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Abstract 

Atomic-level understanding of the degradation of platinum (Pt) materials is important for rational design 

of nanoscopic Pt electrocatalysts for fuel cells.  Studies employing Pt monocrystalline (single crystal) 

electrodes can lead to the understanding of atomic-level degradation.  Electrochemistry studies on 

monocrystalline electrodes require well-ordered and highly reproducible surfaces.  Therefore, it is of vital 

importance to understand, optimize, and control each step of single-crystal growth, orientation, and final 

preparation in order to obtain accurate and reproducible experimental results.  Firstly, in-three parts, we 

report on the development of experimental methodology that allow one to prepare Pt single crystal 

surfaces and acquire cyclic voltammetry (CV) profiles for hemispherical Pt(111), Pt(110), and Pt(100) as 

well as polyoriented monocrystalline Pt (Pt(spherical)) electrodes. Then, we report on the dissolution and 

structural transformation of Pt(spherical) electrode in 0.50 M aqueous H2SO4 upon potential cycling in the 

surface oxide formation-reduction region.  The potential cycling is performed in the lower potential (EL) – 

upper potential (EU) range (EL = 0.07 V and 0.90 ≤ EU ≤ 1.50 V) to correlate dissolution and morphology 

data to EU.  The amount of dissolved Pt is monitored using flow injection coupled to inductively coupled 

plasma mass spectrometry (ICPMS) and structural changes, which modify cyclic voltammetry profiles, 

are examined using scanning electron microscopy (SEM).  In the case of EU ≤ 1.20 V, there is minor 

dissolution of the (100) and (110) facets, while the (111) one remains stable.  In the case of EU ≥ 1.30 V, 

all facets undergo significant dissolution.  Changes in the surface morphology of Pt(spherical) upon 

repetitive potential cycling in the 0.07–1.50 V range were examined in relation to the number of transients 

(1 ≤ n ≤ 30000).  The SEM images reveal the (111) facet develops pits, the (100) facet uniformly 

distributed hillocks (pyramids), and the (110) facet columns.  We report structural changes for twenty-five 

basal, stepped, and kinked facets.  Their analysis demonstrates that the (531) facet is the least roughened, 

thus the most stable.  The original results reported in this article represent a major contribution to the 

current understanding of the interfacial electrochemistry and electrocatalysis of Pt materials. 
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Chapter 1 Introduction and Background 

1.1 Overview 

 

The energy consumption and energy security have an enormous influence on the world’s 

economy, power production requirements, and quality of life [1].  Figure 1.1 shows the past, 

current and predicted world’s energy usage and the related CO2 emissions trends [2].  As shown 

in Figure 1.1a, the energy consumption grows every year and, consequently, the demand for fuels 

(energy carriers) also increases.  

 

 

 

Figure 1.1 Past, current and predicted world’s energy usage and the related CO2 emissions trends 

presented as (a) worldwide fossil fuel consumption per year between 2012 and 2040, and (b) CO2 

emissions per year between 2012 and 2040 (reproduced from [2]). 
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Further, since the non-renewable fossil fuel-based energy carriers in the form of liquid (petrol, 

diesel etc.), natural gas and coal meet the energy consumption, these fuels have an adverse impact 

on the environment due to greenhouse gas emissions (CO2 emission).  As shown in Figure 1.1b, 

the energy consumption grows every year and, as expected, the CO2 emissions also increase.  

Therefore, the future global energy scenario not only faces challenges due to gradually and 

continuously depleting fossil fuels, but also requires mitigation of the corresponding 

environmental impact.  

 

 

 

Figure 1.2 Summary of the hydrogen economy.  The upper semicircle presents the various means 

of hydrogen production and the lower semicircle shows the uses of hydrogen (reproduced from 

[3]). 

 

This problem has accelerated global efforts focused on the development of green energy 

technologies that are renewable, non-polluting and offer a viable alternative to the existing fossil 
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fuel-based energy carriers [3].  Hydrogen, a carbon-free “fuel”, is identified as an alternative 

energy carrier for the next generation personal and public mobility, commercial transport of 

goods, and sustainable development [3].  Figure 1.2 shows the various technologies (production 

means) that can supply hydrogen and the technologies that use hydrogen, such as transportation, 

construction (annotated as building in the diagram), and various industries [3].  As shown in the 

diagram, hydrogen can be derived from various sources including fossil fuels, renewable energy 

sources, and produced employing nuclear energy.  In fuel cells, hydrogen combines 

electrochemically with oxygen to form water and generates electrical and thermal energies [4,5].  

Fuel cells can be used to power numerous devices ranging from portable computers and cellular 

phones to automobiles and to buildings.  Therefore, development of the fuel cell technology is a 

key factor that can stimulate the transition from fossil fuel-based global economy to a hydrogen-

based one. 

 

1.2 Fuel Cell Vehicles (FCVs) 

 

In the case of the transportation sector, hydrogen-based polymer electrolyte membrane fuel cell 

vehicles (FCVs) are considered as an alternative to the fossil fuel-based internal combustion 

engine vehicles [4].  The most obvious benefit of FCVs over typical internal combustion engine 

vehicles (ICEVs) is that FCVs are efficient and produces no green-house gases or other harmful 

emissions (NOx, nitrogen oxides).  Specifically, polymer electrolyte membrane fuel cells 

(PEMFCs) operate at low temperatures (T < 80 °C is defined as low in the PEMFC technology) 

with higher power density and the characteristics of PEMFCs satisfy the volume and weight 

needs for the automotive applications in the sense that they should not occupy more space or be 

heavier than typical internal combustion engines [4].  Therefore, automobile manufacturers such 
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as Toyota, Honda, Nissan, Hyundai, Mercedes, Volkswagen and others have recently introduced 

their FCVs on the marketplace, and others are set to begin commercialization soon.  Although 

there have been intense efforts involved in the commercialization of FCVs, the main factors 

which hinder the market penetration are their high cost (related to the Pt loading) and durability, 

and the unavailability of hydrogen fueling stations.   

 

 

 

Figure 1.3 (a) A top view of a FCV (Toyota’s Mirai) without the body panel showing the 

components that are necessary to ensure the electrical energy supply for the electric motor and (b) 

a pie diagram showing the cost breakdown of the components in the FCVs for 80 kW automotive 

vehicles (reproduced from [4]). 
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Figure 1.4 Schematics of the anatomy of the fuel cell stack and the cost break down of its vital 

components.  (a) A fuel cell stack showing individual fuel cell assembled in a modular way; (b) a 

schematic representation of single fuel cell operation (c) a schematic representation of carbon 

supported Pt nanoparticle (d) a pie diagram showing the cost breakdown of the components in 

fuel cell stack (reproduced from [4]).   
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Therefore, these key issues need to be addressed in order to increase the market share of FCVs in 

the commercial vehicle sector.  Cost reduction will increase the market size of FCVs in the 

transportation sector.  Figure 1.3a presents the inside view of a typical fuel cell car consisting of 

multiple components that are necessary to ensure the electrical energy supply for the electric 

motor.  Figure 1.3b presents t he  FCV cost breakdown of individual system components 

responsible for the operation of the fuel cell car [4].  As shown in the pie-diagram, the fuel cell 

stack cost accounts for about 50% of all overall  FCVs system cost.  Therefore, development 

of low-cost fuel cell stacks will play a major role in the overall cost reduction.  A fuel cell stack is 

made of several single fuel cells in a modular way.  The total number of individual fuel cells in 

the stack determines the overall energy output by the stack.  Figure 1.4a presents a fuel cell stack 

which consists of several individual fuel cells.  Each fuel cell act as an electrochemical reactor.  

Figure 1.4b presents schematics of a fuel cell where hydrogen and oxygen are transformed in a 

low temperature (30 – 100°C) electrochemical process to produce water.  The hydrogen oxidation 

reaction (HOR) takes place at the anode, while the oxygen reduction reaction (ORR) occurs at the 

cathode.  Importantly, these electrochemical reactions occur on the surface of carbon-supported Pt 

nanoparticles dispersed in the catalyst layer.  Figure 1.4c shows the platinum nanoparticle 

dispersed in the carbon black.  Although the thickness of catalyst layers (CL) is of the order of ca. 

10 m, the size of carbon-supported Pt is of the order of 40 nm and the individual Pt particle size 

is of the order of a few nanometers (~3 nm).  Figure 1.4d presents a pie diagram showing the 

breakdown of the single fuel cell cost produced on a mass scale.  Among fuel cell components, 

the CLs account for a large portion of the total cost of the fuel cell due to the presence of 

expensive Pt nanoparticles.  Importantly, the rate of the ORR is ca. six orders of magnitude slower 

than that of the HOR, which restricts the overall efficiency of fuel cells.  Therefore, the platinum 

loading in the cathode is significantly higher in order to compensate for the low rate of the ORR 

the efficiency loss (i.e., Pt loading in the cathode of ca. 0.4 mgPt cm-2 is eight times the platinum 
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loading in the anode, ca. 0.05 mgPt cm-2).  High Pt loading in the cathode is one of the primary 

reason for the excessive price of FCV. Thus, in order to reduce the price and improve the market 

penetration of FCVs, it is of great importance to reduce the Pt loading in the fuel cell cathode 

without sacrificing the performance.   

 

1.3 Rational Catalyst Design for Fuel Cells 

 

Vital factors that determine the design criteria in the synthesis of Pt nanocatalysts are their size and 

shape.  Therefore, one could optimize the electrocatalytic performance of the Pt nanoparticle by 

tuning the particle size and the shape.  The effect of size and shape of Pt nanoparticle on 

electrocatalytic performance has been studied extensively [5-8].  The graph in Figure 1.5 shows 

the ORR specific activity (open blue diamond) and mass activity (open red square) of Pt/C (TKK 

(TEC10E50E, 46.7 wt %)) with respect to various particle size in the range of 1–5 nm [5].  As 

shown in the graph, the ORR mass activity increases (by 2-fold) from 1.3 nm to 2.2 nm and the 

ORR mass activity decreases as the particle size further increases from 2.2 nm to 5 nm [5,6].  On 

the other hand, the specific activity increases rapidly by 4-fold as the particle grows to 2.2 nm and 

then slowly as particle size further increases.  These studies can lead to the size optimization of Pt 

nanoparticle for fuel cell application [5,6].  
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Figure 1.5 Size dependence of specific activity (blue diamond) and mass activity (red square) of 

Pt/C (TKK (TEC10E50E, 46.7 wt %)) for oxygen reduction reaction at 0.93 V (reproduced from 

[5]). 

 

As mentioned, the shape of the nanoparticle plays a major role in determining its catalytic 

properties [5].  The shape of the nanoparticle is determined by the surface structure of its facets.  

Figure 1.6a presents a infographics showing the various basal and stepped surface of the 

stereographic triangle for the fcc single-crystal planes and their analogs polyhedra shape (oriented 

nanocrystals in our case) bounded by corresponding surfaces.  Preferentially oriented nanoparticle 

bounded by basal planes, i.e., cube by (100), octahedron by (111), and rhombic dodecahedron by 

(110), are situated at the three vertexes.  Other oriented nanocrystals bounded by stepped surface 
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facets are situated in the edges of the triangle: i.e. tetrahexahedra shaped nanoparticles are situated 

along the {hk0} edge, trapezohedra shaped nanoparticles are situated along the {hkk} edge, and 

trisoctahedra shaped nanoparticles are situated along the {hhl} edge.  Figure 1.6b shows a typical 

Pt spherical nanoparticle containing various surface structures including (1 0 0), (1 1 0), and (1 1 

1). 

 

 

 

Figure 1.6 Schematics showing the relation between the orientation of the particle and its 

predominant facets.  (a) the various stepped surface along the fcc stereographic triangle and the 

crystal shape where the corresponding facet is predominant.  (b) a spherical particle showing the 

three-basal plane domain in the sphere.  
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In this regard, the experiments conducted with the use of defined surface structure (single crystal 

electrodes) are important for the establishment of relationships between reactivity and shape of 

electrode materials.  Knowledge gained through such studies can lead to the design of the most 

active nanocatalysts for fuel cell application [8]. 

 

 

 

Figure 1.7 Schematics showing the relation between the oxygen reduction reaction (ORR) 

activity and the surface structure of Pt electrocatalysts (reproduced from [6,7]). 

 

Figure 1.7 presents the dependence of the oxygen reduction reaction (ORR) activity on the 

surface structure of Pt electrocatalysts; it reveals the most active catalyst for the ORR.  As shown 

in Figure 1.7, Feliu and co-workers systematically studied the structural effects of high-index Pt 

surfaces and concluded that the ORR activity was highly dependent on the orientation of the steps 

and terraces on the surfaces [6,7].  They found that the activity increased with the increase of step 
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density (or the decrease of terrace width) on high-index planes, except for the (110) – (111) zone; 

all the data refer to aqueous acidic electrolyte solutions.  In accordance with single crystal studies, 

nanoparticles with the (111) facets (octahedron shaped nanoparticle) show 36 times higher mass 

activity and 22 times higher specific activity than those of commercial Pt/C electrocatalysts [8].  

It is important to mention that in addition to the electrocatalytic activity, the stability of Pt 

electrocatalyst determines the overall performance of the fuel cell.  Although Pt is considered a 

noble metal, it still degrades when it is exposed to very aggressive environments and experiences 

high anodic potentials.  During operation, the cathode potential varies between 1.0 V and 0.6 V 

(idle-to-peak power operation transients) and can reach potentials as high as 1.5 V during 

startup/shutdown cycles.  Platinum dissolution is one of the primary mechanisms of fuel cell 

catalyst degradation and is responsible for the loss of the electrochemically active surface area 

(ECSA).  Figure 1.8 presents a plot of the ECSA loss, the amount of Pt dissolved, and the 

structural changes occurred during the accelerated degradation tests in cathode operating 

condition (data adapted from [9, 10]).  
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Figure 1.8 The percentage of electrochemical surface area (ECSA) loss (Y1 axis shown in blue 

color) and the amount of Pt dissolved (Y2 axis shown in red color) as a function of the number of 

potential cycles measured during accelerated degradation tests in cathode operating condition.  

The inset shows TEM images of structural changes occurred in the nanoparticle during 

accelerated degradation tests (reproduced from [10,11]). 

 

Figure 1.8 presents a dual Y axis graph where electrochemical surface area (ECSA) loss (Y1 axis 

shown in blue color) and the amount of Pt dissolved (Y2 axis shown in red color) plotted as a 

function of the number of potential cycles measured during accelerated degradation tests in 

cathode operating condition.  As shown in the graph, the active surface area (Y1 axis shown in 

blue color) available for the ORR reaction decreases upon potential cycling of Pt nanoparticle in 

cathode operating condition. On the other hand, the amount of dissolved platinum in the 
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electrolyte increase (shown in red color) upon potential cycling of Pt nanoparticle in cathode 

operating condition.  The inset in the Figure 1.8 shows a clear morphological change in the 

platinum nanoparticle due to accelerated degradation testing.  Therefore, it can be inferred that 

the loss of electrocatalyst primarily due to Pt nanoparticle dissolution into the solution during fuel 

cell cathode operation.  Therefore, in order to improve the stability of the fuel cell cathode, a 

comprehensive understanding and precise quantification of the Pt dissolution processes is 

required. 

1.4 Fundamental Platinum Degradation Process: Current Literature and 

Knowledge Gap 

 

 

 

Figure 1.9 Illustration of the sequence of steps (a through e) involved in the electrochemical 

degradation of Pt electrode.  The diagram includes a Pt bare, ordered surface (a), an electro-

oxidation of Pt surface (b), the interfacial structural transformation (often referred to as the 

interfacial place-exchange) of the electro-adsorbed oxygen (O) atoms with the Pt surface atoms 

(c), the electro-dissolution (d), and the surface faceting of Pt surface (e). 
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Corrosive degradation of Pt electrodes is a complex phenomenon that involves various sequential 

and simultaneous processes [11-14].  Figure 1.9 illustrates the various phenomena (a through e) 

involved in the electrochemical degradation of Pt electrode.  They include, but are not limited to, 

the electro-oxidation of Pt surface [11] (Figure 1.9b), the interfacial structural transformation 

(often referred to as the interfacial place-exchange) of the electro-adsorbed oxygen (O) atoms 

with the Pt surface atoms [12] (Figure 1.9c), the electro-dissolution [13] (Figure 1.9d), and the 

surface faceting (Figure 1.9e) [14].  Use of model electrodes (single crystal surfaces) and the 

utilisation of advanced analytical tool can lead to the fundamental understanding of such complex 

processes.  Initial studies on the oxide film growth, interfacial structural transformation and 

surface faceting were conducted mainly using cyclic voltammetry (CV).  But recently, advanced 

analytical, microscopy and spectroscopy were utilised to understand the Pt corrosion [15-18].  

However, a majority of these fundamental studies are limited to Pt(111) electrode because it is the 

best-understood monocrystalline Pt electrode.  In addition, the manipulations involved in these 

experiments are very complex that making it very difficult to perform analogous experiments 

using other monocrystalline electrodes [15].  Therefore, comprehension of the elementary 

processes involved in the oxidation and dissolution of monocrystalline Pt electrode is incomplete.  

Therefore, a detailed surface structure-dependent understanding of the Pt degradation processes is 

required in order to develop rational catalyst design approaches (catalysts that will be both active 

and stable) for an improved fuel cell performance and durability.   

 

1.5 Objective and Scope of the Thesis 

 

The goal of the PhD research project is to understand the Pt degradation with respect to its 

surface structure at conditions that partially simulate some operating condition of PEMFC 
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cathodes.  As explained in the previous section, the overall objective was to investigate the 

electrochemical growth of surface oxides on Pt single-crystal electrodes as well as their electro-

dissolution and faceting in order to gain a molecular-level understanding of the Pt degradation 

process.  Because this research required Pt single crystal electrodes of very high quality, it 

became necessary to design, to build and to optimize a state-of-the-art facility for the 

preparation of Pt single-crystal electrode.  Without this highly specialized facility it would be 

impossible to perform experiments on the oxidation and degradation of monocrystalline Pt 

electrocatalysts.  

The scope of the first part of the PhD research project was: 

• To design and optimise an innovative low-capital and operational cost based semi-

automated crystal growth system for noble metals;  

• To design and optimise a high-resolution CCD based Laue diffraction system to 

accurately orient the grown single crystal system;  

• To design and optimise an automated surface preparation technique to cut and to polish 

oriented surfaces;  

• To design and optimise an induction-based annealing apparatus with controlled gaseous 

atmosphere for the annealing of the surface; and  

• To validates the design of the pieces of equipment and to discuss in detail the final 

manipulations of hemispherical, monocrystalline Pt electrodes for proper electrochemical 

measurements. 

The scope of the second part of the PhD research project was to establish a relationship between 

the surface orientation of monocrystalline Pt electrodes and their degradation.  It consisted of the 

following specific objectives:  

• To investigate the surface oxide growth and the oxygen place-exchange mechanism on Pt 
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single-crystal (Pt(hkl)) electrodes using electrochemical and materials science 

approaches; and  

• To investigate the electro-dissolution and faceting of Pt single-crystal (Pt(hkl)) electrodes 

upon potential cycling using electrochemical, analytical and microscopy methods. 

 

1.6 Organization of the Thesis 

 

The thesis is organized in a manuscript style format and contains six chapters.  The three chapter 

(chapter 2-4) following this Introduction and Background, describes the design and development 

of instrumentation for the preparation of platinum single crystals for electrochemistry and 

electrocatalysis research.  Chapter 2 describes an innovative low-cost semi-automated crystal 

growth system for noble metals.  Chapter 3 presents the development of an X ray-based 

orientation set-up, cutting and polishing of Pt single crystals, and induction annealing 

instrumentation.  Chapter 4 validates the developed equipment through the attainment of 

signature cyclic voltammetry profile for Pt (100), Pt(111) and Pt(110) electrodes.  These chapters 

fulfil the objective of developing a state-of-the-art single crystal electrochemistry facility.  

