimal

conditions in the rudimentary measurement cells containing the model electrocatalyst

(generally binary or ternary metal deposits) have shown to not always coincide with
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the FC performance. This is believed to be caused by the hiatuses between set-ups

and fuel cell catalysts supported in a membrane electrode assembly.

For this reason, an intermediate approach between parallelization and a reliable

experimental setup is selected in this work. A fast screening reactor (FSR) is

developed ✯ where four parallel measurements can be performed with a full-fledged

three electrode system, driven by a Bio-Logic VSP-300 multichannel potentiostat

(Fig. 3.10). The number of reaction cells can be further increased by connecting

multiple reactors or changing the casing (Figure 3.11).

As a fast screening method for fuel cell catalysts, RDE experiments with porous

electrodes are generally used in literature [31, 38, 46]. Catalyst materials are applied

through ink application comparable to MEA preparation. Inks are generally made

by suspending the carbon supported metallic nanoparticles in a solvent (H2O, Isop-

ropanol, Ethanol, etc.) through sonication. Ink viscosity can be regulated by adding

glycerol, making application on the inert glassy carbon RDE surface easier and more

reproducible. A perfluorosulfonic acid (PFSA) binder is added to attach the catalyst

more strongly to the electrode surface. Two main procedures can be classified: (i)

addition of the binder to the ink prior to ultrasonic suspension and (ii) application

of the ink in a two step procedure after the ink is applied to the electrode surface.

The main difference of these methods compared to fuel cell systems is the function

of PFSA which does not act as a proton selective membrane, but only as a partially

blocking binder.

An RDE electrode used in this work is shown in Fig. 3.9 A. The glassy carbon

electrode is embedded in a polyvinylidene fluoride (PVDF) coat. Electrical contact

is assured with the brass tapered connector (not shown) with electrical conducting

epoxy glue. The developed FSR can facilitate a variety of electrode types, ranging

from smooth polished model electrodes to porous catalyst ink electrodes. An example

of a porous electrode surface after ink application is also shown for two different

applications in 3.9 B and C. Note the slight smear of the catalyst ink in B due to

insufficient ink viscosity. Porous electrodes prepared using catalyst ink suspensions

✯The in-house development of both mechanical and electronic parts was done in collaboration with
Marnix Depauw and ir. Raf Claessens respectively.
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Figure 3.9: Glassy carbon rotating disk electrode with PVDF coat (a). GC electrode
surface after different catalyst ink applications (b, c).

are employed in chapters 5 and 10, while smoothly polished electrodes are subject in

chapters 6, 7, 8 and 11.

The FSR housing is constructed of 10 mm polymethyl methacrylate (PMMA) and

fits four glass electrochemical cells of 50 mm diameter. The volume between the

separate reactor cells can be used for thermostatting the electrolyte medium with

a Julabo F12-MA heating/cooling circulator. The electrochemical cells have two

bottom connections: one for draining the electrolyte and one that contains a glass

frit (porosity P4, 10-16 µm) which serves as a gas inlet. A PVDF lid is screwed

on top of the glass cells containing all top connections. All sealings in the lid are

achieved with Viton o-rings. One top connection of the cell acts as a pressurized

gas inlet to apply a gas blanket during electrochemical measurements. The other

connection is the gas outlet, connected to a washing bottle to avoid leaking of oxygen

in the cells. All gas and fluid entrances and exits are connected with Teflon tubing

to common PVDF distributor blocks. The lid also holds the working, counter and

reference electrodes. Radiometer EDI-101 RDE rotators are used to connect the disc

electrodes. The counter electrodes are 8 cm platinum wires (diameter 1 mm) and as

a reference, saturated Ag/AgCl electrodes (Autolab EQCM) are used in conjunction

with a Vycor frit salt bridge.

To comply with long term catalyst stability tests and to further speed up the

experiments a completely automated system is developed. Data acquisition and

parameter control are implemented in the native Bio-Logic software EC-Lab. This

facilitates the hardware based control off all peripherals (RDE motors, mass flow
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Figure 3.10: Fast screening reactor with four measurement cells. RDE rotator is
mounted in the first cell, connected using through-hole connectors.
The entire set-up is placed in a Faraday cage to eliminate external
noise. The RDE control unit is placed on top of the Faraday cage.
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Figure 3.11: CAD drawing of the first FSR design containing 16 parallel cells.
Rotating disc electrode rotator, counter and reference electrode are
shown illustratively in one cell.

controller (MFC) and gas valves). Each of the five installed potentiostat channels

has a dedicated analog i/o connection using 0-10 V communication. On top of that,

each channel is also able to send and receive digital TTL triggers.

The digital interface between the potentiostat’s i/o communication and the peripherals

is designed and built in-house. This control unit (Fig. 3.10) houses a 100 W power

supply able to drive all RDE motors, two MFC’s and up to three gas valves. The

RDE rotation speed can be set independently for each RDE motor. This can be

done manually trough the selection buttons and speed dial or through the 0-10 V

potentiostat signal (for individual channels). The PID speed control of the RDE

motors is integrated in the processor of the control unit and its parameters can be

set in the software. The connection with the EDI-101 rotators is made with a five

lead signal cable and DIN-5 connectors. The EDI-101 has an integrated tachometer
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sending a pulsed signal to the control unit. The actual RDE speed can be read from

the display on the control unit and is also send to the potentiostat as a 0-10 V input

signal to synchronize with the electrochemical data.

A Brooks GF-40 MultiFlow mass flow controller with 280 mln/min maximum flow

rate is used. Communication with this MFC can be done digitally through the

RS-485 standard or analog through 0-10 V i/o. The analog signaling is used since

it provides sufficient accuracy for this application and can be easily integrated in

EC-lab. During electrochemical measurements the gas flow rate is sampled by the

potentiostat and can be plotted synchronous with potential and current values. A

Bürkert 0124 3/2-way solenoid valve is used to select one of two gases (N2 or O2) as

input in the FSR. A second identical valve is used to switch the gas from bubbling

the solution to directing it over the electrolyte solution as a blanket. Both valves are

operated by sending TTL triggers from the potentiostat towards the control unit,

which opens or closes the valve by powering it.
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Part II

Platinum based fuel-cell

electrocatalysts
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Chapter 4

Literature review

In this chapter, the state-of-the-art in Pt based ORR elec-

trocatalysts is outlined. Several important studies are de-

scribed that have contributed to partially elucidating the ORR

mechanism. Successful methodologies to improve the mass activ-

ity of Pt based fuel cell catalysts throughout literature are

discussed. Special emphasis goes to the use of core-shell nano-

particles and structures with a tuned morphology.✯

✯This chapter is partly based on references [81] and [82].
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4.1 ORR mechanism on Pt based electrocatalysts

The atomic scale structure of Pt electrocatalysts has proven to greatly influence the

ORR mechanism and activity. This insight has been possible by advances in (in-situ)

surface analysis techniques [49, 83] on the one hand and theoretical (density functional

theory) DFT calculations [84–87] on the other. The surface of polycrystalline Pt

at room temperature in electrolyte media consists of the (111), (100) and (110)

lattice planes (Fig. 4.1). Although the ORR activity on the different facets can vary

depending on the electrolyte solution (Section 1.3.1), the mechanism is thought to

remain unchanged. The simplified reaction scheme of oxygen reduction is given in

Figure 4.2. The reduction of O2 can either occur through a direct four-electron path

with rate constant k1 or as a series two-electron path over adsorbed peroxide (rate

constants k2 and k3) [41].

1

2
O2 +

∗ −−→ O∗ (4.1)

O∗ +H+ + e− −−→ HO∗ (4.2)

HO∗ +H+ + e− −−→ H2O+ ∗ (4.3)

Two more detailed reaction mechanisms on Pt (111) were proposed by Nørskov et

al. depending on the type of initial O2 adsorption: the associative and dissociative

mechanism [10]. Density functional theory calculations were used to calculate the

energy level of the possible reaction intermediates, leading to the free energy diagrams

of both mechanisms [10, 89]. Zhdanov et al. used these mechanisms as a basis to

develop a kinetic model for the ORR on Pt surfaces [90]. Both mechanisms may be

operative depending on the potential applied, although the associative mechanism

is believed to become dominant at higher overpotential (and thus current density).

Three steps occur in the dissociative mechanism:

52



4.1 ORR mechanism on Pt based electrocatalysts

Figure 4.1: Schematic views of the low index Pt face-centered cubic (fcc) lattice
planes relevant for the ORR: (a) Pt(111), (b) Pt(100) and (c) Pt(110)
[49].

k1  

O2,ad  O2  H2O2,ad  H2O 

H2O2  

k2  

k4  k5  

k3  

Figure 4.2: Simplified scheme of the reaction pathway of the oxygen reduction
reaction proposed by Wroblowa et al. [88] indicating the possible multi-
electron reactions.

53



Chapter 4. Literature review

Whereas the associative mechanism includes the following steps:

O2 +
∗ −−→ O ∗

2 (4.4)

O2
∗ +H+ + e− −−→ HO ∗

2 (4.5)

HO ∗

2 +H+ + e− −−→ H2O+O∗ (4.6)

O∗ +H+ + e− −−→ HO∗ (4.7)

HO∗ +H+ + e− −−→ H2O+ ∗ (4.8)

Notice that the final two reaction steps in both mechanisms are identical. In the

associative mechanism O2 is adsorbed as is on an available surface site without

dissociating (step 4.4). Only afterwards a direct electron and proton transfer occurs

to O2
∗ and HOO∗ in steps 4.5 and 4.6 respectively. The rate determining step

in either of the mechanisms is believed to be one of the electron-proton transfer

steps. The possible peroxide formation through the k2 and k5 steps indicated in

the simplified reaction scheme can be fitted in the associative mechanism as an

alternative to step 4.6. Experimentally, this is observed at Au surfaces and in the

high overpotential region on Pt.

4.2 Towards core-shell electrocatalysts for the ORR

It is widely known that nanostructured materials are one of the key factors in the

recent advances of various technological fields. Specifically, energy conversion devices

(fuel cells, batteries, solar cells, etc.) have seen their efficiency boosted thanks to

the engineering of materials on the nanoscale [91]. Nanostructured materials have

shown electronic and optical properties that deviate significantly from the bulk.

In addition, bringing the characteristic dimensions of the materials towards the

nanoscale allows to dramatically increase the surface area for the same amount of

a given material. This is especially relevant for many energy conversion processes

since they are based on phenomena occurring at the solid-liquid interface. Moreover,

large electrochemically active surface areas are also targeted for highly sensitive
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(bio)sensors [92, 93]. Hence, optimizing the surface properties of nanostructured

materials becomes highly relevant.

The major disadvantage in PEMFC’s today is the higher capital cost compared to

conventional electricity production methods [18, 19]. The performance of the cathode

electrocatalyst is of paramount importance due to the sluggish electroreduction of

molecular oxygen to water at the cathode side [94]. The fairly strong Pt-O surface

bond is believed to lie at the basis of the slow oxygen reduction reaction (ORR)

kinetics [10]. Platinum is the most effective mono metallic catalyst, though causes

amongst others the high FC capital costs because of the high Pt loading needed

to achieve sufficient reaction rates at the cathode side. Carbon-supported pure Pt

materials are the most widely used cathode electrocatalysts during the last decades

[95]. Alternative catalyst materials could dramatically decrease the capital cost

through an increase in catalytic activity - resulting in higher fuel cell (FC) efficiency -

or through a lower Pt content. Several strategies are deployed in the search for ORR

electrocatalysts with a higher mass activity: (i) the use of Pt-M alloys [81, 96–101],

(ii) tuning the morphology of nanostructured catalysts [102, 103] and (iii) the search

towards non-Pt catalyst concepts [104–106] as discussed in part III of this work.

Besides focusing on the catalyst material also metal-support interactions have been

tuned over the past decade [107–109].

Over the years several Pt-M alloy catalysts have shown to significantly increase

activity towards ORR due to the alloying effect [110]. Amongst them, Pt-Pd and

Pt-Co alloy catalysts were extensively studied [32, 111]. The alloying augments

the surface area-based activity as well as the Pt mass-based activity. Especially

from an economic point of view the latter provides a good basis to benchmark FC

electrocatalysts. Where the surface area based activity significantly increases, the Pt

mass based activity undergoes only a rather small attenuation leading to an almost

equally expensive catalyst. The solution to this problem is brought by controlling the

nanoparticle morphology to form core-shell structures. As little as a few monolayers

of the shell metal can be deposited on an alloyed or single metal core. Consequently

the mass based activity is drastically increased.

High temperature annealing is frequently applied in order to segregate Pt-M alloyed
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nanoparticles into a core-shell structure. Despite the increase in specific activity,

particle sintering causes a dramatic decrease in electrochemically active surface area

(EASA)[56, 112]. Wei et. al. reported the electrodeposition of Cu nanoparticles on

porous carbon electrodes [113]. Even though this technique enables an effective use

of noble metal catalysts due to exclusive deposition on accessible electrode regions,

minimum particle sizes remain 20-70 nm. Electroless methods on the other hand

have the advantage of creating nanoparticles in the 2-5 nm diameter range. Fine

tuning the nanoparticle morphology to create a core-shell structure can be done

by electrochemical [95] or chemical [101] leaching of the core metal or through the

deposition of an additional metal layer [60].

An alternative method for the preparation of multimetallic catalysts has been de-

veloped, based on the spontaneous replacement of an initially deposited less noble

metal by a more noble one, a process often termed galvanic replacement or trans-

metalation [114, 115]. It was first applied by Adzic and co-workers [116–119] for

the complete replacement of Cu UPD monolayers by Pt, Pd or Ag and then by a

series of noble metals or their mixtures. Kokkidinis and co-workers [120, 121] applied

the technique to the partial replacement of electrodeposited Cu and Pb polylayers

by Pt (resulting in Pt shell - Cu or Pb core particles). This approach has been

recently further developed by Sotiropoulos and co-workers who prepared Pt-Cu,

Pt-Pb, Pt-Fe, Pt-Co, and Pt-Ni binary catalysts by the transmetalation process

and tested them with respect to their activity towards oxygen reduction [122, 123]

and hydrogen evolution [124]. This technique has been taken to the next step by

preparing core-shell Pt-Cu nanoparticles on a porous carbon support [114, 125, 126].

The simple replacement reaction between the Cu nanoparticle catalyst and a Pt

precursor salt presents a low cost production method for porous carbon deposited

nanoparticle FC catalysts [126].
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4.3 Activity enhancement by tuning the nanoscale

morphology

Methodologies such as alloying [38, 100, 127], core-shell nanoparticles [58, 81, 101],

high-index crystallographic planes [128], or localized defects within the crystal

structure [56, 129–131] have proven to enhance the specific electrochemical activity

towards the ORR as addressed in previous sections (1.3.2, 1.3.1 and 4.2). However,

provided the intrinsic properties of the active surface have been optimized, the surface

availability described by the electrochemically active surface area (EASA) also needs

to be maximized [132, 133]. Also, due to miniaturization needs, it becomes necessary

to make the best use of electrochemically active surface within a given volume. The

focus here will be on investigating the possibilities to enhance the available catalytic

surface for a given amount of material and within a given volume.

Current fuel cell cathode catalysts reach EASA values around 30 to 90 m2/g Pt due

to the decoration of nanoparticles (2-10 nm) on a large surface area carbon support

[12, 134]. Although being by far the most used approach, some inherent drawbacks

arise. The corrosive degradation of the porous carbon support is known to be an

important issue [135]. Also, dissolution [58] or agglomeration [136] of the Pt NP’s

upon fuel cell operation have been frequently reported.

Recently, several approaches have been proposed to improve these benchmark values.

Most commonly, different large surface area supports with improved properties are

being investigated. Some examples are carbon nanotubes [137, 138], mesoporous

carbon [139], conducting oxides (TixOy, SnOx and WOx) [14, 108, 140, 141] and

carbides [142, 143]. Another possibility is to increase the EASA and the ratio between

the real and geometric area (RRGA) of the Pt nanostructured material. Three-

dimensional nanostructures with a high surface to volume ratio and an abundance

of surface defects can be synthesized. The increased activity towards a manifold of

electrochemical reactions can be explained by the conservation of their size specific

properties while making a larger amount of active sites available per electrode area.

Examples of such structures are meso-structured platinum thin films [144], dendritic
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nanostructures [145, 146] and agglomerated nanoparticles [147]. The obtained three-

dimensional nature inherently leads to much higher RRGA values. If increased

sufficiently, the high surface area carbon support van be discarded. This would lead

to an increased stability of the catalyst layer since the carbon support generally

degrades quickly under fuel cell operating conditions [144]. Also, active area loss due

to agglomeration under operating conditions as observed in supported nanoparticles

has been shown to decrease for certain types of three dimensional structures [136].

A manifold of synthesis techniques is available to synthesize Pt nanostructures as

discussed in section 1.2. Colloidal chemical precipitation and impregnation are the

most common approaches [146, 148–150]. However, these multiphase systems need to

be stabilized using organic capping agents which could block catalytic sites through

adsorption. The removal of these organic additives using thermal or acid treatment

could cause particle aggregation and loss. In both cases, the catalytic activity

can decrease significantly [151]. Electrodeposition techniques hold the advantage

of an increased platinum utilization due to the exclusive deposition of catalyst

material on conductive sites that are also accessible to the electrolyte solution. Both

potentiostatic as well as galvanostatic electrodeposition procedures have been used

on several occasions to synthesize highly active electrocatalysts [128, 144, 147].

The use of electrodeposition for catalyst application in PEMFC’s holds several

advantages over the conventional chemical methods. When Pt nanoparticles are

loaded on large surface area carbon supports, only a fraction of them is actually

participating in the electrochemical reaction of interest. In two-step techniques

where a catalyst ink is applied on the fuel cell membrane in the final step, 30 to

50 % of the catalyst has been reported to be inactive in the MEA [45, 152]. In

contrast, electrochemical deposition ensures electrical contact between the catalyst

nanoparticles and the support material providing accessible reaction sites for the

reagents of interest. Electrodeposition can be applied directly on the MEA (even on

more complex geometries), decreasing the number of processing steps and thus cost

[153]. By effectively using all the catalyst material, the performance/cost ratio of fuel

cell devices can be further increased. In addition, no expensive equipment is needed

such as with vacuum deposition or sputtering techniques [154]. This combination of
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effects thus renders electrodeposition a viable and cost effective technique for MEA

fabrication.

Despite the recent activity increments of bimetallic catalysts of up to six times

compared to pure Pt, retaining the Pt mass based activity over time remains a

major barrier [155]. Recently, nanoporous Pt based nanoparticles (NP’s) with

electrocatalytic activity towards the ORR have been the subject of several studies

[58, 102, 155, 156]. Although no consensus has been obtained until this point, the

increase in ORR activity is generally attributed to a combination of effects: (i) higher

active site residence time attributed to a confinement effect within the nanopores

[157–161], (ii) an increase in surface area to volume ratio [132] and (iii) a smaller

fraction of low-coordinated atoms [144, 162].

Even though activity increase in nanoporous Pt based NP’s is observed, several

degradation mechanisms in fuel cell relevant conditions have been reported by

Baldizzone et. al. [58]. Gan et. al. described a size-dependent rapid drop in intrinsic

catalytic activity as a result of Ni dissolution and related porosity formation [155].

A profound understanding of the morphology-activity relationship is thus imperative

to design more active and stable PEMFC catalysts.

The high amount of control on particle morphology needed for this goal can be

achieved using electrodeposition. It is one of the most popular single-step NP synthesis

procedures as it ensures electrical contact between the NP and the substrate, and

offers several easily controllable parameters (deposition potential, time, temperature

and electrolyte composition) [29, 163]. However, the disadvantage of electrodeposition

procedures is the relatively broad size distribution generally obtained. The main

cause for this is believed to be the diffusional coupling between neighboring metal

particles on the electrode surface [164]. In addition, the formation of new NP nuclei

during the entire deposition procedure [165] and possible Ostwald ripening [166, 167]

further influence the size distribution broadening. To overcome these problems a

potentiostatic double pulse technique was developed by the groups of Penner and

Plieth [164, 165]. Nuclei formation and growth are separated in time by first applying

a short nucleation pulse of high overpotential, followed by a longer growth pulse of
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low overpotential. Relatively monodisperse metal NP’s have since been synthesized

on several occasions [37, 163, 168, 169].

According to recent literature, nanoporosity is generally achieved by preferential

leaching of the least noble metal (e.g. Ni, Co, Pd) from bimetallic NP’s. The

formation of a nanoporous structure as a result of the (electro)chemical dealloying is

attributed to a nanoscale Kirkendall effect [101, 170–173]. This vacancy mediated

diffusion mechanism in binary metal NP’s is driven by the faster interdiffusion of

one element relative to the other.
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Chapter 5

Carbon supported Cu@Pt core-shell

electrocatalysts

A two-step procedure at room temperature is applied in this

chapter to synthesize a bimetallic Pt@Cu carbon-supported

core-shell catalyst. First, chemical impregnation is used to

form Cu nanoparticles on a high surface area carbon support.

Second, the partial galvanic replacement of Cu particle layers

by Pt is achieved upon immersion in a chloroplatinate solu-

tion. Physical characterization of the Pt@Cu/C catalyst is

performed using TEM, XRD and XPS. The catalytic activity to-

wards the oxygen reduction reaction is evaluated using rotating

disc linear sweep voltammetry.✯

✯This chapter is published as a scientific paper: B. Geboes, I. Mintsouli, B. Wouters, J. Georgieva,
A. Kakaroglou, S. Sotiropoulos, E. Valova, S. Armyanov, A. Hubin, and T. Breugelmans, Surface
and Electrochemical Characterisation of a Pt-Cu/C Nano-Structured Electrocatalyst Prepared
by Galvanic Displacement, Applied Catalysis B: Environmental 150-151 (2014) 249-256
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5.1 Introduction

It was found recently that model Pt/Cu electrodes, prepared by the transmetalation

of Cu layers on glassy carbon [124] and their particle analogues prepared from Cu

particles on Vulcan XC72R carbon support [174] exhibited higher medium-term

activity towards methanol oxidation. Based on these findings the aim of this chapter

is to assess the electrocatalytic activity of Pt-Cu/C powder catalysts towards oxygen

reduction reaction in comparison with a commercial Pt/C catalyst with similar Pt

loading.

The two-step transmetalation method as an alternative route for the preparation of

practical Cu@Pt catalysts is used. Due to the ease for Cu to form oxides in neutral

and basic media only few authors reported on the galvanic replacement process with

Pt [175]. As a result many hiatuses still remain in the formation of the supposed

core-shell structure. The obstacles of Cu@Pt nanoparticle formation will be overcome

in this work through applying the two-step galvanic replacement process.

Formation, properties and ORR activity of the synthesised Cu@Pt nano-structured

catalyst will be evaluated. Surface characterization techniques such as EDX, TEM an

XPS will be combined with the electrochemical characterization using linear sweep

voltammetry (LSV) in combination with rotating disc electrode (RDE). Special

attention will be devoted to H UPD measurements since intrinsic catalytic activity

as well as the practical application of the catalyst is indicated by the electrochemical

active surface area (EASA).

5.2 Experimental

5.2.1 Preparation of a Cu@Pt transmetalation catalyst

The synthesis of the bimetallic catalyst is based on the prior work of Mintsouli et al.

[174]. The support for the catalyst is high surface area carbon black powder (Vulcan

XR 72, Cabot), a typical substrate used in fuel cell environments. To activate the

carbon powder it was exposed to an oxidative pretreatment, leading to an increased
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number of the functional groups on the surface [176]. For this purpose 0.25g carbon

black (Vulcan XC72) is treated with a 1 M sulfuric acid and 10 w/v% ammonium

persulfate solution during 24 hours of magnetic stirring at room temperature. The

obtained suspension is then filtered, and the precipitate is rinsed with distilled H2O

and left to dry overnight. The oxidized carbon is mechanically ground in a mortar

and suspended in 90 ml water. Then a two-step catalyst preparation procedure

is applied. First the carbon powder is impregnated with an ionic solution of the

non-noble metal, prepared by dissolving 0.4 g CuSO4.5 H2O (0.1 g Cu or 0.0016

g-atom of Cu; Sigma-Aldrich (ACS reagent)) in 10 ml water and adding it to the

carbon suspension. Maximum copper ion adsorption on the carbon surface is ensured

by magnetically stirring the preparation during a 24 h period. To reduce the adsorbed

Cu(II), a 1M NaOH solution containing 12.8 ml (0.0128 mol) of 0.1M NaBH4 is

added to the suspension (an excess of reducing agent is created). The resulting

suspension is stirred in an ultrasonic bath for 30 min and filtered afterwards. Second,

the obtained Cu/C precipitate is left to dry in air and is then slowly added under

continuous stirring to 50 ml of 10-2M K2PtCl6 solution containing 0.1M HCl for the

electroless platinization to occur:

Cu/C+ PtCl 2−
6 → Pt−Cu/C+ Cu2+ +Cl− (5.1)

The reaction mixture was stirred in the ultrasonic bath for another 30-45 min,

filtered and left to dry in air. With this nanoparticle powder the catalyst inks were

prepared and coated on the glassy carbon electrodes for further electrochemical tests.