Chapter 5 describes the structural transformation of monocrystalline platinum electrodes upon 

electro-oxidation and electro-dissolution.  This chapter presents new and original results that 

contribute to the understanding of fundamental phenomena involved in the degradation of Pt 

electrocatalysts.  Finally, Chapter 6 describes the concluding remarks and recommendations for 

further research. 
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Chapter 2 

Design and Development of Instrumentations for the Preparation of 

Platinum Single Crystals for Electrochemistry and Electrocatalysis 

Research. Part 1: Semi-Automated Crystal Growth 

 

2.1 Introduction 

 

Electrochemistry and electrocatalysis studies, which employ monocrystalline (single crystal) 

electrodes, are of vital importance to both fundamental research [1] and engineering [2].  The use 

of monocrystalline electrodes not only helped refine theories of double-layer structures [3], 

adsorption, absorption, and desorption phenomena [4], and deposition and reactivity of atoms [5], 

ions [6], and molecules [7] on the electrode surface but also stimulated new developments in 

areas such as fuel cells [8], metal finishing [9], and corrosion [10].  Research on monocrystalline 

electrodes dates back to the 1950s when Kaishew et al. [11] used flame fusion to prepare 

spherical Cu and Pt electrodes.  They investigated Hg deposition on such prepared 

monocrystalline electrodes with the objective of identifying any surface-specific behavior.  A 

major advancement occurred in 1980 when Clavilier et al. [12,13] employed flame fusion to 

prepare bead-shaped Pt single crystals for research on hydrogen and anion adsorption in aqueous 

media.  These monocrystalline electrodes were carefully oriented and polished; atomic-level 

surface order was introduced through flame annealing, cooling, and water droplet attachment, 

which were the final preparation steps.  The flame annealing was a critical step because it 

facilitated attainment of a clean surface through thermal desorption and/or oxidative desorption of 

impurities.  This development represented a major advancement in interfacial electrochemistry 

https://link-springer-com.proxy.queensu.ca/article/10.1007%2Fs12678-016-0331-0#CR7
https://link-springer-com.proxy.queensu.ca/article/10.1007%2Fs12678-016-0331-0#CR10
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because research with monocrystalline Pt electrodes (abbreviated as Pt(hkl)) became feasible 

without the use of expensive ultrahigh vacuum (UHV) techniques [14].  This methodology, which 

is very suitable for electrochemistry and electrocatalysis research, has the following advantages, 

which set it apart from other approaches [15,16]: 

1. It does not involve a crucible during single-crystal growth that can contaminate the metal 

melt; 

2. The stem wire itself acts as an electrical contact thus eliminating the need for electrical 

contact attachment through soldering or machining; 

3. Post-solidification etching of single crystals reveals (100), (110), and (111) facets that 

enable its subsequent orientation and cutting; 

4. The wire permanently attached to the monocrystalline hemisphere significantly simplifies 

the single-crystal handling, etching, rinsing, and flame annealing; 

5. A partially cut monocrystalline hemisphere is suitable for achieving the so-called hanging 

meniscus configuration (only the polished and annealed facet is in contact with 

electrolyte because there is no solution creeping on its side wall); and 

6. The instrumentation is relatively simple and inexpensive making the process affordable 

and such prepared monocrystalline electrodes relatively inexpensive. 

  

Figure 2.1 outlines the main steps involved in electrochemistry and electrocatalysis research 

employing hemispherical monocrystalline electrodes (we introduce the term hemispherical 

electrode because the preparation of a monocrystalline facet through cutting modifies its shape 

from a sphere to a hemisphere).  The outline covers the entire preparation process starting with a 

monocrystalline metallic sphere growth and ending with electrochemical measurements.  The 

monocrystalline metallic sphere growth is typically accomplished by using either a hydrogen–

oxygen or an acetylene–oxygen flame.  The fuel gas selection depends on the temperature 
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required to form metal melt.  Laue X-ray backscattering (reflection) is used to verify whether 

after solidification the metallic sphere is indeed monocrystalline in nature; the technique is also 

employed to orient the single crystal so that a desired plane (facet) is produced through 

subsequent cutting and polishing.  Because cutting and polishing unavoidably introduces 

impurities and disorders several tens or even a couple of hundreds of outermost monolayers, the 

single crystal is carefully cleaned (through degreasing and chemical etching) and then annealed.   

Failure to clean the crystal can result in incorporation of impurities; failure to anneal the single 

crystal results in a disordered (polycrystalline) face.  Electrochemistry studies on monocrystalline 

electrodes require well-ordered and highly reproducible surfaces because the use of slightly 

misoriented or contaminated electrodes yields results that are difficult to interpret or, in some 

instances, can even be misleading.  Therefore, it is of vital importance to understand, optimize, 

and control each step of single-crystal growth, orientation, and final preparation in order to obtain 

accurate and reproducible experimental results. 

 

 

 

Figure 2.1 Flow diagram of the main steps involved in the preparation of hemispherical 

monocrystalline Pt electrodes for electrochemistry and electrocatalysis research 

 

Although hemispherical single crystals have a long presence in electrochemistry and 

electrocatalysis and are of great importance to both fundamental and applied research, details of 

their growth, orientation, and final preparation are not well documented in the literature.  There 

seems to be a substantial amount of know-how that is verbally communicated between individual 
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researchers but is not documented in a systematic manner in widely accessible literature.  In 

addition, this preparation approach lacks a systematic study of the influence of various 

experimental conditions (process parameters) on the single-crystal growth.  Because significant 

know-how regarding this methodology is verbally communicated, there has been little discussion 

focused on any potential improvements that could be made.  Hamelin wrote a review chapter that 

discusses in considerable detail the instrumentation for the growth, orientation, and final 

preparation of gold single crystals [3].  Because these were rod-shaped Au single crystals grown 

in a crucible, some of the knowledge was not easily transferable to hemispherical monocrystalline 

Pt electrodes.  The review chapters by Feliu [17] and Linke [18] discuss some main aspects of the 

experimental setup design for the growth and orientation of spherical single crystals but lack 

details that would allow one to easily reproduce the entire process.  Consequently, there exists a 

need for a detailed description that would describe the methodology with all necessary details.  

The main objective of a series of articles that this contribution initiates is to provide a 

documented detailed description of each step involved in the growth, orientation, and final 

preparation of hemispherical monocrystalline Pt electrodes.  In addition, these papers report on 

the design improvements and process optimization; thus, they do not only report existing 

knowledge but present new and original contribution.  This paper describes a semi-automated 

system for the growth of spherical Pt single crystals and systematically examines the impact of 

several variables on the process.  The process optimization offers good control and 

reproducibility of experimental conditions.  In particular, the semi-automated setup facilitates 

accurate control of the shape and movement of the solid–melt boundary, which has a major 

impact on the quality of single crystals and prevents them from growing beyond a critical 

diameter (a too large melt detaches from the wire).  In addition to offering excellent experimental 

reproducibility, the semi-automated single-crystal growth setup saves time and eliminates loss of 

expensive materials and consumables. 
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2.2 Principles of the Growth of Spherical Single Crystals and Equipment Design 

 

2.2.1 Principles of the Metallic Sphere Growth Method 

 

 Metallic single crystals are predominantly produced by unidirectional solidification of a metal 

melt by using various techniques such as flame fusion [11], Czochralski [15], Bridgman–

Stockbarger [16], floating zone [19], and others [20]. Figure 2.2 presents a graph showing the 

variation in the molar Gibbs energy of a metal (M) in the solid and liquid states (Gm(s) and Gm(l), 

respectively) with temperature (T) at a constant pressure (p; under typical laboratory 

conditions p = 1 atm).  The slopes of the Gm(s) versus T and Gm(l) versus T plots correspond to 

the molar entropies of the metal in liquid and solid states (Sm(s) and Sm(l), respectively).  In the 

case of T1 < Tf (Tf stands for the fusion temperature of M), the molar Gibbs energy of the solid is 

lower than that of the liquid (Gm(s) < Gm(l)), and, consequently, the solid state is more stable.  On 

the other hand, in the case of T2 > Tf, the molar Gibbs energy of the liquid is lower than that of the 

solid (Gm(l) < Gm(s)), and the liquid state is more stable.  Because at Tf the molar Gibbs energies 

of the solid and liquid are the same (Gm(s) = Gm(l)), these two states coexist and the cross-over 

point represents an equilibrium between these two phases.  In order to analyze the magnitude of 

the driving force of transition from liquid to solid or vice versa in relation to the temperature 

gradient within a metallic sphere, we perform the following analysis [21]. 

https://link-springer-com.proxy.queensu.ca/article/10.1007%2Fs12678-016-0331-0#Fig2
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Figure 2.2 Variation in the molar Gibbs energy of a metal (M) in the solid and liquid states 

(Gm(s) and Gm(1), respectively) with temperature (T) at a constant pressure (p) 

 

In the case of a metal undergoing solidification at a temperature Ti, the thermodynamic driving 

force of the process (the molar Gibbs energy of solidification, ΔsGm), thus the Gibbs energy 

difference between the molar Gibbs energies of the solid and liquid (Gm(s) and Gm(l), 

respectively) is expressed by the following equation: 

∆sGm = Gm(s) - Gm(l)                                                                                                                               (1)   

Because Gm(s) = Hm(s) − Ti  Sm(s) and Gm(l) = Hm(l) − Ti Sm(l), Eq. (1) leads to the following 

expression: 

∆sGm = [Hm(s) −  Hm(l)] −  Ti  [Sm(s) −  Sm(l)]                                                                      (2)  

which can be rearranged to the following expression: 

∆sGm = ∆sHm(s) −  Ti ∆sSm(s)                                                                                                                  (3) 

https://static-content-springer-com.proxy.queensu.ca/image/art%3A10.1007%2Fs12678-016-0331-0/MediaObjects/12678_2016_331_Fig2_HTML.gif
https://static-content-springer-com.proxy.queensu.ca/image/art%3A10.1007%2Fs12678-016-0331-0/MediaObjects/12678_2016_331_Fig2_HTML.gif
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where ΔsHm and ΔsSm are the molar enthalpy and entropy of solidification at Ti.  An equilibrium 

between these two states exists when Ti = Tf; it implies that ΔsGm = 0 and consequently ΔsSm = 

ΔsHm/Tf.  Substitution of the latter expression into Eq. (3) yields the following expression: 

∆sGm = ∆sHm (
Tf - Ti

Tf

)  = ∆sHm                                                                                                     (4) 

where ΔT = Tf − Ti.  This equation demonstrates that the thermodynamic driving force of 

solidification is proportional to the temperature difference ΔT.  In the case of T1 < Tf, ΔT > 0 

and ΔsGm < 0 because ΔsHm is negative (it equals ΔsHm = − ΔfHm, where ΔfHm is the molar 

enthalpy of fusion).  This analysis demonstrates that at any T1 < Tf, solidification is spontaneous 

(Figure 2.2).  On the other hand, at any T2 > Tf, fusion is spontaneous.  In the case of 

unidirectional metallic single-crystal growth where a linear temperature gradient exists, the 

thermodynamic driving force of the process, here ΔsGm, is directly proportional to ΔT.  In the case 

of a pure metal, solidification at a high cooling rate results in a single crystal that possesses a high 

concentration of structural defects [21], while in the case of alloys, it can even result in an 

amorphous structure provided that the cooling rate is extremely high.  On the other hand, 

solidification of a pure metal melt at a low cooling rate results in a single crystal that possesses a 

low concentration of structural defects [21].  Because solidification involves nucleation and 

growth, a low cooling rate gives atoms within the melt enough time to diffuse to steps and kinks 

thus facilitating uniform terrace development.  The larger the terrace is, the lower the 

concentration of structural defects is.  Consequently, some of the key parameters which impact 

the single-crystal growth by unidirectional solidification are as follows: (i) purity of the metal, (ii) 

purity and reactivity of the gas atmosphere surrounding the solid and liquid metal during its 

processing, (iii) uniformity of the temperature gradient distribution within the solid and liquid 

metal, and (iv) cooling rate.   

https://link-springer-com.proxy.queensu.ca/article/10.1007%2Fs12678-016-0331-0#Fig2
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In the case of growth of spherical (bead-shaped) Pt single crystals [12], a well-defined 

temperature gradient is accomplished by using a hydrogen–oxygen flame with a controlled gas 

mixing ratio and a defined flow rate of the mixture.  The cooling rate, which is another important 

process parameter, is controlled by slow and accurate vertical movement of the flame, which 

translates into vertical movement of the solid–liquid boundary.  Figure 2.3 presents a fuel–oxygen 

flame generated by a micro-torch and a typical vertical temperature distribution profile (in this 

case for an acetylene–oxygen flame) [22].  The flame drawing is color-coded with the white 

plume corresponding to the highest temperature zone and the outer blue plume representing the 

lowest temperature zone.  The graph showing the temperature distribution within the flame 

demonstrates that it varies from ca. 2500 °C in the middle of the flame height to ca. 3150 °C in 

the hottest region close to the torch tip.  In the case of a hydrogen–oxygen flame, the highest 

achievable temperature is slightly lower and ca. 2850 °C.  Both acetylene and hydrogen as well as 

other gases (methane, ethane, propane, etc.) can be employed as a fuel.  Although an acetylene–

oxygen flame can produce higher temperatures than a hydrogen–oxygen flame, it also generates a 

carbon deposit (e.g., graphene on a metal).  Thus, the advantage of a hydrogen–oxygen flame is 

its cleanliness and the ability to have a reducing atmosphere by tuning the mixing ratio so that 

there is a slight excess of hydrogen.  A hydrogen–oxygen flame (its highest temperature is 

2850 °C) is suitable for the preparation of Pt single crystals because its melting point 

is Tf = 1768 °C [23].  Placement of a Pt wire in an upper part of the flame heats it up but still 

below the melting point.  Gradual upward movement of the flame places the Pt wire in a region in 

which the temperature is higher than Tf of Pt; in this region, the Pt wire melts and forms a liquid 

sphere. 
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Figure 2.3 Typical vertical temperature distribution profile for a fuel–oxygen flame.  Adapted on 

the basis of information available in the reference [23] 

 

Figure 2.4 shows a graphical representation of the principles of spherical Pt single-crystal growth 

method.  The left-hand side of the figure presents the following components: (i) a linear actuator, 

(ii) a micro-torch, (iii) a hydrogen–oxygen flame (the white-blue color corresponds as much as 

possible to the actual flame color), a (iv) a metal sphere attached to a thick metal wire.  The right-

hand side of the figure presents an enlarged drawing of the metal sphere.  The lower part is in the 
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form of metallic liquid at a temperature T2 > Tf, and the upper part is in the form of metallic solid 

at a temperature T1 < Tf; the temperature of the solid–liquid boundary is the actual fusion 

(melting) point, Tf.  The temperature gradient that naturally establishes during the single-crystal 

growth is perpendicular to the solid–liquid boundary and is non-linear (recall that the T gradient 

in the hydrogen–oxygen flame is non-linear).  During the spherical Pt single-crystal growth, heat 

is continuously supplied (ΔsupplyH) by the torch to the metal sphere and at the same time 

dissipated (ΔdissipationH) from it.  The difference between these two contributions 

(ΔsphereH = ΔsupplyH − ΔdissipationH) corresponds to the heat absorbed or released by the sphere.  If 

ΔsphereH > 0, then fusion of solid Pt occurs, and if ΔsphereH < 0, then solidification of liquid Pt takes 

place.  In the case of ΔsphereH = 0, there is no fusion of solid Pt or solidification of liquid Pt; thus, 

an equilibrium is established, and the position of the solid–liquid boundary remains unchanged.   

Importantly, the location of the solid–liquid boundary corresponds to the point in the flame where 

its temperature is Tf.  Fusion of solid Pt or solidification of liquid Pt gives rise to a vertical 

movement of the solid–liquid boundary; the rate of this movement depends on the magnitude of 

ΔsphereH.  The value and sign of ΔsphereH depend on the location of the Pt sphere in the flame with 

respect to the Tf line also within the flame.  Figure 2.5 presents three drawings with the metal 

sphere being in different locations with respect to the Tf line.  The middle drawing serves as a 

reference and refers to the Tf line passing through the middle of the metal sphere.  In the left-hand 

side drawing, the torch is shifted downward by a distance Δd and, consequently, the Tf line is also 

shifted downward but not necessarily by the same distance (in our arrangement and under 

optimized conditions, a 7-cm downward movement of the micro-torch corresponds to a 3-mm 

movement of the solid–liquid boundary).  In this geometry, the previous location of the Tf line 

now represents a line within the solid, and its temperature is Ts.  Thus, the temperature difference 

ΔT1 = Tf − Ts is proportional to Δd.  In the right-hand side drawing, the torch is shifted upward by 

a distance Δd and so is the Tf line.  In this new geometry, the previous location of the Tf line now 
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represents a line within the liquid and its temperature is Tl.  Again, the temperature difference 

ΔT2 = Tl − Tf is also proportional to Δd.  Because the quality of Pt single crystals prepared by 

using this method depends on the solidification rate (a slow rate is preferred), the vertical 

movement of the flame is critical to the process.  Provided that (i) the flow rates of the gases 

remain constant, (ii) their mixing ratio is the same, and (iii) all external conditions remain the 

same, the vertical movement of the micro-torch allows accurate control of the solidification and, 

consequently, offers control over the single-crystal growth process.  The influence of these 

process parameters on the spherical Pt single-crystal growth as well as their optimization is 

discussed in subsequent sections. 

 

 

 

Figure 2.4 Graphical representation of the principles of spherical Pt single-crystal growth 

method.  The left-hand side figure presents a linear actuator, a micro-torch, a hydrogen-oxygen 

flame, and a metal sphere attached to a thick metal wire.  The right-hand side figure presents an 

enlarged drawing of the metal sphere.  Tf is the fusion temperature line, and T1 and T2 are 

temperatures in specific locations of the solid and liquid phases 
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Figure 2.5 Three drawings with the metal sphere being in different locations with respect to the 

fusion temperature (Tf) line.  Ts and Tl refer to the temperature of the solid and liquid, 

respectively.  T1 and T2 are temperatures in specific locations of the solid and liquid phases 

 

2.2.2 Design and Components of the Single-Crystal Growth Setup 

 

Above, we explain that the quality of sphere-shaped Pt single crystals depends on the ability to 

control the flame movement and the reproducibility and accuracy of this process.  Consequently, 
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there exists a need for a semi-automated apparatus that offers accurate control of all parameters.  

Figure 2.6  presents a schematic diagram of the entire experimental setup for the growth of 

sphere-shaped Pt single crystals, which consists of the following components: (A) an optical 

breadboard (Edmund Optics); (B) breadboard-mounted and wall-mounted linear translation tracks 

(Edmund Optics); (C) manually controlled rough positioning stages placed on the linear 

translation track; (D) and (E) two identical manually controlled positioning stages with 

micrometer resolution; they facilitate movement in the x and y directions (horizontal), 

respectively (Optikon Corporation Ltd.); (F) a computer-controlled linear micro-actuator with a 

built-in controller, which has a 50-nm resolution and a minimum movement speed of ca. 

200 nm s−1 (Zaber Technologies Inc.); it facilitates movement in the z direction (vertical); (G) a 

fuel–oxygen micro-torch (The Little Torch™, Smith Equipment); (H) an oxygen gas supply line 

(Smith Equipment); (I) a fuel gas (here hydrogen) supply line (Smith Equipment); (J) a sphere-

shaped single crystal during its growth; (K) two zoom lenses perpendicular to each other 

(Ektanar, Kodak); (L) two white screens; (M) a ceramic tube (yttria-stabilized zirconia; 

OMEGATITE® 450, Omega) where metal wire is fixed; and (N) mounting posts.  In the 

preparatory stage of the sphere-shaped single-crystal growth, a Pt wire of 99.95 % in purity is 

placed in a ceramic tube; the tube is placed in a holder that is part of the wall-mounted linear 

translation track B.  The track allows rough positioning of the metal wire above the micro-torch.   

Precise placement of the metal wire above the axis of the hydrogen–oxygen flame is 

accomplished by means of the x and y positioning stages (D and E).  The distance between the 

sphere-shaped single crystal and the micro-torch is adjusted by using the linear micro-actuator 

controlled by the Zaber Console software (Zaber Technologies Inc.).  The fuel (here hydrogen) 

and oxygen flow rates are precisely controlled by using gas flow controllers (Omega).  The 

growth of sphere-shaped single crystal is visualized (monitored) by using two perpendicular, to 

each other, white screens by means of the zoom lenses (K) and recorded by using a pan-tilt-zoom 



 

 

32 

 

camera (not shown in the diagram).  The focal lengths of the zoom lenses can be adjusted so that 

a sharp image of the growing crystal can be observed on the screens.  The entire setup is placed 

on the optical breadboard (A) which resides on vibration absorption mounts (Sorbothane® 

Mounts, Edmund Optics).  The vibration absorption mounts mechanically isolate the system from 

the surroundings.   

 

 

 

Figure 2.6 Schematic diagram of the entire experimental setup for the growth of sphere-shaped 

platinum single crystals. A An optical breadboard, B breadboard-mounted and wall-mounted 

linear translation tracks, C manually controlled rough positioning stages placed on the linear 

translation track, D, E two identical manually controlled positioning stages, F a computer-

controlled linear micro-actuator with a built-in controller, G a fuel–oxygen micro-torch, H an 

oxygen gas supply line, I a fuel gas supply line, J a sphere-shaped single crystal during its 

growth, K two zoom lenses perpendicular to each other, L two white screens, M a ceramic tube 

where metal wire is fixed, and N mounting posts. The component shown in the schematic 

diagram are not drawn to scale.  

https://static-content-springer-com.proxy.queensu.ca/image/art%3A10.1007%2Fs12678-016-0331-0/MediaObjects/12678_2016_331_Fig6_HTML.gif
https://static-content-springer-com.proxy.queensu.ca/image/art%3A10.1007%2Fs12678-016-0331-0/MediaObjects/12678_2016_331_Fig6_HTML.gif
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Figure 2.7 Picture of the entire setup during an actual growth of a sphere-shaped platinum single 

crystal. An image of the metal melt is observed on the computer screen 

 

The pan-tilt-zoom camera together with the micro-linear actuator allows the equipment to be 

operated in a semi-automated mode by using a computer and proprietary software.  This is an 

important issue because the person involved in the single-crystal growth need not be close to the 

setup and need not wear protective eyewear.  Figure 2.7 presents a picture of the entire setup 

during an actual growth of a sphere-shaped Pt single crystal.  An image of the metal melt, which 

radiates intense light, is observed on the computer screen. 

 

2.2.3 Hydrogen–Oxygen Mixing Ratio 

 

https://link-springer-com.proxy.queensu.ca/article/10.1007%2Fs12678-016-0331-0#Fig7
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The mixing ratio of fuel (here hydrogen) and oxygen is a critical variable that needs to be 

controlled in order to adjust the flame temperature, the flame shape, and the reducing or oxidizing 

nature of the flame. 

 

 

 

Figure 2.8 Graph of the flame height for the micro-torch with an opening of 0.74 mm together 

with the actual flame temperature.  The temperature profile is adapted on the basis of information 

available in the reference [23] 

 

The purity of the hydrogen and oxygen employed is at least 99.999 %. The hydrogen–oxygen 

flame reaches its maximum practical temperature of ca. 2850 °C at its stoichiometric mixing ratio 

of 2:1.  This temperature is significantly lower than the maximum theoretical flame temperature 

of over 3200 °C at the same stoichiometric mixing ratio [24] that is calculated assuming that there 
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is no heat loss and that the fuel combustion is complete.  The theoretical temperature decreases 

when the mixing ratio deviates from the 2:1 stoichiometric ratio as the flame becomes hydrogen-

rich or oxygen-rich in nature.  In the case of growth of Pt single crystals, the flame should be 

hydrogen-rich in order to prevent the thermal surface oxide condition from developing.  In 

addition, the flame shape is also determined by the mixing ratio.  It is important to add that the 

flame height is related to the circular opening in the micro-torch, and the larger the opening, the 

higher the flame.  Figure 2.8 presents a graph of the flame height in centimeters for the micro-

torch opening being 0.74 mm together with the actual flame temperature [22].  In the case of the 

2:1 mixing ratio, the flame temperature is the highest (ca. 2850 °C), but the flame height is only 

ca. 12 cm. The maximum flame height of ca. 19.5 cm is achieved in the case of a pure hydrogen 

flame, the temperature of which is ca. 1000 °C (it is not shown in the graph as this temperature is 

too low to melt Pt).  In order for the flame temperature to be sufficiently high to melt Pt and for 

its nature to be reducing, the amount of hydrogen should be in the 80–90 % vol. range. 

 

2.2.4 Hydrogen and Oxygen Flow Rates 

 

The flow rates of individual gases determine the overall hydrogen–oxygen mixture flow rate 

(with the amount of hydrogen being in the 80–90 % vol. range for the required temperature), 

which subsequently defines the flame shape, the flame temperature profile, as well as the stability 

of the Pt melt.  Figure 2.9 shows the flame height with respect to the overall gas mixture flow rate 

and reveals a linear increase in the flame height with respect to the flow rate.  As the flame height 

increases, the temperature difference for a unit length decreases offering better temperature 

control that can be accomplished through vertical flame movement facilitated by the micro-

actuator.  On the other hand, as the gas mixture flow rate increases, the flame momentum also 

increases and affects the stability of the spherical Pt melt.  At high flow rates, the melt wobbles 

https://link-springer-com.proxy.queensu.ca/article/10.1007%2Fs12678-016-0331-0#Fig9
https://link-springer-com.proxy.queensu.ca/article/10.1007%2Fs12678-016-0331-0#Fig9


 

 

36 

 

and eventually detaches from the wire.  This is due to the nature of the flame that gradually 

changes from laminar to turbulent as the gas mixture flow rate increases.  The data presented in 

Figure 2.9 demonstrate that in the case of the micro-torch employed in this research, the optimal 

gas mixture flow rate is between 1.0 and 1.2 L min−1. 

 

 

 

Figure 2.9 Flame height with respect to the overall gas mixture flow rate 

 

2.3 Crystal Growth: Individual Steps and Their Optimization 

2.3.1 Initial Formation of the Metallic Melt Sphere 

 

https://link-springer-com.proxy.queensu.ca/article/10.1007%2Fs12678-016-0331-0#Fig9
https://static-content-springer-com.proxy.queensu.ca/image/art%3A10.1007%2Fs12678-016-0331-0/MediaObjects/12678_2016_331_Fig9_HTML.gif
https://static-content-springer-com.proxy.queensu.ca/image/art%3A10.1007%2Fs12678-016-0331-0/MediaObjects/12678_2016_331_Fig9_HTML.gif
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The Pt wire (at least 99.95 % in purity) that is employed to form a sphere has to be straightened 

and cleaned prior to the crystal growth process.  The wire is placed in a Soxhlet extractor system 

and carefully cleaned by using acetone vapor that effectively removes both organic and soluble 

inorganic impurities.  The cleaning in acetone vapor lasts for at least 2 h and involves at least five 

to six refluxes.  Afterwards, the Pt wire is placed in a hydrogen flame for thermal annealing (the 

temperature is about 0.6–0.7 of the melting point) and removal of any adsorbed organic 

contamination. 

 

The formation of spherical Pt single crystals consists of two critical steps: (i) the initial sphere 

formation of a maximum diameter and (ii) the repetitive zone refining and etching.  The 

maximum radius (Rmax) of a spherical melt attached to a wire is determined by the force balance 

between the surface tensional force acting along the wire circumference and the gravitational 

force due to the weight of the melt [25].  Their balance is given by the following equation: 

 

4

3
 π Rmax

3  ρ g = 2π r σ                                                                                                                               (5)  

 

where Rmax is the maximum radius of the sphere, r is the radius of the wire, ρ is the density of 

molten metal, σ is the surface tension of the molten metal, and g is the gravitational acceleration. 

In the case of platinum, the balance of the forces indicates that the maximum radius of the sphere 

is 3.8 times the wire radius.  In practice, in order to eliminate undesired detachment of the 

spherical melt from the wire, the maximum radius of the melt is approximately 3–3.5 times the 

wire radius.  The crystal growth involves vertical mounting of the straightened and annealed Pt 

wire right above the torch.  The three-axis stage on which the torch is mounted facilitates accurate 

placement of the wire right above the torch tip.  Initially, the Pt wire is ca. 8–10 cm away from 
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the torch tip.  The hydrogen flame is ignited, and then, oxygen is gradually added to obtain a 

hydrogen/oxygen mixing ratio of 4:1.  As oxygen is being added to hydrogen, the platinum wire 

changes its color from bright orange to light yellow; this indicates a significant increase in the 

temperature of the Pt wire.   

 

 

 

Figure 2.10 Four photographic images showing different stages of the growth of a spherical 

platinum single crystal 
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Subsequently, the flame is slowly raised at an average rate of ca. 4 μm s−1 (the control of the 

flame movement is accomplished by using the vertical actuator as described above).  As the tip of 

the wire commences to fuse, it develops a melt (ca. twice the diameter of the wire) which is not 

necessarily spherical and is often located off-center with respect to the wire.  In order to minimize 

the possibility of its detachment from the wire, at this point, the vertical movement of the torch is 

stopped for ca. 10 min until the melt becomes spherical.  Afterwards, the flame is raised at an 

average rate of ca. 4 μm s−1 until the melt reaches its maximum diameter.  It is possible to 

correlate the diameter of the spherical melt to the diameter of the melt by using their images on a 

screen (see Figure 2.7).  Once the maximum radius (Rmax) has been reached, the melt is slowly 

cooled down by lowering the flame at an average rate of ca. 4 μm s−1.   Figure 2.10 presents four 

stages of the growth of a spherical Pt single crystal. 

 

2.3.2 Repetitive Zone Refining and Chemical Etching 

 

Repetitive zone refining combined with chemical etching is performed in order to increase the 

quality of the Pt single crystals; this approach reduces the concentration of structural defects and 

unavoidable impurities.  During zone refining, the impurities accumulate in the melt ahead of the 

solidification front.  When the solid/melt boundary moves downward, the impurities remain in the 

liquid phase and are carried to the bottom of the sphere.  Once the single crystal has cooled down, 

the impurities are removed by chemical etching in hot aqua regia (for ca. 15 min).   
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Figure 2.11 Graph of the vertical movement of the torch as a function of time.  The inset shows 

repetitive elevation and hold intervals each lasting 25 s 

 

Two important parameters have to be taken into account when optimizing the improvement of the 

single-crystal quality: (1) the rate of the solid/melt boundary movement and (2) the number of 

zone refining cycles.  The rate at which the solid/melt boundary is raised or lowered is controlled 

by the vertical movement of the torch that facilitated by the Zaber software. Figure 2.11 presents 

a graph of the vertical movement of the torch as a function of time and shows repetitive elevation 

and hold intervals each lasting 25 s; the elevation and hold times are visible in the inset.  Because 

the torch is raised at a rate of 4 μm s−1, a vertical movement lasting 25 s translates into a 

https://static-content-springer-com.proxy.queensu.ca/image/art%3A10.1007%2Fs12678-016-0331-0/MediaObjects/12678_2016_331_Fig11_HTML.gif
https://static-content-springer-com.proxy.queensu.ca/image/art%3A10.1007%2Fs12678-016-0331-0/MediaObjects/12678_2016_331_Fig11_HTML.gif
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displacement of 100 μm.  Once the solid/melt boundary reaches the vicinity to the neck of the 

metallic sphere, the torch is moved downward in the same fashion until the metallic sphere 

completely solidifies and cools down.  It is important to add that water covers the entire Pt sphere 

only when the latter is free of any surface impurities. Figure 2.12 shows two images of 

contaminated Pt spheres (the images a and b) and one image of impurity-free Pt sphere (the image 

c) to illustrate the behavior of a water droplet.  After a single zone refining cycle, the Pt sphere is 

carefully covered with a droplet of ultrahigh purity water (Millipore) and transferred to a beaker 

containing hot aqua regia in order to dissolve impurities; the etching lasts ca. 10 min.   

 

 

 

Figure 2.12 Two images of contaminated platinum spheres (the images a and b) and one image 

of impurity-free platinum sphere (the image c) illustrating the behaviour of a water droplet 
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The chemical etching not only reveals the main crystallographic facets but also dissolved tens of 

surface monolayers containing impurities that accumulate in this region through segregation.  The 

combined zone refining and etching procedure is repeated four times in order to have the highest 

quality and purity Pt single crystals.  The complete preparation of a spherical Pt single crystal that 

includes its initial growth followed by zone refining and etching takes about 8 h.  This procedure 

is semi-automated and, consequently, guarantees excellent reproducibility of results and 

minimizes discrepancies due to human errors. 

 

2.4 Equilibrium Crystal Shape 

 

The image a in Figure 2.13 presents an SEM image of a grown spherical Pt single crystal with 

distinct (111), (100), and (110) facets as well as curved regions in between them, which are due to 

stepped and kinked facets.  The image b shows a pictorial representation of the low Miller index 

and the main high Miller index facets.  The equilibrium shape of face-centered cubic (fcc) single 

crystals was extensively studied, and their shape is a direct reflection of the minimum surface 

energy [26, 27].  This means that during the melting process, the equilibrium shape is a sphere (a 

liquid drop), and when it solidifies, the crystallographic planes with the lowest overall Gibbs 

surface energy determine the crystal shape and the size of facets.  The grown spherical Pt single-

crystal surface contains 8 Pt{111}, 6 Pt{100}, and 12 Pt{110} facets plus all other planes in the 

curved region (one Pt(100) is at the sphere–wire interfacial contact).  The metallic sphere can be 

divided into multiple triangular sections, with each triangle having all possible crystallographic 

planes due to the symmetry of the fcc lattice.  The image b in Figure 2.13 shows 24 stereographic 

triangles for one half of the Pt single crystal; thus, the entire single crystal contains 48 

stereographic triangles.  It is important to add that any triangle adjacent to a specific triangle is 
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chiral.  Every single point within the stereographic triangle represents a unique crystal 

orientation; consequently, there are no two identical facets within one stereographic triangle.  The 

image b in Figure 2.13 displays one such a stereographic triangle along with the locations of the 

three low Miller index facets (at the corners) and eight high Miller index facets.  The low Miller 

index planes are called terraces as they are atomically flat and show the highest degree of 

symmetry.  The crystal planes located along the edges of the stereographic triangle contain high 

Miller index planes with terraces of either (111), (100), or (110) orientation that are separated by 

monatomic steps, and the crystal planes located inside the stereographic triangle contain kinked 

surface planes.  Figure 2.14 is constructed in order to better explain the shape of different facets 

located along the triangle edges and inside it.   

 

 

 

Figure 2.13 Scanning electron microscopy image of a spherical platinum single crystal with 

distinct (111), (100), and (110) facets as well as curved regions in between them, which are due to 

stepped and kinked facets (a).  Pictorial representation of the low Miller index and the main high 

Miller index facets (b) 
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Figure 2.14 Structures of different low and high Miller index facets and their location on the 

spherical platinum single crystal 

 

The step-terrace notation [17,28] is used to demonstrate that when proceeding from the (100) 

corner to the (111) one, there is a series of high index planes consisting of (100) terrace separated 

by (111) steps up to the (311) facet.  Proceeding further from the (311) facet, there is a series of 

high index planes consisting of (111) terrace separated by (100) steps.  An analogous approach 

can be applied to the edges connecting the (100) and (110) as well as (111) and (110) planes 

[17, 28].  The planes inside the stereographic triangle are called kinked surfaces, and the steps 

from which kinked surfaces are made themselves are high index planes.  The Pt(531) facet which 

is shown as an example contains a terrace having the (110) orientation and steps having the (311) 

orientation.  However, the (311) facet is made from (100) and (111) terraces (steps) of equal size.  

Thus, the (531) facet is made from (110), (100), and (111) facets. 
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At this stage of the discussion, it is important to mention that the (100) and (111) facets develop 

unique geometries on the spherical Pt single crystal [29,30].  The upper and lower rows in 

Figure 2.15 present models (a and d), actual etched crystals (b and e), and light microscopy 

images (c and f) of the (100) and (111) non-etched facets; all results presented in 

Figure 2.15 refer to spherical Pt single crystals after four zone refining and etching cycles 

 

 

 

Figure 2.15 Models (a, d), actual etched crystals (b, e), and light microscopy images (c, f) of the 

(100) and (111) non-etched facets 

 



 

 

46 

 

 

 

Figure 2.16 Scanning electron microscopy image of a Pt(111) facet that reveals a large flat 

terrace.  A two-dimensional profile line along the center of the Pt(111) terrace acquired by using 

a stylus surface profiler 

.   

The models shown in the images a and d are constructed by using the same approach as presented 

in Figure 2.13 and described in the text above.  The images b and e were acquired after chemical 

etching of the single crystals in order to make the (100) and (111) facets more visible and to 

enhance the unique geometries that they adopt.  The images c and f reveal the development of 

triangle-like and circle-like geometries that correspond to the (111) and (100) facets, respectively 

[30].  Interestingly, the Pt(111) facet shows a wedding cake-like growth mechanism and consists 

of (111) terraces on top of each other of gradually decreasing size [30].  Figure 2.16 presents an 

SEM image of the Pt(111) facet that reveals a large flat terrace.  The adjacent image presents a 

two-dimensional profile line along the center of the Pt(111) terrace acquired by using a stylus 

surface profiler.  It demonstrates that the terrace is indeed flat and that it develops through a 

layer-by-layer growth. 
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2.5 Conclusion 

 

In summary, the paper illustrates in a systematic manner the design, development, and operating 

procedure employed to grow spherical Pt single crystals by using a semi-automated crystal 

growth apparatus.  In addition, the paper methodically examines the impact of several operating 

variables on the crystal growth process with the objective to optimize the gas flow rate, the flame 

temperature and geometry, and the manipulations.  On the basis of such optimized parameters, a 

sequential procedure of single-crystal growth technique is designed, starting with cleaning of the 

Pt wire, followed by initial formation of a metallic sphere, and finally repetitive zone refining 

combined with chemical etching.  With the help of semi-automation and optimization, the initial 

bead growth and the repetitive zone refining are performed with a high degree of precision and 

offer excellent and reproducible control of the gas flow rates, the gas mixing ratio, and the flame 

vertical movement.  A detailed discussion of the influence of the operating parameters on the 

equilibrium shape of spherical Pt single crystal is presented with special attention being given to 

the crystal faces that determine its overall geometry.  The understanding of the Pt single-crystal 

growth and the improvements in the bench-top system design outlined in this paper present an 

important contribution to platinum interfacial electrochemistry and electrocatalysis.  The 

advancements are transferable to other metallic materials for electrochemical and non-

electrochemical applications. 
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Chapter 3 

Design and Development of Instrumentations for the Preparation of 

Platinum Single Crystals for Electrochemistry and Electrocatalysis 

Research. Part 2: Orientation, Cutting, and Annealing 

 

3.1 Introduction 

 

Research in electrochemistry and electrocatalysis that employs monocrystalline electrodes 

requires a unique set of pieces of equipment for the fabrication of hemispherical single crystals.   

They include (i) a growth apparatus for spherical single crystals, (ii) a Laue X-ray diffractometer 

for the orientation of spherical single crystals, (iii) tools for cutting and polishing of pre-oriented 

single crystals, (iv) tools for chemical cleaning and thermal annealing of oriented and pre-cut 

hemispherical single crystals, and (v) custom-built glassware for electrochemical experiments [1].   

As explained elsewhere, studies using monocrystalline electrodes require well-ordered, 

reproducible surfaces for dedicated experiments because the use of misoriented or contaminated 

electrodes yields results that are difficult to interpret or, in some instances, can even be 

misleading [2, 3].  It is vital to understand and optimize each component of the experimental tools 

for preparing monocrystalline electrodes in order to acquire accurate and reproducible results.   

This paper is a part of a series of contributions, the objective of which is to describe in detail the 

experimental procedures and instrumentation that are required in order to acquire such results.  In 

the first paper [1], we described an improved semiautomated platinum spherical single crystal 

growth apparatus and discuss the optimization of the process parameter.  This paper discusses in 
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considerable detail the orientation, cutting, polishing, and final preparation of hemispherical Pt 

single-crystal electrodes. 

Three decades ago, Hamelin [2] published a review chapter that presented instrumentation and 

procedures for the orientation and final preparation of gold single-crystal electrodes.  Due to the 

availability of new research instrumentation and knowledge acquired over the years, there exists a 

need for improved experimental tools and procedures.  X-ray Laue back-scattering is a preferred 

approach for orienting metallic single crystals due to its direct reflection of atomic planes, 

simplicity, and relatively low cost [4].  Past approaches employed specialty photographic films 

[5] to acquire X-ray back-scattering patterns.  Although these photographic films offered high 

sensitivity and low cost, they are no longer available and, consequently, an alternative detecting 

and recording setup is required.  Cutting and polishing of single crystals are performed after their 

orientation and expose the desired surface using the hanging meniscus configuration at which 

electrochemical processes are examined [6].  The existing procedures for cutting and polishing 

single crystals were adapted either to rod-shaped Au single crystals oriented using X-ray Laue 

back-scattering or to sphere-shaped Pt single crystals oriented using a laser beam [7-14].   

Consequently, it became necessary to develop and to optimize a setup for cutting and polishing 

spherical Pt single crystals oriented using X-ray Laue back-scattering.  As regards the final 

thermal treatment of monocrystalline Pt electrodes, the most commonly used procedure is flame 

annealing developed by Clavilier [15].  Although this approach is simple and cost-effective, it 

provides uneven surface heating, which makes the process hard to optimize and master [16]. 

Furthermore, the flame annealing uses air as oxidant and such treated single-crystal Pt electrodes 

are susceptible to uncontrollable disordering, as revealed by in situ STM measurements [17].   

Because the flame annealing offers a low success rate and requires a lot of practical know-how 

that is not well documented, there exists an urgent need for straightforward and reproducible 

approaches [18-22].  These arguments clearly indicate that there exists a need for various 



 

 

52 

 

instrumental improvements and detailed description of all operating procedures required to 

achieve ordered high-quality single-crystal electrodes. 

In this contribution, we describe advances made to every step involved in the orientation, cutting, 

polishing, and final preparation of Pt single crystal electrodes.  It focuses on novel 

instrumentation design, process optimization, and detailed documentation of the operational 

methods, rather than the fundamental principle of these techniques. Thus, the article does not 

dwell on the existing knowledge but rather presents new or significantly improved experimental 

approaches.  For clarity, the manuscript is divided into the following three parts: (1) the design, 

optimization, and stepwise procedure used in the X-ray Laue back-scattering; (2) the design and 

optimization of a polishing jig for cutting and polishing Pt single crystals; and (3) the design and 

optimization of an induction-based annealing apparatus with controlled gaseous atmosphere. 