The developed Pt-Cu/C nano-structured catalyst is benchmarked to a well known

commercial Pt nanoparticle catalyst. This commercial catalyst from the Alfa Aesar

HiSpecr catalyst line (product number 35849) is optimized for usage in fuel cells

and is supported on a porous carbon black substrate. The chosen metal loading of

this catalyst is 20wt%, comparable to the Pt loading in the Cu@Pt catalyst.
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5.2.2 Microscopic, spectroscopic and crystallographic

characterization

A Philips M20 transmission electron microscope (TEM) was used to obtain micro-

graphs of the powder supported catalysts. Elemental analysis of the synthesized

Pt-Cu catalysts was performed in a JEOL JSM 7000F scanning electron microscope

equipped with an energy dispersive x-ray (EDX) spectrometer. X-ray photo-electron

spectroscopy was performed using a Physical Electronics Inc. (PHI) model 1600

system containing a standard Mg Kα source and an Omni Focus Lens III. Operating

parameters were 15 kV and 300 W. The raw data was analyzed using the PHI

Multipak 8 software. X-ray diffraction spectra of the Pt-Cu catalyst were obtained

between 2θ = 10➦and 100➦using a Cu source emitting Cu Kα radiation at λ=1.5406

Å. Diffraction angles where measured in 0.02➦steps with a sampling time of 3 s.

5.2.3 Electrode preparation and electrochemical characterization

Electrochemical experiments are done in a three electrode electrochemical cell using a

Ag/AgCl reference electrode with a Luggin capillary and a Pt wire counter electrode.

A 0.5M H2SO4 electrolyte solution is used. The glassy carbon working electrode

(0.6cm diameter) is coated prior to the tests with the catalyst ink, consisting of a

suspension of the catalyst powder in a 50:50 water isopropanol mixture. The catalyst

inks were sonicated for 2 hours to ensure a homogeneous suspension. Using a micro

pipette, 5µ l of the catalyst ink is applied at the glassy carbon surface resulting

in a catalyst coverage of 15µg/cm2. After the electrodes have dried to the air at

room temperature for roughly 15 minutes a thin perfluorosulfonic acid (PFSA) layer

–also known under the commercial name Nafionr–is applied by adding 10µl of 5%

PFSA solution in 50:50 water-alcohol solvent. This layer acts as a binder for the

catalyst powder to produce mechanically stable electrodes while assuring the proton

transport towards and from the active surface.

CV measurements are obtained using a Biologic VSP-300 potentiostat equipped with

an analogue scan generator. The LSV measurements are performed using an Autolab

PGSTAT 302F in combination with a Radiometer EDI101 rotator.
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(a) (b)

Figure 5.1: (a) TEM image of the synthesized Pt-Cu/C. The individual particle
size is about 3-4 nm. (b) TEM image of the commercial Pt/C catalyst.
Particle size 1-2 nm. Both images are marked with a 20 nm scale bar.

5.3 Results and discussion

5.3.1 Microscopic, spectroscopic and crystallographic

characterization

TEM micrographs of the Pt(Cu)/C catalyst are presented in figure 5.1(a). The carbon

support consists of 30 nm spherical particles that are further aggregated in chain-like

structures. The Pt(Cu) particles resulting from the immersion of the precursor

Cu/C in a chloroplatinate solution according to equation 5.1 show a tendency to

form aggregates in the 10-20 nm range. Smaller structures can be seen within these

aggregates. A particle size of 3.9 nm is obtained from XRD results that will be

presented later. The crystallites of the commercial Pt/C reference catalyst have a

size of ca. 2 nm and appear to be well dispersed in figure 5.1(b).

EDX analysis of the Pt/C and Pt-Cu/C catalysts is shown in table 5.1. The platinum

contents in the commercial and transmetalation catalyst are 20 wt.% and 22.7 wt.%

respectively. Taking the 2σ error into account the Pt loading of both catalysts is

comparable with domination of Pt-Cu/C to the extent of ∼15%. We would like

to note that the atomic ratio Pt/Cu in Pt-Cu/C is 4.5:1 whereas it was 1:1 in the

previous study [174], where lower quantities of the Pt chlorocomplex were used
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Table 5.1: EDX element analysis of the Pt-Cu transmetalation catalyst and com-
mercially available Pt/C catalyst

Pt-Cu/C Pt/C
Element Line Weight% Error Atomic% Weight% Error Atomic%

C K 72.7 ±0.74 94.7 80.0 ±0.32 98.5
Cu K 1.5 ±0.26 0.4 — — —
O K 3.2 ±0.54 3.1 — — —
Pt M 22.7 ±0.60 1.8 20.0 ±0.32 1.5
Total 100.0 100.0 100.0

(the chloroplatinate solution was 1E-3 M in that case). As discussed previously,

there is a collapse of large Cu particles during the platinization process as well as

a further dissolution of uncovered Cu, coupled with oxygen reduction in the acidic

environment.

The chemical state and composition of the surface layers of the catalyst was further

probed by XPS. Figure 5.2 shows the XPS spectra corresponding to a region of Cu

2p peaks for the as received and after etching by Ar-sputtering during 100 s. It

is hard to detect peaks in case no sputtering is applied. Taking into account the

binding energy (EB) of Cu2p and application of Mg Kα X-ray excitation (1253.6

eV) it is possible to evaluate the electron inelastic mean free path, λ on the base of

kinetic energy [177]. It is accepted that a distance about 3λ (in this case it is 2.1

nm) is able to cause the 95% attenuation of Cu2p signal. However, it is necessary to

note that it is not reasonable to expect a continuous Pt shell with uniform thickness.

In addition we can expect a smooth compositional transition between the shell and

the core instead of a sharp changeover.

Figure 5.3 shows a region of the XPS spectrum where 4f peaks appear attributable

to Pt. They are very well resolved both before as well as after sputtering. At first

sight the Pt 4f peak intensity increase after sputtering contradicts the presence of a

Pt rich shell. Given the Cu2p peaks only appear after sputtering it is more likely

that the increased intensity is due to the removal of the surface carbon atmospheric

contamination layer of typically ca. 1 nm thickness. Opposed to [174] the Cu3p

signal should be weak enough and overlap with Pt 4f peaks. The latter should not

be observable as in previous XPS results of a Pt-Cu/C catalyst with a five-fold lower

Pt/Cu atomic ratio [174]. The reason is the dominating Pt 4f signal. As should be
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Figure 5.2: XPS Cu 2p spectra of Pt-Cu/C particles prepared by chemical reduction:
red (dashed) before Ar sputter-etching of the surface; blue after Ar
sputter-etching of the surface. The reference binding energies are:
Cu2p3/2 932.7 eV, Cu2p1/2 952.5 eV.

expected there are clear Pt 4f peaks in the Pt/C nanocatalyst.

The peaks on the diffraction pattern can be seen very well in figure 5.4. It is clear that

they belong to a face-centered cubic (FCC) structure of the deposited Pt crystallites,

although there is a shift with respect to the pure Pt peaks. They are symmetrical

and there is no sign of a Cu lattice. The small peak at 2θ ∼25g belongs to carbon.

All peaks of Pt-Cu/C including the strongest [111] are broad, suggesting very small

particle dimensions. Using the Scherrer equation the particle size is about 3.9 nm

which corresponds with the observations in TEM micrographs (Figure 5.1).

The lattice parameter is determined to be 3.855 Å considering the extrapolation of

the lattice parameter towards cos(θ)=0 against(➺(cosθ)). Presuming Vegard’s law

holds (linear approximation of the lattice parameter between Pt and Cu content) and

using data for Pt (JCPDS 04-0802 as shown on the figure) and Cu (JCPDS 04-0836)

it was obtained that a Pt-based solid solution has been formed with composition:

Pt 78 at.% and Cu 22 at.%. The ratio Pt/Cu determined from XRD is 3.5, from

EDS analysis ∼5 and from the XPS surface survey ∼6. A qualitative explanation

in the difference between the EDX and XRD results could be that Pt and Cu are
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Figure 5.3: XPS Pt 4f spectra of Pt/C - black (dotted line) and Pt-Cu/C particles
prepared by chemical reduction: red (dashed) before Ar sputter-etching
of the surface; blue after Ar sputter-etching of the surface. The reference
binding energies are: Pt4f7/2 71.12 eV, Pt4f5/2 74.45 eV. The spectrum
of Pt/C is taken using different equipment which is the reason for the
difference in count numbers.
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Figure 5.4: XRD diffractogram of Pt-Cu/C particles prepared by chemical reduction
and galvanic replacement respectively. For XRD patterns of Vulcan
XC72R C, Pt/C (ETEK) and Cu/C see [174].
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Figure 5.5: Cyclic voltammogram of the hydrogen underpotential deposition on
the Pt/C catalyst.

not fully alloyed. A similar type of explanation for the difference of both techniques

from the findings of XPS could be that the latter is more surface sensitive. However,

at a quantitative level, making this comparison besides well known specific features

of each method one should keep in mind that in the case of nanoparticles there are

additional peculiarities both for XPS [178] and for EDX [179] analysis. Not very

often one can find similar comparisons in the literature and when they are available

the discrepancies are larger.

5.3.2 Electrochemical characterization

5.3.2.1 Electrochemical active surface area (EASA) determination

The obtained cyclic voltammogram of the Pt/C catalyst in a nitrogen saturated

electrolyte solution can be seen in figure 5.5. In the cathodic scan between ca. 0.3V

and 0.4V and in the anodic scan between 0.3V and 0.7V the electrochemical double

layer region is visible (e). The hydrogen adsorption/desorption peak emerges in

the region of 0.05V to 0.25V (c/d). The main characteristic of the peak is that it
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Figure 5.6: Cyclic voltammograms of the hydrogen underpotential deposition on
the Pt/C and Pt-Cu/C catalysts. The variation of the EASA is shown
for 2 electrode applications.

has 2 well delineated sub-peaks. The two main anodic H peaks and their cathodic

counterparts are usually attributed to two different forms of adsorbed H namely,

strongly and weakly bound H. The shoulder in the second anodic peak is usually

attributed to the coupled bisulfate anion desorption process in the sulfuric acid

electrolyte [49, 180].

EASA [cm2Pt / g Pt] =
Q [µC/cm2]

210 [µC/cm2Pt] electrode loading [g Pt/cm2]
(5.2)

The hydrogen adsorption peak can be integrated to calculate the total charge passed

during the adsorption process. The boundary conditions for determining the potential

range of this peak are the relative maxima in the double layer region and before the

onset of the hydrogen evolution (hatched area in figure 5.5). Through the weighed

average coverage area of the H atoms in polycrystalline Pt, the proportionality

constant of 210 µC/cm2 is calculated [181, 182]. Via this value the EASA can be

calculated from the charge amount of the hydrogen adsorption peak.

The general shape of the cyclic voltammograms for the Pt-Cu/C catalyst (Figure

5.6) is similar to this of the Pt/C catalyst indicating a Pt-surface response. The
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variation between the curves of electrode 1 and 2 for both catalysts can be attributed

to the measurement uncertainty. In case of a shell containing only copper (e.g. as an

underpotentially deposited, UPD, Cu monolayer), the H adsorption-desorption peaks

should be completely suppressed [183, 184]. In case of a uniformly alloyed catalyst

shell these peaks and the associated charge should decrease (since H adsorption does

not occur on Cu) resulting in much lower EASA values. At the same time, any Cu

exposed to the solution should anodically be dissolved at positive potentials and this

would give rise to high anodic currents, completely blurring the Pt electrochemical

response.

The ink application for each catalyst is performed twice in order to investigate the

variation in the structure of the porous electrode. Electrode loadings are 14.28

µg/cm2 and 15.59 µg/cm2 for the Pt/C and Pt-Cu/C catalysts respectively. The

double layer region currents and H adsorption/desorption region more or less overlap

for both coated electrodes of each catalyst. This indicates the reproducibility of the

performed catalyst coating procedure. The applied amount of catalyst is comparable

due to a homogeneous ink suspension and results in an equally thick porous layer.

Consequently, even minute differences in EASA can be detected and corrected for in

the activity measurements.

There is however a difference in the current value of the double layer region between

Pt-Cu/C and Pt/C. The same can be said on the charge amount in the H adsorp-

tion/desorption region. Currents in the hydrogen adsorption region have a magnitude

of ca. 0.15 mA in contrast to the 0.2 mA in the Pt/C voltammograms. Hence the

calculated EASA of the Pt-Cu/C catalyst will be smaller than for Pt/C. A plausible

cause is the smaller particle size of Pt/C (1-2 nm) compared to the Pt-Cu/C catalyst

(3-4 nm) obtained by TEM. Another reason could be the partial blocking of the metal

nanoparticles of Pt-Cu/C by the observed coagulates formation in TEM micrographs.

Cu segregation towards the surface of the nanoparticles could also result in a lower

measured EASA. Since none of the performed surface characterization techniques

showed evidence of this phenomenon, this is an unlikely event.

A possible interpretation of any significant changes in H adsorption/desorption peak

position upon passing from Pt to Pt-Cu could be based on a decrease of the Pt-Cu

adsorption affinity as a result of a downshift of the Pt d band centre [10]. However,
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Figure 5.7: Calculated EASA values for two consecutive electrode preparations of
each examined catalyst. Horizontal solid lines indicate average values.

this should have shifted all peaks to more negative potentials (or at least, both con-

jugate peaks of the weakly adsorbed H - corresponding to more negative potentials).

Since such a trend is not present and given the rather small changes in some of

the peak positions, we are tempted to attribute these changes to differences in the

underlying (high) capacitive currents and other uncertainties often encountered in

the voltammetry of high surface area, carbon supported electrodes.

For both Pt-Cu/C and Pt/C catalysts the PtO reduction peak is visible in the

vicinity of 0.7 V. A general difference stands out in the double layer region of the

Pt-Cu/C voltammograms in relation to the Pt/C voltammograms. A small peak is

observed at 0.6 V in the anodic scan direction and is attributed to the Vulcan carbon

support surface electrochemistry [174]. Although this peak is also present in the

Pt/C voltammograms, it is more pronounced for Pt-Cu/C. Due to larger Pt particles

and aggregates there is a higher C surface available in the Pt-Cu/C catalyst. This

effect can possibly be augmented due to the oxidative treatment of the C support in

the nanostructured Pt-Cu/C catalyst, increasing its surface area. It has to be noted

that an additional feature can be seen in the anodic scan between 1.2 V and 1.4 V

in both catalysts. The relatively high upper potential limit likely causes an extended

Pt dissolution [185].

The calculated EASA values (Figure 5.7) for all four electrodes clearly indicates

little variation is obtained over consecutive catalyst applications of the same type of

catalyst. It can be seen that the average EASA (33.88➧2.64 m2 Pt / g Pt) is smaller
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compared to the commercial catalyst (41.80➧3.81 m2 Pt / g Pt). It should be stressed

that preliminary EASA measurements are indispensable prior to catalytic activity

measurements. If EASA is not taken into account, calculated current densities using

the geometric surface area of the GC working electrode will deviate considerably

from actual activity.

5.3.2.2 ORR activity

The linear sweep voltammograms in this section are all obtained at a scan rate of

5 mV/s using a rotating disc electrode. The potential is swept starting at 0.017 V

vs. RHE in positive direction in order to avoid too much H adsorption in the lower

potential region. To check the influence of possible capacitive currents a blank sweep

obtained in a nitrogen saturated electrolyte solution is performed. The ORR sweeps

are on their turn obtained after saturating the electrolyte solution with oxygen during

a 15 minute window.

In figure 5.8 (a) the typical linear sweep voltammogram is obtained for the Pt/C

catalyst at various rotation speeds. After a region with no activity between 1.4 V

and 0.93 V the onset of the ORR at 0.93 V initiates the kinetic region until ca. 0.85

V. The potential-current relationship is given by the Butler-Volmer equation due to

the kinetic control of the ORR. The mixed kinetic and diffusion region spans until

ca. 0.6 V, where it transfers into the diffusion limited region. The measured current

plateau is a result of the fixed RDE rotation rate, delivering oxygen at a constant rate.

The two consecutive electrode measurements of the Pt/C catalyst (only one is shown

here) show a similar course to figure 5.8. A single well-formed reduction wave is

observed in both measurements. The lack of variations is another indication for

the reproducibility of the complex interface of the porous electrode containing the

carbon support, metal nanoparticles and the PFSA binder. Unlike the ORR kinetics,

which should not alter on the same catalyst material, the diffusional limitations could

possibly be altered by a different composition and loading of the porous electrode.

The conclusion that these variations are kept in a small range can be drawn from
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Figure 5.8: Linear sweep voltammograms obtained at 5 mV/s from the porous elec-
trodes using different RDE rotation speeds. Inset shows the Koutechý-
Levich plot obtained at the diffusion plateau of Pt/C and Pt-Cu/C at
0.2 V and 0.1 V respectively.

the current values of the diffusion plateau. For electrode 1 and 2 these are -0.43 mA

and -0.45 mA respectively for the highest rotation speed (2500 rpm).

In the case of the Pt-Cu/C catalyst (Figure 5.8 (b)) the situation is somewhat

different. Although the onset potential (0.95 V) and the single reduction wave of

the curves are similar to the Pt/C catalyst, there is a variation in the potential

range of the diffusional plateau (0.1 V - 0.15 V). Even though a rather narrow

potential range plateau is obtained at 0.12 V, the comparable number of exchanged

electrons (n) from equation 3.17 indicates the reaction mechanism is not altered in

respect to Pt/C. The more inclined shape of the curve in the mass transfer region of

Pt-Cu/C could be attributed to differences in surface chemical steps associated with

the reaction of the intermediate H2O2, due to differences in the electrode surface

state at those potentials (as hinted by changes in the surface voltammetry of Figure

5.6). Complete Pt oxide reduction during the negative potential scan seems to be

completed earlier on Pt-Cu/C electrodes (Figure 5.6). Since the presence of oxides is

known to catalyze H2O2 decomposition at the surface towards O2 which is further

reduced at the electrode [186], their absence may increase H2O2 surface concentration

which (especially at higher mass transfer rates) will be lost to the solution, resulting

in lower currents.
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Figure 5.9: Koutechý-Levich plot of Pt/C at 0.8V (a) and 0.85V (b).

The Koutechý-Levich plots calculated in the diffusion limited current region are

shown for both catalysts as insets in figure 5.8. Calculations were done using equation

3.17, with the values of DO2
=1.4E-5 cm2s-1, ν=0.01 cm2s-1 and CO2

=1.1E-6 mol cm-3

for the diffusion coefficient, kinematic viscosity and dissolved oxygen concentration

respectively in a 0.5M H2SO4 solution [187].

The calculated number of exchanged electrons is 4.6 for Pt/C and 4.5 for Pt-Cu/C.

Both values are close to each other and (within the literature scatter for oxygen

concentration and diffusion coefficient values) in line with most reports in literature

[120, 121, 188]. As a result the oxygen reduction follows the 4e- pathway on the Pt

surface of the Pt/C as well as the Pt-Cu/C bimetallic catalyst.

In order to assess the activity of the transmetalation catalyst compared to the

commercial Pt catalyst the kinetic currents are calculated at low overpotentials,

relevant to fuel cell catalysts. Koutechý-Levich plots of Pt/C (Figure 5.9) and

Pt-Cu/C (Figure 5.10) are calculated at 0.8 V and 0.85 V. The minimum correlation

coefficient obtained in all measurements is 0.9662. From the intercept of the Koutechý-

Levich plots at these potentials the kinetic current (ik) is calculated. This value has to

be correlated with the measured EASA in order to obtain the intrinsic kinetic current

density (jk,easa). As discussed earlier, the catalyst amount is a main contribution to

FC capital costs and therefore also mass normalized kinetic currents will be calculated

here. These values are shown in Figure 5.11.
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Figure 5.10: Koutechý-Levich plot of Pt-Cu/C at 0.8V (a) and 0.85V (b).

At first sight a clear difference can be seen between the 2 investigated catalysts.

Pt-Cu/C has an Ik of 0.21 mA at 0.8 V compared to 0.18 mA for Pt/C. The difference

in kinetic current is even higher at 0.85 V with a 19% increase. Conclusions for these

values have to be carefully drawn because they don’t reveal any intrinsic activity of

the catalyst material.

Using the EASA corrected current density (Table 5.11) as an indication of intrinsic

activity, the catalyst ranking is the same as before. However the Pt-Cu/C catalyst

now shows even larger rise in activity of 51% and 56% at 0.8 V and 0.85 V respectively.

Even though the same mass amount of Pt for every catalyst is applied at the electrode,

less of this material is available at the electrode/electrolyte interface for Pt-Cu/C.

The mass corrected current density jk, Pt mass reaches sufficiently high values for

practical fuel cell catalysts. At 0.8V 1.25E4 mA g-1 Pt is measured for Pt/C and

1.44E4 mA g-1 Pt for Pt-Cu/C.

Several effects are attributed to the increased activity in core-shell catalysts. These

can be grouped in two main categories: the ligand effect modification of Pt electronic

properties by the core metal [189] and the lattice effect enhancement mechanism

[190]. The former is illustrated by the addition of Cu, Fe, Co, and Ni to Pt which,

according to density functional theory should cause a down-shift of the d-band center

of Pt resulting in facilitated oxygen electroreduction [123, 191]. In the lattice effect

the second metal disrupts the continuity of the Pt lattice resulting in a favorable

Pt-Pt bond distance for oxygen adsorption and dissociation [114, 124]. Improvements

76



5.3 Results and discussion

0,00

0,05

0,10

0,15

0,20

0,25

0,85V

Ik
 (

m
A

)
 Pt/C

 Pt-Cu/C

0,8V

(a) Ik

0,000

0,002

0,004

0,006

0,008

0,85V0,8V

J
k
, 
E

A
S

A
 (

m
A

 g
 P

t 
/ 
m

2
 P

t)  Pt/C

 Pt-Cu/C

(b) Jk, EASA

0,0

3,0x10
3

6,0x10
3

9,0x10
3

1,2x10
4

1,5x10
4

0,85V0,8V

J
k
, 
m

 P
t 
(m

A
 /
 g

 P
t)

 Pt/C

 Pt-Cu/C

(c) Jk, m Pt

Figure 5.11: Activity plots of Pt/c and Pt-Cu/C catalysts; the kinetic currents (a)
are measured at 0.8V and 0.85V vs RHE. Normalisation is done using
active surface area (b) and Pt mass amount (c).

compared to conventional Pt catalysts have also been attributed due to the reduced

adsorption of oxygenated spectator species (e.g. OH-) [101]. The results we present

here are in agreement with the reports of Markovic and co-workers [13, 161], who

describe the difficult Pt surface oxide formation and facile stripping at Pt alloy

(Ni, Cu, Co) electrodes. The positive shift in the PtO reduction peak in Figure

5.6 is reminiscent of a weakened bond between Pt and oxygen spectator species

in accordance to density functional theory calculations of Pt alloy catalysts [54].

Since the voltammetric shift we observe is relatively small and also contradictory

statements can be found in literature [123, 192], further investigation is indispensable

to conclusively describe the cause for the enhancement effect.

The observed gain in activity of the transmetalation catalyst with respect to a

commercial Pt FC catalyst indicates that one of the former mechanisms is at play.

Since the activity enhancement in a previous study [122] has been shown to depend on
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the type of alloyed metal, the ligand effect is believed to have the largest contribution.

Also, the increase in ORR activity observed for this nanoparticle catalyst with a

Pt/Cu atomic ratio of 5 contrasts the behavior of the particulate catalyst (of a Pt/Cu

ratio of 2-3 [124]) produced in [122] where no such effect was observed. This points

to the paramount influence that particle morphology and composition have in this

type of bimetallic catalysts with respect to their catalytic activity for a particular

reaction.

5.4 Conclusions

A Pt-Cu/C nanostructured fuel cell electrocatalyst with increased ORR activity

has been synthesized using a combined impregnation and transmetalation approach

at ambient conditions. Partial alloying of Pt and Cu in the nanoparticle core was

suggested based on XPS and XRD results, while the surface voltammetric response

indicated the presence of a Pt-rich shell. EDX analysis of the commercial Pt/C and

the Pt-Cu/C catalyst indicated a 20 wt.% Pt content in the commercial catalyst and

22.7 wt.% in Pt-Cu/C i.e. the Pt loading of both catalysts is comparable.

The calculated electrochemical active surface area (EASA) values show only small

variations within the same type of catalyst. However, a significant difference was

found between the two catalysts. The EASA of the Pt-Cu/C nano-structured catalyst

was lower than that of the commercial catalyst, probably due to a larger particle

size (3.9 nm compared to 1-2 nm) and the tendency for the formation of aggregates

as illustrated by TEM micrographs. In contrast the commercial Pt/C appears to be

well dispersed.

The catalytic activity towards the oxygen reduction reaction for the Pt-Cu/C catalyst

has been determined using linear sweep voltammetry in combination with a rotating

disc electrode. This setup allowed for the calculation of the kinetic current and,

in combination with the EASA, the kinetic current density. Results show that

the Pt-Cu/C nano-structured catalysts have a 51% higher EASA based catalytic

activity at 0.8 V vs RHE compared to the tested commercial catalyst. Even more,

at 0.85 V vs RHE the Pt(Cu)/C nano-structured catalyst reaches an even higher

78



5.4 Conclusions

(56%) increase in EASA based activity and a moderate (19%) increase in mass-based

activity. The ligand effect modification of the Cu core metal is believed to have the

largest contribution towards the specific activity enhancement.