 

3.2 High-Resolution CCD-Based X-ray Laue Back-scattering Apparatus for Pt 

Single Crystal Orientation: Design and Methods 

 

 The orientation of metallic single crystals for electrochemical measurements is typically 

accomplished using either a laser-based optical approach [14] or an X-ray based Laue back-

scattering approach [4].  The optical orientation uses a He-Ne laser beam that is reflected off a 

cleaved or preferentially etched crystal surface back onto a screen that is perpendicular to the 

laser beam.  In the Laue back-scattering approach (as shown in Figure 3.1), a beam of white X-

rays (composite X-rays) is incident to a single crystal and a detector collects the image of the 

back-scattered (back-reflected) X-rays, with white spots representing specific atomic planes.  The 

Laue X-ray back-scattering approach is a traditional method, which offers flexibility and several 

advantages [4, 5].  For example, after cutting and polishing, the crystal orientation can be easily 

verified and any misalignment can be detected.  In the existence of misalignment, the crystal is 
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re-oriented and re-polished.  The laser-based optical approach does not offer this possibility 

because the reflected laser beam does not contain any structural information.  Because X-rays 

penetrate hundreds of nanometers or even several microns of monocrystalline solids, diffraction 

patterns directly represent the crystallinity and quality of single crystals. 

 

 

 

Figure 3.1 Principles of the X-ray back-scattering technique and main instrumental components.  

1 The X-ray source; 2 the collimated X-ray beam; 3 the detector of back-scattered X-rays; 4 the 

spherical Pt single crystal; 5 the back-scattered X-rays that form a diffraction pattern; 6 the Ewald 

sphere; and 7 the reciprocal lattice (the image is prepared using XrayView software) 
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3.2.1 Principles of Laue X-ray Back-scattering 

 

Figure 3.1 shows a conventional Laue X-ray back-scattering setup design, which requires (i) an 

X-ray source consisting of an X-ray tube and a high-voltage generator to produce and control the 

X-ray beam; (ii) a collimator to direct an X-ray beam onto the solid sample; (iii) a detector that 

captures and images back-scattered X-rays; (iv) a Pt single crystal mounted on a sample holder, 

which is typically placed on a goniometer to position and to orient the sample normal to the X-ray 

beam; (v) back-scattered X-rays that form a diffraction pattern; and (vi) a track (not shown in 

Figure 3.1) on which the setup components are placed. 

 

The new system developed in our laboratory has a high-resolution CCD-based detector, which 

has several advantages versus Polaroid films [23], as follows: (i) the high-resolution CCD-based 

imaging system is significantly more efficient and sensitive than Polaroid films; (ii) the images 

are created and stored in a digital format; (iii) there is no processing of photographic films; (iv) 

digital images are analyzed directly using software in order to derive orientation/indexing of 

existing crystals with known structure; and (v) digital images can be compared with simulated X-

ray back-scattering patterns. 

 

3.2.2 Design of X-ray Laue Back-scattering Setup 

 

Figure 3.2 presents top and side views of our apparatus, which consists of (i) a sealed Cu tube 

(60 kV, 2200 W, long fine focus, Philip Analytical) that is an X-ray source; it is controlled using 

a 4-kW high-voltage generator (PW3830, Philip Analytical); (ii) an X-ray beam collimator, which 

passes through the camera and focuses the X-ray beam onto the sample; (iii) a high-resolution 

dual CCD-based X-ray camera (NeutronOptics); (iv) a spherical Pt single crystal; (v) a sample 
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holder; (vi) a five-axis goniometer; (vii) a translation stage; (viii) an alignment stage; and (ix) a 

track.  The sample is mounted on a five-axis goniometer (Edmund Optics), which facilitates 

positioning of the sample normal to the X-ray beams.  The entire setup (collimator, camera, 

goniometer) is put on an alignment track (Blake Industries); it facilitates easy alignment of all 

components for maximum X-ray intensity, which is required in order to obtain high-quality X-ray 

back-scattering patterns.  For the setup alignment, we used an integrated PIN diode X-ray 

detector (Xenocs). 

 

 

 

Figure 3.2 Top view (a) and side view (b) of the high-resolution CCD-based X-ray Laue back-

scattering system having the following components: 1 the X-ray source; 2 the collimator; 3 the 

high-resolution dual CCD-based camera; 4 the spherical Pt single crystal; 5 the sample holder; 6 

the five-axis goniometer; 7 the translation stage; 8 the alignment stage; and 9 the track 

 

3.2.3 High-Resolution Dual CCD-Based Imaging System 

 

The camera employed in our research was custom-built by NeutronOptics, Grenoble, France, 

according to our specifications [23].  Figure 3.3 shows a schematic representation of the design 
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and working principles of the high-resolution dual CCD-based imaging system.  It uses two high-

resolution cooled CCD cameras (Atik 314L+ Artemis CCD), which view a large area rare-earth 

oxide-coated X-ray scintillator.   

 

 

 

Figure 3.3 Schematic representation of the working principles of the high-resolution CCD-based 

X-ray Laue imaging system. 1 The X-ray source; 2 the collimator; 3 the two CCD cameras; 4 the 

spherical Pt single crystal; 5 the two lenses; 6 the two mirrors; 7 the scintillator; 8 the dust cover; 

9 the collimated, primary X-ray beam directed at the sample; 10 the back-scattered X-rays that 

form the diffraction pattern 
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Figure 3.4 Three images of the dismantled Laue camera showing the placement of its main 

components. 1 The black box; 2 the two mirrors (at an angle of 45° to the scintillator); 3 the two 

lenses; 4 the two CCD-based cameras with thermo-electric cooling; 5 the collimator hole; 6 the 

scintillator; and 7 the carbon fiber window 
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The cameras and the scintillator are placed in a sealed dark box-shaped enclosure.  The collimator 

passes through the middle of the box-shaped enclosure.  The two cameras are used to view the 

scintillator, so that the collimator does not obscure any part of the scintillator from the camera’s 

view.  Each camera acquires a series of images, which create half of an X-ray back-scattering 

pattern.  Custom software (ASCap plugin, ImageJ) is employed to reconstruct (“stitch”) two 

individual half-patterns into one undistorted diffraction pattern.  The pattern is produced in a 

digital format and recorded as a digital image for further analysis and processing. 

Figure 3.4 shows three images of various internal components of the high-resolution thermo-

electrically cooled CCD-based Laue camera.  Each camera faces a viewing mirror positioned at a 

45° angle to the scintillator.  The scintillator is incorporated in one wall of the box and is covered 

with a thin film of carbon fiber (0.5 mm), which offers protection from any external scattered 

light and contamination (e.g., dust). 

 

3.2.4 Platinum Bead Holder and Goniometer Design 

 

As described in our previous paper, the shape adopted by the spherical single crystal upon 

solidification is a direct reflection of its minimum surface energy [1].  Although we refer to it as 

being spherical, we wish to emphasize that it is not perfectly spherical because it reveals large, 

well-defined low Miller index facets as well as other regions that correspond to stepped and 

kinked facets [24].  A scanning electron microscopy (SEM) image of spherical Pt single crystal 

with distinct (111), (100), and (110) facets and curved regions containing stepped and kinked 

surface planes is shown in Figure 3.5a.  Figure 3.5b presents a graphical representation of a 

spherical Pt single crystal with color-coded low Miller index facets.  Figure 3.5c shows a visual 

representation of the arrangement of surface atoms in the Pt(110), Pt(100), and Pt(111) surfaces. 
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Figure 3.5 An SEM image (a) and a graphical representation (b) of a spherical Pt single crystal 

with color-coded (110), (100), and (111) facets.  c A visual representation of the arrangement of 

surface atoms in the Pt(110), Pt(100), and Pt(111) surfaces; the gray regions represent stepped 

and kinked surfaces 

 

The angle (φ) between a reference crystallographic plane having the following Miller indices 

(h1k1l1) and the desired plane having the Miller indices (h2k2l2) is given by the following equation 

[25]: 

𝑐𝑜𝑠φ =
ℎ1ℎ2 + 𝑘1𝑘2 + 𝑙1𝑙2

√ℎ1
2 + 𝑘1

2 + 𝑙1
2√ℎ2

2 + 𝑘2
2 + 𝑙2

2
                                                                                                    (1) 

For example, the angle between the Pt(100) and Pt(110) planes is 45.0°, and the angle between 

the Pt(100) and Pt(111) planes is 54.7°.  Elsewhere, we explained that in the case of carefully 

grown spherical Pt single crystals, the (100) facet is typically observed at the crystal’s bottom.   

Bearing in mind this key feature of the system, we have designed and fabricated three sample 

holders that facilitate quick orientation of the single crystal and preparation of the (100), (110), 

and (111) surfaces.  These three holders, which orient the spherical single crystal at 90.0°, 45.0°, 

and 54.7° with respect to the collimated X-ray beam, are presented in Figure 3.6.  Because the 

vertical axis of wire-supported spherical Pt single crystals is never perfectly aligned with the 
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cylindrical hole in the holder, the holder offers a rough orientation to ±5° of the desired angle (the 

desired plane).  Consequently, this rough pre-orientation is followed by fine orientation using X-

ray Laue back-scattering.  Such pre-oriented Pt single crystals should be handled very carefully 

because they are not fixed using epoxy resin yet (a bent in the Pt wire helps keep the spherical 

single crystal in place and prevents it from moving in the holder). 

 

 

 

Figure 3.6 Cross sections of drawings and pictures of the three sample holders (a–c) used to 

mount spherical Pt single crystals at pre-defined angles of 90°, 45°, and 54.7° with respect to the 

X-ray beam in order to facilitate their cutting along the <100>, <110>, and <111> directions, 

respectively 
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A holder in which a spherical Pt single crystal is mounted is subsequently attached to a five-axis 

goniometer.  The primary purpose of the goniometer and the single crystal holder is to establish 

and maintain (i) a pre-defined angle between the incident X-ray beam and the vertical axis of the 

single crystal and (ii) a pre-defined distance (30.0 mm) between the sample and the X-ray 

detector.  The design of the goniometer is such so that it has five degrees of freedom.  It allows 

control of three rotational stages and two translational stages, which facilitate the control of three 

angles, α(θx), β(θy), and γ(θz), and displacements in the x and y directions.  The required surface 

plane, normal to the X-ray beam, is adjusted using the three rotational angles, with the two 

translational stage positions of the X-ray beam at the center of the single crystal.  The design 

should facilitate the transfer of the goniometer together with the holder (with the crystal 

immobilized using epoxy resin; see the “Precision Cutting and Polishing: Instrument Design and 

Procedure” section) to a mechanical polisher.  Figure 3.7 presents a Pt single crystal placed in the 

(111) holder that is mounted on the goniometer.  The goniometer is a combination of three 

rotational and two translational stages (Edmund Optics). 
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Figure 3.7 The five-axis goniometer with a sample and a sample holder.  1 The spherical Pt 

single crystal (the sample); 2 the sample holder; 3 the x-axis translational stage; 4 the y-axis 

translational stage; 5 the goniometer stage controlling the angle α(θx); 6 the goniometer stage 

controlling the angle β(θy); and 7 the goniometer stage controlling the angle γ(θz) 
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3.3 Collection of Laue Back-scattering Diffraction Patterns and Their 

Interpretation 

 

3.3.1 Optimized Operational Variables 

 

The quality of Laue back-scattering diffraction patterns is indicative of the quality of Pt single 

crystals.  Consequently, it is necessary to discuss operational variables inherent to the system 

described in this contribution.  Table 1 lists various experimental variables of the X-ray source, 

system optomechanics, detector, and data treatment software, which affect the quality and 

resolution of Laue back-scattering diffraction patterns.  We do not discuss the operational 

principles of the X-ray generator used in the course of our research because this information can 

be found in numerous publications [4, 25].  Here, we focus on the detector design, construction, 

and operational settings as well as software for data processing and analysis.  A typical X-ray 

tube generates a continuous spectrum (curve) associated with deceleration of electrons and 

superimposed sharp, high-intensity lines characteristic of the anode material.  Laue back-

scattering utilizes the continuous spectrum to generate a diffraction pattern.  In the case of copper 

X-ray tube (the anode is made of Cu), the acceleration voltage never exceeds 35 kV in order not 

to generate high-intensity lines that would obscure the quality of diffraction patterns.  The two 

critical components of the detector are the scintillator and the CCD camera.  The quality of 

diffraction patterns is also closely related to the scintillator resolution.  The resolution of 

diffraction patterns decreases with increasing scintillator thickness, because light is emitted along 

the capture path.  On the other hand, the scintillator efficiency increases with its thickness.  

Therefore, the scintillator thickness is a compromise between the resolution and the efficiency.  

Figure 3.8 present two Laue back-scattering diffraction patterns generated using two different 

scintillator thicknesses, namely, 200 μm (Figure 3.8a) and 100 μm (Figure 3.8b).  The scintillator 
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with a thickness of 100 μm generates diffraction patterns (bright dots) that are distinguishable 

from the background.  In the case of the scintillator with a thickness of 200 μm, the background is 

brighter and, consequently, fewer diffraction dots are distinguishable.  The resolution of 

commercially available CCD cameras is very high, and the cost is relatively low due to numerous 

advances in this technology. 

 

Table 3.1 Experimental variables of the X-ray source, system optomechanics, detector, and data 

treatment software, which are optimized to acquire high-quality Laue back-scattering patterns 

 

X-ray source Detector system Equipment opto-mechanics 

• Voltage 

• Current 

• Scintillator-thickness 

• CCD-efficiency and resolution 

• Noise reduction 

• Alignment 

• Goniometer design 

• Sample holder 

• Sample detector distance 

 

 

 

 



 

 

65 

 

 

 

Figure 3.8 Laue images acquired using two different scintillator thicknesses, namely, ca. 200 μm 

(a) and ca. 100 μm (b) 

 

Figure 3.9 shows two Laue back-scattering diffraction patterns obtained using two different CCD 

cameras having two different resolutions, namely, 752 × 580 pixels (Figure 3.9a) and 

1392 × 1040 pixels (Figure 3.9b).  The camera-to-sample distance is very important because it 

determines the quality and resolution of diffraction patterns.  The camera-to-sample distance is 

also dictated by the size of the detector window.  A short camera-to-sample distance results in 

small, bright but congested diffraction dots.  A long camera-to-sample distance facilitates 

accurate single crystal orientation measurements because the distance between diffraction dots is 

large but their size increases and intensity decreases.  Therefore, the camera-to-sample distance is 

typically set to a minimum of 30.0 mm and a maximum of 45.0 mm; in our case, it is 30.0 mm.  

The exposure time is also an important parameter because it determines the brightness of dots and 

the background brightness.  Therefore, generation of Laue back-scattering diffraction patterns is 

usually performed employing an exposure time of 5 min. 
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Figure 3.9 Laue back-scattering diffraction patterns acquired using two CCD cameras having 

different resolutions, namely, 752 × 580 pixels (a) and 2048 × 2048 pixels (b) 

 

3.3.2 Noise Reduction, Filtering, and Indexing of Laue Back-scattering Diffraction Patterns 

 

The performance of CCD cameras depends on temperature and any external interference in the 

form of leaking external electromagnetic radiation (e.g., external visible light, electrical noise).   

CCD cameras operating at room temperature (warm CCD cameras) generate an electronic noise 

that is referred to as dark current.  Therefore, they require cooling especially in the case of long 

exposure times and, ideally, should be maintained at −20 °C in order to reduce the dark current.   

Cooling CCD cameras is not perfect, and there are always a few isolated hot pixels (the origin of 

noise), which can be removed using a suitable software package that contains the Despeckle and 

band-pass filters.  Figure 3.10 presents two diffraction patterns from exactly the same 

measurement; Figure 3.10a is an untreated diffraction pattern, while Figure 3.10b is a digitally 

processed diffraction pattern using the two abovementioned digital filters.  Figure 3.10b is a 

typical example of a highest-quality diffraction pattern that we can achieve.  The digitally filtered 

diffraction pattern can be compared to a simulated pattern for the same material being in a 
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monocrystalline form.  The Cologne Laue Indexation Programme (CLIP) is a free software 

package, which is suitable to simulate Laue back-scattering diffraction patterns [25, 26].  For a 

known monocrystalline solid sample and operating parameters (X-ray tube type, camera-to-

sample distance, X-ray voltage, detector window size), the software generates a back-scattering 

diffraction pattern for a defined single crystal orientation.  The simulated diffraction pattern 

contains hundreds of diffraction dots, which correspond to all principal lattice planes that fit into 

the detector window. 

 

 

 

Figure 3.10 Two identical Laue back-scattering diffraction patterns; the as-received pattern is 

shown in a, and the digitally filtered pattern is shown in b 

 

Figure 3.11 presents visual representation of three spherical Pt single crystals with color-coded 

(110), (100), and (111) facets (the first column).  They are arranged in such a way, so that in each 

case one (110), or (100), or (111) facet is perpendicular to the X-ray beam.  It also shows the 

arrangement of atoms in the fcc(110), fcc(100), and fcc(111) surfaces (the second column).   

Simulated Laue back-scattering diffraction patterns are generated (the third column) using the 

CLIP software bearing in mind that platinum belongs to the Fm-3m space group and adopts the 
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fcc structure, and its lattice parameter is 392.42 pm.  The experimentally observed Laue back-

scattering diffraction patterns are presented in the fourth column. 

 

 

 

Figure 3.11 The first column presents visual representation of three spherical Pt single crystals 

with color-coded (110), (100), and (111) facets.  The second column shows the arrangement of 

atoms in the fcc(110), fcc(100), and fcc(111) surfaces.  The third column demonstrates simulated 

Laue back-scattering diffraction patterns.  The fourth column presents experimentally observed 

diffraction patterns for Pt(110), Pt(100), and Pt (111), respectively 

 

Figure 3.12 lists the four steps involved in the indexing of a Pt single crystal as well as in 

determining any misorientation angle.  In this specific case, the objective is to orient the single 

crystal so that a Pt(111) face is perpendicular to the X-ray beam.  Figure 3.12a refers to a Laue 

back-scattering diffraction pattern for a spherical Pt single crystal placed in the (111) holder (see 
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Figure 3.6) and attached to the goniometer (see Figure 3.7).  The goniometer is attached to a 

bracket (it is parallel to the CCD camera window, thus perpendicular to the X-ray beam) that is 

placed on the track of the Laue crystal orientation system (see Figure 3.2).  Figure 3.12b refers to 

the second step in which the simulated diffraction pattern is superimposed on the actual one (it is 

misoriented). 

 

 

 

Figure 3.12 Stepwise procedure (a - d) for the indexing and orientation of a spherical Pt single 

crystal to obtain a (111) final orientation 

 

The CLIP software allows the operator to manually adjust the position of the simulated 

diffraction pattern in order to match the experimental one.  The manual adjustment of the 

simulated pattern modifies the values of the α(θx), β(θy), and γ(θz) angles.  Once the two 

diffraction patterns match each other, the software provided the values of the α(θx), β(θy), and 
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γ(θz) angles.  The values of these three angles are used to re-orient the crystal placed in the 

goniometer so that the Pt(111) face is now perpendicular to the X-ray beam.  Once the Pt single 

crystal has been re-oriented, a new diffraction pattern is acquired (Figure 3.12c).  In the final 

(fourth) step, a simulated diffraction pattern is superimposed on the newly acquired diffraction 

(Figure 3.12d).  A good agreement between these two indicates that the Pt single crystal is 

accurately oriented and that a (111) surface is perpendicular to the X-ray beam. 

 

3.4 Precision Cutting and Polishing: Instrument Design and Procedure 

 

Following the orientation of spherical Pt single crystals using the procedure described above, they 

are immobilized using epoxy resin, gradually grinded to attain a hemisphere, and carefully 

polished to acquire a flat surface.  The grinding and polishing can be performed using two 

different approaches.  In one approach, the goniometer is removed from the Laue crystal 

orientation system and attached to a jig (without changing the angles) for grinding and polishing 

using a horizontal polishing machine [11].  In another approach, the goniometer remains in 

position and a vertical rotating polishing disk is used to grind and polish the single crystal [14].   

Both methods have their advantage and disadvantages.  However, the vertical grinding and 

polishing machine requires considerable space and, consequently, cannot be easily incorporated 

into a Laue back-scattering single crystal orientation system. 

 

3.4.1 Single Crystal Immobilization Using Epoxy Resin 

 

After accurate orientation using the above-described procedure, the spherical Pt single crystal has 

to be immobilized using epoxy resin.  The entire goniometer with the holder and the single crystal 
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is removed from the Laue back-scattering single crystal orientation system and placed on a sturdy 

table (Figure 3.13a).  This step needs to be executed with utmost care in order to make sure that 

no angle gets changed.  Subsequently, a polyethylene cup is placed around the Pt single crystal 

and epoxy resin (EpoFix, Struers) is poured up to a level so that the entire single crystal is 

submerged (Figure 3.13b).  The epoxy resin consists of two components: a resin and a curing 

agent (a hardener).  They are carefully measured to obtain a specified mixing ratio and mixed 

thoroughly prior to pouring over the specimen.  The resin is allowed to cure for at least 12 h.  The 

spherical Pt single crystal embedded in epoxy resin and mounted on the goniometer is attached to 

the polishing jig as shown in Figure 3.14b.  The entire goniometer is secured in place by using a 

locking screw. 

 

 

 

Figure 3.13 The sample (a spherical Pt single crystal) in the goniometer prior to (a) and after (b) 

embedding in epoxy resin.  1 The goniometer; 2 the mounting cup; and 3 the epoxy resin in a 

syringe 
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Figure 3.14 The graphical representation of the horizontal grinding and polishing instrument (a) 

and a picture of the actual horizontal polishing machine (b). 1 The polishing wheel; 2 the jig with 

a sample; and 3 the knuckle assemble 

 

3.4.2 Principles of Grinding and Polishing, and the Related Equipment 

 

Figure 3.14a presents a graphical representation of the grinding and polishing equipment and 

Figure 3.14b a picture of the actual horizontal polishing machine.  The main components of the 

grinding and polishing machine (Figure 3.14a) are as follows: (1) a polishing wheel with speed 

control; (2) a goniometer attached to a polishing jig; (3) an assemble to hold the rotating polishing 

jig in place; and (4) grinding and polishing consumables (SiC paper, diamond suspensions, and 

alumina suspension; none of the consumables are shown).  The grinding and polishing apparatus 

developed for this research includes a custom-built polishing jig, which facilitates easy and 

accurate attachment of the goniometer and offers uniform removal of material through grinding 

and polishing at a rate that is controlled by adjusting a load. 
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The grinding and polishing machine consists of the following parts (Figure 3.14b): (i) an 8-in. 

polishing wheel (LaboPol-5, Struers) with a variable rotational speed in the 50–500-rpm range; it 

is controlled by an electronic servo system, which maintains the rotational speed constant 

independent of the load; (ii) a knuckle assemble holder to rotate and hold the lapping fixture 

during the operation; and (iii) a custom-designed, vertically mounted polishing jig that holds the 

sample in place during grinding and polishing.  The consumables are SiC polishing papers of 

different grades, a set of various polishing cloths (MD Cloth, Struers), diamond suspensions, and 

alumina suspension.  A simple, efficient, and reliable jig to which the goniometer is attached was 

developed to grind and polish spherical Pt single crystals along the oriented crystallographic 

plane.  Figure 3.15a presents a two-dimensional computer-aided design (2D CAD drawing) of the 

jig, and Figure 3.15b is a picture of the actual jig.  All the individual parts of the jig assemble are 

shown in Figure 3.15c.  Although there are many parts, the key components of the jig are the 

sample holder, the goniometer, a locking screw to hold the goniometer in place (MTI), two 

identical micrometers for monitoring the surface flatness of the specimen (Mitutoyo), and a set of 

weights to control the load during grinding and polishing (MTI).  The design of the jig is such so 

that the sample is solidly fixed in place, its surface is exposed to a polishing paper/cloth, the load 

is controlled, and the thickness of the removed material is pre-set using a locking pin.  The 

sample mounted in the jig can move vertically within preset upper and lower limits using the 

locking screw.  These two limits determine the maximum amount (thickness) of the material that 

is removed.  The quality of the polished surface depends on the material removal rate, which is 

related to the load.  A heavy load increases the material removal rate but decreases the quality of 

the surface finish, while a light load produces a good-quality surface but the removal material rate 

is low, thus the removal time is long. 
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Figure 3.15 The two-dimensional computer-assisted (2D CAD) drawing of the custom-designed 

jig (a) and the picture of the actual jig (b). c All the individual parts of the jig assemble after its 

dismantling.  The numbers in the individual parts in c correspond to the parts in the 2D CAD 

drawing in a 

 

3.4.3 Cutting and Polishing Procedure 

 

The grinding and polishing procedure adapted specifically for Pt single crystals and used in the 

course of our research was established in close consultation with Struers personnel [27].  Table 2 

lists the steps A through F employed in the polishing and grinding, as well as the consumable and 

the duration of each step.  The entire six-step process consists of three grinding and three 

polishing steps.  In order to achieve the largest possible surface for electrochemical experiments, 

about half of the spherical Pt single crystal needs to be removed through gentle grinding.   

Afterward, the specimen needs to be polished to obtain the flattest and smoothest surface possible 
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Table 3.2 The individual steps employed for the grinding (a–c) and polishing (d–f) of oriented Pt 

single crystals, as well as the consumable used and the duration of each step 

 

Step Type Surface Suspension Particle 

size (μm) 

Speed 

(rpm) 

Lubricant Time 

(min) 

A Plane 

grinding 

SiC-500 – 30 300 Water 10 

B Fine 

grinding 

SiC-

1000 

– 18 300 Water 5 

C Fine 

grinding 

SiC-

2400 

– 10 300 Water 5 

D Polishing Cloth Diamond 3 150 Red 10 

E Polishing Cloth Diamond 0.25 150 Red 10 

F Final 

Polishing 

Cloth Oxide 0.05 150 Red 10 

 

Figure 3.16 presents light microscopy images of the surface of the Pt single crystal after each 

grinding step (a–c) and each polishing step (d–f).  They reveal that the surface roughness, as 

manifested by scratches, decreases as the size of the grains of abrasive materials is reduced.  Once 

the polishing is completed, the sample holder (together with the Pt single crystal) is disconnected 

from the goniometer and immersed in dichloromethane for 8 h in order to dissolve the epoxy 

resin.  Afterwards, the holder with the Pt single crystal is placed in a Soxhlet extractor filled with 
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the same solvent for further removal of any remaining polymeric and organic impurities.  Then, 

the specimen is chemically etched in aqua regia for about 1 min in order to remove any inorganic 

and metallic contamination originating from the grinding and polishing.  Finally, the 

hemispherical Pt single crystal is thoroughly rinsed with ultra-high-purity water (Millipore) and 

stored in a purpose-designed, pre-cleaned glass container.  The hemispherical Pt single crystal is 

mounted using the wire, and the freshly polished surface does not touch the glass container. 

 

 

 

Figure 3.16 Light microscopy images of the surface of hemispherical Pt single crystal after each 

grinding (a–c) and polishing (d–f) step 
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3.5 Induction Annealing System: Instrument Design and Procedure 

 

The grinding, polishing, and cleaning of Pt single crystals that now have a hemispherical shape 

bring about disorder to hundreds of external monolayers and roughen the crystal surface (its 

average roughness is ca. 50 nm, which corresponds to the size of abrasive particulates of the final 

polishing suspension).  Atomic-level order and atomic-level surface flatness can be restored 

through careful thermal annealing.  Thermal annealing of hemispherical Pt single crystals can be 

accomplished using one of the following approaches: (i) flame annealing [15]; (ii) resistive 

heating [20]; and (iii) inductive heating [16].  The methodology adopted in the course of our 

research employs inductive heating and custom-designed glassware 

 

3.5.1 Design of the Induction Annealing Equipment 

 

Induction-based thermal treatment (induction annealing) of single crystals for interfacial 

electrochemistry and electrocatalysis research was first introduced and successfully tested by 

Kolb and coworkers [16, 17].  A typical induction annealing setup consists of the following 

components: (i) a power supply; (ii) a working head with an induction coil; and (iii) quartz-based 

glassware.  Induction annealing offers several advantages, such as the following: (a) it is a non-

contact process because the hemispherical Pt single crystal is suspended using a wire that is 

mounted in a quartz holder; the lack of any contact with external objects minimizes any 

contamination; (b) the specimen heating is uniform; and (c) it can be applied to both inert (e.g., 

Pt, Au) and oxidizable metals (Cu, Pd, Rh, Ni) because the gaseous environment can be 

controlled or the glassware can be evacuated.  Due to these characteristics, the induction 

annealing is a preferred approach because it is very reproducible and annealing conditions can be 

easily controlled. 
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Figure 3.17a shows a picture of the induction annealing apparatus used in our research, and 

Figure 3.17b presents a graphical representation of the custom-designed quartz cell in which a 

hemispherical Pt single crystal is suspended.  The experimental setup consists of the following 

components: (i) a power supply (2.4 kW terminal, 150–400 kHz, EASYHEAT 0224, Ambrell); 

(ii) an external work-head (model 300P, Ambrell) along with a custom-designed coil; its total 

capacitance is adjustable in the 0.66–2.50 μF range; the external work-head sits on an adjustable 

laboratory jack; the jack is used to position the coil so that the hemispherical Pt single crystal is in 

its center; (iii) a custom-designed copper coil that contains three turns with an internal diameter 

of 2.0 cm.; (iv) custom-designed quartz glassware in which a semispherical Pt single crystal is 

suspended and through which a gas mixture is passed; and (v) four gas flow controllers (Omega) 

for four different gases, namely, H2, Ar, CO, and CH4.  The outlets of the four gas flow 

controllers are merged and fed into the annealing cell at its bottom.  A bubbler filled with ultra-

high-purity water is attached to one side of the annealing cell and facilitates the removal of the 

gases flowing through the cell; it also prevents any external gases from entering the annealing 

system. 
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Figure 3.17 A picture of the induction annealing apparatus (a) and a graphical representation of 

the custom-designed quartz cell in which a hemispherical Pt single crystal is suspended (b). 1 The 

power supply; 2 the external work-head; 3 the custom-designed copper coil; 4 the custom-

designed quartz glassware; 5 the four gas flow controllers; 6 the semispherical Pt single crystal; 7 

the adjustable laboratory jack; 8 the gas inlet; 9 the bubbler; 10 the water tank; and 11 the 

stopcock 

 

The external diameter of the quartz tube, which is the main component of the glassware, is 1.5 cm 

and fits inside the copper coil without touching it.  The hemispherical Pt single crystal is 

suspended in the custom-made quartz cell and is in the center of the coil.  In addition, the cell 

design is such so that it can accommodate a water tank on one side.  The water tank has a manual 

flow controller (a stopcock), so water can be introduced into the cell after the annealing is 

completed.  After the annealing and cooling, the Pt single crystal is placed in ultra-high-purity 

water to protect the annealed surface from contamination during the subsequent sample transfer 
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(transfer to an electrochemical cell for measurements).  Additional design details of the annealing 

cell and the individual manipulations that need to be performed in order to acquire cyclic-

voltammetry profiles characteristic of well-ordered monocrystalline Pt electrodes will be 

described in a subsequent contribution (the third paper in this series). 

 

Figure 3.18a, b presents a drawing and a picture of the custom-built quartz cell without any 

specimen. Figure 3.18c shows a close-up image of the double-walled section, and Figure 3.18d is 

a picture of the induction coil.  Importantly, the part of the annealing cell shown in Figure 3.18c 

has a double wall to facilitate the introduction of water into the cell.  Water is introduced at a low 

flow rate and flows as a thin film along the inside wall without any contact with the Pt single 

crystal, the sample holder, or the wire.  As the water level rises, eventually, it covers the Pt single 

crystal offering protection. 

 

 

 

Figure 3.18 A drawing (a) and a picture (b) of the custom-built quartz cell without any sample. 

(c) A close-up image of the double-walled section near the water entrance. (d) A picture of the 

induction coil 



 

 

81 

 

3.5.2 Operating Variables and Annealing Procedure 

 

The following three variables of the annealing procedure determine the final quality of the 

hemispherical single crystal surface: (i) the annealing temperature, (ii) the nature of the gaseous 

atmosphere in which the annealing is carried out, and (iii) the annealing and cooling times.  The 

annealing temperature depends on the nature of the annealed metallic material and its dimensions, 

and thus on its overall mass and heat capacity.  The operating voltage of the power supply is set at 

220 V, and the current is increased in a step-wise manner, while the temperature of the Pt single 

crystal is monitored.  The graph in Figure 3.19 shows the variation of the Pt surface temperature 

as a function of the applied power and the colors that the specimen adopts at specific power 

values, and thus at specific temperatures 
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Figure 3.19 Variation of the Pt single crystal surface temperature as a function of the applied 

power and the colors that the specimen adopts at specific power and temperature values 

 

It is important to emphasize that different metallic materials having the same dimensions, or the 

same metallic material but having different dimensions (masses), will require new calibration 

curves due to their different heat capacities.  In addition, the annealing ought to be performed in a 

neutral or slightly reducing gaseous atmosphere to minimize any chance of surface oxidation that 

would destroy the monoatomic order, which is the final objective of the annealing. 
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We developed a three-step thermal treatment and cooling procedure that produces high-quality Pt 

monocrystalline surfaces.  Firstly, the hemispherical Pt single crystal is placed in a pre-cleaned 

quartz tube and annealed in a hydrogen-rich hydrogen-oxygen flame (the H2(g)/O2(g) mixing 

ratio is 10:1) for 2 h.  Secondly, the sample is transferred to the quartz annealing cell (Figure 

3.18) and inductively annealed at ca. 1100 °C in argon-hydrogen gaseous atmosphere (the 

Ar(g)/H2(g) mixing ratio is 9:1) for 8 h, with the gas mixture flow rate being ca. 500 mL min−1.   

Thirdly, the Pt single crystal is cooled at a slow rate of ca. 20 °C min−1 in the quartz annealing cell 

under an argon-hydrogen atmosphere (the Ar(g)/H2(g) mixing ratio is 3:1).  It is important to 

emphasize that the greatest chance of forming a surface oxide is during the cooling step, and for 

this reason, the amount of H2(g) in the gas mixture is increased.  The formation of thermal Pt 

surface oxide is thermodynamically and kinetically favorable, when the temperature is roughly in 

the 100–300 °C range.  The specimen heating and cooling are performed in a slow manner in 

order to avoid any temperature shock that could introduce structural defects.  The above-

described three-step annealing and cooling procedure allows the Pt single crystal to regain atomic 

level order in the surface and near-surface regions.  Finally, when the Pt single crystal 

temperature reaches ca. 50 °C, it is placed in ultra-high-purity water and stored in this manner 

using a sealed pre-cleaned glass container. 

 

3.6 Conclusion 

 

In summary, the paper discusses in a systematic manner the development of three systems needed 

to prepare well-ordered and defect-free Pt single crystal surfaces for electrochemistry and 

electrocatalysis research.  They are as follows: (i) a high-resolution dual CCD-based X-ray Laue 

back-scattering apparatus for orienting single crystals; (ii) a precision jig for cutting and polishing 
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pre-oriented single crystals for obtaining high-quality, planar surfaces; and (iii) an induction 

annealing apparatus with controlled gaseous atmosphere for annealing Pt single crystals and for 

obtaining an atomically ordered single crystal surface.  Apart from the novel design and unique 

instrumentation development, the paper thoroughly explains the operating procedure that needs to 

be employed in order to obtain a desired single crystal surface from a spherical single crystal.  

The first part of the paper explains the design of the high-resolution dual CCD-based Laue X-ray 

back-scattering setup, which allows acquiring, processing, and analyzing back-scattered 

diffraction patterns in a digital format.  The second part of the paper describes the design and 

components of the precision polishing jig for cutting and polishing a pre-oriented spherical single 

crystal in order to obtain a planar single-crystal surface.  This custom jig allows easy attachment 

of the goniometer transferred from the Laue X-ray back-scattering apparatus and control of the 

sample thickness during the cutting-polishing process.  The third and final part of the paper 

presents the induction-based annealing system with controlled gaseous atmosphere for annealing 

Pt single crystals in order to obtain atomically flat surfaces.  All these unique pieces of equipment 

and methodologies (procedures) described in this paper represent a significant contribution to 

interfacial electrochemistry and electrocatalysis.  Although here we focus on the application of 

the instrumentation to Pt electrochemistry, the instrumental advances and experimental 

procedures are transferable to other metallic materials for electrochemistry and non-

electrochemistry (surface science, materials science) research. 

 

3.7 References 

1. N. Arulmozhi, G. Jerkiewicz, Electrocatalysis 7, 507 (2016) 

2. A. Hamelin, in Modern Aspects of Electrochemistry, ed. by B. Conway, R. White, and J. 

Bockris, (Springer, New York, 1985), pp. 1–101 



 

 

85 

 

3. E. Herrero, L.J. Buller, H.D. Abruña, Chem. Rev. 101, 1897 (2001) 

4. A.B. Greilinger, Zeitschrift Für Krist. - Cryst. Mater. 91, 424 (1935) 

5. H. Erikson, US3330953 A (1967) 

6. D. Dickertmann, F.D. Koppitz, J.W. Schultze, Electrochim. Acta 21, 967 (1976) 

7. R. Butz, B. Krahl-Urban, K. Mench, Rev. Sci. Instrum. 44, 485 (1973) 

8. D.E. Johnson, Rev. Sci. Instrum. 39, 238 (1968) 

9. K. Geels, Metallographic and Materialographic Specimen Preparation, Light 

Microscopy, Image Analysis and Hardness Testing (ASTM International, West 

Conshohocken, 2011) 

10. C. Tripa, J. Yates Jr., J. Vac. Sci. Technol. A 14, 2544 (1996) 

11. J. Yates, Experimental Innovation in Surface Science, 2nd edn. (Springer, Cham, 2015), 

pp. 155–166 

12. J.L. McCall, Metallographic Polishing by Mechanical Methods (ASM International, 

Materials Park, 1975) 

13. Y.K. Chang, Rev. Sci. Instrum. 53, 515 (1982) 

14. C. Korzeniewski, V. Climent, J. M. Feliu, in Electroanalytical Chemistry: a Series of 

Advances, ed. by A. J. Bard, C. Zoski, Vol 24 (CRC, New York, 2011) 

15. J. Clavilier, R. Faure, G. Guinet, R. Durand, J. Electroanal. Chem. 107, 205 (1979) 

16. D. M. Kolb, F. C. Simeone, in Scanning Tunneling Microscopy in Surface Science, ed. by 

M. Bowker, P. R. Davies (Wiley, New York, 2009) 

17. L. A. Kibler, Preparation and Characterization of Noble Metal Single Crystal Electrode 

Surfaces (International Society of Electrochemistry, 2003) 

18. L.A. Kibler, A. Cuesta, M. Kleinert, D. Kolb, J. Electroanal. Chem. 484, 73 (2000) 

19. J. Tymoczko, W. Schuhmann, A.S. Bandarenka, Phys. Chem. Chem. Phys. 15, 12998 

(2013) 



 

 

86 

 

20. G.A. Attard, J.-Y. Ye, A. Brew, D. Morgan, P. Bergstrom-Mann, S.-G. Sun, J. 

Electroanal. Chem. 716, 106 (2014) 

21. A.S. Bondarenko, I.E.L. Stephens, I. Chorkendorff, Electrochem. Commun. 23, 33 

(2012) 

22. S.E. Huxter, G.A. Attard, Electrochem. Commun. 8, 1806 (2006) 

23. http://www.neutronoptics.com/laue.html (accessed 16-May-2017) 

24. T.L. Einstein, in Handbook of Crystal Growth: Fundamentals, 2nd ed, ed. by T. 

Nishinaga, ch 5 (Elsevier, Amsterdam 2015) 

       25. O. J. Schumann, Cologne Laue Indexation Program, (2009) 

       26. http://clip4.sourceforge.net/ (accessed 16-May-2017) 

 27. Metalog Guide (Struers, Denmark, 1992) 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

87 

 

Chapter 4 

Design and Development of Instrumentations for the Preparation of 

Platinum Single Crystals for Electrochemistry and Electrocatalysis 

Research Part 3: Final Treatment, Electrochemical Measurements, and 

Recommended Laboratory Practices 

 

4.1 Introduction 

 

Research in electrochemistry and electrocatalysis that employs monocrystalline electrodes 

requires specialized experimental and operational methodologies to fabricate monocrystalline 

electrodes and a unique set of pieces of equipment to perform electrochemical measurements.  In 

order to be able to produce high quality and reproducible results, it is vital to understand and 

optimize each step and associated instrumental settings.  The objective of this paper is to describe 

in detail the instrumentation and experimental procedures that need to be followed in order to 

acquire such high-quality results.  In our first paper on the subject [1], we describe an improved 

semi-automated platinum spherical single crystal growth apparatus and discuss the optimization 

of the process parameters.  In the second paper [2], we discuss in detail the orientation, cutting, 

polishing, and annealing of hemispherical Pt single-crystal electrodes.  In this contribution, which 

is the third and final paper in this series, we report on the experimental procedure consisting of 

many steps that is applied to perform accurate and reproducible electrochemical measurements 

that yield high-quality cyclic voltammetry (CV) profiles for Pt(111), Pt(100), Pt(110), and 

spherical, polyoriented Pt electrodes.  This contribution is a proof-of-concept, which validates the 
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individual pieces of equipment and experimental procedures developed in the course of this 

research [1, 2]. 

 

As explained elsewhere [1- 5], experimental studies using monocrystalline electrodes should be 

performed under well-defined conditions in order to minimize contamination, because even 

minute amounts of impurities can modify the electrode surface structure and surface composition 

yielding results that are difficult to interpret or, in some instances, can even be misleading.   

Cleanliness in electrocatalysis and interfacial electrochemistry research is of paramount 

importance, because it affects the outcome of measurements.  In addition, each piece of 

equipment has to be designed in such a way so that it can be easily cleaned.  A review chapter 

authored by Angerstein-Kozlowska presented a comprehensive description of recommended 

laboratory procedures and practices that allowed one to obtain quality and reproducible results 

using solid, polycrystalline mainly noble-metal electrodes [4].  However, this important review 

was written before experiments using monocrystalline electrodes became a part of the 

electrochemical landscape and, consequently, lacks specifics applicable to such measurements.   