Finally, given the relatively high Pt-Cu ratio in the synthesized catalyst while still

showing an activity enhancement, the further reduction of Pt content could further

boost mass based activity. Depending on particle morphology the same could hold

for the surface specific ORR activity. This is a strong motivation for further study,

aiming at the optimization of the Pt/Cu ratio for ORR, possibly resulting in less

expensive, practically usable Pt-Cu/C core-shell catalysts.
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Chapter 6

Ni-Pt bimetallic electrocatalysts

prepared by Ni electrodeposition and

Pt transmetalation

The synthesis of a bimetallic Ni-Pt nanostructured electrocata-

lyst is described in this chapter. The two-step procedure util-

ized in the previous chapter is adapted to encompass electrode-

position. First, the growth of Ni nanostructures by a potentio-

static double pulse technique is studied for two Ni precursors.

Then, a parameter study on the galvanic displacement with Pt

is performed. The morphological analysis of the nanoparticles

is done using FESEM. Electrochemical surface area measure-

ments and an activity assessment towards the ORR conclude

the experimental work.✯

✯This chapter is under preparation as a scientific paper: B. Geboes, B. Vanrenterghem, S. Bals, A.
Hubin and T. Breugelmans, Electrodeposited Ni nanostructures as starting point for model fuel
cell electrocatalysts prepared by Pt transmetalation, Journal of Applied Electrochemistry (2016)

81



Chapter 6. Ni-Pt bimetallic electrocatalysts prepared by Ni electrodeposition and Pt
transmetalation

6.1 Introduction

The efficacy of the previously discussed activity enhancement through alloying (see

section 1.3.2) was proven effective in the previous chapter using a Pt-Cu alloy.

Both theoretical calculations and experimental studies however showed that the

occurring activity enhancement can even be improved using Ni as the alloying metal

[10, 123, 161].

An important factor in employing the ligand and strain effect to the fullest is the

nanoparticle morphology. A technique enabling a large amount of control on this

morphology is electrodeposition. Due to difficulties related to Ni electrodeposition

of nanoparticles, the procedure is only little documented so far [123, 193]. The

tendency for Ni to form oxide layers impedes the controlled formation of nanoparticles.

Generally, H3BO3 is used in the electrolyte solution to counter the local pH increase

caused by proton reduction occurring simultaneously with the Ni deposition [194]. If

no measure is taken, a Ni(OH)2 layer will be formed, inhibiting further growth of

Ni.

In this chapter, a bimetallic Pt-Ni model electrocatalyst for the oxygen reduction

reaction is synthesized in a two-step procedure. The double pulse electrodeposition

technique is applied to deposit Ni nanoparticles on a polished glassy carbon substrate.

The influence of the metal precursors and the most important deposition parameters,

nucleation potential (En) and growth time (tg) is investigated. A parameter study

on the galvanic displacement process with Pt is performed to acquire the conditions

for optimal ORR activity increase.

6.2 Experimental

6.2.1 Electrodeposition of Ni nanoparticles and Pt galvanic

replacement

Rotating disc electrodes containing the glassy carbon substrate (5 mm or 6 mm rod)

embedded in an epoxy containing PEEK (polyether etherketone) jacket were used

82



6.2 Experimental

to deposit the Ni nanoparticles (NP’s). The electrodes were successively polished

using 1 µm, 0.3 µm and 0.05 µm alumina powder (Struers) suspended in ultra pure

water (18.2 MΩ cm, Merck MilliPore) to achieve a reproducible mirror like surface.

Afterwards the electrode was successively sonicated in isopropanol (Acros, HPLC

grade) and ultra pure water for 5 minutes.

A double potentiostatic pulse was applied by an Autolab PGSTAT 302F potentiostat

to deposit the Ni NP’s directly on the glassy carbon electrode. The glassy carbon

electrode was used in a three electrode setup with a Ag/AgCl reference electrode

and a Pt sheet counter electrode. The deposition solutions always contained 0.25

mM nickel chloride (NiCl2 · 6H2O, Sigma Aldrich, trace metal analysis 99.9%) and

25 mM boric acid (H3BO3, Sigma Aldrich, trace metal analysis 99.97 %) in 0.1

M KCl (Alfa Aesar, ACS grade). As metal precursor salt, Ni(NO3)2 (Merck) or

Ni(SO3NH2)2 · 4H2O (Sigma Aldrich, trace metal analysis 98 %) was used.

The partial galvanic replacement with Pt was done by submerging the electrodes

containing the Ni depositions in a 1 mM solution of either K2PtCl6 (Sigma aldrich,

trace metal analysis ≥99.9 %) or H2PtCl6 (Alfa Aesar, ACS grade, 99.95 %). The

pH of the solutions was adjusted using HClO4 (Merck, Emsure➤, 70-72 % ) or

CH3COOH (Acros Organics, 99.8 %). To obtain a higher diffusion rate of Pt ions

towards the substrate, the electrodes were rotated at 700 rpm during the displacement

procedure using a Radiometer EDI-101 rotating disk electrode (RDE).

6.2.2 Microscopic characterization

FESEM images were acquired using a FEI Quanta 250 FEG microscope operated at

10 kV, 15 kV or 20 kV. The electrodes containing the Ni depositions albeit after the

galvanic displacement, were imaged as-prepared due to the large specimen chamber

of the electron microscope. FESEM micrographs were analyzed using ImageJ 1.48v

and yielded the particle size distribution and coverage of the depositions.
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6.2.3 Electrochemical characterization

Electrochemical active surface area (EASA) and ORR activity measurements were

obtained in a fast screening reactor containing four parallel electrochemical cells

(elaborate description in section 3.3). These cells with a three electrode system using

a Ag/AgCl reference electrode with a Luggin capillary and a Pt foil counter electrode

were connected to a multi channel Biologic VSP-300 potentiostat equipped with an

analogue scan generator. All cells are equipped with a Radiometer EDI-101 rotator.

A 0.1 M HClO4 (Merck, Emsure➤, 70-72 %) electrolyte solution was used which could

be saturated with N2 (99.999 %) or O2 (99.996 %) prior to the measurements and

the gas flow was directed as a blanket over the solution during the measurements.

6.3 Results and discussion

6.3.1 Double pulse electrodeposition of Ni nanoparticles

An overview of the deposition measurements is given in the experimental matrix

(Table 6.1). The most important parameters that have been varied are tabulated,

namely nucleation potential and charge passed (En and Qn respectively) and growth

potential and time (Eg and tg respectively). The individual depositions have been

given a short name (first column) for a more comprehensible reporting later in this

chapter. NiN denotes that the deposition solution contains the Ni(NO3)2 metal

precursor and NiS is used for the Ni(SO3NH2)2 precursor.

Measurements NiN1, NiN2 and NiN3 can be used to assess the difference in nucleation

potential on the Ni deposition as all other parameters are kept constant. The

respective current response curves for these potentiostatic depositions are shown

in Figure 6.1. An oxidative pretreatment step at 1.0 V during 120 s is applied on

all depositions and also shown in the current response. The general form of the

nucleation current transient is comparable for all three depositions. Double layer

charging causes the initial high current at tn = 0 and fast decrease afterwards. The

second, less abrupt increase in current (at 122 s, 125 s and 135 s for NiN1, NiN2
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Table 6.1: Experimental matrix of the nickel electrodepositions performed in this
chapter. The deposition names with ’NiN’ and ’NiS’ denote the use of
nickel nitrate and nickel sulfamate metal precursor salts respectively.

En Qn Eg tg
(V vs. Ag/AgCl) (mC cm-2) (V vs. Ag/AgCl) (s)

NiN1 -1.3 85 -0.75 250
NiN2 -1.2 85 -0.75 250
NiN3 -1.1 85 -0.75 250
NiS1 -1.3 12 -0.75 25
NiS2 -1.2 12 -0.75 25
NiS3 -1.1 12 -0.75 25
NiS4 -1.0 12 -0.75 25
NiS5 -1.3 12 -0.75 1
NiS6 -1.3 12 -0.75 10
NiS7 -1.3 12 -0.75 50

and NiN3 respectively) that follows has been attributed to an increasing number of

nuclei that are being formed and consume additional charge [195]. The following

decrease in current that causes the relative broad peak that is observed results from

the coalescence of the diffusion zones of the growing particles.

It is clear that En is proportional to the current drawn during nucleation. Since the

potential region for Ni electrodeposition overlaps with proton reduction (and even

hydrogen evolution in case of very high nucleation overpotentials), the charge passed

can not be directly related to the amount of Ni deposited on the electrode surface. It

can however be presumed that the amount of proton reduction during the nucleation

step of all depositions is comparable since the pH and composition of the deposition

solution is kept constant.

The charge passed during the growth step lies within the same order of magnitude

for all three depositions (NiN1 = 89.3 mC cm-2, NiN2 = 104.4 mC cm-2, NiN3 = 77.3

mC cm-2,). Since the growth time is kept constant this is within the expectations.

The slight differences could arise from a larger amount of Ni nuclei that were formed

during the nucleation step. The preferential growth on the high energy Ni surface
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Figure 6.1: Chronoamperommetric current transients obtained for the electrodepos-
ition of Ni on polished glassy carbon electrodes using a NiNO3 metal
precursor. The current response is shown for depositions NiN1 (solid
black line), NiN2 (solid red line) and NiN3 (solid blue line).

could then cause a larger amount of Ni being deposited on substrates with a larger

number of nuclei and thus cause the increased charge. This corresponds to the

FESEM image analysis based on the micrographs shown in Figure 6.2.

Here, images of NiN1, NiN2 and NiN3 are shown with a low magnification (Figure

6.2 (a), (b) and (c) respectively) and high magnification (Figure 6.2 (d), (e) and (f)

respectively). Besides the nanoparticles formed, also larger coagulates occur on all

three depositions. The surface coverages are: NiN1 = 19.8 %, NiN2 = 27.4 % and

NiN3 = 20.2 %. The average particle sizes of NiN1 and NiN3 are 250 nm and 450

nm respectively. For electrode NiN2 there is a clear bimodal particle size distribution

observed with some larger particles of ca. 150 nm and multiple smaller particles

with an average diamter of 15 nm. It appears that nucleation at -1.2 V causes a

significant increase in number of nuclei being formed. The lack of a trend with

increasing nucleation potential could again result from the interaction with hydrogen

reduction processes. The larger amount of nuclei formed during nucleation (and thus
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(a) NiN1 @5k x (b) NiN2 @5k x (c) NiN3 @1.5k x

(d) NiN1 @300k x (e) NiN2 @300k x (f) NiN3 @300k x

Figure 6.2: FESEM micrographs of the as deposited Ni nanoparticles on polished
glassy carbon using a NiNO3 metal precursor. Low and high magnifica-
tions of depositions NiN1, NiN2 and NiN3 are shown.

particles after the growth pulse) corresponds with the higher charge in the growth

phase as stated above. This trend also holds for the other two depositions.

The current response from depositions NiS1, NiS2, NiS3 and NiS4 are shown in Figure

6.3. From Table 6.1 it can be seen that the charge set during the nucleation phase is

only 12 mC cm-2. This is done because preliminary results showed that depositions

using the sulfamate precursor salt reached much higher current efficiencies compared

to the nitrate precursor. This can also be seen in the peak current values during

nucleation, where these reach 2 to 6 mA cm-2 using nitrate and only 1 to 3 mA cm-2

for sulfamate despite the identical nucleation potentials used. An explanation could

be that the presence of sulfamate ions block the proton reduction causing higher

current efficiencies. Despite that sulfamate is used readily in industrial Ni plating,

little fundamental knowledge on the mechanism is available. The current course

appears different from that of the nitrate precursor discussed earlier. No double

layer transient or diffusion coupling peak is observed. The latter could result from a

termination of the nucleation phase before the diffusion fields of the nuclei overlap.
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Figure 6.3: Chronoamperommetric current transients obtained for the electrodepos-
ition of Ni on polished glassy carbon electrodes using a Ni(SO3NH2)2
metal precursor. The current response is shown for depositions NiS1
(solid black line), NiS2 (solid red line), NiS3 (solid blue line) and NiS4
(solid green line).

The FESEM images of depositions NiS1, NiS2, NiS3 and NiS4 (Figure 6.4) show

at first sight that much higher surface coverage (55.8 %, 77.8 %, 56.5 % and 33.90

%, respectively) is obtained for all depositions compared to the nitrate precursor.

This confirms the earlier comment on higher current efficiencies when a sulfamate

precursor is used. The histograms from the FESEM image analysis are shown as an

inset in the respective images. A single size distribution is visible for all deposits,

albeit relatively wide for deposition NiS1 (En = -1.3 V). The median particle size is

around 30 nm for NiS1, NiS2 and NiS3. Deposition procedure NiS4, with the lowest

nucleation potential (En = -1.0 V) has almost double the particle size with a median

around 50 nm.

Deposition procedures NiS5, NiS6 and NiS7 are selected to derive the influence of the

growth time on particle size. The current response (not shown here) is comparable

to that of the sulfamate depositions discussed earlier. The FESEM analysis shows

only little influence on particle size or surface coverage. This probably results from
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(a) NiS1 (b) NiS2

(c) NiS3 (d) NiS4

Figure 6.4: FESEM micrographs of the as deposited Ni nanoparticles on polished
glassy carbon using a Ni(SO3NH2)2 metal precursor. Micrographs with
50k magnification and corresponding particle histogram inset are shown
of depositions NiS1, NiS2, NiS3 and NiS4.
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the fact that on average only 20 % of the total charge is passed during the growth

pulse. To gain a more clear insight in this effect the experimental matrix needs to

be expanded towards longer growth pulses in combination with less charge passed

during nucleation. This is beyond the scope of this section since the main purpose

here is to obtain small NP’s with a high EASA.

We can conclude that the use of the sulfamate precursor enables the deposition

of considerably smaller nanoparticles while a higher surface coverage is reached.

However, to exert sufficient control on the NP morphology, lower deposition times or

charges need to be applied which requires a higher accuracy of the electrochemical

equipment. As a result, the NiN1 and NiS1 procedures will be adopted in the next

section as a starting point for the galvanic displacement.

6.3.2 Bimetallic Ni@Pt nanostructures through galvanic

displacement

Different galvanic displacement procedures were performed in the pursuit of a Ni@Pt

core-shell electrocatalyst displaying a proper activity enhancement. A selection

of the most important procedures that are discussed in this chapter, is shown in

the experimental matrix for the Pt replacement (Table 6.2). In analogy to the

deposition section short names are given to the procedures: NiN and NiS respectively

indicate a nitrate or sulfamate Ni precursor deposition that was used as a basis.

The displacement solutions all use hexachloroplatinate (PtCl 2–
6 ) as Pt source. Both

the acid and the potassium salt are used. To obtain sufficient acidity for the

transmetalation process to occur, without dissolving the Ni NP’s, the pH was

regulated using either perchloric acid or acetic acid.
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Table 6.2: Selection of successful galvanic displacement procedures indicating solu-
tion pH and displacement time.

Displacement solution pH time Temperature
(min) (➦C)

NiN-G1 1 mM K2PtCl6 7 60 25
NiN-G2 1 mM H2PtCl6 2.7 60 25
NiN-G3 1 mM K2PtCl6 + 1 mM HClO4 3 60 25
NiN-G4 1 mM K2PtCl6 + 50 mM CH3COOH 3 60 25
NiS-G1 10 mM K2PtCl6 + 1 mM HClO4 2 5 25
NiS-G2 10 mM K2PtCl6 + 1 mM HClO4 3 5 25
NiS-G3 10 mM K2PtCl6 + 1 mM HClO4 5 10 25
NiN-G5 K2PtCl6 + HClO4 @15min - 60 60
NiN-G6 K2PtCl6 + HClO4 @t=0 - 120 60
NiN-G7 K2PtCl6 + HClO4 @15min - 120 60

The initial screening of the catalysts after transmetalation is done by cyclic voltam-

metry. A hydrogen underpotential deposition (H UPD) measurement in a deaerated

0.1 M perchloric acid solution is performed. Since the core Ni nanoparticles do not

adsorb hydrogen, the characteristic peaks are not present in the CV. Only if Pt is

exchanged, these will appear and the charge can be extracted to calculate the electro-

chemically active surface area. Procedures NiN-G1 to NiN-G4 are performed as an

initial exploration of the effect of hexachloroplatinate counter ion and acid additives.

Of the respective H UPD measurements (not shown) only NiN-G1 showed a CV

curve with a response in the hydrogen adsorption/desorption region indicating the

presence of Pt. Although, the adsorption/desorption peaks are not very pronounced.

The extracted roughness factor (Rf, Ratio between the active surface area of Pt and

the geometric electrode area) is only 0.8, indicating only minute exchange of Pt. This

could have two possible causes: the solution pH is to high or the displacement time

to long. An optimal pH of the displacement solution is of utmost importance, since

the acid is needed to etch away the spontaneously formed oxide layer on the Ni NP’s.

However, if pH is increased too much, the entire Ni structures can dissolve prior to

the completion of the Pt exchange.
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Figure 6.5: Cyclic voltammograms of the Ni(SO3NH2)2 precursor catalysts NiS-
G1, NiS-G2 and NiS-G3. All curves are obtained after a galvanic
displacement procedure.

The subsequent displacement procedures use Ni NP’s deposited using the sulfamate

precursor (NiS-G1, NiS-G2 and NiS-G3). The pH is varied through additions of small

quantities of perchloric acid. The H UPD voltammograms (Figure 6.5) show that

a small amount of Pt is exchanged on all three electrodes, however the individual

H adsorption/desorption peaks (indicating weakly and strongly bound H) are not

visible. Also, a high double layer capacitance is observed. The Rf value for NiS-G2

is 4.8. Although this is higher than the previously discussed NiN-G1, it remains on

the low side of the expectations considering the high surface area of the Ni substrate.

For procedures NiS-G1 and NiS-G3 the amount of Pt exchanged is even lower (Rf =

0.31 and 0.52 respectively).

The observed low roughness factors are confirmed in the linear sweep voltammograms

of these particles (Figure 6.6). Both onset potential and diffusion limited current

plateau are below the expected values for pure Pt catalysts. The highest activity of

the NiN-G2 catalyst, derived from the potential shift between the different curves, is

in accordance with its highest Rf value. From these observations we can conclude

that the transmetalation process did not proceed as intended. A possible explanation
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Figure 6.6: Linear sweep voltammograms of the NiNO3 precursor catalysts NiS-
G1, NiS-G2 and NiS-G3. All curves are obtained after a galvanic
displacement procedure.

could be the relatively smooth spherical morphology of the Ni NP’s prepared from

Ni(SO3NH2)2 compared to these synthesized with the nitrate precursor. A certain

amount of surface roughness, although not too much, is required for the transmetal-

ation to occur. Although reports in literature on Ni-Pt galvanic displacement are

available, these are generally on smooth Ni layers [124] or high surface area supported

catalysts [114]. To the best of our knowledge no transmetalation of electrodeposited

Ni NP’s with Pt is reported. Another explanation for the low amount of Pt exchanged

could be small amounts of the sulfamate ion remaining adsorbed on the Ni NP’s

which causes blocking. No cleaning steps besides washing in ultrapure water have

been performed to definitely remove all remaining traces of adsorbed impurities.

The final transmetalation conditions discussed here (NiN-G5, NiN-G6 and NiN-G7)

are based on the work of Alia et al. [100]. They applied a spontaneous galvanic

displacement of Ni nanowires with Pt. Instead of exposing the Ni structures to the

highly acidic solution, both the Pt precursor and acid were added dropwise to the sus-

pended Ni nanowires. We adapted this procedure for use with the K2PtCl6 precursor
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Figure 6.7: Cyclic voltammograms of the NiNO3 precursor catalysts NiN-G5, NiN-
G6 and NiN-G7. All curves are obtained after a galvanic displacement
procedure.

and varied the time wherein the Pt precursor and acid were added (immediately and

during 15 min) and the displacement time (60 and 120 min). Also the temperature

during the exchange was held at 60 ➦C. Figure 6.7 shows the cyclic voltammograms

of these displacements. When the precursor is added in a 15 min window and the

displacement occurs during 60 min (NiN-G5), no H adsorption/desorption peaks are

visible. When a 120 min displacement is executed, these peak are clearly visible,

indicating the presence of Pt, when the precursor and acid are added immediately

the amount of Pt exchanged is lower however. Roughness factors obtained for both

procedures are 8.9 (NiN-G6) and 49.9 (NiN-G7).

The ORR activity measured on the transmetalation catalysts (Figure 6.8) is determ-

ined using an RDE-LSV combination. The potential sweep for catalysts NiN-G5,

NiN-G6 and NiN-G7 is shown at a rotation speed of 1600 rpm in a O2 saturated

perchloric acid solution. The activity of NiN-G7 is in line with that of supported

Pt NP’s. The onset potential of NiN-G6 is shifted almost 200 mV more negatively,

indicating lower activity. Also, the diffusion limited current plateau is located at
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Figure 6.8: Linear sweep voltammograms of the NiNO3 precursor catalysts NiN-
G5, NiN-G6 and NiN-G7. All curves are obtained after a galvanic
displacement procedure.

a lower current density then would be expected. This could be an indication that

the amount of Pt exchanged is fairly low and is dispersed over the electrode surface,

preventing the RDE presumptions to hold. In agreement with the lack of Pt detected

in the CV, NiN-G5 shows no ORR activity.

A FESEM image of catalyst NiN-G7 after transmetalation is shown in Figure 6.9.

The morphology of the sample is clearly altered upon transmetalation. The original

Ni NP’s of ca 250 nm have grown slightly and show a rougher, cauliflower like shape.

In addition there are also particles visible with a much smaller diameter. When the

composition of the deposits is measured using EDX, only Pt is detected. It is possible

for variations to occur when applying EDX measurements on nanoparticles due to

artifacts. However, this would manifest itself as a larger variations in composition,

not to totally obscure the Ni core. In addition, the interaction volume of X-rays

when measuring at an acceleration voltage of 15 kV is in the range of 2 µm and thus

should be able to sample the NP core. We therefore suspect that all Ni particles

are dissolved in the acidic environment before a protective Pt layer can be formed
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Figure 6.9: FESEM micrograph with magnification of 50k and acceleration voltage
of 15 kV from the NiN-G7 catalyst after the transmetallation process.
In the inset, a detailed micrograph of the nanoflower morphology is
given with a magnification of 150k.

by galvanic displacement. Due to this process charge transfer can occur at the

Ni-GC interface resulting in the deposition of Pt particles nearby the original Ni NP

locations.

6.4 Conclusions

Ni nanostructures of varying size and shape were synthesized using a double pulse

electrodeposition technique. Despite the tendency for Ni to form a blocking oxide

layer even during the deposition procedure, a large morphological control on the

nanostructures was successfully obtained.

The galvanic displacement procedure proved to be difficult to control on the smooth

glassy carbon substrate. Notwithstanding, transmetalation occurred to a large extent

on NP’s with a rough surface morphology deposited using a Ni(NO3)2 precursor. The

dropwise addition of the transmetalation solution (Pt precursor salt and perchloric

96



6.4 Conclusions

acid) over a period of 15 min and the elevated temperature appeared to have a

significant effect. The further actions that are necessary for the optimization of

the Pt-Ni bimetallic structures towards a core-shell morphology are identified as:

lowering the Ni NP roughness and varying the amounts of Pt precursor and perchloric

acid in the transmetalation process. In addition, the deposition of larger initial Ni

particles could prevent their total dissolution prior to the formation of a protective

Pt layer. The challenge here will be to control the final Pt-Ni morphology to obtain

a narrow size distribution.

97





Chapter 7

Electrodeposition and morphological

characterization of platinum

nanostructures

In this chapter a direct double-pulse electrodeposition proced-

ure at room temperature is applied to obtain dendritic Pt struc-

tures with a high level of porosity and nanopores protruding

until the center of the NP’s. The particle morphology is char-

acterized using several surface analysis techniques: FESEM,

aberration-corrected HAADF-STEM and electron tomography.

The resulting microscopic data is linked to macroscopic elec-

trochemical measurements to gain a thorough insight in the

synthesis process.✯

✯This chapter is submitted as a scientific paper: J. Ustarroz, B. Geboes, H. Vanrompay, K.
Sentosum, A. Hubin, S. Bals, T. Breugelmans and H. Terryn, Tuning the electrochemical growth
of platinum nanostructures towards larger surface areas for electrocatalysis, Nanoscale (2016)
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7.1 Introduction

As explained in section 4.3, dendritic or highly porous nanostructures are especially

interesting. The synthesis of this kind of materials by a chemical approach has

been widely reported and a strong mechanistic understanding of their formation

exists [126, 146, 149]. However, the electrochemical deposition of Pt highly porous

or dendritic nanostructures is less documented so far. Notoriously, the technique

has proven effective to obtain this type of nanostructures [144, 147, 196]. However,

a lack of understanding of the nucleation and growth mechanisms that eventually

result into the electrodeposition of porous Pt nanoparticles, has considerably shifted

away the research efforts to other synthesis methods.

It is previously shown that dendritic nanoparticles with a ratio between the real

and geometric area (RRGA) of ca. 7 and EASA values of ca. 68 m2/g Pt could

be obtained by a simple potentiostatic single pulse deposition procedure [145]. The

nucleation and growth mechanisms were evaluated and it was concluded that the

electrochemical growth of Pt on carbon substrates was driven by the aggregation,

partial coalescence and recrystallization of nanoclusters with a diameter of ca. 2

nm [145, 197]. However, these values were obtained only from electron tomography

reconstructions of single particles. In addition, the experimental conditions were set

for gaining fundamental understanding on nucleation and growth phenomena, and

not to optimize surface area properties. We have continued this work and recently

showed that highly porous Pt nanostructures prepared by a potentiostatic double

pulse procedure can be used as efficient oxygen reduction reaction catalysts [82].

Initial mass corrected activities of 0.1 A/mgPt at 0.85 V vs RHE were obtained

without the use of a porous carbon support.

In this chapter, we explore different electrochemical deposition procedures and

experimental conditions to obtain distributions of Pt nanostructures with large surface

areas. By using aberration-corrected transmission electron microscopy and electron

tomography, we can directly evaluate the surface area of single nanoparticles. These

microscopically obtained values will be correlated to macroscopic electrochemical

surface area measurements using hydrogen underpotential deposition (HUPD). In
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addition, the combination of these techniques will be used to provide insights into

the electrochemical stability of these materials.

7.2 Experimental

7.2.1 Electrochemical synthesis and evaluation

An Autolab PGSTAT 302N potentiostat was used for the electrodeposition as well as

for the electrochemical characterization (cyclic voltammetry). A jacketed glass cell,

thermostatted at 25➦C, with a three electrode setup was used in all electrochemical

measurements. The working electrode consisted of a glassy carbon rotating disc

(6 mm diameter) while a Ag/AgCl reference was used and a Pt mesh as a counter

electrode. All potentials in this chapter are reported against the Ag/AgCl reference.

The glassy carbon substrate was pretreated by successive polishing using 1 µm, 0.3

µm and 0.05 µm alumina powder (Struers) suspended in ultra pure water (18.2 MΩ

cm, Merck MilliPore). The electrodes were then successively sonicated in isopropanol

(Acros, HPLC grade) and ultra pure water for 5 minutes. All electrochemical

deposition experiments have been carried out using a solution of 1E-3 M H2PtCl6

(Alfa Aesar, ACS grade) + 0.1 M KCl (Alfa Aesar, ACS grade) previously deareated

by N2. The pH of the solutions has been modified by adding either KOH or HCl

and was measured prior to all depositions. The working electrodes were rotated at

700 rpm during the deposition procedure using a Radiometer EDI-101 rotating disk

electrode (RDE) to control the mass transfer of the Pt precursor as discussed later

in this chapter.

Electrochemical active surface area (EASA) was evaluated through HUPD meas-

urements. The three electrode configuration was adapted to fit a Luggin capillary

while other parameters were kept constant compared to the deposition setup. The

electrolyte solution (0.1 M HClO4, Merck Emsure) was saturated with N2 (99.999 %)

during 15 minutes before the electrochemical measurements and a nitrogen blanket

was maintained over the aqueous electrolyte surface during the measurements.

101



Chapter 7. Electrodeposition and morphological characterization of platinum
nanostructures

7.2.2 Morphological and structural characterization: FESEM and

electron tomography

To perform TEM analysis on as-electrodeposited nanoparticles, carbon coated TEM

grids (CCTGs) from EMS (300mesh, CF 300Au) have been used as electrochem-

ical working electrodes as described elsewhere [195, 198]. Ex-situ morphological

characterization of the electrodeposited nanoparticles has been performed using a

JEOL JSM-7000F FESEM operated at 20kV. Aberration-corrected HAADF-STEM

images were acquired using a double aberration corrected FEI Titan 50-80 electron

microscope operated at 300 kV. Electron tomography experiments were carried out

using a FEI Tecnai G2 and Tecnai Osiris microscope operated at 200 kV. A Fischione

tomography holder (model 2020) was used and the series were acquired automatically

using the Xplore3D software (FEI). Tilt series were acquired in HAADF-STEM mode

with an angular range of ➧74➦with a 3➦increment.

P =
Ve

VPt + Ve + Vi
(7.1)

These tilt series were used as an input for the total variation minimization (TVM)

algorithm [199], giving rise to three dimensional reconstructions of individual nan-

oparticles. The obtained reconstructions were segmented and quantified using a

tailor-made quantification procedure, implemented in Matlab. During the segmenta-

tion step, voxels were classified as either platinum (VPt), void space or as exterior.

Afterwards the segmented reconstruction was analyzed in a three dimensional manner

to further classify the voxels corresponding to the void space, based on the presence

of a connection to the exterior (Ve) or the lack thereof (Vi). Finally, particle porosity

P was defined using Equation 7.1 as the volume ratio between the pores that have a

connection with the exterior Ve and the entire volume of the Pt nanoparticle.
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A B C 

Figure 7.1: Schematic representation of some of the parameter used for the de-
scription of the electrochemically active surface area. With a) Ratio
between Real and Geometric Area (RRGA), b) Surface Coverage (SC)
and c) Roughness factor (Rf ). The marked region in green presents the
area used in the calculations. The area used in the nominator is shown
at the top of the figure, while the denominator is shown at the bottom.

7.3 Notes on surface properties and active area

measurement methods

When describing the surface properties of supported nanostructures, several para-

meters are used across the literature. Sometimes, different acronyms are employed

to represent the same magnitude. To avoid confusion and clarify this aspect, we

present here a brief description of these parameters, their practical meaning, their

characterization approaches and the relation between them. Figure 7.1 is a graphic

representation of the meaning of the most employed magnitudes.

Firstly, the RRGA [cm2 Pt / cm2 projected] describes how much active surface

area is three-dimensionally available related to the two-dimensional projection of the

given nanoparticles on the electrode. This adimensional parameter depends only on

the particle morphology and on the particle size. For spherical and hemispherical

particles, the RRGA is 4 and 2 respectively, independently of the particle size. The

RRGA of nanorods and nanotubes is almost proportional to the double and quadruple

of their respective aspect ratio. However, for porous or dendritic nanoparticles, its

RRGA depends on more parameters, such as their porosity, branch dimensions, etc.
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In the case of dendritic particles, whose open porosity is independent of their size,

the RRGA can be considered to be proportional to their radius, being the constant

of proportionality dependent on their morphology and porosity. From a technological

point of view, increasing this parameter is essential to hold as much active area as

possible in a small electrode surface.

Secondly, the EASA [cm2 Pt / g Pt], describes the ratio between the active catalyst

surface area and the mass of the material. Similarly to the previous parameter, this

value depends only on the particle morphology and on the particle size. From a

technological point of view, increasing this parameter is beneficial to reduce material

costs.

Thirdly, the surface coverage (SC), normally given as a percentage, describes the

amount of electrode surface which is covered by active material. This parameter

does not depend on particle morphology but only on the particle size and particle

number density. Similarly as with the RRGA, increasing this parameter is again

beneficial to hold enough active area on a given electrode surface.

Fourthly, the Surface to Volume Ratio (SVR) [nm−1] can be computed by electron

tomography reconstructions and is used to describe the shape of individual nan-

oparticles and as a measure for porosity. This value is equivalent to the EASA,

determined using electrochemical surface area determination.

Eventually, another parameter is derived from the combination of the mentioned

factors. The roughness factor (Rf) [cm
2 Pt / cm2 geometric], which describes the

available active area in respect to the geometric electrode area, thus depends on

particle density, size and morphology. The Pt loading [g Pt / cm2 geometric] is a

measure for the mass amount of catalyst available for a given electrode area. These

parameters are related by equations 7.2 and 7.3.

Rf = RRGA× SC (7.2)

EASA = Rf/Pt loading (7.3)
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In order to attain an effective use of the catalytic material, particle density, size and

morphology need to be optimized to reach EASA, RRGA and SC values as high as

possible. The standard approach is to obtain high RRGA values through the use of

porous carbon supports and high EASA values through the use of small (d ≈ 2− 3

nm) Pt NP’s. The SC and consequently the Rf are then determined by the Pt NP

loading on the porous carbon support.

It must be pointed out that the described parameters are determined experimentally

using a multitude of methods. Several indirect approaches are very common, where

hydrogen underpotential deposition [181] and CO stripping [53] are most frequently

used. However, it has been shown that these methods may show a large deviation

from the real surface area [181]. Alternatively, measuring surface areas in a direct

manner by high resolution microscopy is also possible. Electron tomography allows

determining the surface properties of particles of virtually any shape [200, 201].

Therefore, the technique is of great interest to get quantitative information of irregular

and dendritic Pt nanostructures. An important point to consider here is that both

the hydrogen UPD and CO stripping provide the total available surface area, which

is then related to the average morphology of the Pt nanoparticles. On the other

hand, electron tomography provides values of single nanoparticles and hence allows

distinguishing individual properties of different nanoparticles within the distribution.

In the following sections, the comparison between these two methodologies for the

case of electrodeposited Pt dendritic nanoparticles is discussed.

7.4 Results and Discussion

7.4.1 Electrochemical deposition of Pt dendritic nanostructures:

towards high particle density while conserving a highly

porous morphology

It has been shown recently that highly porous Pt nanoparticles with large RRGA

could be electrodeposited from a 1 mM hexachloroplatinic acid solution (pH≈ 2.5) by

a simple potentiostatic single pulse approach [82, 145]. To achieve a large porosity, it
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was suggested that Pt deposition should occur at potentials in which H is adsorbed

on the Pt surface, but positive enough so the adsorbed hydrogen would not evolve

into H2, as this would reduce the porosity of the nanoparticles. Besides, up to a given

diameter, the open porosity of these type of particles is assumed to be size independent

so their RRGA increases linearly with their radii [145]. Therefore, large particles (up

to 100-200 nm) are sought after. One problem is that at potentials that maximize

the porosity (and hence the RRGA), the overpotential for Pt reduction is relatively

small, so the obtained particle densities are very small (ca. 10E8 particles/cm2).

Hence, although a large RRGA is obtained, SC and Rf values are very small.

As the Hydrogen reduction reactions play an important role on the morphology of

the Pt nanoparticles, it seems reasonable to foresee that pH would have an important

effect in the relation between deposition potential and particle morphology. For

higher pH, the regions of H adsorption and reduction into H2 are shifted to more

negative potentials. This allows keeping a highly porous particle morphology while

applying larger overpotentials for Pt reduction and hence obtaining larger particle

densities. It was shown previously that using a hexachloroplatinic acid solution with

a natural pH of 2.7 led to less porous particles for when applying potentials more

negative than -0.2 V vs Ag/AgCl. However, we have shown recently that, increasing

the pH to 6, allows highly porous particles to be obtained at potentials as negative as

-0.4 V vs Ag/AgCl [82]. Consequently, in the experiments described in this chapter,

the deposition solution is retained at pH 6.

Another common approach to increase particle density is to apply a short pulse of

very large overpotential to nucleate a large population of nanoparticles, followed by a

long pulse of small overpotential [202, 203]. This approach is generally referred to as

potentiostatic double pulse. In this specific case, the idea behind this approach is to

obtain a high number density of small nanoparticles, that, even if they are not highly

porous, will serve as seeds that will develop into larger dendritic structures during the

growth pulse at low overpotential. Besides, provided the electrodeposition process is

diffusion controlled, particle density can be increased by forcing the convection of

Pt ions towards the surface. A controlled flow towards the electrode surface can be

accomplished by using a rotating disk electrode. Representative FESEM images of

106



7.4 Results and Discussion

nanoparticles electrodeposited by single and double pulses, with and without rotation

are shown in Figure 7.2.

7.4.2 Influence of potentiostatic double pulse deposition

parameters on the surface properties of electrodeposited Pt

nanoparticles

A double potentiostatic pulse procedure with forced convection is the selected

approach to obtain large SC values while keeping large RRGA’s. It must be noted

that both magnitudes need to be maximized in order to obtain an efficient use of the

catalytic material. In the current section, we describe the influence of the deposition

parameters on the surface properties of the electrodeposited nanostructures.

Nucleation potentials (En) of -0.6 V, -0.5 V and -0.4 V have been chosen. Growth

potentials (Eg) were either -0.1 V or -0.2 V. Different particle sizes and surface

coverages were obtained by varying nucleation and growth time. The evolution of

average particle diameter and surface coverage with the deposition parameters is

summarized in figure 7.3.
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(a) (b)

(c)

Figure 7.2: Representative FESEM images of Pt nanoparticles electrodeposited
under a) stagnant conditions and a double pulse (-0.6 V / 20 s and -0.1
V / 200 s), b) forced convection and a double pulse (700 rpm and -0.6
V / 20 s and -0.1 V / 200 s) and c) forced convection and a single pulse
(700 rpm and -0.4V/200s).
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Figure 7.3: Evolution of average particle diameter in function of surface coverage
for different nucleation and growth potentials and deposition times.
The arrows indicate the trend when increasing deposition time.

The particle diameter and surface coverage (SC) both obtained from FESEM image

analysis are plotted in ordinate and abscissa respectively. Error bars indicate the

particle size distribution in the respective depositions. It can be seen that, in order

to obtain large surface coverages, more negative nucleation potentials are needed.

The effect of the growth potential is emphasized when the nucleation potential is

less negative. For En = -0.6 V, both Eg = -0.1 V and En = -0.2 V result in similar

coverages of particles of comparable size. This is due to the fact that a high nucleation

density leads to a surface coverage around 80%. This results into particle coalescence

after a given growth time, independently of the growth potential. However, when

the nucleation potential is milder (0.4 V or 0.5 V), smaller surface coverages are

obtained for particles of similar size (d = 100-150 nm). In this case, a more negative

growth potential, Eg = -0.2 V, leads to larger particles for similar coverages than for

Eg = -0.1 V.

Figure 7.4 shows representative HAADF-STEM images of Pt nanoparticles elec-
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Figure 7.4: Representative HAADF-STEM images of Pt dendritic nanoparticles
obtained for (a) En = -0.4 V and (b) En = -0.6 V.

trodeposited with (a) En = -0.4 V and (b) En = -0.6 V. In both cases a porous

dendritic morphology is depicted, albeit more pronounced in the particle with low

overpotential nucleation. It is clear that when the nucleation is carried out with lower

overpotentials, a less compact structure is formed with higher porosity and thinner

Pt branches. This morphology is very similar to the one reported for Pt grown under

a single potentiostatic pulse at En ≥ -0.2 V [145]. This confirms the hypothesis

that the growth mechanism of Pt electrodeposited from a hexachloroplatinic bath is

strongly affected by H adsorption and reduction reactions. In this case, pH is high

enough so that proton reduction reactions are shifted to more negative potentials

and Pt growth is still limited by adsorbed hydrogen at En = -0.4 V. This results into

highly dendritic structures such as the one depicted in figure 7.4a.

The fact that nanostructures resulting from a lower nucleation potential (En = -0.6

V) are more compact and have thicker branches, is confirmed in figure 7.4b. Still,

the morphology is more dendritic than the one previously reported for single pulse

electrodeposition with En = -0.6 V [145]. This can be explained as follows. When a

potential of En = -0.6 V is applied, Pt nanostructures are meant to initially grow

by the aggregation of small nanoclusters whose growth is only partially limited by

hydrogen adsorption [145, 204]. As proton reduction occurs also at this potential

and favors the coalescence of Pt nanoclusters and their growth by direct attachment.
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This results in irregular structures with a low level of porosity. However when the

growth proceeds at lower overpotential, proton reduction does not occur, limiting

coalescence and growth by direct attachment. Therefore, these particles exhibit an

intermediate degree of porosity.

In general, it is commonly accepted that the best scenario for (electro)catalytic

processes occurring at the surface of supported nanostructures is to have a large

surface coverage consisting of small nanoparticles. This way, the surface to volume is

enhanced and so are the EASA and the Rf. Nonetheless, this may not be the case

for dendritic nanoparticles. Figure 7.5 shows the Rf (a), RRGA (b) and EASA (c)

as a function of particle size for different nucleation and growth potentials. The Rf

was calculated by the hydrogen UPD method (see experimental section). The SC

and particle size were inferred from FESEM analysis. Hence, The RRGA was then

obtained through equation 7.2.

The roughness factor increases as the particle size (and thus surface coverage) increase.

Therefore, in order to attain a large Rf, more negative nucleation potentials are

needed. To evaluate specific surface properties, independently of the surface coverage,

one has to look at the evolution of the RRGA with diameter. The RRGA increases

linearly with particle diameter. This is an indication of the dendritic morphology

of the particles. For non dendritic structures, the RRGA would stay constant,

independently of particle diameter. It is also interesting to note that, contrarily

to the trend followed by the Rf, the increase of RRGA with diameter is stronger

for less negative nucleation potentials. This is an indication of the influence of the

nucleation potential on the dendritic morphology of the Pt nanoparticles. The dashed

blue lines represent the range of benchmark values for commercial fuel cell catalysts

containing Pt small NP’s loaded on porous carbon [12]. The Rf values of the high

overpotential (En = -0.6 V) depositions are well in range of the reference values. For

the deposition with En = -0.4 V, the obtained values are ca. five times lower. This is

probably due to the low surface coverage obtained with these depositions and could

be improved for practical applications by using a multi pulse deposition procedures

using an identical nucleation potential.

For nucleation potentials more negative than En = -0.5 V, the ratio at which the
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(a) (b)

(c)

Figure 7.5: Evolution of the a) roughness factor (Rf), b) ratio between real and
geometric area (RRGA) and c) electrochemically active surface area
(EASA) with particle diameter for different nucleation and growth
potentials and deposition times.
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RRGA increases with diameter, and hence the surface to volume ratio of the deposited

nanostructures, are smaller than previously predicted by electron tomography [145].

This is not the case for En = -0.4 V. This implies that the application of a more

negative nucleation potential favors the formation of more compact structures (see

figure 7.4)

In fact, this is also reflected when computing the electrochemically active surface

area. Figure 7.5c shows the evolution of the EASA with average particle diameter

for different electrodeposition parameters. The dashed lines represent a benchmark

values for two different cases: Pt small NP’s loaded on porous carbon [12] and Pt

mesoporous films [144]. The Pt loading, and hence the EASA have been computed

by analysis of FESEM images, assuming that the particles have an oblate ellipsoid

geometry where the length of the z axis is 60% of the length of the x and y axes.

This approach has been validated and the Pt mass calculated showed to be accurate

(less than 15% error) when compared with ICP-MS analysis of stripping experiments.

This will be discussed in further detail in chapter 8.

From figure 7.7c it can be inferred that higher EASA values are obtained for less

negative nucleation potentials, independently of the applied growth potential. A

less negative nucleation potential, implies less compact Pt nuclei which develop into

particles with a more emphasized dendritic morphology. This in turn favors both the

mass-specific surface area and the ratio between real and geometric area. It can be

seen that the porous Pt nanostructure grown at a nucleation potential of -0.4 V with

a diameter of ca. 90 nm offers an EASA value in the range of carbon supported fuel

cell electrocatalysts from the reference values. This is especially relevant because this

Pt morphology allows avoiding the use of a large surface area support and still obtain

similar or even larger Pt active surface. As previously discussed, lower nucleation

potentials lead to larger surface area due to enhanced porosity and dendritic features.

Contrary, in terms of EASA, distributions of small nanoparticles are generally still

more efficient compared to the other deposited particles as they have higher surface

to volume ratios and hence higher active surface area per mass. A spherical NP of d

= 2 nm would have an SVR = 3 nm−1 and figure 7.7a shows that in most of the

cases, the SVR of the electrodeposited nanostructures are 2 to 6 times smaller than

this value. However, the fact that, even for the less porous structures, the EASA is
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only less than 3-4 times smaller for particles of d > 100 nm is a strong indication of

the ability of these dendritic nanostructures to offer very large values of surface area

for their size.

An important aspect to take into account is the experimental procedure employed

for the determination of the Pt surface and all the consequent surface properties of

the Pt nanoparticle distribution. Electron microscopy analysis (in particular TEM)

is used on a reduced number of particles. The values shown in figure 7.5 are obtained

by underpotential H deposition during electrochemical cycling. In principle, the

latter should be more representative as the whole electrode is measured. However, if

a sufficient number of particles is evaluated by microscopy, the surface area measured

should be representative for the whole electrode area. Both methods are compared

in the following section.

7.4.3 Surface area properties by electron tomography

Two electrodeposition procedures were selected to evaluate the Pt surface properties

by microscopical techniques. The selected nucleation potentials were -0.6 V and

-0.4 V whereas the growth potentials were -0.2V and -0.1 V respectively. Figure 7.6

shows representative 3D reconstructions of Pt nanoparticles electrodeposited with

nucleation potentials of En = -0.4 V (a,b) and En = -0.6 V (c-f). To determine

whether the electrochemical cycling procedure has an effect on the morphology

of the Pt nanoparticles, electron tomography was carried on the same samples

before and after electrochemical cycling. Figures on the left hand side show the

morphology of the nanoparticles before electrochemical cycling and figures on the

right show the morphology of the nanoparticles after 600 potential cycles in the H

adsorption/desorption and Pt oxidation/reduction region (0 V to 1.4 V vs. RHE).

The first striking result is that, for both electrodepostion procedures, the morphology

of the Pt nanostructures changes drastically after successive oxidation/reduction

cycles. In both cases, the nanostructures become more compact, their branches get

thicker and the amount of open pores (Figure 7.6e) decreases significantly (Figure

7.6f).
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Figure 7.6: Representative 3D reconstruction of a Pt nanostructure electrodeposited
with a nucleation potential of En = -0.4 V (a) before and (b) after
electrochemical cycling. Representative 3D reconstruction of a Pt
nanostructure electrodeposited with a nucleation potential of En =
-0.6 V (c) before and (d) after electrochemical cycling. Representative
orthoslice of a Pt nanostructure electrodeposited with a nucleation
potential of En = -0.6 V (e) before and (f) after electrochemical cycling.
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Electrochemically driven nanocluster aggregation [197, 205], or surface reconstruction

at the nanoscale have been reported many times for Pt and other metals. This is a

common problem that is mostly reported in studies about catalyst degradation upon

electrochemical processes. Therefore, it is not that surprising that the morphology of

highly active Pt nanostructures would be modified by hydrogen adsorption/desorption

processes and formation and reduction of platinum oxides during the electrochemical

cycling.

Figure 7.7 shows the calculated surface to volume ratio (a) and RRGA (b) in

function of the nanoparticle diameter, as calculated from the 3D electron tomography

reconstructions. Each data point corresponds to a 3D reconstruction of a single

nanoparticle. Several particles have been analyzed as-electrodeposited or after

electrochemical cycling for surface area determination by hydrogen UPD.

Before electrochemical cycling, particles electrodeposited with En = -0.4 V have

higher surface to volume ratios and RRGA’s than these obtained with En = -0.6 V.

In the former case, the RRGA increases linearly with particle diameter. If we observe

the SVR values, although the data has a large scatter, it can be seen that for the

more porous samples the SVR remains more or less constant around 2-3 nm−1. The

evolution of both these parameters with particle size confirms the hypothesis that

the porous dendritic morphology of the nanoparticles is maintained, even after long

deposition times (see HAADF-STEM image in figure 7.4a and 3D reconstruction in

figure 7.6a).

Moreover, an SVR value of 3 is expected for a spherical nanoparticle of 1 nm of

radius (SVR = 3/r for a sphere). The fact that we obtain surface to volume ratios

of around 2-3 for particles of a much higher diameter is an indication of their

dendritic morphology, with branches only several nm thick. This proves that with the

appropriate conditions, Pt nanostructures can be grown to large sizes still conserving

an open dendritic morphology. This is related to their growth mechanism, which is

believed to occur by the aggregation of small nanoclusters. With the appropriate

electrodeposition conditions, these nanoclusters do not coalesce to a large extent

upon aggregation and result in open dendritic nanostructures with large surface

area.
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Figure 7.7: Evolution of (a) surface to volume ratio and (b) RRGA with particle
diameter, calculated from electron tomography reconstructions.
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For the particles electrodeposited with higher nucleation potentials (En = -0.6 V),

the RRGA remains almost constant around 10 (it increases linearly with a very small

slope). Accordingly, the SVR decreases exponentially when the diameter increases.

For a solid spheroid, the RRGA would be constant with diameter (2 for a hemisphere,

4 for a sphere) and the SVR will be inversely proportional to its size (SVR =

3/r for a sphere). Therefore, the evolution of these parameters for nanostructures

electrodeposited with En = -0.6 V tells us that the dendritic structure is not well

maintained when the particles grow to a certain size and that their surface properties

would more resemble a roughened solid spheroid than a dendritic structure.

As expected from figure 7.6, the calculated surface properties of the Pt dendritic

nanoparticles change during the electrochemical cycling. The extent to which their

surface is modified depends on the electrodeposition procedure. The change in surface

properties upon electrochemical cycling is much more severe for the more dendritic

particles with larger surface areas. This is due to the fact that the porous dendritic

nanoparticles are thermodynamically much less stable than the more compact ones.

Hence, the driving force for surface minimization is much higher. In this case, the

SVR decreases from 2-3 to 0.5-1. It can be noted that, the SVR slightly decreases

with particle size, but not inversely proportionally to its diameter. This means, that

although the surface area has diminished by 4 to 6 times, the dendritic structure has

not completely collapsed and still provides a decent active area. This can be visually

depicted in figure 7.6b.

Accordingly, the RRGA values also diminish and the effect is higher for larger particles.

This can also be interpreted in the following way. Even after electrochemical cycling,

the RRGA also increases with diameter, being a proof of its dendritic structure.

However, the slope in the RRGA vs d plot decreases and this implies that its open

porosity and hence its SVR has decreased. Alternatively, for the less porous Pt

nanostructures grown at En = -0.6 V, it can be seen that the decrease in both SVR

and RRGA is less drastic. This is expected and can be seen as roughened spheroids

being smoothed.
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7.5 Conclusions

The successful electrodeposition of Pt nanostructures using a double potential pulse

procedure was described. The influence of the most important deposition parameters

(nucleation and growth potential) on surface related properties relevant for elec-

trocatalysis were studied. It was found that increased surface coverage could be

attained under hydrodynamic conditions without losing the control on nanostructure

morphology. A wide range of particle diameters, electrochemically active surface

areas and roughness factors were within reach of the proposed potentiostatic depos-

ition procedure. The combination of electrochemical (H UPD) and surface analysis

(HAADF-STEM electron tomography) techniques proved essential in elucidating the

nanostructure morphology. Extrapolation of the microscopic tomography results

towards macroscopic electrochemical parameters was possible due to the meticulous

experimental procedure and resolution of the applied techniques.