Several methodologies have been developed and adopted to research using monocrystalline 

electrodes.  Initially, experimental studies aided by ultra-high vacuum (UHV) techniques were 

employed and used Ar-ion sputtering followed by thermal annealing to obtain impurity-free and 

well-ordered metallic (mainly noble metal) surfaces [5, 6].  This approach gained considerable 

attention and was implemented in several research laboratories but was found to be fairly 

expensive and very laborious.  The so-called flame annealing developed by Clavilier et al. [7, 8] 

is most commonly used as the final thermal treatment of monocrystalline Pt electrodes.  Although 

this approach is simple and cost-effective, it has certain limitations, such as non-uniform surface 

heating that makes the process hard to optimize and master [9] and exposure to air that introduces 

air-born contamination and produces a surface oxide that can disorder the atomic order, as 
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revealed by in-situ STM measurements [10].  Because the flame annealing requires a lot of 

practical know-how that is not fully documented in the literature [11], there is a low success rate 

in implementing it.  Therefore, there exists an urgent need for straightforward and reproducible 

approaches that would facilitate experimental research using monocrystalline electrodes [12]. 

 

This paper, which is the final one in a series of three contributions, validates the design of the 

pieces of equipment described in our two previous papers [1, 2] and discusses in detail the final 

manipulations of hemispherical, monocrystalline Pt electrodes.  It describes the cleaning of the 

electrochemical cells and apparatus for thermal annealing.  It also discusses the final thermal 

treatment of hemispherical, monocrystalline Pt electrodes and the electrochemical setup as well 

as experimental protocols.  Here, we emphasize that close adherence to all these individual steps 

allows one to obtain CV transients characteristic of atomically-ordered and impurity-free Pt(hkl) 

electrodes.  In addition to serving the electrochemistry community working in the area of 

interfacial electrochemistry and electrocatalysis of well-ordered Pt-based materials, the article 

serves as a tutorial paper that can facilitate the development of analogous experimental 

procedures for other monocrystalline and nanostructured electrode materials. 

 

4.2 Procedures Used in the Cleaning of the Annealing Apparatus and 

Electrochemical Cells 

 

A contamination-free and atomically-ordered surface is the prime requisite for conducting 

meaningful measurements using Pt(hkl) electrodes.  Cyclic voltammetry profiles in the region of 

the under-potential deposition of hydrogen (UPD H) and anion adsorption serve as 

“electrochemical fingerprints” indicative of the Pt(hkl) surface’s state and system’s cleanliness 

[13, 14].  It is important to add that even sub-monolayer quantities of controlled additives 
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(surface modification) or uncontrolled additives (surface contamination) significantly modify CV 

profiles, which are no longer typical of clean and ordered electrode surfaces [15].  Thus, careful 

attention has to be paid to the design and execution of experiments.  Every material being in 

direct or indirect contact with the electrode surface can act as a source of contamination.  Typical 

sources from which contamination can originate are (i) glassware, (ii) polymeric materials (e.g. 

Teflon®, Viton®), (iii) counter and reference electrodes, (iv) water, (v) electrolytes, and (vi) 

gases.  Consequently, meticulous methodologies for cleaning the entire experimental setup and 

preparing its components are required. 

 

4.2.1 Importance of Using Ultra-High Purity Water and Chemicals 

 

A system for preparing ultra-high purity (UHP) water (in our case manufactured by Millipore) is 

one of the most important pieces of equipment, which can deliver UHP water with trace or even 

lower levels of impurities.  The system is capable of producing UHP water, the resistivity of 

which is at least 18.2 MΩ cm and the total organic content is lower than 10 ppb [16].  Only UHP 

water should be used for all purposes, including multi-step cleaning and preparation of electrolyte 

solutions.  All chemicals, directly or indirectly involved in the experimental work, should be of 

the highest purity.  Because electrochemical experiments often require gases (neutral or reactive), 

they should also be of very high purity (at least 5.0 in purity).  Ideally, argon gas should be used 

to outgas the electrolyte solution and to maintain a neutral environment instead of nitrogen gas, 

which is known to occasionally contain trace amounts of oxygen, although Ar(g) is more 

expensive than N2(g).  The gas lines for supplying gases to electrochemical cells and other pieces 

of equipment should be made of pre-cleaned corrugated Teflon® tubes rather than of 

polyethylene tubes.  All other tools (e.g., tweezers, forceps), consumables (gloves), and 

polymeric materials should be handled with utmost care to avoid any uncontrollable 
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contamination.  All glassware and tools should be pre-cleaned and handled using powder-free 

nitrile gloves, which are still rinsed with UHP water prior to performing any manipulations. 

 

4.2.2 Glassware Cleaning 

 

Figure 4.1 shows the four main steps involved in glassware cleaning: (i) soaking in acidified 

KMnO4 solution; (ii) treatment with piranha solution; (iii) rinsing with UHP water; and (iv) 

boiling in UHP water.  It should be emphasized that prior to the four-step cleaning, all as-received 

glassware needs to be degreased with hot acetone in order to remove any impurities originating 

from handling and shipping.  The soaking is performed in an acidified KMnO4 solution (ca. 3.0 g 

L−1  KMnO4, Sigma Aldrich, ≥ 99.0% in purity) containing 200 mL L−1 of concentrated H2SO4 

(Sigma Aldrich, ≥ 99.9%).  The entire glassware should be completely submerged to clean its 

inside and outside.  Organic impurities present in trace amounts as adsorbed species are oxidized 

to CO2.  The soaking and concurrently occurring chemical reactions form MnO2(s) that is 

typically present in the form of a layer of brown deposit and has to be removed through 

dissolution.  The treatment with a piranha solution (a mixture of H2SO4 and H2O2 (30% wt), 

which creates Caro’s acid, H2SO5, also called peroxysulfuric acid; it is highly reactive and 

explosive and needs to be handled with utmost care) dissolves MnO2 by forming a soluble 

compound.  Because Caro’s acid is a strongly oxidizing agent, it can decompose through 

oxidation of any remaining organic impurities.  The treatment with piranha solution is followed 

by rinsing with UHP water.  The process is repeated at least three times.  The piranha solution is 

prepared from concentrated H2SO4 (Sigma Aldrich, ≥ 99.9% in purity), H2O (UHP), and H2O2 

(EMD Millipore) in 1:1:4 ratio by volume.  The rinsing with UHP water is the third step in the 

glassware cleaning and is performed at least ten (10) times.  The final cleaning step involves 

soaking of the glassware in vigorously boiling UHP water (the water temperature is kept at 100 
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°C) for at least 2 h followed by rinsing with UHP water.  This step is repeated at least three times.   

If not used immediately, the glassware (especially electrochemical cells) should be submerged in 

a solution of H2SO4 (Suprapur®, EMD Millipore) and H2O (UHP).  The glassware storage should 

be conducted using a closed container because H2SO4 is hygroscopic and, consequently, the 

solution level will gradually rise if exposed to moisture-containing air.  The cleaned and properly 

stored glassware should be used within a week’s time at the most.  Prior to being used in 

electrochemical measurements, the properly stored glassware should undergo final cleaning step 

(the fourth step). 

 

 

 

Figure 4.1 Four pictures showing the four main steps involved in glassware cleaning, namely 

soaking in acidified KMnO4 solution, treatment with piranha solution, rinsing with UHP water, 

and boiling in UHP water 

 

4.2.3 Cleaning of Counter and Reference Electrodes 

 

A typical electrochemical setup consists of three electrodes, namely a working electrode (WE), a 

counter electrode (CE), and a reference electrode (RE).  Because counter and reference electrodes 
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are in direct contact with the electrolyte solution, they also need to be impurity-free.  A usual 

counter electrode is in the form of Pt mesh or foil spot-welded to Pt wire that is sealed in a pre-

cleaned soft glass tube.  A counter electrode can also be in the form of high-purity graphite sheet 

with a pre-fabricated hole through which Pt or Au wire is fed for electrical contact; the Pt or Au 

wire is also sealed in a pre-cleaned glass tube.  In our research, we most frequently employ a 

reversible hydrogen electrode (RHE) as a reference electrode; it is in the form of Pt mesh or foil 

on which a thin layer of Pt black is electrodeposited [17].  Prior to electrochemical measurements, 

the counter and reference electrodes are degreased in hot acetone for 6 h using a Soxhlet 

extractor.  Any metallic impurities are removed by soaking the electrodes in aqua regia (3:1 by 

volume of HCl and HNO3) followed by thorough rinsing with UHP water.  Freshly prepared 

counter and reference electrodes should be cleaned using the same or slightly modified procedure 

that is normally employed to clean glassware. 

 

4.2.4 Cleaning of Polymeric Materials 

 

Electrochemistry experimental setups are complex and not all components can be made of glass 

and metals, and inadvertently include parts made of polymeric materials.  The two most common 

such materials are Teflon and Viton, both belonging to the category of fluoropolymers known for 

their high chemical stability.  They cannot be cleaned using exactly the same procedure as that 

employed in cleaning glassware and noble-metal electrodes due to possible chemical degradation.  

However, they need to be pre-cleaned prior to becoming components of electrochemical setups 

because they become a source of impurities.  Since polymeric materials contain intrinsic porosity, 

the cleaning procedure should be such so that impurities can be released.  Teflon® and Viton® 

parts are normally cleaned in two steps, namely (i) organic solvent-based cleaning and (ii) water-

based cleaning.  In the first step, cell components made of Teflon® or Viton® are cleaned in an 
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ultrasonic bath using three different solvents in a sequence, namely acetone (Pure-Pac®, Sigma 

Aldrich), ethanol (Pure-Pac®, Sigma Aldrich), and UHP water; each cleaning step lasts at least 

10 min.  Then, these parts undergo thorough rinsing (at least ten times) using flowing UHP water.   

It is important to mention that the glassware used for cleaning polymeric parts of electrochemical 

setups must be pre-cleaned using the glassware cleaning procedure.  As regards gas tubing 

(corrugated Teflon tubing) for supplying gases to electrochemical cells, it is rinsed for a 

prolonged period of time using the three abovementioned solvents. 

 

4.3 Final Treatment and Transfer Technique 

 

4.3.1 Electrode Holder for Hemispherical Platinum Single Crystals 

 

Figure 4.2 represents an electrode holder for supporting a cut and annealed hemispherical Pt 

single crystal.  The holder has the form of a quartz tube that is ca. 15 cm in length and 5 mm in 

diameter (the outside diameter).  The inner bore diameter should be greater than the diameter of 

the Pt wire; in practice, it is greater than 1.2 mm in order to offer a tight fit for the Pt wire that 

might have a few bends.  Four thin platinum wires (each 0.1 mm in diameter) of ca. 20 cm in 

length each are placed inside the tube bore and extend to the outside.  The four Pt wires are fed 

into the bore from the top and the hemispherical Pt single crystal is supported with its wire from 

the bottom.  Together, the five wires offer a tight fit as well as a suitable, low-resistance electrical 

contact.  It is important to add that unavoidable bends in the 1.0 mm Pt wire facilitate its firm 

placement in the quartz tube.  The top section of the quartz tube where the four external wires 

(0.1 mm in diameter) exit is sealed using high-purity Teflon® tape.  This arrangement minimizes 

any possibility of external contamination entering the cell.  We wish to emphasize that the use of 

copper or silver wires for electrical connection should be avoided because these metals oxidize 
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upon thermal treatment (the passive layer introduces undesired electrical resistance that modifies 

potential values of CV features). 

 

 

 

Figure 4.2 A picture of electrode holder with a hemispherical Pt(111) for performing annealing 

and electrochemical measurements.  (1) Thin platinum wires for electrical contact; (2) Teflon® 

tape seal; (3) Teflon® screw; (4) quartz tube; (5) thin Pt wires in contact with Pt wire supporting 

a hemispherical Pt electrode; and (6) a hemispherical Pt single crystal 
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4.3.2 Annealing Methodology and Electrode Transfer to the Electrochemical Cell 

 

We developed a two-step final treatment and cooling procedure, which produces high-quality 

hemispherical, monocrystalline Pt surfaces.  It includes both flame annealing and induction 

annealing followed by careful cooling.  The flame annealing employs oxygen that facilitates 

oxidative desorption of organic impurities.  The induction annealing is performed in the absence 

of oxygen and helps regain atomic-level surface order of monocrystalline metallic surfaces.  In 

the case of Pt single crystals, carefully executed flame annealing suffices in the preparation of 

well-ordered monocrystalline Pt electrodes that then yield good-quality electrochemical results.   

However, in the case of other noble and non-noble metal electrodes (e.g., Rh, Ir, Pd, Ag, Ni, Fe), 

the final thermal treatment has to be conducted in an oxygen-free environment to minimize the 

possibility of the metallic electrode forming a surface oxide layer.  Figure 4.3 shows two key 

steps involved in the flame-based final treatment.  Figure 4.3a presents a hemispherical Pt single 

crystal while being annealed in a hydrogen-oxygen flame enriched in hydrogen (the H2(g)/O2(g) 

mixing ratio is 10:1) that lasts ca. 1 min.  Afterwards, the hemispherical Pt single crystal together 

with its holder is placed in the cooling cell.  Figure 4.3b shows the apparatus (the cooling cell) in 

which the sample is placed for cooling.  The cell is half-filled with UHP water while a gaseous 

mixture of argon and hydrogen (Ar(g)/H2(g) with a mixing ratio of 2:1) is continuously purged 

through it.  The cooling cell should be purged with this gas mixture for at least 5 min to remove 

any traces oxygen prior to inserting a hemispherical, monocrystalline Pt electrode.  Once inserted, 

the Pt electrode is cooled for 4 min and then submerged into UHP water (only the hemispherical 

part of the monocrystalline electrode is submerged).  Afterwards, the Pt electrode with a droplet 

of UHP water attached to it is carefully transferred to the induction-annealing cell.  The design of 

the induction cell is explained in one of our previous papers [2]. 
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Figure 4.3 Pictures showing two key steps involved in the flame-based final treatment.  The 

image a presents a hemispherical Pt single crystal while being annealed in a hydrogen-oxygen 

flame being enriched in hydrogen and the image b shows the apparatus (the cooling cell) in which 

the sample is placed for cooling. 

 

Figure 4.4 presents six drawings in a series showing the complete induction annealing and 

cooling procedure, which involves electrode placement, electrode annealing, electrode cooling, 

internally filling the annealing cell with UHP water, covering the electrode with UHP water, and 

transporting the electrode to the electrochemical cell.  Figure 4.4a shows a hemispherical, 
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monocrystalline Pt electrode; it is placed inside the annealing cell and centered with respect to the 

induction coil in order to obtain uniform heat distribution.  Then, the annealing cell is purged with 

a mixture of argon and hydrogen (the Ar(g)/H2(g) mixing ratio is 2:1) in order to create a 

reducing atmosphere therein.  In addition, the water storage tank is also purged with the argon 

and hydrogen gas mixture in order to expel any dissolved oxygen from the UHP water.  Figure 

4.4b shows a hemispherical, monocrystalline Pt electrode during its annealing (the crystal is red-

hot).  The electrode is annealed at ca. 1100 °C for 2 min in a reducing gaseous atmosphere 

containing argon and hydrogen (the Ar(g)/H2(g) mixing ratio is 2:1).  The inset image was 

captured during the annealing process.  During the annealing at 1100 °C, the Pt single crystal is 

white-hot and taking a picture is impossible because the electromagnetic field of the annealing 

coil interferes with the electronics of a digital camera.  Thus, the image was acquired when the 

annealing power supply was switched off and the crystal was orange-hot (ca. 800 °C).  Figure 

4.4c shows a hemispherical, monocrystalline Pt electrode during its slow cooling in the same 

gaseous atmosphere; the cooling takes ca. 5 min. It is important to mention that, instead of 

cooling in the electrode in a mixture of hydrogen and argon, one can also use a gaseous mixture 

argon and carbon monoxide (Ar(g)/CO(g) mixing ratio 8:1) [18- 20]. Figure 4.4d shows the 

annealing cell and a hemispherical, monocrystalline Pt electrode while UHP water flows into the 

cell from the storage tank (the electrode is not in the UHP water yet).  Figure 4.4e shows the 

annealing cell and a hemispherical, monocrystalline Pt electrode with the flow of UHP water 

being completed; now, the electrode is submerged in the UHP water (only the hemispherical 

part).  Finally, Figure 4.4f shows a hemispherical, monocrystalline Pt electrode after its final 

annealing and outside the annealing cell.  The monocrystalline surface is protected from the 

surroundings by a droplet of UHP water and transferred to an electrochemical cell for 

measurement.  Above, we mention that the cooling in both H2(g)/Ar(g) and Ar(g)/CO(g) gaseous 

mixtures produces identical CV profiles, with slight differences observed in the case of Pt (110) 
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[18- 20].  However, in the case of samples cooled in the Ar(g)/CO(g) gaseous atmosphere 

(Ar(g)/CO(g) mixing ratio 8:1), the adsorbed CO has to be stripped electrochemically prior to 

performing electrochemical experiments. 

 

 

 

Figure 4.4 A series of schematics and images showing step-wise procedure to perform induction-

based electrode annealing, controlled-atmosphere cooling, and protecting the hemispherical 

electrode using UHP water droplet.  (a) The electrode placement in the induction-based annealing 

apparatus; (b) annealing the electrode in H2 atmosphere; (c) cooling the electrode in H2 or CO 

atmosphere; (d) filling the annealing cell with UHP water; (e) protecting the entire hemispherical 

electrode with UHP water; and f protecting the monocrystalline surface with a droplet of UHP 

water. 
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4.4 Electrochemical Measurements: the Experimental Setup and Its Operation 

 

A conventional electrochemical workstation typically requires the following components: (i) a 

test system to control and measure potential and current (and other variables) within appropriate 

ranges for the intended experiment; (ii) an electrochemical cell placed in a Faraday cage; it is 

equipped with gas inlets and outlets; in the case of temperature-dependent studies, the cell has a 

double jacket through which a liquid/cooling medium is circulated or it is a single-wall cell that 

can be placed in a heating/cooling bath; (iii) working, counter, and reference electrodes with 

appropriate cables for connections to a potentiostat/galvanostat; (iv) gases, gas flow meters, and 

pre-cleaned wash bottles (when required, neutral and reactive gases should be pre-saturated with 

water vapor; otherwise, the electrolyte level in the cell will decrease in the case of prolonged 

experiments); (v) pre-cleaned Teflon® tubes for supplying gases to the electrochemical cell; and 

(vi) a bath and a heating/cooling circulator in the case of temperature-dependent measurement. 

 

4.4.1 Experimental Setup 

 

Figure 4.5a presents a picture that shows our electrochemical workstation comprising the 

following components: (i) a computer-controlled potentiostat/galvanostat; (ii) a custom-built 

Faraday cage; (iii) an electrochemical cell placed inside the Faraday cage; (iv) neutral and 

reactive gas supply system consisting of gas regulators, Teflon® tubing, gas flow meters, and 

wash bottles; (v) a water bath; and (vi) a chiller.  Figure 4.5b shows a jacketed electrochemical 

placed inside the Faraday cage; it comprises a working electrode, a counter electrode, a reference 

electrode, Teflon® stopcocks, gas inlets, and a gas bubbler. 
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Figure 4.5 A picture showing the entire electrochemical workstation (a) and a jacketed 

electrochemical cell placed inside a Faraday cage (b) 

 

Figure 4.6 shows the following main components of a dismantled electrochemical cell: (a) the 

main cell body containing five (5) ports in the form of female joints; (b) the working electrode 

setup; (c) the counter electrode having the form of Pt mesh spot-welded to a Pt wire; the latter is 

sealed in a glass tube; (d) the reference electrode assemble, which is a reversible hydrogen 

electrode with a Luggin capillary; (e) the neutral gas supply setup; and (f) the outgassing bubbler.   