By tuning the nucleation potential, highly porous Pt nanostructures could be obtained

with pores protruding until the center of the structure. The obtained EASA values of

the porous Pt structure are in range of high surface area supported fuel cell catalyst.

However, the relatively low surface coverage these porous structures reached will

need to be augmented in the future development as fuel cell catalysts. Successive

potential cycling in the Pt oxidation/reduction region showed a significant reduction

in active surface area due to a partial collapse of the nanopores.
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Chapter 8

Oxygen reduction activity on

nanoporous platinum fuel-cell

electrocatalysts

In this chapter, a selection of the nanoporous electrodeposited

structures from chapter 7 is utilized as fuel cell electrocata-

lysts in the absence of a porous carbon support. Both their

activity and stability towards the oxygen reduction reaction

(ORR) are assessed. The 3D electron tomography reconstruc-

tions are used in combination with H UPD measurements as a

powerful tool to determine surface area based activity both

before and after accelerated deterioration.✯

✯This chapter is published as a scientific paper: B. Geboes, J. Ustarroz, K. Sentosum, H. Vanrompay,
A. Hubin, S. Bals and T. Breugelmans, Electrochemical behavior of electrodeposited nanoporous
Pt catalysts for the oxygen reduction reaction, ACS Catalysis, 6 (2016) 5856-5864
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8.1 Introduction

As previously discussed in chapter 4, the synthesis of nanoporous electrocatalysts is

generally performed in multiple steps. The morphology of the obtained nanostructures

appeared to depend on the degree of coalescence and recrystallization of nanocluster

aggregates, which in turn is influenced by the electrodeposition potential. At low

overpotentials, a self-limiting growth mechanism may block the epitaxial growth of

primary nanoclusters and results in loose dendritic aggregates. To the best of our

knowledge no direct double pulse electrodepostion procedure has been proposed to

obtain nanostructured monometallic Pt NP’s with pore sizes in the nm range.

In this chapter, a direct double-pulse electrodeposition procedure at room temperature

is thus applied to obtain nanoporous Pt structures. The particle morphology is

characterized using aberration-corrected high angle annular dark field scanning

transmission electron microscopy (HAADF-STEM) and electron tomography (ET)

combined with field emission scanning electron microscopy (FESEM) and macroscopic

electrochemical measurements to assess their activity and stability towards the

ORR.

8.2 Experimental

8.2.1 Electrodeposition of porous Pt nanoparticles

Prior to every deposition, the glassy carbon electrode substrate (0.6 cm disk) was

successively polished using 1 µm, 0.3 µm and 0.05 µm alumina powder (Struers)

suspended in ultrapure water (18.2 MΩ cm, Merck MilliPore) to achieve a reproducible

mirrorlike surface. Afterwards the electrode was successively sonicated in isopropanol

(Acros, HPLC grade) and ultrapure water for 5 minutes.

A double potentiostatic pulse procedure was used to deposit the porous Pt nanostruc-

tures directly on the glassy carbon electrode. An Autolab PGSTAT 302F potentiostat

was used to apply the potentiostatic deposition pulse to a three electrode cell with a

Ag/AgCl reference electrode and Pt wire counter electrode. The deposition solution
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consisted of 1 mM H2PtCl6.6H2O (Alfa Aesar, ACS grade) in 0.1 M KCl (Alfa

Aesar, ACS grade). The pH of the deposition solution was adjusted by adding a

0.1 M KOH solution until pH reached 6. To obtain a higher surface coverage of

the Pt nanostructures without losing the morphological control, the electrodes were

rotated at 700 rpm during the deposition procedure using a Radiometer EDI-101

rotating disk electrode (RDE). For the high resolution HAADF-STEM and electron

tomography (ET) measurements, identical deposition conditions were applied to

TEM grids, taped to the inert glassy carbon RDE electrode assuring a good electrical

connection [198].

The mass amount of the depositions was determined by stripping all Pt from the

electrode surface using aqua regia. The stripping time was varied until no nano-

particles were visible on FESEM images and no electrochemical Pt response could

be obtained using cyclic voltammetry. Pt stripping solutions were analyzed with a

high resolution sector field ICP-MS (Element XR, Thermofisher Scientific, Bremen,

Germany).

8.2.2 Microscopic characterization

SEM images were acquired using a FEI Quanta 250 FEG microscope operated at 20

kV and yielded the particle size distribution and coverage of the particle deposits.

Aberration-corrected HAADF-STEM was used to image the detailed morphology of

the nanoparticle structures with atomic scale structural information. Abberation

corrected HAADF-STEM images were obtained using a FEI Titan 50-80 microscope

operated at 300 kV. The Electron Tomography (ET) experiments were performed

using a FEI Tecnai G2 and Tecnai Osiris microscope operated at 200 kV. A Fischione

tomography holder (model 2020) was used and the tilt series were acquired over a

tilt range of ➧74➦with a 3➦ increment. As working electrodes, carbon coated gold

TEM grids from EMS (300 mesh, CF 300Au) were used. To measure porosity of

the samples, an identical segmentation approach as in chapter 7 was used. During

this segmentation, voxels were classified as Pt (VPt) or pores in the Pt particle.

Next, the voxels corresponding to empty space were analyzed. The voxels that have

connection with the exterior (Ve) were distinguished from the voxels that have no
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connection with the exterior and which therefore correspond to internal voids inside

the Pt nanoparticle (Vi). In order to perform this analysis, each of the slices of the

3D reconstruction was analyzed using a dedicated algorithm developed in Matlab.

Finally, the porosity P was defined using Equation 7.1 as the volume ratio between

the pores that have a connection with the exterior Ve and the entire volume of the

Pt nanoparticle.

8.2.3 Electrochemical characterization

Electrochemical active surface area (EASA) and ORR activity measurements were

obtained in a fast screening reactor with four parallel electrochemical cells. These

cells with a three electrode system using a Ag/AgCl reference electrode with a

Luggin capillary and a Pt foil counter electrode were connected to a multi channel

Biologic VSP-300 potentiostat equipped with an analogue scan generator. All cells

are equipped with a Radiometer EDI-101 rotator. A 0.1 M HClO4 (Merck, Emsure)

electrolyte solution was used which could be saturated with N2 (99.999 %) or O2

(99.996 %) prior to the measurements and the gas flow was directed as a blanket

over the solution during the measurements.

8.3 Results and discussion

8.3.1 Direct electrodeposition of Pt NP’s on glassy carbon disk

electrodes

In contrast to conventional chemical methods to obtain NP’s, electrodeposition

processes can be monitored in-situ by recording the current (or potential) transients

during the application of the potential (or current) pulses. Both the potential modu-

lation and the current transients are shown in Figure 8.1. Prior to the electrochemical

deposition, an anodic stripping potential of 1.0 V vs. Ag/AgCl is applied during 120

s to avoid spontaneous Pt deposition and to remove impurities from the electrode

surface. The current response during this pretreatment step is minimal at only a
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Figure 8.1: Chronoamperommetric current transients obtained for the electrode-
position of Pt on smooth glassy carbon substrates. The potential
modulation (black lines) and current response (orange lines) are shown
for the low (En = -0.4 V Vs. Ag/AgCl, dashed lines) and high (En =
-0.6 V Vs. Ag/AgCl, solid lines) overpotential samples.

few micro ampere indicating a clean substrate and the absence of oxidizable species.

A double pulse deposition of Pt is carried out with a nucleation pulse (En) of -0.4

V for 50 s and a growth pulse (Eg) of -0.1 V for 50s (dashed black lines). The

other deposition procedure comprises a nucleation pulse of -0.6 V for 50 s and a

growth pulse of -0.2 V for 100 s (solid black lines). These procedures are later

referred to as low and high overpotential (η) deposits respectively. The discussed

deposition procedures are selected on the basis of nanoporosity from the parameter

study described in chapter 7.

Care has to be taken while interpreting the current transients of both nucleation

and growth pulses because the deposition is performed on a rotating disk electrode

with a rotation rate of 700 rpm. Rotating the substrate appeared successful in

obtaining higher surface coverage of NP’s without substantially altering the NP

morphology. Although no typical current peak - characteristic of the 3D island

growth mechanism - is always expected in the early stages of Pt deposition [197], the

i(t) transients differ from what has been shown previously for stagnant conditions.
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(a) (b)

Figure 8.2: FESEM pictures after the deposition of Pt on glassy carbon RDE
electrodes using a nucleation potential of -0.6 V vs. Ag/AgCl (a) and
-0.4 V vs. Ag/AgCl (b).

By rotating during the electrodeposition process, the diffusion of Pt ions to the

electrode surface may not be the rate-determining factor, even if large overpotentials

are applied. Therefore, the increasing current response in the nucleation phase for

both low and high overpotential depositions is indicative of a mixed or kinetically

controlled growing active surface area. It must be noted that Pt electrodeposition in

the nucleation potential range occurs simultaneously with proton reduction reactions

catalyzed on the formed Pt surface. Therefore the obtained current response presents

a convolution of both phenomena. This poses a problem when the mass of deposited

Pt is calculated using the deposition charge. To decrease the extent of hydrogen

reduction the acidity of the electrodeposition solution is lowered until pH 6. The

higher current response in both nucleation and growth phase (-2.0 mA cm-2 compared

to -1.5 mA cm-2) of the high overpotential deposition can partly be explained by

a greater extent of hydrogen reduction at this potential. The higher overpotential

(increasing the PtCl6
2- reduction kinetics) in combination with the longer growth

pulse results in a larger amount of Pt deposited on the substrate. This is verified by

the stripping experiments, with 70.8 and 1.6 µg cm-2 of Pt on the high overpotential

and low overpotential deposition respectively.

FESEM pictures are used to elaborate statistics of the particle distributions. Figure

8.2 shows an overview of the distribution of Pt NP’s using the high (a) and low (b)
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Figure 8.3: Histograms showing the particle size distribution calculated from
FESEM data of the low overpotential (-0.4 V vs. Ag/AgCl) (a) and
high overpotential (-0.6 V vs. Ag/AgCl) (b) catalysts.

overpotential procedure. The average particle size of the low overpotential deposition

is 89 nm compared to 116 nm for the high overpotential procedure. This difference in

average particle size is a result of longer growth time (100 s) in the latter procedure.

The histograms obtained from the FESEM images of the low and high overpotential

deposits are shown in Figure 8.3 (a) and (b) respectively. In both deposits a bimodal

size distribution is found where a limited amount of smaller NP’s around 10 nm

in diameter were formed in addition to the larger deposits. Such a bimodal size

distribution is common in electrodeposition even when a double pulse procedure is

used [195, 206]. During the deposition, partial coalescence of some diffusion fields or

physical coalescence upon growing islands could occur and would not imply complete

inhibition of nucleation on the carbon surface [197]. Instead, this would only lead to

a gradual decrease of the nucleation rate. The fraction of small NP’s is limited to 3

% and 8 % in the low and high overpotential samples respectively. A clear difference

in surface coverage is observed between both samples: the low η sample has only a

coverage of 1.6 % whereas the high η sample covers 50 % of the glassy carbon surface.

Such an inversed trend in particle density and deposition overpotential corresponds

to observations reported earlier [145].
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8.3.2 TEM characterization of as-electrodeposited nanostructures

In order to gain deeper insight into the 3D morphology of the electrodeposited

nanostructures, HAADF-STEM tomography experiments were performed for both

high (En -0.6 V, Eg -0.2 V) and low overpotential (En -0.4 V, Eg -0.1 V) deposits. A 3D

visualization of the reconstruction obtained from a 115 nm high overpotential particle

(corresponding to the average particle size that was determined by FESEM analysis)

is presented in Figure 8.4 (a). It is clear that the surface area of the nanoparticles

exhibits a dendritic morphology, which leads to an increased surface/volume ratio of

the nanoparticle.

A slice through the reconstruction, presented in Figure 8.4 (b) clearly shows that

only a small amount of pores are present in the particle core. The 3D reconstruction

reveals that these pores inside the nanoparticle have mostly no connection to the

outer surface. A 3D visualization of the reconstruction and a slice through the

3D data set of a low overpotential particle are presented in Figure 8.4 (c) and (d),

respectively. The particle has a diameter of ca. 88 nm which corresponds to the

average particle size calculated from the FESEM images.

Figure 8.4 (d) confirms the highly dendritic morphology which is present inside the

nanoparticle. Quasi-spherical protuberance of ca. 2.5 nm are observed on the outer

edges of the nanostructure highlighted with a circle, which are linked to the rest of

the body by narrower necks depicted with an arrow. The highly dendritic morphology

drastically increases the surface area of the low overpotential sample. High resolution

HAADF-STEM images demonstrate that domains with different crystallographic

orientations coexist within the same particle. The polycrystalline nature of the

nanoparticle is confirmed by FFT patterns (Figure 8.5), which is similar to the

previously reported single pulse potentiostatic electrodeposition particles [145].

The porosity extracted from the 3D reconstruction of several nanoparticles is plotted

in function of particle size in Figure 8.6. The high overpotential catalyst has a

porosity of ca. 5 % in the entire measurement range of particle size (black circles).

The porosity in these particles is mainly formed through surface roughness while

almost no internal pores are accessible. In the low overpotential particles a clear
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Figure 8.4: 3D visualization of the ET reconstruction and a slice through the 3D
data set are depicted for -0.6 V high overpotential (a,b) and -0.4 V low
overpotential particles (c,d), respectively. The dendritic morphology
of the low overpotential particle can be clearly observed from the 3D
visualization.
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Figure 8.5: High resolution HAADF-STEM with the corresponding FFT pattern
of a low overpotential nanoparticle.
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Figure 8.6: Porosity values calculated from the 3D tomography reconstruction for
the as deposited low (red circles) and high overpotential catalysts (black
circles). Porosity values after catalyst degradation using 600 potential
cycles between 0.1 V and 1.5 V are shown for the low (red triangles)
and high overpotential catalysts (black triangles).

size dependence is visible (red circles). Care has to be taken when extrapolating the

calculated porosities towards the entire electrode surface due to the local nature of

the tomography measurements. Although with a porosity between 17 and 28 % of

all the low overpotential particles, there is a significant difference compared to the

values of the high overpotential catalyst particles.

8.3.3 Electrocatalytic ORR performance of nanoporous Pt

nanostructures

Figure 8.7 shows the obtained cyclic voltammograms of the low (red line) and high

overpotential (blue line) catalysts. In the cathodic scan between ca. 0.5 V–0.3 V and

in the anodic scan between 0.3 V and 0.6 V the electrochemical double layer region
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is visible. The hydrogen adsorption/desorption peaks emerge in the region of 0.1 V

to 0.3 V. The main characteristics of the peak are two well delineated subpeaks in

the adsorption region and three peaks in the desorption region. These separate H

peaks and their cathodic counterparts are usually attributed to different forms of

adsorbed H namely, strongly and weakly bound H. The relative amount of strongly

adsorbed H (0.25 <E vs. RHE < 0.4) is larger in the low overpotential porous

catalyst, indicating a larger surface fraction of (100) and (111) facets compared to

the high overpotential catalyst. The hydrogen adsorption peaks can be integrated

to calculate the total charge passed during the adsorption process. The boundary

conditions for determining the potential range of these peaks are the relative maxima

in the double layer region and the onset of the hydrogen evolution. Both anodic

and cathodic peak areas are indicated by the filled area in Figure 8.7. Through the

weighted average coverage of the H atoms in polycrystalline Pt, the proportionality

constant of 210µC/cm2 is determined [49, 133, 181]. Via this value the EASA can

be calculated based on the charge amount of the hydrogen adsorption region.

The roughness factors (Rf) obtained from the H UPD measurements of the low and

high overpotential catalysts are 0.6 and 4.4 respectively (Table 8.1). This factor 7

increase for the high overpotential catalyst can be explained based on the higher

surface coverage although the difference in surface coverage between both catalysts

is much higher (factor 31). The substantial porosity of the low overpotential catalyst

observed in ET measurements is likely to be the cause for the higher active surface

area and corresponding roughness factor. This observation is confirmed when Rf is

compared to the roughness factor based on FESEM analysis (Rf,SEM). This value

is calculated by determining the geometric surface area for each imaged NP and

extrapolated to the total electrode area. Here, it is postulated based on ET results

of both deposits that all NP’s have an oblate ellipsoid geometry where the length of

the z-axis (c) is 60% of the length of the x and y-axis (a). Volume and surface area

are thus calculated as follows:
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Figure 8.7: Cyclic voltammograms of the high (blue solid line) and low overpoten-
tial (red line) catalysts. Filled areas indicate the total charge passed
during hydrogen underpotential deposition (HUPD), used to calculate
roughness factor and EASA. Measurements conducted in nitrogen sat-
urated 0.1 M HClO4 solution without rotation at 298 K and 50 mV
s-1.
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An underestimation of the SEM based roughness factor is attained for the high

overpotential catalyst (1.8 compared to Rf of 4.4). Since the NP’s imaged with

FESEM and ET are not smoothly ellipsoidal (cf. spike formation in random directions)

this underestimation with a factor 2 is plausible. When the same methodology is

applied to the low overpotential particles, an underestimation with a factor 10 is

calculated. Only the irregular shaped outer surface area of the NP’s cannot explain

the large deviation between H UPD and SEM based roughness factors. Where the

3D ET reconstructions show pores with an internal diameter of 2 nm propagating

throughout the entire particle, they do not give direct information on the accessibility

of active sites. Based on the prior observations it is concluded that active sites inside
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Table 8.1: Calculated and experimental NP parameters derived from FESEM and
electrochemical surface area measurements.

High overpotential Low overpotential
(En = -0.6 V) (En = -0.4 V)

diameter (nm) 116 89
Surface coverage (%) 50 1.6

Rf,SEM (-) 1.8 0.06
Rf (-) 4.4 0.6

EASA (m2
Pt g

-1
Pt) 7.6 53.4

the nanopores of the low overpotential deposited structures are indeed accessible .

Opposed to Rf, the EASA of solid NP’s does depend on surface coverage and particle

size since the surface-to-volume ratio of an ellipsoid depends on its diameter. Not

only the smaller particle size and surface coverage relative to the HUPD charge,

but also the porosity of 25 % lead to the factor 7 increase in EASA of the low

overpotential catalyst. The value of 53.4 m2
Pt g

-1
Pt even competes with high surface

area carbon supported fuel cell catalysts [34, 133, 156, 207].

ORR activity measurements in this section are obtained by linear sweep voltammo-

grams with scan rate of 5 mV s-1 using a rotating disk electrode. The potential is

swept starting at 0.1 V vs. RHE in positive direction in order to avoid excessive H

adsorption in the lower potential region. To check the influence of possible capacitive

currents a blank sweep obtained in a nitrogen saturated HClO4 electrolyte solution

is performed. The ORR sweeps are in their turn obtained after saturating the

electrolyte solution with oxygen during a 15 minute window.

The linear sweep voltammogram obtained for the high overpotential catalyst at

various rotation speeds is shown in figure 8.8. After a region with no activity between

1.3 V and 0.95 V the onset of the ORR initiates the kinetic region until ca. 0.85

V. The potential-current relationship is given by the Butler-Volmer equation due to

the kinetic control of the ORR. The mixed kinetic and diffusion region spans until

ca. 0.5 V, where it transfers into the diffusion limited region. The measured current

plateau is a result of the fixed RDE rotation rate, delivering oxygen at a constant rate
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Figure 8.8: Linear sweep voltammograms recorded in the anodic direction on the
high overpotential (-0.6 V vs. Ag/AgCl) catalyst during RDE rotation
rates of 400, 554, 816, 1322 and 2500 rpm. Koutecký-Levich analysis
at 0.2 V vs. RHE plotted in the inset. Measurements conducted in
oxygen saturated 0.1 M HClO4 solution at 298 K and 5 mV s-1.

to the electrode surface. The linear sweep voltammogram of the low overpotential

catalyst shows a similar course to Figure 8.8 with a single well-formed reduction

wave. Despite the lower surface coverage of the low overpotential deposition, the

comparable diffusion limited current density for both catalysts is an indication that

sufficient coverage is obtained to avoid divergent activity measurements [207].
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The Koutecký-Levich analysis at 0.2 V vs. RHE is shown in the inset. The

calculated number of exchanged electrons is 4.16 and 4.13 for the high (-0.6 V) and

low overpotential (-0.4 V) catalyst respectively. Both values are close to each other
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Figure 8.9: Comparison of ORR activity between high and low overpotential nano-
structures at 0.8 and 0.85 V vs. RHE. The kinetic current density JK,
specific current density JK,SA and Pt mass based current density JK,MA

are shown for both catalysts. Measurements performed in 0.1 M HClO4

at 298 K with a rotation rate of 1322 rpm.

and (within the literature scatter for oxygen concentration and diffusion coefficient

values) in line with most reports in literature. The oxygen reduction thus follows the

4e- pathway on both the solid and the nanoporous catalysts. Unlike high surface area

carbon supported FC catalysts, the model electrodes prepared in this work do not

suffer from diffusional limitations in the porous catalyst layer on the glassy carbon

substrate. Since detachment of the electrodeposited NP’s during RDE measurements

did not appear to be a problem, no perfluorosulfonic acid (PFSA) binder was used

when preparing the electrodes. The Koutecký-Levich equation (Equation 8.3) could

thus be utilized without an extra diffusional term to incorporate film porosity [208].

The ORR activity of both catalysts is assessed using RDE linear sweep voltammetry

at 298 K in O2 saturated HClO4. Several activity measures are displayed in Figure

8.9: (a) Jk, kinetic current density based on geometric electrode area; (b) Jk,SA,

electrochemical surface area corrected current density and (c) Jk,MA, mass based

current density. Activity is determined at 0.8 V and 0.85 V vs. RHE after ohmic
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drop compensation (post correction of IR = 15Ω obtained from electrochemical

impedance spectroscopy). At first sight, the high overpotential Pt structures exhibit

higher activity at both 0.8 V and 0.85 V, though when the active surface area is

taken into account the porous catalyst shows a higher activity compared to the

solid reference catalyst of 46% and 21% at 0.8 V and 0.85 V respectively. Both

platinum lattice contractions and alternate crystallographic orientation possibly lie

at the basis of this activity enhancement [12, 31, 156]. The mass amount of the

platinum deposits cannot be directly evaluated using the chronoamperometric curves,

since simultaneous proton reduction is essential in the growth mechanism to obtain

nanoporous structures. Instead, the FESEM surface coverage and particle diameter

combined with the porosity value determined from the ET reconstructions are used

to calculate an approximate amount for both catalysts (Table 8.1 and Figure 8.6).

It must be noted that the porosity value that was used in the calculations equals

25 %. This value is in range of the particles with a diameter of 88 nm and 100 nm

from Figure 8.6 and is in agreement with the average particle size as determined

by FESEM. Average porosity values cannot be determined exactly using electron

tomography given the local and time consuming character of the technique. The

resulting mass based activity reveals an 10- and 9-fold increase on the porous catalyst

at 0.8 V and 0.85 V respectively. The even higher mass based activity increase can be

described by the nanoporous nature of the low overpotential catalyst. At the average

particle diameters at hand in both catalysts (ca. 100 nm) the porous morphology

has a significant effect on the platinum mass amount within a NP.

Although the mass based kinetic current density is significantly increased by introdu-

cing nanopores in the electrodeposited catalyst, the activity of commercial carbon

supported fuel cell catalysts is not yet reached (Figure 8.10). When the reduction

wave of the low overpotential catalyst at 1322 rpm is compared to that of a 20 wt%

Vulcan XC72 supported catalyst from Johnson Matthey, a negative shift in half-wave

potential of ca. 30 mV is observed. However, we note that care has to be taken

when directly comparing these low surface coverage model electrodes to high surface

area carbon supported catalysts. Factors such as Pt loading, film thickness and the

use of a Nafion binder can vary greatly and all affect the electrochemical response.

The same reasoning holds when the mass based activity of Figures 8.9 and 5.11 are
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Figure 8.10: Linear sweep voltammogram of low overpotential (En = -0.4 V vs
Ag/AgCl) deposited catalyst compared to a commercial high surface
area Pt/C 20 % fuel cell catalyst (Johnson Matthey). Curves are
measured at a scan rate of 5 mV s-1 and RDE rotation rate of 1322
rpm.

compared. The mass based current density at 0.85 V is one order of magnitude

higher for the porous Pt catalyst. However, besides the stated differences between

a model catalyst and a high surface area supported catalyst, the measurements

are performed in different set-ups using a weakly adsorbing (HClO4) and strongly

adsorbing (H2SO4) electrolyte respectively. In addition a relatively thick Nafion layer

was used previously in chapter 5.

8.3.4 Electrocatalytic stability of highly porous Pt nanostructures

To investigate the stability towards the ORR under harsh fuel cell start-up conditions

2000 oxidation/reduction cycles in a deaerated 0.1 M HClO4 electrolyte solution

between 0.1 V and 1.5 V are applied using a scan rate of 50 mV s-1. Because

the HUPD region is integrated in the potential window a continuous monitoring

138



8.4 Results and discussion

of the active surface area becomes possible. The resulting roughness factor lapse

is shown in Figure 8.11(a) and (b) for the high and low overpotential catalysts

respectively. Roughness factors are determined based on the HUPD adsorption as

well as desorption peaks. Both nanostructures undergo a drastic decrease in surface

area of 50.4% and 80.3% for the solid and porous catalyst respectively.

A 3D electron tomography reconstruction of the low overpotential catalyst is per-

formed after 600 oxidation/reduction cycles (Figure 8.11 C, left hand side). A

substantial collapse of the nanopores is clearly visible in the 3D particle reconstruc-

tion. The porosity of both as prepared and degraded NP’s in function of particle

diameter is shown in Figure 8.6. Porosity of the as prepared low overpotential

catalyst (red circles) around 100 nm is in the range of 25 %. After degradation

through potential cycling (red triangles) the porosity is diminished to ca. 10 %.

The high overpotential catalyst only has a porosity of ca. 5 % before and after

degradation (black circles and black triangles, respectively) over the entire range of

measured diameters. It appears that a semistable morphology is obtained. This is an

indication that the collapse of nanopores is not a part of the degradation mechanism

for the high overpotential catalyst. The relatively large particle size and low coverage

prevent agglomeration which is not observed in the degraded catalysts. The plateau

with constant Rf values in Figure 8.11 (a) starting after ca. 1000 cycles supports

this hypothesis.

The ORR reduction activity of the porous as prepared catalyst and after an accelerated

degradation test of 600 oxidation/reduction cycles is shown in Figure 8.11 C. The

single reduction wave has undergone a negative shift in half-wave potential of 71 mV.

This relatively large activity decrease is caused by multiple degradation mechanisms.

First of all the collapse of the nanopores induces a severe change in morphology,

reducing the lattice strain in the nanostructure and altering the accessible crystal

plains. In addition, the extent of platinum dissolution as a result of the positive scan

boundary could further decrease ORR activity [58].
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Figure 8.11: Electrochemical surface area evolution depicted through the roughness
factor (Rf) of the high (a) and low overpotential (b) nanostructures. Ac-
celerated stress tests consisted of successive potential cycling between
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for fuel cell start-up cycles. (c) Shift in linear sweep voltammogram
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8.4 Conclusions

Nanoporous Pt structures with an average diameter of 89 nm and 2 nm pore sizes were

successfully synthesized via the proposed double pulse electrodeposition procedure

on smooth glassy carbon substrates. Macroscopic EASA determination using HUPD

measurements in combination with FESEM and ET showed that a considerable

amount of the active sites inside the pores of the low overpotential NP’s were

accessible to oxygen species.

As a result of this accessibility, an enhancement of the electrochemical surface area

corrected ORR activity was observed at the highly porous structures. The existence

of high-index planes in these nanostructures [56] or the presence of a lattice effect

could possibly cause this increase in surface based activity. The effect on the mass

corrected activity was even more pronounced with a factor 10 increase at 0.8 V vs.

RHE compared to nonporous deposited Pt NP’s.

The stability of the Pt NP’s was evaluated using an accelerated stress test relevant to

fuel cell start-up conditions. After successive potential cycling upwards to 1.5 V vs

RHE in a deaerated HClO4 solution a negative shift of 71 mV in half-wave potential

occurred. This decrease in ORR activity was correlated with the partial collapse of

the nanopores confirmed by macroscopic HUPD measurements and nanoscale 3D

reconstruction electron tomography.
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Chapter 9

Literature review

In this chapter, electrosynthesis is introduced. The state-of-

the-art in two relevant case studies is outlined. First, the

use of non metallic alternative electrocatalysts for highly

selective hydrogen peroxide formation is discussed. Second,

the electrodeposition methodology presented in the previous

part of this work is evaluated for use in an organic reduction

reaction.
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9.1 Electrosynthesis as environmentally friendly

alternative

Over the past decades, advances in electrosynthesis are driven by the elucidation

of reaction mechanisms in electro-organic reactions [209]. This is made possible by

the availability of advanced electrochemical and spectroscopic techniques to study

short lived intermediates. Despite these advances and the ongoing research efforts

in the electrochemical field, electrosynthesis has not yet been readily adopted by

organic chemists and industry largely due to a lack of knowledge on electrochemistry

[210–212].

The main principles of green chemistry are waste reduction, energy conservation

and the elimination of chemical hazards to human health and the environment.

Electrosynthesis offers inherently clean reactants in the form of electrons, occurs at

ambient conditions requiring only electrical energy and enables real-time monitoring

of industrial processes. Under the prerequisite that consumed electricity originates

from sustainable energy sources, electrosynthesis can thus be an important aspect in

a future green and sustainable chemical industry.

9.2 Hydrogen peroxide cogeneration

H2O2 is one of the most important chemical commodity products, used as a green

oxidant in a large variety of applications [213]. However, because of the high cost and

hazardous nature of its standard production through the anthraquinone process, the

development of an environmentally friendly process based on hydrogen and oxygen

as reactants is highly desired.

The electrochemical generation of hydrogen peroxide has historically been per-

formed through an electrolysis route where persulphate is formed at an anode and

subsequently hydrolyzed [214]. The major application today is the small scale elec-

trogeneration of hydrogen peroxide as an oxidative agent to purify aqueous effluents
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with a low concentration in organic pollutants [215, 216]. Generally these are catalyst

free reactions proceeding at reticulated vitreous carbon electrodes.

A fuel cell approach has the relevant advantage of performing the reduction of O2 and

the oxidation of H2 in two separate cells, thus avoiding the contact between the two

reagents and making the process intrinsically safer compared to the direct reaction

of H2 with O2. Different designs of H2/O2 fuel cells for the synthesis of H2O2 have

been proposed, with the electrolyte being an acidic solution, a basic solution or a

solid polymeric membrane [217, 218]. The latter option allows obtaining neutral

and electrolyte-free solutions of H2O2. An essential factor for the development of

fuel cells for the cogeneration of chemicals and electricity is the identification of

suitable electrocatalysts. The choice of the electrocatalyst is crucial for obtaining

high selectivity towards the 2-electron reduction of O2 to H2O2 and to avoid further

electrochemical reduction of H2O2 to H2O by an additional 2-electron reduction or

the chemical disproportionation reaction of H2O2 [219].

A variety of electrocatalysts has been developed for the oxygen reduction reaction,

either to H2O or to H2O2 [220–222]. The benchmark electrocatalysts for this

reaction show high activity in terms of produced current and display high selectivity

towards the four-electron reduction of O2 to H2O. Although the use of noble metals

in the form of supported nanoparticles allowed increasing the efficiency of the

electrocatalysts per gram of the very expensive metal, the cost and the stability of

these materials represent limitations for their practical application [223]. Besides the

priorly discussed alternative metal electrocatalysts (chapter 4), also metal complexes

have been investigated. Initial attempts in the development of these materials were

based on replacing Pt with transition metals.

Pyrolysed carbon-supported transition metal complexes forming metal-Nx chelates

(with x = 2 or 4; e.g. phthalocyanines) exhibited the most promising results in

terms of ORR activity [104, 224]. However, these catalysts have two disadvantages:

low stability and, in general, lower activity than Pt-based catalysts. Recently,

nitrogen-doped carbon materials have drawn great interest as an alternative to

conventional Pt-based electrocatalysts [225]. These metal-free materials can reach

competitive electrocatalytic activity in the ORR and exhibit increasingly long-term
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stability [226]. Their unique electronic properties are derived from the conjugation

between the orbitals of the nitrogen lone-pair electrons and the graphitic π-system.

N-doped carbon materials can be prepared in different morphologies, among which

N-doped ordered mesoporous carbons (NOMCs) are particular attractive for catalytic

applications because they are characterised by regular arrays of uniform mesopores

that lead to a material with extremely high specific surface area (500-1900 m2 g-1)

[223, 227]. Moreover, the size of the pores in the mesocale (typically between 2 and

50 nm) is favourable for the diffusion of reactants and products through the catalyst

[223]. As for all carbon materials, NOMCs combine high electrical and thermal

conductivity with high stability.

9.3 Organic halide reduction

An important application field for electrosynthesis is the activation of carbon-halogen

bonds (C-X) in abatement of environmental pollution (treatment of volatile halogen-

ated waste) and the preparation of fine compounds through organic synthesis [228].

Electrochemical C-C bond formation through reactive intermediates can result in a

wide range of interesting chemicals. However, a major drawback is that those elec-

trosynthetic processes require very negative electrode potentials that are inadequate

for use in industrial production processes due to exuberant energy costs. Attempts

to reduce the large overpotentials are directed towards (i) utilizing homogeneous

redox catalysts such as metal complexes or aromatic mediators [229] or (ii) improving

catalytic activity of the electrode materials. [230, 231].

One of the most investigated heterogeneous electrosynthesis reactions over the past

decade has been the organic halide reduction, both applied [232] and mechanistic

[228] studies were performed. Electrochemical reduction of organic halides has

important applications in the reduction of environmental pollutants, carbon fixation

and upgrading of organics through C-C bond formation. [233, 234]

Reduction of organic halides at sufficiently high overpotentials on inert electrodes

such as glassy carbon results in the scission of the carbon–halogen bond. Isse et

al. proposed that this bond breaking occurs through a dissociative electron transfer
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(DET) [228]. Two possible mechanisms for this DET process were described: the

stepwise (eq. 9.1 and 9.2) or concerted mechanism (eq. 9.3). In the former, the

electron transfer and bond rupture occur in a stepwise manner with the formation

of an intermediate radical anion. In the latter mechanism however, both steps are

separated in time and a radical and an ion are yielded directly [235].

RX + e− −−⇀↽−− RX•− (9.1)

RX•− −−→ R• +X− (9.2)

RX + e− −−→ R• +X− (9.3)

Also, the mechanism of the dissociative electron transfer was found to have a crucial

role in the electrocatalytic process. The catalytic surface modifies the reaction scheme

through the formation of a more favorable activated complex and adsorption of halide

anions [236, 237]. In the case of benzylbromide, the radical formed after the first

electron transfer step is further converted to the PhCH –
2 carbanion (eq. 9.4). The

residual water and the acetonitrile solvent are both possible proton donors for the

fast chemical protonation of the carbanion to toluene (eq. 9.5), leaving the respective

counter ion.

PhCH •

2 + e− −−→ PhCH −

2 (9.4)

PhCH −

2 +H2O −−→ PhCH3 +OH− (9.5)

A possible alternative for reaction 9.5 is the nucleophilic substitution of the carbanion

with an unreacted benzylbromide molecule [238]. However, the low benzylbromide

concentration at the electrode surface and the high protonation kinetics of reaction

step 9.5 were suggested to prevent this alternative from occurring.

Besides transition metal complexes [229] several catalytic surfaces haven been studied

for the direct one-electron reduction of organic halides. Ag, Cu, Au, Pd and Pb

have shown significantly increased reduction activities. Compared to an inert glassy

carbon electrode Ag shows the highest activity increase. This is due to a strong

involvement of the cathode surface in the reaction intermediates [235]. Potential

shifts of up to 500 mV have been reported [228]. Despite this relatively large shift,
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the reduction potentials for C-X activation in benzyl chloride remain in the vicinity

of -1.75 V relative to the saturated calomel electrode (SCE).

Strategies to lower the significant overpotential in C-X activation in literature

are based on improving catalytic activity by (i) switching from bulk electrodes

to nanoparticles (NP) dispersed on a support and (ii) by introducing a second

metal. Nanoscale materials show unique properties different from the bulk material

due to their reduced dimensions (1-100 nm). These properties can be tuned by

changing morphological characteristics such as size and shape [166]. In the context of

electrocatalysis nanoparticles can enhance mass transport and electrocatalytic activity,

besides offering an increased active surface area. Although these electrocatalytic

have been applied for organic halide reduction, their full potential as seen in fuel cell

catalysis has not yet been accomplished in these electrosynthesis reactions.

A variety of electrochemical approaches (potentiostatic, galvanostatic and potentiody-

namic) have been utilized to synthesize those supported nanoparticles. The common

aim here is to control synthesis parameters to obtain NP distributions with low size

and shape dispersions. The potentiostatic double pulse technique developed by the

groups of Penner and Plieth [164, 165] which was utilized in chapters 7 and 8 poses

an ideal methodology. Size dispersion of the nanoparticles is avoided as a result of

progressive nucleation and diffusion coupling [164, 239]. Some authors have used NP

electrodeposits as organic halide reduction electrocatalysts [169, 232, 240]. However

no parameter study on the double pulse technique for organic halide reduction is

performed to date. In addition, catalytic improvement of single metal NP’s over the

bulk metal has not been reported yet for benzyl bromide reduction.

150



Chapter 10

Hydrogen peroxide generation using

metal-free electrocatalysts

A new, two-step nanocasting method is developed in this chapter

to prepare N-doped ordered mesoporous carbon (NOMC) elec-

trocatalysts for the reduction of O2 to H2O2. These NOMC

materials display outstanding electrocatalytic activity in the

oxygen reduction reaction, achieving an enhanced kinetic cur-

rent density compared to state-of-the-art non-precious metal

catalysts. Both high selectivity towards the two-electron

reduction of oxygen to hydrogen peroxide and excellent long-

term stability are achieved.✯

✯This chapter is published as a scientific paper: X. Sheng, N. Daems, B. Geboes, M. Kurttepelie,
S. Bals, T. Breugelmans, A. Hubin, I. F. J. Vankelecom, P. P. Pescarmona, N-doped ordered
mesoporous carbon materials: a novel strategy for the synthesis of highly active and selective
electrocatalysts for the reduction of O2 to H2O2, Applied Catalysis B: Environmental 176-177
(2015) 212-224
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10.1 Introduction

The selectivity of the electrocatalyst in the ORR is of prime importance. A high

selectivity towards the 4-electron reduction of oxygen to water is desired if the target

is to maximise the generation of electricity [241]. On the other hand, a highly selective

2-electron reduction to hydrogen peroxide is also attractive because it would allow

the cogeneration of a useful product and electricity. This last approach can provide

a sustainable and economically advantageous way to produce industrially relevant

chemicals that are prepared through a redox reaction with ∆G < 0, by converting

the energy that is generally dissipated in the form of heat into electricity.

For application as ORR electrocatalysts, highly aromatic large molecules (e.g. por-

phyrines and phtalocyanines) have been employed as precursors for the formation

of an ordered carbon framework [105]. The NOMCs prepared with this approach

display excellent ORR activity but the high price and often complex synthesis of

highly aromatic large molecules represent a serious limitation for the up-scaling

of the fabrication of these NOMCs. Therefore, the development of an accessible

and affordable method for the synthesis of NOMCs with enhanced electrocatalytic

performance in the oxygen reduction reaction (ORR) is a highly attractive target.

In this chapter, a new nanocasting strategy is proposed for the synthesis of a highly

active, selective and stable N-doped ordered mesoporous carbon electrocatalysts

for the reduction of O2 to H2O2. The synthesis method is based on the use of two

inexpensive and readily available carbon precursors, i.e. aniline and dihydroxyn-

aphthalene (DHN), which are sequentially introduced into the pores of mesoporous

SBA-15 silica as a hard template. This mesoporous silica is highly suitable and thus

widely used as template for nanocasting because it displays high specific surface area

originating from its hexagonal array of parallel mesopores, and can be prepared with

micropores connecting the parallel channels. This latter feature is essential for the

formation of ordered mesoporous carbon structures because it leads to the formation

of carbon bridges that prevent agglomeration of the carbon rods after removal of the

silica template, thus leading to a carbon material with high surface area.

In the strategy proposed in this chapter, the pores of SBA-15 are covered with a
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monolayer of aniline, which is then polymerised and pyrolysed, followed by filling

of the remaining pores space with dihydroxynaphthalene, by another pyrolysis step

and finally by the removal of the silica template. In this way, N-doping will be

limited to the surface of the material, providing high electrical conductivity. DHN

was chosen to complete the filling of the pores of the SBA-15 template because it

has an extensive aromatic structure, with the target of favouring the formation of a

graphitic structure [242], and because its hydroxyl groups can easily interact with N

through hydrogen bridges. The two hydroxyl groups can also react with the SBA-15

silanol groups that might still be available, leading to grafting of the aromatic species

through a dehydration reaction [243]. Two NOMC materials are prepared by tuning

the amount of DHN employed in the synthesis. The obtained materials present the

desired array of parallel channels leading to high specific surface area (up to 877 m2

g-1) and display excellent electrocatalytic properties in the selective oxygen reduction

reaction towards H2O2.

10.2 Experimental

10.2.1 Preparation of the NOMC materials

The silica SBA-15 hard template was prepared according to a procedure reported in

literature [244] using triblock copolymer Pluronic P123 (BASF) as structure directing

agent and tetraethylorthosilicate (TEOS, Acros Organics) as a silica source. The

molar ratio of the components in the synthesis mixture was 1 SiO2: 0.0167 Pluronic

P123: 1.05 glycerol: 9.2 HCl: 188 H2O. All chemicals were used as-received. In a

typical synthesis, 1.8 g of P123 and 1.8 g of glycerol were stirred overnight at 35 ➦C

in a 1 M HCl aqueous solution. Next, 3.87 g of TEOS was added dropwise to the

solution, which was then stirred for 5 min. Afterwards, the mixture was allowed to

react for 24 h at 35➦C under static conditions followed by a hydrothermal treatment

at 100 ➦C for 24 h in a closed polypropylene bottle, again under static conditions.

The solid products were collected by filtration, washed with distilled water, and dried

at 80 ➦C overnight. The resulting powders were gently ground and calcined at 550

➦C for 5 h to remove the organic structure directing agent.
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The NOMC catalysts were prepared using a two-step procedure. First, aniline

was polymerised inside the pores of the SBA-15 template. The amount of aniline

employed in this step was chosen in order to cover the SBA-15 surface with an aniline

monolayer. For this purpose the practically used value of the cross-sectional area of

benzene (43 ✝A2) is used [245]. Given the surface area of 0.5 g of SBA-15 (413 m2),

1.6 mmol of aniline is needed to achieve monolayer coverage. Therefore, 0.15 ml (1.6

mmol, Janssen Chimica) of aniline and 0.44 g (1.9 mmol) of the radical initiator

ammonium persulfate (APS, Sigma-Aldrich) were added to a suspension of 0.5 g of

SBA-15 in 250 ml of a 0.5 M HCl aqueous solution, and stirred for 24 h in an ice

bath. Afterwards, the solvent was removed using a rotary evaporator and the sample

was dried in an oven at 100 ➦C. The sample was then placed into a quartz U-tube

where it underwent pyrolysis for 3 h at 900 ➦C (with a heating rate of 3 ➦C min-1)

under N2 flow (1 cm3 s-1).

In the second step of the procedure, the obtained solid was mixed with a selected

amount of DHN (98% Sigma-Aldrich, b.p. ≈ 354 ➦C, ρ = 1.33 g cm-3) in acetone as

a solvent (5 ml) and stirred for 24 h at room temperature. Three different amounts

of DHN were used: 0.36 g (2.3 mmol, NOMC-L), 0.46 g (2.9 mmol, NOMC-H) and

no DHN (NOMC-no-DHN) as a reference material, corresponding to a 1:1.4, 1:1.8

and 1:0 molar ratio between aniline and DHN. After evaporation of the solvent, the

composite material was thermally treated for 2 h at 300 ➦C under N2 flow (3 ➦C min-1,

1 cm3 s-1). Next, the sample was washed 3 times with acetone, collected by filtration

and dried in a vacuum oven at 60 ➦C. A final pyrolysis was then performed for 5 h

at 900 ➦C (heating rate: 3 ➦C min-1) under N2 flow (1 cm3 s-1). Finally, the silica

template was removed by suspending the black solid in a 2.5 wt% NaOH solution in

a 1:1 mixture of EtOH/H2O while stirring for 8 h at 100 ➦C under reflux and under

N2 flow. The NOMC material in the form of a black solid was then collected by

filtration and dried for 24 h in a vacuum oven at 100 ➦C.

10.2.2 Physicochemical characterization of the NOMC materials

Transmission electron microscopy was performed using a FEI Tecnai G2 operated at

200 kV. Samples were prepared by dispersing the powders in ethanol and placing
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several drops of the dispersion onto a carbon grid. The samples were visualised using

electron tomography, performed by collecting a tilt series of 2-dimensional images

using HAADF-STEM over an angular range of ±72➦ with a tilt increment of 2➦. After

the alignment of the projection images, a three-dimensional reconstruction was ob-

tained using the simultaneous iterative reconstruction technique (SIRT) implemented

in the FEI Inspect3D software.

X-ray photoelectron spectroscopy (XPS) was used to determine the elemental com-

position at the surface of the NOMCs and to give information about the molecular

environment of the different atoms. The analysis was carried out on a Physical

Electronics PHI 1600 multi-technique system using an Al Kα (1486.6 eV) monochro-

matic X-ray source, which was operated at 15 kV and 150 W at a pressure of 2E-9

Torr. The graphitic C 1s band at 284.6 eV was used as internal standard, in order to

correct possible deviations caused by electric charging of the samples. The multipack

software was used for the deconvolution and integration of the XPS spectra.

Room-temperature Raman spectra were recorded on a LabRAM HR Evolution-

Horiba Scientific system with a green laser (532 nm). Deconvolution and peak

integration was performed by using the PeakFit v4.12 software.

10.2.3 Electrochemical characterization of the NOMC materials

The electrocatalytic activity of the NOMCs in the oxygen reduction reaction was

evaluated by means of linear sweep voltammetry in combination with a rotating

disc electrode. Pt/C (20 wt% Pt on Vulcan XC 72 purchased from Alfa Aesar) was

used as a reference for comparison with the synthesised NOMCs. LSV measurements

were conducted at various rotation speeds (400 to 2500 rpm). The experiments

were carried out at room temperature (298 K) in a conventional three-electrode

cell with a Radiometer EDI-101 rotating disc electrode connected to an Autolab

PGSTAT 302F potentiostat. An Ag/AgCl (saturated KCl) reference electrode was

used in combination with a Pt counter electrode. The reference electrode has an

internal salt bridge filled with 0.1 M KOH. A Luggin capillary is present between the

compartment of the reference electrode and the working electrode. A glassy carbon
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RDE (with a surface area of 0.283 cm2) was employed as an inert carrier for the

working electrode.

Catalyst ink solutions were prepared by suspending 2 mg of electrocatalyst powder

in 1.5 ml of solvent (1:1 volume mixture of isopropanol and H2O). 5 µl of catalyst ink

was then deposited onto the glassy carbon surface, yielding an approximate catalyst

loading of 25 µg cm-2. After drying, a thin Nafion film was applied by depositing

7 µl of a 0.05 wt% Nafion solution (diluted with 1:1 isopropanol with water from

a 5 wt% Nafion solution in a mixture of perfluorosulfonic acid with lower aliphatic

alcohols from Aldrich) followed by a final drying step at room temperature.

The ORR was performed under alkaline conditions using an aqueous 0.1 M KOH

electrolyte solution saturated with O2. The saturation of the electrolyte solution

with O2 was achieved by bubbling O2 gas for 10 min, after which the O2 flow was

maintained just above the solution during the whole voltammetric measurement.

The potential was varied from 0.2 to -1.2 V vs. Ag/AgCl at a potential sweep rate

of 10 mV s-1. Before each blank measurement, N2 was bubbled into the electrolyte

solution for 30 min, in order to remove the remaining O2.

Cyclic voltammograms of NOMC-H and NOMC-L were recorded on a glassy-carbon

electrode in either N2-saturated or O2-saturated 0.1 M KOH aqueous solutions,

by varying the potential between 0.2 and -1.0 V at a scan rate of 50 mV s-1.

Chronoamperometric tests were carried out at a fixed potential of -0.4 V in O2-

saturated 0.1 M KOH at a rotation rate of 1600 rpm for 5 h. The features of the

cell and the preparation of the working electrode were as in the LSV experiments

described earlier.
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10.3 Results and discussion

10.3.1 Physicochemical characterization of the NOMC

electrocatalysts

The textural features of the prepared SBA-15 were characterised by N2-physisorption

(Table 10.1). The material presents the anticipated high surface area and the desired

combination of meso- and micropores. The BET surface areas of NOMC-H and

NOMC-L determined by N2-physisorption are high among NOMCs prepared by

introducing an N-containing carbon source in SBA-15 (in-situ method) [105, 246],

reaching a value of 877 m2 g-1 for NOMC-H (Table 10.1). These high surface areas

are ascribed to the tuning of the amounts of the N and C precursor relative to the

amount of silica template.

Table 10.1: Structural properties of SBA-15 template and synthesized NOMC
catalysts.