Open image in new window 
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Figure 4.6 A picture of a dismantled electrochemical cell and all its components. (a) A jacketed 

Pyrex glass cell; (b) Pt(hkl) working electrode; (c) a counter electrode; (d) a reference electrode; 

(e) inert gas purging setup; and (f) a gas bubbler 

 

4.4.2 Electrochemical Cell Assembly and Its Operation 

 

Prior to being assembled, all components of the electrochemical cell are carefully cleaned as 

explained above (see the section Procedures Used in the Cleaning of the Annealing Apparatus 

and Electrochemical Cells).  In addition, a fresh electrolyte solution should be prepared using 

high-purity reagents and UHP water.  In the subsequent section presenting samples of 

electrochemical results, we report results for Pt electrodes acquired in 0.50 M aqueous H2SO4 

solution that was prepared using high-purity concentrated sulphuric acid (Suprapur®) and UHP 
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water.  Once, the electrochemical cell is filled with ca. 35 mL of the electrolyte solution, the 

counter and reference electrodes are inserted, the gas supply assemble is also inserted, and the 

bubbler is connected.  Working with small volumes of electrolyte solutions has several 

advantages and disadvantages.  On the one hand, it is faster to deoxygenate or saturate with gases 

the electrolyte solution.  On the other hand, the cell volume/surface area ratio is smaller than in 

the case of large volume cells and, consequently, the concentration of unavoidable impurities 

originating from the inside wall of the cell increases.  Therefore, the glassware cleaning is critical 

to maintaining an impurity-free environment.  A pre-cleaned glass stopper is placed in the 

working electrode port, and the electrolyte is purged with Ar(g) for ca. 30 min to remove any 

traces of oxygen.  Then, a hemispherical, monocrystalline Pt electrode is annealed as per the 

instructions above and quickly transferred into the electrochemical cell (see the section Annealing 

Methodology and Electrode Transfer to the Electrochemical Cell).  During this step, Ar(g) is still 

being passed through the cell but above the electrolyte surface (the gas supply assemble has such 

a design so that the inert gas can be either purged through the electrolyte solution or passed above 

its surface).  After being placed in the electrolyte solution, the hemispherical, monocrystalline Pt 

electrode is slowly raised in order to obtain a hanging-meniscus configuration shown in Figure 

4.7. The meniscus configuration and length can be controlled by raising the height of the 

hemispherical electrode (if properly set, there is no wetting of the sides of the hemisphere with 

only the desired face being in direct contact with the electrolyte solution).  At this point, the 

Teflon® connector of the working electrode assemble is tightened (the position of the working 

electrode is locked, and the height of the hanging meniscus fixed).  Electrical contacts between 

the three electrodes and the potentiostat/galvanostat are made, and electrochemical measurements 

begin. 
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Figure 4.7 A picture showing the hanging-meniscus configuration of hemispherical Pt(111) 

during electrochemical measurement (left-hand image).  The close-up image (right-hand image) 

showing the electrode-electrolyte electrolytic connection 

 

4.4.3 Examples of Cyclic Voltammetry Profiles for Monocrystalline Platinum Electrodes 

 

Cyclic voltammetry (CV) is one of the most commonly employed techniques to characterize 

electrode surfaces and to study processes occurring at the solid-liquid electrochemical interface.  

It involves measurement of the current flowing between the working and counter electrodes upon 

applying a pre-defined potential to the working electrode that is measured with respect to the 

reference electrode.  In CV experiments, the potential (E) versus time (t) profile has a triangular 

shape and the slope of the E versus t profile defines the potential scan rate, s = dE/dt.  Cyclic 

voltammetry profiles, thus current (I) or current density (j) versus E transients, are 

“electrochemical fingerprints” characteristic of the electrode-electrolyte pair and their shape 

depends on the orientation of surface atoms [13,14].  Thus, for the same metallic electrode 

material and the same electrolyte, the shape of CV changes when the surface geometry of atoms 

is modified.  In addition, the shape of the CV profile often reflects the quality of the 
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monocrystalline electrode and the cleanliness of the experimental setup (electrochemical cell, 

electrolyte solution, gases, etc.).   

 

 

 

Figure 4.8 Cyclic voltammetry profiles for the four different monocrystalline Pt electrodes, 

namely Pt(111), Pt(110), Pt(100), and monocrystalline Pt(poly), acquired in aqueous H2SO4 at s = 

50 mV s−1 and T = 293 K 
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Figure 4.8 presents CV profiles for Pt(111), Pt(100), Pt(110), and Pt(spherical) electrodes in 0.50 

M aq. H2SO4 solution in the potential region corresponding to H electro-adsorption and electro-

desorption (the under-potential deposition of H) and anion adsorption and desorption, as well as 

the surface oxide formation and reduction.  The shape of the CV profiles indicates that our 

monocrystalline electrodes are of high quality and the setup impurity-free, thus validating our 

experimental approach described in the series of papers that this contribution completes. 

4.5 Overall Methodology Development 

 

The series of papers presents in detail and discusses the design and development of equipment 

involved in the preparation of monocrystalline platinum electrodes for electrochemistry and 

electrocatalysis research.  Figure 4.9 outlines a complete overview of the overall process and 

associated instrumentation developed during the course of this research.  It covers the entire 

preparation process starting with the growth of spherical, platinum single crystals and ending with 

the electrochemical measurements that employ the hanging meniscus configuration.  The system 

includes the following: (i) a semi-automated single-crystal growth apparatus; (ii) a dual CCD-

based Laue X-ray backscattering diffractometer for orienting Pt single crystals; (iii) a unique 

custom jig for cutting and polishing single crystals along a desired plane; (iv) an induction-based 

furnace for annealing Pt single crystals in accurately controlled atmosphere; and (v) a setup for 

electrochemical measurements. 
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Figure 4.9 A complete overview of the processes and associated instrumentation developed 

during the course of this research. 

 

Table 3 organizes the design of all the pieces of equipment emphasizing their novelty, presents 

the process parameters that are optimized, lists the duration of each individual process, and 

outlines an approximate cost of the equipment employed in each process.  It is important to 

emphasize that in addition to improving the single crystal growth, orientation, cutting, polishing, 

and final treatment steps through novel approaches, about 60 process variables are analyzed and 

optimized.  It is the optimization of numerous experimental process variables that significantly 

improves the quality of monocrystalline Pt electrodes and reduces the duration of individual 

steps. 
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Table 4.1 Outlines of the overall process and associated design novelty, process optimization, 

operation time, and equipment cost for the set of equipment developed during the course of 

research 

 

 

 

4.6 Conclusions 

 

In summary, the paper reports on the development of experimental methodology that allows one 

to perform accurate electrochemical measurements and to acquire signature cyclic voltammetry 

profiles for hemispherical Pt(111), Pt(110), and Pt(100) as well as polyoriented monocrystalline 

Pt electrodes.  The paper describes the following: (i) the glassware cleaning procedure adopted 

for electrochemical and annealing instruments; (ii) the final thermal treatment of monocrystalline 

Pt electrodes and their transfer to a suitable electrochemical cell; and (iii) the electrochemical 

setup and the sequence of experimental procedures that should be followed in order to obtain CV 

profiles that serve as electrochemical fingerprints.  First and most importantly, the paper 
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describes the procedure implemented for cleaning the apparatus (glassware, plastics, tubes, and 

Teflon® parts) involved in the experiments.  A labor-intensive four-step process for cleaning 

glassware and a three-step process for cleaning plastics and Teflon parts are presented.  In 

addition, a manual for the general maintenance of laboratory cleanliness for accurate 

electrochemical experiments is included.  Secondly, the paper describes the details of final 

treatment of Pt(hkl) electrodes and their transfer from the annealing apparatus to the 

electrochemical cell.  It is explained that a two-step final thermal treatment, namely flame 

annealing followed by induction-based annealing, delivers clean, defect-free, and oxide-free 

monocrystalline Pt electrodes.  Details of the procedures used to anneal, cool in a controlled 

atmosphere, protect using a droplet of UHP water, and transfer to the electrochemical cell of 

Pt(hkl) electrodes are documented.  Furthermore, the contribution explains how the so-called 

hanging meniscus electrode-electrolyte electrolytic connection is established and how its 

geometry affects the outcome of electrochemical measurements.  The contribution also explains 

in detail the design and operation of a small-volume electrochemical cell that is employed for 

accurate measurements.  The attainment of CV profiles (electrochemical fingerprints) for Pt(111), 

Pt(110), and Pt(100) as well as polyoriented, monocrystalline Pt electrodes validates the design of 

the instrumentation and the laboratory procedures.  Although here we focus on the application of 

the instrumentation and laboratory practices to monocrystalline Pt electrochemistry and 

electrocatalysis, the instrumental advances and improved experimental procedures are 

transferable to other metallic materials for electrochemistry and non-electrochemistry research. 
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Chapter 5  Structural Transformation of Monocrystalline Platinum 

Electrodes upon Electro-oxidation and Electro-dissolution 

 

5.1 Introduction  

 

Platinum-based nanocatalysts in the form of nanoparticles (Pt-NPs) are considered a prime 

candidate for various electrocatalytic applications, especially for polymer electrolyte membrane 

fuel cell (PEMFC) systems [1,2].  Electrocatalytic processes occurring at Pt-based nanocatalysts 

are surface-structure sensitive and, consequently, fundamental studies using monocrystalline Pt 

electrodes are considered a backbone in formulating electrocatalyst design strategies [3,4].  

Immense advancements were made in the understanding Pt electrocatalytic activity-surface-

structure relationships and the new knowledge led to the design of some of the most active 

nanocatalysts for fuel cell application [5-7].  On the other hand, there is limited knowledge of the 

correlation between the Pt instability and structural transformation in relation to its surface structure 

[8].  Therefore, atomistic, surface structure-dependent understanding of the Pt degradation 

processes is required in order to develop rational catalyst design approaches (catalysts that will be 

both active and stable) for an improved fuel cell performance and durability [9,10].  

  Corrosive degradation of Pt electrodes is a complex phenomenon that involves various 

species and processes [11-14].  They include, but are not limited to, the electro-oxidation of Pt 

surface [11], the interfacial structural transformation (often referred to as the interfacial place-

exchange) of the electro-adsorbed oxygen (O) atoms with the Pt surface atoms [12], the electro-

dissolution [13], and surface faceting [14].  Studies of the surface orientation-dependence of the 

oxide film growth, interfacial structural transformation, and potential-induced surface faceting 
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were conducted primarily utilizing cycling voltammetry (CV) [11-14].  Although CV is a surface-

sensitive technique in the sense that a change in the surface structure of a given monocrystalline Pt 

electrode gives rise to new features, the interpretation of CV profiles is not straightforward and 

cannot be readily attributed to phenomena, such as structural reordering or dissolution.  

Synchrotron-based and scanning probe techniques facilitated simultaneous structural and 

electrochemical measurements and allowed one to visualize site-specific oxide-induced changes 

and long-range roughening [15,16].  However, a majority of such experimental research is limited 

to Pt(111) because it is the best-understood monocrystalline Pt electrode and the manipulations 

involved in these experiments are very complex [17].  Therefore, comprehension of the elementary 

processes involved in the oxidation and dissolution of monocrystalline Pt electrode is elusive 

because it is in its early stages.  The electro-oxidation of Pt is accompanied by its dissolution but 

the amount of dissolved material is extremely small, thus difficult to measure.  Recent advances in 

inductively coupled plasma mass spectrometry (ICPMS) made such experiments possible and 

provided useful information about the dissolution products formed during prolonged potential 

cycling of Pt materials [18].  Although initially applied to polycrystalline and nanocrystalline 

electrocatalysts [19,20], ICPMS can also be applied to monocrystalline Pt electrodes, shedding 

light on surface structure-dependence of Pt dissolution and degradation [8].  

  In this contribution, we report on the electro-dissolution and structural transformation of a 

spherical, monocrystalline, polyoriented Pt electrode (Pt(spherical)) in 0.50 M aqueous H2SO4 

solution upon potential cycling in the surface oxide formation-reduction region.  The experiments 

are conducted in several ranges, with the lower potential (EL) being fixed at EL = 0.07 V and the 

upper potential (EU) being in the 0.90 V ≤ EU ≤ 1.50 V range.  Some comparative data are presented 

for Pt(111), Pt(100), and Pt(110) electrodes.  The amount of dissolved Pt is directly measured using 

flow injection coupled to ICPMS and structural changes are analyzed using SEM.  We examine the 

amount of dissolved Pt and the surface morphology changes of Pt(spherical) in relation to EU, which 
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determines the surface coverage of O (O).  We report that the dissolution of Pt depends on the 

surface arrangement of atoms within individual facets of the Pt(spherical) electrode and that this 

process leads to the development of unique surface morphology, thus surface roughness.  We 

analyze structural changes of twenty-five facets and generate a library of morphologies that 

correlate the initial surface structure to the eventual roughened pattern.  

 

5.2 Experimental section  

 

5.2.1 Electrodes, Electrolytes, and Electrochemical Cells  

 

The experimental work was conducted using monocrystalline Pt(111), Pt(110), Pt(100), and 

Pt(spherical) working electrodes (WE) prepared using the flame fusion method [21].  Details of 

the procedures employed in their orientation, cutting, polishing and final thermal treatment are 

explained elsewhere [22].  Platinum in the form of mesh was used as a counter electrode (CE) and 

a reversible hydrogen electrode (RHE) was used as a reference electrode (RE).  Two types of 

custom-made electrochemical cell were employed in this study, namely a two-compartment cell 

and a three-compartment cell [23,24].  The two-compartment cell (Pyrex glass) was used in all 

CV measurements and the three-compartment cell (Pyrex glass) was employed in Pt electro-

dissolution measurements [13,19,20].  In the case of the three-compartment cell, the WE and CE 

compartments had identical dimensions, thus volumes, and were separated using a thin proton 

conducting membrane (Nafion 211); a new Nafion membrane was used in each experiment.  The 

separation of the WE and CE compartments was necessary to facilitate electrolytic contact, while 

at the same time preventing the two electrolyte solutions from intermixing.  The reference 

electrode (RE) compartment was connected to the main cell body (WE compartment) by means 
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of a Luggin capillary.  Samples of the electrolyte from the WE compartment were collected for 

ICPMS analysis (see the section Repetitive Potential Cycling and Pt Dissolution) [13,19,20].  The 

electrolyte, 0.50 M aqueous H2SO4 solution, was prepared from high-purity sulfuric acid 

(ARISTAR grade) and ultra-high purity (UHP) water (Milli-Q, Millipore; its resistivity was ρ ≥ 

18.2 MΩ cm).  The glassware was cleaned using well-established standard procedures [23.24].  

Ultra-high purity N2(g) pre-saturated with water vapor was passed through the electrolyte to 

remove any dissolved gases.  The manipulations involved in handing monocrystalline Pt 

electrodes, which involved annealing, cooling in a controlled atmosphere, protecting using a 

droplet of UHP water, and transferring to an electrochemical cell, are well-established and 

described elsewhere [24].  Once transferred to an electrochemical cell, the so-called hanging 

meniscus electrode-electrolyte electrolytic connection was established between the Pt(111), 

Pt(110) or Pt(100) electrodes and the electrolyte.  In the case of Pt(spherical), the electrode was 

carefully placed in the electrolyte so that the monocrystalline Pt sphere was entirely submerged, 

and the stem wire was above the electrolyte surface.  All electrochemical experiments were 

conducted using a Bio-Logic model SP-150 potentiostat/galvanostat placed inside a custom-build 

faraday cage and controlled using proprietary software [24]. 

 

5.2.2 Electrochemical Surface Oxide Growth upon Single Potential Transient 

 

The electrochemical surface oxide growth upon application of a single potential transient was 

performed at Pt(111), Pt(110), Pt(100) and Pt(spherical) electrodes, respectively, in 0.50 M aqueous 

H2SO4 at T = 298 K.  The lower potential limit (EL) was fixed at EL = 0.07 V, while the upper 

potential limit (EU) was gradually increased from 0.90 V to 1.50 V, with an interval of 0.10 V; the 

potential scan rate (s) was s = 50.0 mV s–1.  Each measurement was conducted using a freshly 



 

 

116 

 

prepared electrode surface.  Figure 5.1 shows a potential versus time profile that illustrates the 

sequence of steps (a through e) involved in the electrochemical oxide growth studies.  Step a: 

placement of the monocrystalline Pt electrode in an electrochemical cell with intensive N2(g) 

purging.  Step b: acquisition of a CV profile in the 0.07 V ≤ E ≤ 0.50 V range at a potential scan 

rate of s = 50 mV s–1 to verify the cleanliness of experimental conditions and the long-range order 

of the electrode’s surface atoms.  Step c: application of a positive-going potential transient from E 

= 0.50 V to a defined upper potential limit (EU, 0.90 ≤ EU ≤ 1.50 V) at s = 50 mV s–1 (in Figure 5.1 

EU = 1.50 V); during this transient, a Pt surface oxide is formed.  Step d: application of a negative-

going potential transient from EU to a lower potential limit of EL = 0.07 V at s = 50 mV s–1; during 

this transient, the entire Pt surface oxide is reduced to metallic Pt and its integration yields the oxide 

charge (Qox) that is then converted to the oxide charge density (qox).  Step e: acquisition of a 

positive-going transient in the 0.07 V ≤ E ≤ 0.50 V range at s = 50 mV s–1 to analyze surface 

structural changes in the monocrystalline Pt electrode brought about by the surface oxide formation 

and reduction (the CV features are known to undergo a change when the formation and reduction 

of an oxide layer alters the long-range order of surface atoms).  Since a CV transient in the 0.07 V 

≤ E ≤ 0.50 V ranges serves as “an electrochemical fingerprint” characteristic of the system, it is 

used to compare the CV profiles acquired prior to and after the oxide formation to identify and 

quantify surface structural changes.  
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Figure 5.1  A program employed in surface oxide growth and morphology examination.  Step a: 

Placement of the monocrystalline Pt electrode in an electrochemical cell with intensive N2(g) 

purging.  Step b: Acquisition of a CV profile in the 0.07 V ≤ E ≤ 0.50 V range; during this 

transient of adsorption and desorption of the under-potential deposited H (HUPD) occurs.  Step c: 

Application of a positive-going potential transient from E = 0.50 V to an upper potential limit (EU 

= 1.50 V); during this transient, a Pt surface oxide and interfacial structural transformation 

occurs.  Step d: Application of a negative-going potential transient from EU to a lower potential 

limit of EL = 0.07 V; during this transient, the entire Pt surface oxide is reduced, and Pt oxide 

dissolution occurs.  Step e: Acquisition of a positive-going transient in the 0.07 V ≤ E ≤ 0.50 V 

range; during this transient of HUPD occurs on the structurally transformed surface.  In all the 

steps, the potential scan rate is s = 50 mV s–1. 
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5.2.3 Platinum Dissolution upon Repetitive Potential Cycling 

 

Monocrystalline Pt(spherical) electrodes were subjected to repetitive potential cycling to 

understand Pt electro-dissolution and potential-induced surface faceting.  This required the usage 

of monocrystalline Pt(spherical) electrodes of the highest quality.  High-quality monocrystalline 

Pt(spherical) electrodes always had the (100) facet at the bottom of the sphere upon solidification 

[21].  The repetitive potential cycling involved the application of up to 500 CV transients in five 

different potential ranges defined by EL and EU (EL = 0.07 V and 1.10 V ≤ EU ≤ 1.50 V) at s = 50 

mV s–1.  It is important to emphasize that prior to each repetitive potential cycling experiment, the 

monocrystalline Pt(spherical) electrode was re-melted and re-grown using the flame fusion method 

and its final shape (the equilibrium shape that requires that the (100) be at the crystal’s bottom) was 

examined using SEM [21].  ICPMS was employed in combination with flow injection analysis to 

measure the amount of dissolved Pt during the repetitive potential cycling.  These measurements 

were performed using a Varian 820MS instrument coupled to a sample injection valve with a 100-

µL loop (Model 5020, Rheodyne, Cotati, CA), which was electronically actuated by a switching 

module (Universal, Anachem, Luton, U.K.).  During the potential cycling experiments, a 1.00-mL 

aliquot of the electrolyte solution was collected from the WE compartment after every 50 CV 

transients.  In each instance, 1.00 mL of fresh electrolyte was added to the WE compartment to 

maintain a constant volume of the electrolyte solution.  Prior to sample collection, N2(g) was passed 

through the electrolyte in the WE compartment to ensure uniform distribution of the dissolved Pt 

ions.  Replicate 100-µL injections from each 1.00-mL aliquot were directly made into an UHP 

water carrier, in contrast to a previous study where the electrolyte was diluted five-fold prior to 

analysis [13].  Indeed, with flow injection, the corrosive effect of H2SO4 is effectively minimized 

by the water carrier, which immediately rinses the sample introduction system following passage 

of each 100-µL aliquot of electrolyte.  External calibration was performed through flow injection 
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of matrix-matched standard solutions, including a 0.50 M aqueous H2SO4 blank, using peak area 

for quantification.  The equation of the line of best fit obtained by least square regression analysis 

of peak area as a function of Pt concentration was used to directly convert the peak area measured 

for each electrolyte sample into a Pt concentration.  

 

5.2.4 Surface Faceting and Roughening upon Repetitive Potential Cycling  

 

Surface faceting (roughening) of the monocrystalline Pt(spherical) electrodes brought about by 

the repetitive potential cycling, thus by Pt dissolution, was analyzed using scanning electron 

microscopy (Quanta 250 FEG, FEI).  The repetitive potential cycling was conducted in the five 

potential ranges specified above but at a potential scan rate of s = 500 mV s–1.  The Pt(spherical) 

electrodes were cycled up to 30000 cycles in each potential range prior to performing ex-situ 

SEM measurements.  It is important to emphasize that a potential scan rate of s = 500 mV s–1 was 

selected to reduce the duration of these experiments, which cumulatively took 204 hrs without 

including the experimental preparation time.  After the potential cycling, the monocrystalline 

Pt(spherical) electrode was carefully removed from the electrochemical cell and placed in an 

inverted fashion (with the (100) facet facing the top) in a custom-made SEM sample holder.  