SBET Vtotal pores Vmicropore Vmesopore dpore
(m2 g-1) (cm3 g-1) (cm3 g-1) (cm3 g-1) (nm)

SBA-15 826 0.76 0.12 0.64 7.5
NOMC-H 877 0.56 0.06 0.5 3.3
NOMC-L 764 0.54 0.01 0.53 3.3

Transmission electron microscopy (TEM) confirms the successful formation of the

characteristic hexagonal array of parallel mesopores of SBA-15 (Figure 10.1C). The

formation of the hexagonal arrays of parallel carbon rods with a regular spacing

is unequivocally demonstrated by the TEM images and by electron tomography

(Figure 10.1A and B) of NOMC-H and NOMC-L. The tomography data also allowed

building a three-dimensional visualisation of the structure of NOMC-L. The presence

of graphitic layers within the aligned carbon rods was evidenced by HR-TEM (Figure

10.1C and D). These graphitic layers are organised in small domains, without a

preferential orientation within the rod. Besides the desired ordered mesoporous

carbon framework, the TEM images of the NOMCs evidence the presence of small

areas of unstructured carbon. These species probably originate from DHN that
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Figure 10.1: Electron tomography reconstruction of the NOMC-L sample along
different orientations (A and B). HR-TEM images of NOMC-L (C
and D), with indication of the position of the parallel carbon rods and
of the graphitic layers (ca. 0.34 nm spacing).

remained outside the pores of SBA-15 during the synthesis. Indeed, these disordered

carbon species are observed in a larger amount in NOMC-H, for which a higher

ratio of DHN to aniline was employed. This observation can be related to the larger

micropore volume of NOMC-H (Table 10.1), originating from the pyrolysis of DHN

that was not confined into the silica pores, whereas the mesopore volume of the

two NOMC materials is similar. The presence of this micro porosity also explains

the higher surface area of NOMC-H compared to NOMC-L (877 m2 g-1 vs. 764 m2

g-1).

Information about the degree of graphitisation of the NOMCs is provided by Raman

spectroscopy (Figure 10.2). The formation of graphitic structures within the carbon

framework is clearly evidenced by the presence of an intense and narrow band at

1604 cm-1 (G-band), which is assigned to the planar C−−C stretching vibration mode

in an ideal graphitic layer. The position of this band is shifted to lower wavenumbers
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Figure 10.2: Deconvoluted Raman spectra for NOMC-H (A) and NOMC-L (B).

in N-doped carbon materials compared to undoped carbons, due to a change in the

electronic structure of the carbon framework originating from n-type doping [223].

The other band at 1330 cm-1 (D-band) is correlated with structural defects and

disordered structures at the edges of the sp2 domain. The ratio of the areas of the D

and G bands (AD/AG) is inversely proportional to the graphitic degree. The AD/AG

values of NOMC-H and NOMC-L, i.e. 1.5 and 1.3 (Figure 10.2), are in the same range

as N-doped carbon nanotubes and relatively high compared with previously reported

N-doped graphite [225]. This confirms that the rods constituting the NOMCs have

a graphitic character, though the graphitisation degree is lower compared to the

extensive layers of graphite. The higher graphitic degree of NOMC-L compared to

NOMC-H shows that the higher amount of DHN employed in the synthesis of the

latter material generated a less graphitic structure, which could correspond to the

disordered carbon species observed by TEM.

When the Raman spectra are deconvoluted after a first order baseline correction, the

presence of two additional peaks centered at 1200 and 1510 cm-1 is observed. They are

respectively attributed to carbon atoms outside a perfectly planar graphite network

(such as aliphatic species) and to five-member rings or heteroatoms integrated in the

graphite sheet [247]. In line with the lower graphitic degree of NOMC-H mentioned

above, the relative contribution of these two bands is slightly higher for NOMC-H

than for NOMC-L.
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Figure 10.3: Schematic structure of the NOMC materials with the indication of
possible N atom configurations: pyridinic (a), graphitic (b-c), pyrrolic
(d) and oxidized pyridinic (e).

Table 10.2: Binding energies (B.E.) and relative amounts of the various N species
in the NOMCs obtained through the N 1s XPS signal.

NOMC-H NOMC-L

Pyridinic N
(398-399.3 eV)

B.E. (eV) 398.0 398.2
Area (%) 33 29
m (wt%) 0.99 1.00

Pyrrolic N
(399.8-401.2 eV)

B.E. (eV) 399.8 399.8
Area (%) 11 16
m (wt%) 0.34 0.55

Graphitic N
(401.1-402.7 eV)

B.E. (eV) 401.0 401.1
Area (%) 48 47
m (wt%) 1.44 1.60

Oxidized pyridinic N
(>402.8 eV)

B.E. (eV) 403.3 403.3
Area (%) 7.4 7.3
m (wt%) 0.22 0.25
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Figure 10.4: N 1s XPS peak deconvolution of NOMC-H (A) and NOMC-L (B).

The NOMCs composition and the N atom configuration are investigated using XPS.

The higher N content of NOMC-L compared to NOMC-H (Table 10.2) is a direct

consequence of the higher aniline to DHN ratio employed in the former. In both

NOMC materials, the measured N contents are lower than the theoretical value.

This is attributed to the partial loss of aniline/polyaniline during pyrolysis. The

electrocatalytic activity of N-doped carbon materials in the oxygen reduction reaction

is associated with the dopant features: the higher electronegativity of N compared

to that of C leads to a polarisation of the C-N bonds into C(δ+)-N(δ-), thus altering

the electronic properties of the carbon material and creating sites for interaction with

O2 [248]. Moreover, the incorporation of nitrogen into the carbon material enhances

its electron-donor properties [249].

Nitrogen can occupy different sites within the graphitic structure of carbon materials

(a-d in Figure 10.3) [226]. Each of these nitrogen bonding configurations can be

characterized based on the position of the N 1s peaks in the XPS spectrum. The N

1s signal can be deconvoluted into four peaks (Figure 10.4), which are assigned to

pyridinic N (398.5 eV, Figure 10.3 a), pyrrolic N (400.5 eV, Figure 10.3 d), graphitic

N (401.1 eV, Figure 10.3 b and c) and oxidised pyridinic N (> 402.8 eV, Figure

10.3 e) [247, 248]. Both graphitic and pyridinic N atoms have been proposed to be

involved in the electrocatalytic activity of N-doped carbon materials in the ORR,

but the exact nature of the active sites is still debated [241, 250, 251]. The NOMC

catalysts synthesized in this work contain graphitic and pyridinic N atoms as the
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two major species, with the former being more abundant, and show similar relative

amounts of each of the N configurations (Table 10.2).

10.3.2 Electrocatalytic performance of the NOMC materials

towards the ORR

The performance of NOMC-H and NOMC-L as electrocatalysts for the ORR is

studied in a three electrode cell set-up in an aqueous 0.1 M KOH solution. Initial

electrochemical analysis is performed by cyclic voltammetry under static conditions

(Figure 10.5). CV curves obtained with both NOMCs show only the capacitive

background of the electrochemical double layer if the electrolyte is saturated with

an inert gas as N2 (dotted curves in Figure 10.5) [252]. When O2 was introduced

in the solution, two reduction peaks appear at -0.24 and -0.84 V vs. Ag/AgCl for

NOMC-L, which are characteristic for a two-step oxygen reduction reaction, with

two electrons being exchanged in each step [242]. When comparing the performance

of NOMC-H with that of NOMC-L, it can be seen that the peaks are slightly shifted

to less negative potentials for NOMC-L, implying a smaller ORR overpotential and

higher activity for NOMC-L compared to NOMC-H.

The increased overall current response of the NOMC-L catalyst in both N2 and O2

saturated media is due to the capacitive current contribution. The higher capacitive

current indicates an increased electrochemical active surface area on the NOMC-L

catalyst. Since the trend in BET surface area between both catalysts is inverse to

this observation (see Table 10.1), a larger amount of active sites per surface area are

available on the NOMC-L catalyst.

The electrocatalytic behaviour of the two NOMCs is further investigated using LSV

measurements at various rotation speeds, which are carried out in an O2-saturated

0.1 M KOH solution in a three electrode cell equipped with a rotating disc electrode.

The kinetics of the reduction process for the two NOMCs were compared to those

of a standard Pt/C electrocatalyst (20 wt% Pt on Vulcan XC 72, Alfa Aesar). In

Figure 10.6 the LSV curves for both NOMC catalysts, the reference material without

DHN and the Pt/C reference are shown using a rotation rate of 2500 rpm. The Pt/C
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Figure 10.5: Cyclic voltammograms of NOMC-H and NOMC-L on a glassy-carbon
RDE electrode in N2 and O2-saturated 0.1 M KOH solution between
0.2 and -1.0 V at a scan rate of 50 mV s-1 .

electrocatalyst exhibits a one-step oxygen reduction pathway with an onset potential

at 0.045 V vs. Ag/AgCl. In contrast, both NOMC electrocatalysts exhibit two

reduction steps with a more negative onset potential, approximately -0.1 V for the

first reduction and -0.6 V for the second reduction. The two NOMC electrocatalysts

have similar yet slightly different onset potentials, indicating that the nature of their

active sites is analogous. This is in agreement with the similar relative amounts of N

atoms in each of the possible configurations in the two materials as mentioned earlier.

NOMC-L produces a higher diffusion-limited current than NOMC-H in both plateaus

(Figure 10.6: -0.5 V and -1.1 V respectively), which is correlated to the difference in

the number of exchanged electrons. The number of transferred electrons in the ORR

over the investigated catalysts was calculated based on the Koutécky-Levich equation.

Following constants for a 0.1 M KOH electrolyte solution are used: CO2 (the bulk

concentration of O2) = 1.2E-6 mol cm-3, ν (kinematic viscosity of the electrolyte) =

0.01cm2 s-1 and DO (diffusion coefficient of O2) = 1.9E-5 cm2 s-1. [253].

K-L plots are generated on the basis of the LSV curves at various rotation speeds
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Figure 10.6: Linear sweep voltammograms of the NOMC electrocatalysts and a
reference Pt/C electrode, recorded in an O2-saturated 0.1 M KOH
solution at a scan rate of 10 mVs-1 and with a rotation speed of 2500
rpm.

(Figure 10.7 a and b). The resulting K-L plots (Figure 10.7 c and d) for the two

NOMC electrocatalysts at various potentials (from -0.25 to -0.4 V vs. Ag/AgCl)

exhibit good linearity and all present very similar slopes, indicating a comparable

reaction mechanism based on the number of electrons transferred in the ORR in that

potential range. The average number of exchanged electrons calculated from the value

of the slope using Equation 3.17 is found to be 2.1-2.4 for the two NOMC materials

in the selected potential range (Figure 10.9). These values are close to 2, indicating

that H2O2 is produced with high selectively on both NOMC electrocatalysts. The

first reaction step over the NOMCs is thus attributed to the reduction of O2 to H2O2,

which is an electrochemical intermediate, whereas the second step is assigned to

the second 2 electron reduction reaction, where H2O2 is further reduced to H2O at

the electrode [254]. A well-defined plateau corresponding to the diffusion-controlled

region is observed for both NOMCs between -0.4 and -0.6 V vs. Ag/AgCl in the
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Figure 10.7: LSV curves for the NOMC electrocatalysts recorded in an O2-saturated
0.1 M KOH solution with a scan rate of 10 mV s-1 at different rotation
speeds (a and b), and the corresponding Koutécky-Levich plots at
different electrode potentials for NOMC-L (c) and NOMC-H (d).
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Figure 10.8: Koutécky-Levich plots of NOMC-L, NOMC-H and Pt/C catalysts at
-0.5 V vs Ag/AgCl. Magenta solid lines indicate the theoretical slopes
for reactions with 2 and 4 transfered electrons.

LSV plots. The presence of this plateau means that the two reduction steps are

clearly separated over these NOMCs (no mixed reactions) [247]. In this chapter, the

goal was to achieve high selectivity towards H2O2; hence the observed 2-electron

exchange process is required. The formation of H2O2 during the LSV measurement

was confirmed by the Merck peroxide test [225]. In Figure 10.8 the Koutécky-Levich

plots of the NOMC catalysts are shown alongside the one of the Pt/C reference

catalyst. The theoretical slopes for a 2 and 4 electron reaction are shown (solid

magenta lines). A clear difference between the NOMC catalysts and Pt/C is observed.

The number of exchanged electrons for the Pt/C catalyst was calculated to be 3.9-4.0,

which demonstrates that the 4-electron reduction of O2 to H2O is the main reaction,

in agreement with literature reports on polycrystalline Pt [105, 255].

Since the electrical conductivity of the catalyst materials can affect their activity,

electrochemical impedance spectroscopy (EIS) is performed directly on the electrodes

to assess this parameter. A two electrode setup is used with a glassy carbon working
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Figure 10.9: Kinetic current density and number of exchanged electrons for NOMC-
H and NOMC-L at the selected potential range where peroxide forma-
tion is the main reaction product.

electrode and Pt gauze counter electrode in 0.1 M KOH. Catalyst inks containing

graphite, NOMC-L and NOMC-H are applied. These conditions are identical to

the ORR activity measurements. Although the graphitic degree of the two NOMC

materials is lower compared to graphite, EIS results from glassy carbon disc electrodes

coated with an ink of NOMC-H, NOMC-L or graphite showed that the electrical

resistance of the electrodes based on the NOMC materials lies in the same range

as that of an electrode based on pure graphite under the employed experimental

conditions (Table 10.3) and is not a limiting factor in the activity and selectivity

assessment.

The activity of the electrocatalysts is evaluated through the kinetic current density in

the mixed kinetics region (-0.25 to -0.4 V vs. Ag/AgCl, see Figure 10.9). NOMC-L

consistently shows a better performance than NOMC-H. For NOMC-L, a Jk of -16.7

mA cm-2 is obtained at -0.35 V vs. Ag/AgCl, which is twice as high as that of NOMC-
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Table 10.3: Electrochemical cell resistance obtained by EIS in a two electrode setup
under identical conditions to the ORR measurements.

R (Ω)

Bare GC
(= electrolyte resistance)

3.24

Graphite ink 0.39
NOMC-L ink 0.29
NOMC-H ink 0.29

H at the same potential (-8.3 mA cm-2). The better electrocatalytic performance of

NOMC-L compared to NOMC-H can be correlated to the physicochemical features of

the two materials. NOMC-L has a higher N content, a higher degree of graphitisation

and a lower micropore volume compared to NOMC-H (Tables 10.1 and 10.2 and Figure

10.2). The higher N content leads to the creation of more active sites, particularly

considering that N is preferentially located at the surface of the material in the

applied synthesis strategy. Graphitic and pyridinic N atoms are the most abundant

configurations in both NOMC materials, in line with the proposed involvement of

these species in the electrocatalytic activity of N-doped carbons [250].

The higher graphitic degree of NOMC-L is expected to lead to an increase in the

electrical conductivity, and thus to promote a higher current density, but also to

improve the durability of the electrocatalyst in the ORR. [254] Finally, it has been

proposed that the ORR mainly occurs in the mesopores of the electrocatalyst,

whereas micropores can be detrimental [256]. Furthermore, the unstructured carbon

species that were observed in larger amounts in NOMC-H could infiltrate into the

mesopores when the catalyst powder is suspended into a solution during the electrode

preparation process, and this could lead to partial blockage of the mesopores thus

hindering the diffusion of the reactant to the active sites. Although the NOMC with

the lower amount of DHN (NOMC-L) displays better electrocatlytic performance,

the use of DHN in the synthesis method is of importance for the ORR activity of the

NOMC. This is demonstrated by preparing an NOMC using only aniline to cover the

pore surface of the SBA-15 template (NOMC-no-DHN). Linear sweep voltammetry
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Table 10.4: Electrocatalytic properties of various N-doped carbon materials for the
ORR in an alkaline electrolyte. All potentials are expressed vs. the
Ag/AgCl reference.

Electrocatalyst Jk n Eonset

(mA cm-2) (V vs. Ag/AgCl)

1 NOMC-H -8.3 @ 0.35 V 2.3 -0.1
2 NOMC-L -16.7 @ 0.35 V 2.3 -0.1
3 NOMC-no-DHN -3.1 @ 0.35 V 2.3 -0.1
4 Ref. graphene [257] -4 @ 0.5 V 2.4 -0.2
5 Ref. N-graphene [257] -4 @ 0.5 V 2.7 -0.2
6 Ref. S-graphene-600 [258] -3 @ 0.3 V 2.5 -0.18
7 Ref. NOMC-750 [105] -7 @ 0.35 V 2.6 -0.1
8 Ref. NOMC-900 [105] -9 @ 0.35 V 3.9 -0.1

(Figure 10.6) showed that the electrocatalytic performance of NOMC-no-DHN was

markedly worse than that of the two NOMCs prepared by using DHN, as evidenced

by the much lower absolute value of kinetic current density (Table 10.4).

The combination of the above results support the initial hypothesis that the relatively

high aromatic degree of DHN can enhance the conductivity of the NOMC material,

which in turn would speed up the electron transfer process and thus improve the

electrocatalytic activity.

Notably, the kinetic current density obtained with NOMC-L is not only superior to

that with NOMC-H and NOMC-no-DHN, but also much higher (in absolute value) to

that found on previously reported N-doped carbon materials and shown in Table 10.4

[105, 257, 258], including the state-of-the-art NOMC electrocatalyst prepared using

a large aromatic dye molecule [105], which was tested under identical conditions and

with the same electrode loading (25 µg catalyst cm-2) as used in this work.

The improved kinetic current over NOMC-L compared to the NOMC from literature

is most likely caused by the higher surface area and the excellent ordering of the

mesopores in NOMC-L, which both lead to an easier diffusion of O2 through the

pores and thus to enhanced accessibility of the active sites. The superior kinetic
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Figure 10.10: Relative current density vs. time plot based on chronoamperometric
measurements of NOMCs at -0.4 V vs. Ag/AgCl in O2-saturated 0.1
M KOH at a rotation speed of 1600 rpm.

current density measured at -0.35 V over NOMC-L is even more remarkable when

considering that at this potential the catalyst promotes a 2-electron reduction step (n

= 2.3), while the best NOMC reported in literature promotes a 4-electron reduction

(n = 3.9, see entry 2 and 8 in Table 10.4). It can be concluded that NOMC-L is

an excellent electrocatalyst for the oxygen reduction reaction to H2O2. The high

selectivity of the synthesized NOMC materials towards the reduction of molecular

oxygen to H2O2 indicates that during the reduction process the O-O bond of the

adsorbed O2 is not weakened to the point of causing its rupture, and the desorption

of H2O2 after the 2-electron reduction is favored over the further reduction to water.

This is an indication that the adsorption of O2 on the surface of the synthesized

NOMCs is weaker compared to Pt, which is known to promote the dissociation of the

O-O bond, thus leading to higher selectivity towards the complete ORR to water.

Finally, the stability of NOMC-L and NOMC-H is tested by chronoamperometric

measurements at a constant potential of -0.4 V vs. Ag/AgCl for 5 h in a 0.1 M
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KOH solution saturated with O2 at a rotation rate of 1600 rpm (Figure 10.10). The

performance loss after 5 h is only 10% for NOMC-L and 12% for NOMC-H. This

is the smallest degree of deactivation reported so far for NOMC electrocatalysts

for the ORR, compared to the 15% decrease after 5 h observed with the optimum

N-doped graphitic carbon material as electrocatalyst reported in literature, and to

the higher deactivation typically observed with standard Pt/C electrocatalysts in

these circumstances [105, 255]. It must be noted that more severe degradations tests

(e.g. potential cycling to simulate fuel-cell start-up conditions) are not performed in

this chapter.

10.4 Conclusions

Metal-free N-doped ordered mesoporous carbon materials with high surface area

and graphitic character were successfully prepared by means of a novel, two-step

nanocasting method, and proved to be outstanding electrocatalysts for the oxygen

reduction reaction towards H2O2. The NOMCs were synthesised with an accessible

method using inexpensive N and C precursors (aniline and DHN), which is an

important advantage towards the potential up-scaling of the fabrication of these

materials. A careful control of the amounts of aniline and DHN and of the synthesis

conditions allowed preparing a material with a high N content (up to 3.4 wt%) and

a well-defined ordered mesoporous framework consisting of interconnected N-doped

carbon rods with uniform size. The best NOMC electrocatalyst achieved a superior

kinetic current density in the ORR compared to previously reported N-doped carbon

materials, and displayed high selectivity for a two-electron reduction process. This

is highly promising for application in a fuel cell that could produce H2O2 while

cogenerating electricity. Importantly, a chronoamperometric test demonstrated that

the optimum NOMC electrocatalyst also displays high long-term stability.
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Chapter 11

Influence of electrodeposited Ag

nanoparticles on the organic halide

reduction

Silver nanoparticles (NP) were deposited on glassy carbon

substrates using a potentiostatic double pulse method in acet-

onitrile. The high amount of control on the NP synthesis was

utilized to investigate the influence of the NP morphology on

the catalytic activity of an organic electrosynthesis reaction.

Different nucleation pulses were applied in chronoamperometry

measurements. Scanning electron microscopy and cyclic voltam-

metry are utilized to assess morphology and activity.✯

✯This chapter is published as a scientific paper: B. Geboes, B. Vanrenterghem, J. Ustarroz,
D. Pauwels, S. Sotiropoulos, A. Hubin, and T. Breugelmans, Influence of the morphology of
electrodeposited nanoparticles on the activity of organic halide reduction, Chemical Engineering
Transactions, 41 (2014)
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11.1 Introduction

Besides transition metal complexes [229] several catalytic surfaces haven been studied

for the direct one-electron reduction of organic halides. Ag, Cu, Au, Pd and Pb

have shown significantly increased reduction activities. Compared to an inert glassy

carbon electrode Ag shows the highest activity increase. This is due to a strong

involvement of the cathode surface in the reaction intermediates [235]. Potential

shifts of up to 500 mV have been reported [228]. Despite this relatively large shift,

the reduction potentials for C-X activation in benzyl chloride remain in the vicinity

of -1.75 V relative to the saturated calomel electrode (SCE).

In this chapter benzyl bromide is used as a model molecule to study the organic

halide reduction. The link between the morphology of the catalyst material and

the electrocatalytic activity is investigated. Therefore silver nanoparticles (NP) are

electrochemically deposited on a glassy carbon substrate with a high amount of

control on their size and distribution using a double pulse potentiostatic procedure.

11.2 Experimental

11.2.1 Formation of Ag nanoparticles through electrodeposition

The silver nanoparticles were deposited on polished glassy carbon planar electrodes.

The polishing procedure consisted out of sequential polishing with 1 µm, 0.3 µm and

0.05 µm alumina powders (Struers). After polishing the electrodes were rinsed with

ultra-pure water (18.2 MΩ cm) and isopropanol respectively under sonication. The

silver planar electrode, used as a benchmark, was polished in an identical way prior to

all experiments. The electrodeposition was carried out in a three-electrode cell with

the planar glassy carbon electrode as working electrode, a platinum sheet as counter

electrode and a saturated Ag/AgCl reference electrode. The electrolyte solution

consisted of 0.1 M LiClO4 (Acros, p.a.) in acetonitrile (BioSolve, HPLC grade)

thermostated at 25 ➦C. The reference electrode was separated by the working electrode

through a salt bridge, preventing chloride or water contamination in the measurement
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medium. Silver ions were provided in the form of AgNO3 (99.9 %, Sigma Aldrich).

All products were used as received. A potentiostatic electrodeposition procedure

was performed using an Autolab potentiostat/galvanostat PGSTAT 302F. A double

potential pulse was applied to the working electrode. A short nucleation pulse at

high overpotential was followed by a longer growth pulse at low overpotential.

11.2.2 Surface and electrochemical characterization of deposited

nanoparticles

The activity of the deposited electrodes towards benzyl bromide reduction was as-

sessed using cyclic voltammetry. A conventional three-electrode cell was used with the

prepared electrodes as working electrode. The same counter and reference electrodes

were used as with the deposition measurements. An acetonitrile based electrolyte

solution was used with 0.1 M tetrabutylammonium perchlorate (Bu4NClO4) (Acros,

99%+ ) thermostated at 25 ➦C and saturated with nitrogen to avoid the influence

of dissolved oxygen. The CV measurements were carried out using the Autolab

PGSTAT 302F potentiostat. The surface morphology of the deposited nanoparticles

was characterized using a Jeol JSM 7000 field emission scanning electron microscope

(FESEM). Beam intensities of 15 keV were used. After the deposition procedure the

GC disk electrodes containing silver NP’s were rinsed in acetonitrile and dried to the

air prior to the SEM measurements.

11.3 Results and discussion

11.3.1 Dual pulse electrodeposition of silver nanoparticles

Cyclic voltammograms were recorded at 50 mV/s in a acetonitrile solution containing

0.1 M LiClO4 + 1 mM AgNO3 on a bare glassy carbon electrode. These measurements

were recorded prior to the double pulse deposition procedure to estimate possible

values of the nucleation potential (En) and growth potential (Eg). Figure 11.1 shows

the resulting first and second scan displaying the characteristic features of diffusion
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Figure 11.1: Cyclic voltammogram at 50 mV s-1 of 1 mM AgNO3 in acetonitrile
+ 0.1 M LiClO4 at glassy carbon electrodes (0.6 mm diameter). The
first two scans are shown, indicating the deposition overpotential.

controlled electrodeposition and stripping. The onset potential of the reduction

peak in the second scan (102 mV) is shifted towards more positive values compared

to scan 1 (-18 mV). This indicates that the energy threshold for Ag deposition on

glassy carbon is higher compared to Ag substrates. The onset of -18 mV in scan 1

determines the critical deposition potential (Ecrit). The nucleation overpotential (ηn)

is defined as the difference between the onset potentials of the first and second scan

and amounts to 120 mV.

Solvent, supporting electrolyte and Ag+ concentration all influence the morphology

of the deposited NP’s. In the potentiostatic double pulse technique four additional

deposition parameters can be used to control NP morphology: nucleation potential

(En), nucleation time (tn), growth potential (Eg) and growth time (tg). Depositions

were performed with different nucleation parameters while Eg was kept constant

at -0.12 V and growth times of 100 s were maintained. The growth kinetics of

Ag particles in aqueous solutions are extremely high and give smaller margins for

controlling particle morphology. The use of acetonitrile as solvent overcomes this

problem as can be concluded from the peak width |Ep – Ep/2| of the reduction
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Table 11.1: Voltammetric parameters for the reduction of 1 mM benzyl bromide in
acetonitrile + 0.1 M Bu4NClO4 obtained with a scan rate of 50 mV/s.

En tn Eg tg Ep Ep/2 α’

(V vs. AgCl) (s) (V vs. AgCl) (s) (V vs. AgCl) (V vs. AgCl)

NP1 -0.6 1 -0.12 100 -1.115 0.11 0.45
NP2 -0.8 1 -0.12 100 -0.964 0.16 0.31
NP3 -0.8 2 -0.12 100 -0.977 0.18 0.26
NP4 -0.8 1.5 -0.12 100 -0.977 0.17 0.29
NP5 -0.4 2 -0.12 100 -1.191 0.1 0.48

waves in the potential region of 0 V to -0.4 V in Figure 11.1 (105 mV and 160 mV

respectively). Especially in scan 2 which is important for the growth pulse, the peak

width is relatively broad. The growth pulse is ideally chosen more positive to the

critical deposition potential and more negative compared to the reversible potential.

Since only small current densities are formed in this potential region a more negative

growth potential of -0.12 V is utilized.

The deposition parameters and calculated voltammetric data of all prepared nano-

particle electrodes are summarized in Table 11.1. The electrodes are later referred to

with their short names given in the first column. The apparent transfer coefficient

α’ is calculated from the peak potential (Ep) and half-wave potential (Ep/2). SEM

micrographs of two glassy carbon electrodes after the deposition procedure are shown

in Figure 11.2. Nucleation potentials of -0.8 V (a) and -0.4 V (b) are used. The

nucleation pulse at higher overpotential results in an average NP size of 76 nm.

Besides some coagulations that are formed, the deposited particles in electrode

NP3 have a good dispersion. A double particle size dispersion is observed in the

micrograph of NP5, synthesized using a nucleation potential of only -0.4 V.

The larger particles in this deposition have a mean size of 116 nm and are significantly

larger compared to NP3. SEM pictures at higher magnification (X 40 000) are shown

for electrodes NP2, NP3 and NP5 in Figure 11.3. The nucleation potential in

deposition NP2 and NP3 is -0.8 V. The average particle size in NP2 is 78 nm and
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(a) NP3 (b) NP5

Figure 11.2: SEM micrographs of the glassy carbon substrate after Ag nanoparticle
deposition with nucleation potentials (En) of -0.8 V (a) and -0.4 V (b).
Other deposition parameters are kept constant: nucleation time (tn)
= 2 s; growth potential (Eg) = -0.12 V and growth time (tg) = 100 s.

(a) NP2 (b) NP3 (c) NP5

Figure 11.3: SEM micrographs of the glassy carbon substrate after Ag deposition
with varying nucleation potentials and nucleation times. (a) En= -0.8
V, tn= 1 s; (b) En = -0.8 V, tn = 2 s and (c) En = -0.4 V, tn = 2 s.

178



11.3 Results and discussion

comparable to NP3. However, the particle density of 811 particles/100 µm2 in

NP3 is significantly higher compared to 501 particles/100 µm2 in NP2. The longer

nucleation pulse of 2 s compared to 1 s is probably the cause for this. Using the

higher magnification it is even more clear that a large size dispersion is formed in

NP5 (Figure 11.3 c ). Besides the larger particles with a mean size of 116 nm much

smaller particles can be observed only several nm in size. The total count of the

larger circular sized particles is only 174 particles/100 µm2. The different En appears

to have a large influence on the morphology.

11.3.2 Benzyl bromide reduction activity

The electrochemical activity towards the benzyl bromide reduction is tested for all

deposited nanoparticles. Cyclic voltammetry is used as fast and accurate measure

for catalytic activity. The potential value of the single reduction wave observed for

organic halide reductions indicates the strength of the catalytic effect. In Figure 11.4

the reduction wave for a bare glassy carbon electrode (full black line) is shown as a

reference for a non-catalytic substrate. The corresponding peak potential is -1.68 V

vs. Ag/AgCl. The planar Ag electrode in Figure 11.4 shows a sharp reduction peak

(dashed blue line) at a much lower overpotential (-1.06 V) and is indicative for its high

catalytic activity towards C-X bond cleavage. In addition, cyclic voltammograms

for NP modified electrodes are shown in Figure 11.4 with En = -0.4 V (NP5), En =

-0.6 V (NP1) and En = - 0.8 V (NP3). Electrode NP5 has a 131 mV lower reduction

potential compared to bulk Ag. This lower catalytic activity despite the presence of

small particles in the nm range (see Figure 11.3 c) indicates no particle size effect

is at play. The higher nucleation potential used in NP1 does not result in a dual

particle size dispersion and further increases the benzyl bromide reduction potential

to 55 mV below bulk Ag. The incremental effect of the higher nucleation potential

even amounts to an increase in reduction potential of 83 mV for NP 3 compared to

bulk Ag.

The lower reduction peak densities for all NP electrodes is probably due to an

overestimation of the active surface area. Current densities here are determined in

respect to the geometric surface area of the electrode which is not fully covered with
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Figure 11.4: Cyclic voltammograms of 1 mM benzyl bromide in CH3CN + 0.1 M
Bu4NClO4 at µ = 50 mV/s. CV curves obtained at bulk electrodes
(GC and Ag) and NP deposited electrodes.

nanoparticles. NP coverage determined with SEM ranges between 7 % and 15 % in

all measured depositions. However SEM only measures the projected particle area

thus these values cannot be used as a correction factor for active surface area.

The influence of nucleation time (tn) on catalytic activity is visualized in Figure 11.5.

Three depositions with identical nucleation potential (-0.8 V) and growth parameters

are shown. Reduction potentials are very similar for the three electrodes (see Table

11.1). Particle size and shape are determined by En thus similar catalytic activity

between these depositions is to be expected. The apparent increase in reduction peak

current density with nucleation time clearly stands out from Figure 11.5. The higher

peak current density of NP3 ( -0.65 mA/cm2 ) compared to NP2 ( -0.32 mA/cm2 ) in

first instance would be explained by a different reactant concentration. However, an

identical amount of benzyl bromide (1mM) was used in all curves. Since the particle

coverage of all three curves is in the same order of magnitude, a microelectrode

approximation on completely isolated NP’s is unlikely. The higher particle density

of the NP3 electrode measured earlier using SEM analysis corresponds to a larger

electrochemical active surface area. The increase in peak current density of NP3 in
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Figure 11.5: Cyclic voltammograms of 1 mM benzyl bromide in CH3CN + 0.1 M
Bu4NClO4 at µ = 50 mV/s. CV curves obtained at NP depositions
using different nucleation times.

respect to NP2 is in the same order of magnitude as their respective particle coverage

of 811 particles/100 µm2 and 501 particles/100 µm2 respectively. A higher capacitive

current contribution due to an increase in surface area therefore seems to be the

most logical explanation.

To exclude the possibility that the shift in reduction potential of NP3 relative to the

planar Ag electrode of 83 mV is due to an altered reaction mechanism two indications

are investigated. First the benzyl bromide reduction wave is measured at multiple

scan rates between 50 mV/s and 1 V/s. A good correlation (R2 = 0.9913 - not shown

here) is found between peak potential and the square root of the scan rate. The

benzyl bromide reduction is thus characterized as a process of diffusive nature [259].

Second the apparent transfer coefficient (α’) of the NP3 electrode was found to be

0.26. This is an indication of a concerted reaction mechanism in compliance with

the mechanism reported on bulk Ag.
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11.4 Conclusions

Silver nanoparticles have been deposited on glassy carbon substrates using a poten-

tiostatic dual pulse method in acetonitrile containing 1 mM AgNO3 + 0.1 M LiClO4.

The nature of the nanoclusters was tuned by changing nucleation parameters. Longer

nucleation pulses increased particle coverage and resulted in proportionally higher

benzyl bromide reduction current densities.

Nucleation pulses at low overpotential (- 0.4 V), applied during chronoamperometry

resulted in average particle sizes of 116 nm. High overpotential pulses of -0.8 V

produced NP’s with sizes as low as 76 nm. A proportional correlation between

nucleation pulse overpotential and benzyl bromide reduction activity was determined.

Peak potentials of the prepared NP’s with nucleation pulses of high overpotential (-0.8

V) revealed even a positive shift of 83 mV compared to a bulk Ag disk electrode.

There appeared to be no indication of an altered reaction mechanism since the benzyl

bromide reduction wave was characterized as a process of diffusive nature and the

calculated apparent transfer coefficients (α’) of the NP electrodes varied around

0.3. This is an indication of a concerted reaction mechanism in compliance with the

mechanism reported on bulk Ag.
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Chapter 12

Conclusions and outlook

The final chapter of this doctoral dissertation concludes

the scientific results of the investigated case studies. The

structure-reactivity relationships of the various synthesized

electrocatalysts are evaluated. Finally, perspectives for fu-

ture research are presented based on remaining hiatuses.
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12.1 Conclusions

Although a variety of activity enhancement strategies is used in electrocatalysis, the

lack of a general theoretical model impedes activity prediction of catalyst materials.

The large amount of possible intermediate reaction and adsorption steps in complex

electrocatalytic systems prevents the development of such a model using the knowledge

and resources available today. Therefore, the focus in this work was on the gathering

and interpretation of experimental results.

It is for instance known that the energy level of the catalyst d-band center influences

electrocatalytic activity. The electronic level of the catalyst can be shifted by

the solvent, applied potential and morphological changes. The latter is of great

importance in experimental electrocatalytic studies and can be a guide for selecting

candidate catalyst materials. The aim of this work thus was to develop an innovative

measurement approach to contribute to the elucidation of a variety of electrocatalytic

activity enhancement strategies. Two scientifically and economically relevant case

studies were selected for this goal: (i) the oxygen reduction reaction on Pt based

fuel cell electrocatalysts and (ii) heterogeneous electrosynthesis reactions (peroxide

formation and benzyl bromide reduction).

12.1.1 Design of novel Pt based fuel cell electrocatalysts

A two-step synthesis procedure was applied in chapters 5 and 6 to obtain core-shell

nanoparticles. First, mono-metallic NP’s were synthesized using impregnation and

electrodeposition respectively. Second, galvanic displacement with a Pt precursor

furnished the NP’s with a Pt shell. Both alloyed bimetallic electrocatalysts displayed

augmented ORR activity compared to pure Pt and proved to be good candidates as

fuel cell catalysts.

The ligand effect-modification of the Cu core metal on the available Pt surface clearly

contributed to the activity enhancement. Results showed that the surface based

catalytic activity of the Pt@Cu core-shell catalyst increased 56% compared to a

commercial Pt reference catalyst. Despite this, only a moderate increase (19%)
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in mass-based activity was observed. Here, the importance of preventing catalyst

agglomeration was portrayed. Both a lower EASA and lower surface availability

of Pt in the core-shell catalyst were caused by the tendency to form aggregates.

Since mass based activity is the prime performance parameter for fuel cell catalysts,

agglomeration could be prevented in chapter 6 and onwards by using electrodeposition

to make the initial core NP’s.

Electrodeposition is an interesting catalyst synthesis technique due to the substantial

amount of control one can administer on the morphology of the deposits, as evidenced

in chapter 6. The kinetics of the Ni deposition were greatly augmented by changing

the Ni precursor from the nitrate to the sulfamate salt. Such a strategy can be applied

to any type of electrodeposition procedure, given the right counter ion is found. The

advantage of smaller NP’s with a smoother surface that could be deposited was readily

implemented in the galvanic displacement. Where the displacement kinetics were

not easily controlled on the nitrate deposited NP’s, this improved on the sulfamate

deposits. An elaborate parameter study of the Ni-Pt galvanic displacement revealed

the importance of environmental properties such as pH, mass transport, Pt precursor

and temperature.

In the literature review of this work it has been shown that besides alloying, also

tuning the morphology of catalysts on the nanoscale is effective to increase specific

activity (section 1.3.1 and 1.3.2). In addition, the active surface area (EASA, Rf and

RRGA) can be significantly increased. The effect of the electrodeposition parameters

on the surface area magnitudes was the subject of chapter 7. Pt nanostructures were

directly deposited on a smooth glassy carbon substrate using double pulse electrode-

position under diffusion control. The nucleation potential manifested itself as the

main influence on particle nanoporosity. Using a well-defined set of experimental

parameters, nanostructures with an average diameter in the 100 nm range containing

2 nm pores protruding until the center could be synthesized. Physical characteriza-

tion of the surface area of the as-deposited structures requires the resolution only

transmission electron microscopy (TEM) can deliver. However, as highly potent the

technique may be, TEM is inherently only capable of conveying two-dimensional

images. Therefore, electron tomography was used in this chapter to incorporate

TEM capabilities in three-dimensional images of the studied catalysts. The surface
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area extrapolated from tomography results and the electrochemical surface area

from H UPD measurements appeared to correlate within a 15 % deviation. To

the best of our knowledge this methodology was never described in literature for

catalysis applications. The surface area that could be attained with the dendritic

structures even appeared to compete with commercial carbon supported catalysts.

This essential conclusion could pave the way towards support-less fuel cell catalysts.

Avoiding the stability issues related to the carbon supports used in current-day fuel

cells is imperative to reach stability targets for fuel cell commercialization.

The most promising dendritic nanostructure that was synthesized with the prior

methodology was subjected to the investigation of its ORR kinetics in chapter 8. As

reference catalysts a nanostructure with lower porosity but similar diameter and a

commercial carbon supported Pt catalyst were used. Based on the comparison of

the catalyst surface from tomography and electrochemistry it could be derived that

the active sites throughout the pores of the nanostructures are accessible for oxygen

species. A discrepancy between the surface based activity of the high and low porosity

catalysts was observed. We here propose either the presence of low-coordinated

sites or a lattice effect enhancement that is at play in dendritic structures exhibiting

nanoporosity.

The stability of the nanoporous catalysts was evaluated using a harsh, accelerated

degradation test based on potential cycling. The active surface area (EASA) of the

highly porous catalyst dropped with 80 % after 2000 cycles, compared to 50 % for

the low porosity catalyst. The collapse of the nanopores which was proposed as the

cause, could be visualized from the tomography results. Here it was interesting to

see that the initial porosity of ca. 25 % from the highly porous nanoparticles already

dropped to the same value as the low porosity particles (5 %) after 600 cycles. There

appears to be a stable porosity value for Pt nanostructures which is only caused by

surface roughness and not by internal porosity on the nanoscale. The low surface

energy of these structures could be the driving force for this reorganization.
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12.1.2 Application of nanostructured catalysts in electrosynthesis

reactions

In chapter 10 the initial steps were taken to implement fuel cell type electrocatalysts in

an electrosynthetic reaction. The choice for hydrogen peroxide formation results from

the gathered knowledge on the oxygen reduction reaction in the previous chapters.

As discussed in the literature review (section 4.1), a possible intermediate species in

the ORR mechanism is hydrogen peroxide. Obtaining high selectivity towards this

two-electron reduction was done by applying an unconventional metal-free catalyst

material: nitrogen doped mesoporous carbon (NOMC). The nanocasting synthesis

method was tweaked in a way that only inexpensive N and C precursors (aniline

and DHN) were used. A well-defined ordered mesoporous framework consisting of

interconnected N-doped carbon rods with uniform size and a high N content (up to

3.4 wt%) was obtained.

All the NOMC electrocatalysts already displayed high hydrogen peroxide selectivity

at low overpotentials. In addition, superior kinetic current density was achieved

compared to previously reported N-doped carbon materials. Also, the long term

stability of the best NOMC electrocatalyst was demonstrated not to be an issue

for practical implementation based on chronoamperometric degradation tests. The

combination of three essential catalyst properties (activity, selectivity and stability)

proves that the electrosynthetic production of H2O2 is feasible. The application of

this reaction in a fuel cell type reactor would facilitate industrial implementation

since a vast amount of knowhow is available from PEMFC applications.

The final step away from a fuel cell setup and towards an organic electrosynthesis

reaction is taken in chapter 11, where the benzylbromide reduction is studied. Several

adaptations to the measuring methodology were applied to cope with the organic

reagents. An aprotic non aqueous solvent (acetonitrile) was necessary to dissolve

benzylbromide. This choice also affected the applied supporting electrolyte, reference

electrode and instrumentation.

Silver has a high adsorption affinity towards halogen atoms and is therefore known

as a good catalyst for C-X bond breaking. Initial measurements with polished metal
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disk electrodes confirmed the superior activity of Ag and lead to the development of

catalyst morphology rather than material. The electrodeposition of Ag nanoparticles

appeared much easier to control in a non-aqueous solution due to diminished depos-

ition kinetics. The use of acetonitrile also ensured the compatibility of the NP’s with

the reaction environment. The nucleation parameters (potential and time) by far had

the largest influence on NP morphology. Longer nucleation pulses increased particle

coverage and resulted in proportionally higher benzyl bromide reduction current

densities. Varying the nucleation potential on the other hand had an influence on the

particle diameter. Varying these two morphological parameters almost independently

is undoubtedly one of the main advantages of double pulse electrodepostion used in

this work.

A proportional correlation between nucleation pulse overpotential and benzyl bromide

reduction activity was determined. A reduction potential shift for NP’s with high

overpotential nucleation pulses even revealed a higher activity than the reference bulk

Ag catalyst. There appeared to be no indication of a deviation from the concerted

reaction mechanism since the benzyl bromide reduction wave was characterized as a

process of diffusive nature and no change in apparent transfer coefficient occurred.

The conclusions on the investigated case studies in the previous sections could

only be derived by the combination of both surface analysis and electrochemical

techniques. The catalyst screening using an accurate and comprehensive technique

such as RDE linear sweep voltammetry instead of indicative fluorescent or fixed

potential techniques, made mechanistic information accessible in addition to the

catalyst activity. Microscopic and spectroscopic surface analysis techniques such as

electron microscopy, XPS and XRD complemented the electrochemical observations.

The innovation of relating the microscopic electron tomography results to macroscopic

electrochemical LSV and CV measurements proved successful. The developed fast

screening reactor (FSR) facilitated the large amount of electrochemical measurements,

consequential to the elaborate experimental design, while guarding the validity of

the experiments.

In general, we successfully applied an innovative measurement approach

in this work to describe and partially elucidate several activity enhance-
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ment strategies that were induced through modifying and combining ex-

isting electrocatalyst synthesis techniques. The case specific combination

of measurement techniques in the proposed approach proved adequate to

derive valuable experimental information.

12.2 Perspectives for future research

Although deeper insights in electrocatalytic activity enhancement mechanisms require

thorough experimental studies, certain hiatuses are impossible to fill. Integration of

different methods of modern computational chemistry in experimental electrocatalysis

studies is imperative. The determination of binding energies from first principles

electronic structure calculations based on density functional theory have proven a

valuable addition to experimental studies. The ligand and strain effects described

experimentally in this work could be further elucidated using such a combined

theory-experiment methodology.

While HAADF-STEM and electron tomography were used in the characterization

of the dendritic Pt nanostructures, this technique was not available at the time

when the core-shell electrocatalysts were studied. When catalyst morphology is of

concern, future studies could greatly benefit from the imaging strength of the latter

techniques. The undisputed characterization of a core-shell structure at a scale of

only a few nanometer remains difficult to date. Implementation of EDX or EELS

with sub-nanometer resolution in electron tomography is possible in the current

state-of-the-art [260, 261] and could solve this issue to result in new insights towards

the activity enhancement effects in future studies.

The observed collapse of the pores in the Pt nanostructures indicates that even though

an activity enhancement strategy is successful, its long term stability eventually

determines the practical applicability. It is thus worthwhile to study procedures to

stabilize the catalyst morphology. A readily available technique is the partial alloying

of the structures which could cause an additional activity enhancement through a

ligand effect. Galvanic displacement as used in this work would not be feasible to
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incorporate less-noble metals, thus a codeposition procedure [262] is proposed to

simultaneously grow the Pt structures with the alloy metal.

More advanced catalyst synthesis techniques, as performed in part II, can be im-

plemented in future studies of electrosynthetic reactions. Especially for the benzyl

bromide reduction case study this is relevant. Despite several reports in literature of

unsupported mono- or bi-metallic nanocatalysts [169, 232, 238, 263], no core-shell

particles or nanostructures with advanced morphology have been reported to date.

In addition, all reports determine catalytic activity through the potential shift of

the reduction peak in cyclic voltammetry. Although a powerful technique for initial

characterization, extracting quantitative data is troublesome due to the underlying

capacitive contribution to the current signal. Preliminary tests we performed showed

that no RDE-LSV methodology could be used to assess activity due to the lack of a

diffusion plateau. Based on the strong solvent effect in organic bromide reduction

[259] we propose to expand the RDE-LSV methodology from the commonly used

aprotic acetonitrile to alternatives such as dimethylformamide, methanol or dimethyl

sulfoxide.

It would be of great practical interest to apply an electrocatalytic methodology on

more complex carbon-halogen cleavage reactions. Processes where recombination of

the broken bond results in more complex reaction product are especially interesting

as these provide a high added value. A perfect example are intramolecular cyclization

reactions. The aforementioned electrosynthetic concepts are currently implemented

in the doctoral work of Bart Vanrenterghem and have already lead to promising

initial results [163].

To conclude, the possibilities in the relatively new subject of organic electrosynthesis

are legion. Improvements to the electrocatalytic activity could contribute to a new

environmentally friendly production of chemicals.
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Koutechý-Levich plot obtained at the diffusion plateau of Pt/C and

Pt-Cu/C at 0.2 V and 0.1 V respectively. . . . . . . . . . . . . . . . 74
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[79] F. Welsch, K. Stöwe, W. Maier, Rapid optical screening technology for direct

methanol fuel cell (DMFC) anode and related electrocatalysts, Catalysis Today

159 (2011) 108–119.

[80] G. Chen, D. Delafuente, S. Sarangapani, T. E. Mallouk, Combinatorial dis-

covery of bifunctional oxygen reduction — water oxidation electrocatalysts for

regenerative fuel cells, Catalysis Today 67 (2001) 341–355.

[81] B. Geboes, I. Mintsouli, B. Wouters, J. Georgieva, A. Kakaroglou, S. Sotiro-

poulos, E. Valova, S. Armyanov, A. Hubin, T. Breugelmans, Surface and

electrochemical characterisation of a Pt-Cu/C nano-structured electrocatalyst,

prepared by galvanic displacement, Applied Catalysis B: Environmental 150-151

(2014) 249–256.

[82] B. Geboes, J. Ustarroz, K. Sentosun, H. Vanrompay, A. Hubin, B. Sara,

T. Breugelmans, Electrochemical behavior of electrodeposited nanoporous

pt catalysts for the oxygen reduction reaction, ACS Catalysis Under Review

(2016) 1–27.

[83] B. R. Knappett, P. Abdulkin, E. Ringe, D. A. Jefferson, S. Lozano-Perez,

T. C. Rojas, A. Fernández, A. E. H. Wheatley, Characterisation of Co@Fe3O4

core@shell nanoparticles using advanced electron microscopy, Nanoscale 5

(2013) 5765–72.

[84] F. Calle-vallejo, P. Sautet, D. Loffreda, Understanding adsorption-induced

effects on platinum nanoparticles: An energy-decomposition analysis, The

Journal of Physical Chemistry Letters 5 (2014) 3120–3124.

213



Bibliography

[85] W. B. Schneider, A. a. Auer, Constant chemical potential approach for quantum

chemical calculations in electrocatalysis, Beilstein Journal of Nanotechnology

5 (2014) 668–676.

[86] B. H. Solis, S. Hammes-Schiffer, Proton-coupled electron transfer in molecu-

lar electrocatalysis: Theoretical methods and design principles, Inorganic

Chemistry 53 (2014) 6427–6443.

[87] A. Wieckowski, E. R. Sanvinova, G. Vayenas, Constantinos, Catalysis and

Electrocatalysis at Nanoparticle Surfaces, MarceSpringer, Inc., 2003.

[88] H. Wroblowa, Y. Pan, G. Razumney, Electroreduction of oxygen - new mech-

anistic criterion, Journal of Electroanalytical Chemistry 69 (1976) 195–201.

[89] J. Rossmeisl, G. Karlberg, T. F. Jaramillo, J. K. Nørskov, Steady state oxygen

reduction and cyclic voltammetry, Faraday Discussions 140 (2008) 337–346.

[90] V. P. Zhdanov, B. Kasemo, Kinetics of electrochemical O2 reduction on Pt,

Electrochemistry Communications 8 (2006) 1132–1136.
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Carrillo, E. a. Reynoso-Soto, S. Pérez-Sicairos, S. W. Lin, F. Paraguay-Delgado,
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électrochimiques complexes, Actes du 23ieme Forum sur les Impédances Elec-

trochimiques, Paris, France (November 2011)

4. J. Hereijgers, B. Geboes, B. Wouters, N. De Meirleir, W. De Malsche, T.

Breugelmans, Controlling the droplet size in a new microreactor to enhance

the conversion in multiphase reations, 12th international conference on micro

reaction technology, Lyon, France (February 2012)

5. T. Breugelmans, B. Geboes, H. Van Parys, B. Wouters, A. Hubin, Development

of a fast screening methodology for electrocatalysts in a new reactor design,

10th ISE Spring meeting: New approaches to nanostructuring electrodes for

electroanalysis and energy storage, Perth, Australia (April 2012)

239



Personal information

6. E. Van Aert, K. Baert, D. Pauwels, B. Geboes, T. Breugelmans, A. Hubin, Des
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