Then, the sample was rinsed under a stream of UHP water to remove acid from the electrode (the 

UHP water stream was only in contact with the electrode).  Subsequently, the monocrystalline 

Pt(spherical) electrode was dried in a stream of high-purity Ar(g) and placed in the SEM vacuum 

chamber.  When being transferred between the electrochemistry set-up and the SEM instrument 

or when not being used, the specimen was always stored using a custom-made container that was 

kept closed to minimize any exposure to the ambient environment.  

 



 

 

120 

 

5.3 Result and Discussion  

 

5.3.1 Electrochemical Oxide-Growth Studies  

 

Figure 5.2A through 5.2D show a series of CV profiles for the Pt(111), Pt(110), Pt(100) and 

Pt(spherical) electrodes, respectively, in 0.50 M aqueous H2SO4 acquired at s = 50.0 mV s–1 and T 

= 298 K.  The lower potential limit (EL) of the CV transients is fixed at EL = 0.07 V, while the 

upper potential limit (EU) is gradually increased from 0.90 V to 1.50 V, with an interval of 0.10 V.  

For all the four electrodes, each CV transient correspond to independent experiment preformed 

using a freshly prepared monocrystalline electrode.  The CV transients are color-coded with the 

light-red transient representing the CV profile for EU = 0.90 V and the dark-red representing the 

CV transient for EU = 1.50 V.    In agreement with the previous results for polycrystalline Pt 

electrodes, we observe that as EU increases, the value of qox also increases (see the inset in each of 

the figures) [12,19].  In the case of Pt(111) and EU ≤ 1.30 V, there is very little surface oxide 

formation (qox does not exceed 90 µC cm–2) due to the specific adsorption of anion  [25] and the 

high density of atoms in the Pt(111) surface, which does not easily undergo a structural 

transformation that accompanies the oxide growth.  In the case of EU > 1.30V, the amount of oxide 

formed significantly increases giving rise to a large value of the current density (j) and qox = 530 

µC cm–2 for EU = 1.50 V.  In the case of Pt(100) and EU ≤ 1.00 V, there is very little surface oxide 

formation (qox does not exceed 100 µC cm–2) because of the second highest surface density of 

atoms.  In the case of EU > 1.00 V, the amount of oxide formed increases giving rise to a substantial 

value of j and qox = 785 µC cm–2 for EU = 1.50 V.  In the case of Pt(110) and EU ≤ 0.90 V, again 

there is very little surface oxide formation (qox does not exceed 30 µC cm–2).   



 

 

121 

 

 

 

Figure 5.2  Electrochemical oxidation and reduction of monocrystalline platinum electrodes upon 

a single potential transient.  A series of CV profiles for the Pt(111) – (A) , Pt(100) – (B), Pt(110) 

– (C), and Pt(spherical) – (D) electrodes, respectively, in 0.50 M aqueous H2SO4 acquired at s = 

50.0 mV s–1 and T = 298 K.  The lower potential limit (EL) of the CV transients is fixed at EL = 

0.07 V, while the upper potential limit (EU) is gradually increased from 0.90 V to 1.50 V, with an 

interval of 0.10 V.  The blue CV profile refers to the given electrode during the under-potential 

deposition/desorption of H, the specific adsorption/desorption of anion and the surface oxide 

formation. The surface oxide reduction CV transients of a given electrode are color-coded with 

the light-red transient representing the CV profile for EU = 0.90 V and the dark-red representing 

the CV transient for EU = 1.50 V.  Each CV transient corresponds to a freshly prepared 

monocrystalline electrode surface.  

 



 

 

122 

 

In the case of EU > 0.90 V, the amount of oxide formed increases giving rise to a substantial value 

of j and qox = 480 µC cm–2 for EU = 1.50 V.  Finally, in the case of Pt(spherical) and EU ≤ 0.90 V, 

there is very little surface oxide formation (qox does not exceed 30 µC cm–2).  In the case of EU > 

0.90 V, the amount of oxide increases giving rise to a significant value of j and qox = 560 µC cm–2 

for EU = 1.50 V.  

Figure 5.3A through 5.3D show a series of CV profiles for the Pt(111), Pt(100), Pt(110), and 

Pt(spherical) electrodes, respectively, in the 0.10 V ≤ E ≤ 0.50 V range acquired immediately after 

the surface oxide formation and reduction transients described above; the experimental conditions 

were the same as in the case of the Pt oxide growth transients.  Each figure presents seven transients, 

with the first CV profile (blue) referring to the given electrode prior to the surface oxide formation 

and reduction, and the subsequent six CV profiles (light-red to dark-red) referring to EU = 0.90, 

1.00, …, 1.50 V, respectively.  The shapes of the CV profiles after the after the oxide formation 

indicates that the electrode surfaces undergo important structural changes [12,26-29].  The same 

color-coding is used for the CV profiles presented in Figure 5.3A through 5.3D as in the transients 

shown in Figure 5.2D through 5.2D.  

  In the case of Pt(111) and EU ≥ 1.30V, the CV profiles undergo significant changes; the 

intensity of the initially sharp peak at 0.44 V attributed to long-range ordered (111) terraces 

decreases; this feature practically vanishes in the case of EU = 1.40 V and 1.50 V [27,30].  The 

intensity of the two peaks at 0.12 V and 0.29 V that are attributed to (110)- and (100)-oriented steps 

adjacent to (111) terraces increase as EU is gradually extended towards higher values.  These 

observations point to significant structural transformation of the initially (111) surface to a 

disordered surface comprising numerous structural defects as well as newly developed (100) and 

(110) facets [26,30,31].  
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Figure 5.3  Modification of cyclic voltammetry transients in the potential range of the under-

potential deposition of H and the specific adsorption of anion.  CV profiles for the Pt(111) – (A), 

Pt(100) – (B), Pt(110) – (C), and Pt(spherical) – (D) electrodes, respectively, in the 0.10 V ≤ E ≤ 

0.50 V range acquired immediately after the surface oxide formation and reduction transients.  

The blue CV profile refers to the given electrode prior to the surface oxide formation and 

reduction, and the subsequent six CV profiles (light-red to dark-red) refer to EU = 0.90, 1.00, …, 

1.50 V, respectively.  Each CV transient corresponds to a freshly prepared monocrystalline 

electrode surface.  

   

In the case of Pt(100) and EU > 0.90 V, the CV profiles undergo significant changes; the intensity 

of the main peak at 0.37 V attributed to long-range ordered (100) terraces decreases, and the 

intensity of the initially small shoulder at 0.29 V attributed to (111) steps adjacent to (or separating) 
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(100) terraces increases creating a well-defined peak [32,33].  These qualitative changes indicate 

that the initial (100) surface transforms into a surface comprising (100) terraces and (111) steps.  

  In the case of Pt(110), when reporting and analyzing data, we refer to the reconstructed 

Pt(110) electrode obtained upon annealing and cooling in H2(g)/Ar(g) atmosphere.  In the case of 

Pt(110) and EU > 1.10 V, the CV profiles undergo significant changes; the intensity of the initially 

sharp peak at 0.13 V attributed to long-range ordered (110) terraces decreases and the intensity of 

the initially small shoulder at 0.21 V slightly increase.  The shoulder corresponds to kinked (110) 

facets comprising defects having the (100) and (111) orientation [30-34].  These observations 

suggest that surface oxide formation and reduction facilitate structural transformation of the 

initially (110) surface to a disordered surface comprising numerous structural defects having the 

(100) and (110) orientations and most likely being in the form of small terraces and steps.  

  Finally, the Pt(spherical) electrode comprises low Miller index facets having the (111), 

(100), and (110) orientations, as well as high Miller index stepped and kinked facets.  In the case 

of 0.90 V ≤ E ≤ 1.20 V, the CV profiles undergo significant changes; the intensity of the initially 

sharp peaks at 0.29 V and 0.37 V attributed to (111) steps and long-range ordered (100) terraces, 

respectively, decreases; there is also a minor decrease in the intensity of the peak at 0.13 V assigned 

to long-range ordered (110) terraces.  In the case of EU > 1.20 V, all CV peaks undergo modification 

but only the peak assigned to (100) terraces undergoes noticeable changes [30].  It is important to 

observe that the peaks corresponding to Pt(100) and Pt(111) in the CV transients undergo major 

changes, while the peak corresponding to Pt(110) undergoes a minor change.  

 

5.3.2 Analysis of the Oxide Coverage and Structural Transformation  

 

The results presented in Figure 5.2 and 5.3 and their analysis summarized in Figure 5.4 in the form 

of an infographic diagram, which consists of two parts.  The plot in Figure 5.4A presents a color-
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coded diagram of the O surface coverage (O) as a function of EU for the Pt(111), Pt(100), and 

Pt(100) electrodes [12].  The three color-coded, horizontal strips visualize structural transformation 

of the initial Pt(111), Pt(100), and Pt(110) electrodes after a single oxide formation-reduction cycle 

to a given value of EU (0.90 V ≤ EU ≤ 1.50 V).  The red strip shows that in the case of the Pt(111) 

electrode and EU ≤ 1.20 V (it corresponds to θO ≤ 0.12) the surface retains its original structure; it 

develops mainly kink-shaped defects as soon as EU ≥ 1.30 V or higher is applied [26].  The blue 

strip demonstrates that in the case of the Pt(100) electrode and EU ≤ 0.90 V (it corresponds to θO ≤ 

0.05) the surface retains its original structure; it develops mainly step-shaped defects as soon as EU 

≥ 1.00 V or higher is applied [32].  The green strip demonstrates that in the case of the Pt(110) 

electrode and EU ≤ 1.10 V (it corresponds to θO ≤ 0.25) the surface retains its original structure; it 

develops mainly kink-shaped defects as soon as EU ≥ 1.20 V or higher is applied [35].  Figure 5.4B 

presents a color-coded stereographic triangle with three color-coded vertices representing the (111), 

(100), and (110) basal planes, stepped surfaces lying along the triangle edges, and kinked surfaces 

being inside the triangle.  The three arrows visualize the progression of the initially atomically-

ordered surfaces toward stepped and kinked surfaces.  The length of each arrow signifies the extent 

of the development of surface defects.  
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Figure 5.4  Infographic diagram of oxide coverage (O) and structural transformation of 

monocrystalline platinum electrodes.  Graph (A) presents a color-coded diagram of O as a 

function of EU for the Pt(111) (red), Pt(100) (blue), and Pt(110) (green) electrodes; the three 

color-coded strips visualize structural transformation of the initial Pt(111), Pt(100), and Pt(110) 

electrodes after a single oxide formation-reduction cycle to a given value of EU (0.90 V ≤ EU ≤ 

1.50 V).  Graph (B) presents a color-coded stereographic triangle with three arrows indicating the 

progression of the initially atomically-ordered surfaces toward stepped and kinked surfaces.  

 

5.3.3 Analysis of the Platinum Dissolution upon Repetitive, Slow Potential Cycling 

 

We performed a series of experiments to analyze the evolution of the surface morphology and the 

development of surface roughness brought about by repetitive potential cycling, which involved 

surface oxide formation and reduction as well as Pt or Pt oxide (electro-) dissolution.  The 

Pt(spherical) electrodes were subjected to repetitive potential cycling (500 CV transients) in five 

different ranges (0.07 V–1.10 V, 0.07 V–1.20 V, 0.07 V–1.30 V, 0.07 V–1.40 V, and 0.07 V–1.50 
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V) in 0.50 M aqueous H2SO4 at s = 50 mV s–1 and T = 298 K.  By using Pt(spherical) electrodes 

we were able to monitor morphological changes occurring not only in the basal facets (i.e., Pt(111), 

Pt(100) and Pt(110)), but also in the high Miller index surfaces.  Importantly, this new information 

was acquired using one, freshly prepared Pt(spherical) electrode for each potential range.  Because 

the shape of CV profiles depends on the surface orientation of atoms, tracking their alteration sheds 

light on the morphological changes of individual facets within a Pt(spherical) electrode.  Figure 

5.5A presents five CV transients in the 0.07–1.20 V range for n = 1, 2, 10, 100, and 500 potential 

cycles; Figure 5.5B is an enlargement of these transients in the 0.07–0.50 V range.  Figure 5.5C 

and 5D present analogous results for the 0.07–1.50 V range.  In the case of repetitive potential 

cycling in the 0.07–1.20 V range, the peaks corresponding to long-range (100) terraces decrease 

and shift toward higher potentials.  On the other hand, the peak corresponding to the (110) terraces 

shows a tiny change, while the peak attributed to (111) terraces does not change.  In the case of 

repetitive potential cycling in the 0.07–1.50 V range, all three characteristic peaks attributed to the 

(100), (111) and (110) terraces undergo a significant change.  In particular, the features attributed 

to the (100) terraces decrease rapidly and shift toward higher potentials, the feature assigned to 

(111) terraces vanishes, and finally the peak assigned to the (110) terraces slightly decreases.  

Importantly, the intensity of the peak at 0.21 V observed only in the anodic component of the CV 

profiles and corresponding to kink-shaped defects increases upon repetitive potential cycling [35-

39]. 
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Figure 5.5.  The evolution of CV profile upon repetitive potential cycling in 0.50 M aqueous 

H2SO4 at s = 50 mV s–1 and T = 298 K. The blue CV profile refers to the first (n = 1) transient 

during the repetitive potential cycling, and the subsequent four CV profiles (dark-red to light-red) 

refer to n = 2, 10, 100, and 500, respectively (A) Profiles in the 0.07–1.20 V range for the number 

of potential cycles being n = 1, 2, 10, 100, and 500; (B) an enlargement of these transients in the 

0.07–0.50 V range.  (C and D) analogous CV transients for the 0.07–1.50 V range.   

 

  It is important to mention that after 100 transients (with EL= 0.07 V and for a given value 

of EU) the shape of the CV transient does not change anymore [39,40].  The attainment of a “steady-

state” CV profile suggest that the relative ratios of individual facets within the surface of 

Pt(spherical) remains constant, although their respective sizes change due to concurrently occurring 

Pt dissolution [13].  Figure 5.6A shows six CV profiles in the potential region of the HUPD 

adsorption/desorption and the anion specific adsorption/desorption.  The blue profile refers to 
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Pt(spherical) prior to potential cycling in the oxide formation/reduction region and the other five 

CV profiles (different shades of red) refer to Pt(spherical) after 500 transients in the oxide 

formation/reduction region but each refers to a different value of EU (EL = 0.07 V in all cases).  In 

the case of EU = 1.10 V or 1.20 V, we observe substantial changes of the features attributed to the 

(100) terraces and steps, but hardly any changes of the features assigned to the (111) and (110) 

terraces [33].  On the other hand, in the case of 1.30 V ≤ EU ≤ 1.50 V we observe significant changes 

in the entire CV profile suggesting that all (111), (100) and (110) terraces and steps undergo 

structural transformation [39,40]. 

  Although Pt is a noble metal, it still undergoes slow but unavoidable dissolution upon 

repetitive potential cycling in the oxide formation/reduction region [13,18].  In order to understand 

the dissolution behavior of monocrystalline, polyoriented Pt electrodes, we collected aliquots of 

the electrolyte during the potential cycling experiments and analyzed the amount of dissolved Pt 

using flow injection with ICPMS detection (see Experimental Section).  The main graph in Figure 

5.6B presents the amount of dissolved Pt (mPt in ng cm–2) versus the potential cycle number (n) for 

EL = 0.07 V and different values of EU (1.10 V ≤ EU ≤ 1.50 V).  The amount of dissolved Pt is 

cumulative and refers to the total amount of Pt present in the electrolyte solutions.  Because these 

plots are linear, the amount of dissolved Pt does not depend on the stage of the potential cycling 

experiments.  The inset in Figure 5.6B shows the averaged amount of dissolved Pt per CV transient 

(mPt/n in ng cm–2) as a function of the value of EU.  The results reveal that the amount of dissolved 

Pt is very small in the case of EU = 1.10 and 1.20 V.  Because potential cycling in the 0.07–1.10 V 

and 0.07–1.20 V ranges modifies mainly the CV features attributed to the (100) terraces and steps, 

it may be concluded that the dissolved Pt originates from these regions of Pt(spherical).  In the case 

of 1.30 V ≤ EU ≤ 1.50 V the amount of dissolved Pt significantly increases (by a factor of 5–7) as 

compared to EU = 1.10 and 1.20 V.  Because potential cycling in the 0.07–1.30 V, 0.07–1.40 V and 
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0.07–1.50 V ranges significantly modifies the entire CV profile, it may be concluded that the 

dissolved Pt originates from all the (111), (100) and (110) regions of Pt(spherical).  

 

 

Figure 5.6  CV profiles for Pt(poly) and the Pt dissolution data.  (A) CV profiles in the potential 

region of the HUPD adsorption/desorption and the anion specific adsorption/desorption.  The blue 

profile refers Pt(poly) prior to potential cycling and the other five profiles (different shades of 

red) refer to Pt(spherical) after 500 transients in the oxide formation/reduction region but each 

refers to a different value of EU (EL = 0.07 V in all cases).  (B) Cumulative amount of dissolved 

Pt (mPt in ng cm–2) versus the potential cycle number (n) for EL = 0.07 V and different values of 

EU (1.10 V ≤ EU ≤ 1.50 V).  The inset in (B) shows the averaged amount of dissolved Pt per CV 

transient (mPt/n in ng cm–2) as a function of the value of EU.   

 

5.3.4 Analysis of the Surface Faceting and Roughening upon Repetitive, Fast Potential 

Cycling 

 

Above, we explained that repetitive potential cycling of the Pt (111), Pt(100), Pt(110), and 

Pt(spherical) electrodes modifies their CV profiles.  These changes are attributed to Pt dissolution 

and surface structural transformations, which increase the surface roughness.  In order to better 

understand and to qualify these processes, it is necessary to use an experimental technique, which 

is non-destructive and at the same time offers high resolution and facilitates fast acquisition of 
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results.  Although scanning tunneling microscopy (STM) offers the highest (atomic-level) 

resolution, it is not easily applicable to curved metallic surfaces.  Because the objective of our 

research was to acquire qualitative topographical (morphological) information at various stages of 

the repetitive potential cycling (several topographical images for each Pt(hkl) sample), the scanning 

electron microscopy (SEM) was an ideal technique for this purpose [41,42].  Because the 

microscope employed was equipped with a three-axis goniometer, it allowed orienting Pt(spherical) 

electrodes for an analysis of different facets.  The repetitive cycling experiments using Pt(spherical) 

electrodes were conducted in the same five potential ranges as described above (see Materials and 

Methods Section) but the number of potential transients was up to n = 30000.  Because the amount 

of dissolved Pt upon a single potential transient is minuscule and the associate morphological 

changes tiny, a large number of transients is required to observe preferential dissolution of some 

facets using the SEM.  Figure 5.7 shows five SEM images of the Pt(spherical) electrode after n = 

30000 repetitive potential transients between EL = 0.07 V and EU (1.10 V ≤ EU ≤ 1.50 V) at s = 500 

mV s–1 and T = 298 K.  In the case of EU = 1.10, 1.20 and 1.30 V, there is no noticeable roughening 

of the Pt single crystal, although Pt dissolution occurs but the amount of the dissolved metal is very 

small.  It is conceivable that there is surface roughening on the nanometer scale, but we were unable 

to detect it because the point resolution of our instrument was ca. 3 nm [16].  However, in the case 

of EU = 1.40 and 1.50 V, there is significant roughening of the Pt single crystal and we even observe 

the development of surface patterns in the case of EU = 1.50 V.  
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Figure 5.7.  SEM examination of surface pattern development within Pt(spherical).  SEM images 

of the Pt(spherical) electrode after n = 30000 repetitive potential transients between EL = 0.07 V 

and EU (1.10 V ≤ EU ≤ 1.50 V) at s = 500 mV s–1 and T = 298 K.  

 

  In order to identify main surface facets in the Pt(spherical) electrode, we modeled a 

monocrystalline Pt sphere and compared it to an SEM image of Pt(spherical) after repetitive 

potential cycling in the 0.07–1.50 V range (n = 30000) and obtained a very good match [43,44].  

Figure 5.8A shows an SEM image of an actual monocrystalline Pt(spherical) electrode and Figure 

5.8B presents an image of a simulated spherical Pt single crystal, with the low Miller index facets 

depicted using different colors (i.e., (111) in red, (100) in blue, and (110) in green).  The modelled 

spherical single crystal is small (the number of atoms that can be modelled is limited), hence not 

all facets are clearly visible.  In the actual and simulated images, stereographic triangles are 

superimposed using grey, dashed lines.  The SEM instrument was equipped with a three-axis 

goniometer and allowed us to orient the monocrystalline Pt(spherical) electrode and to acquire SEM 

images that were then superimposed on the simulated single crystal.  Once superimposed with a 

reasonable accuracy (± 3), we are able to identify the location of the main surface facets within 

the actual monocrystalline Pt(spherical) electrode.  One stereographic triangle in the actual and 

simulated single crystals is marked with black, solid lines; it contains all basal, stepped and kinked 

facets.  It is important to add that one fcc single crystal contains forty-eight stereographic triangles.  
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Figure 5.8C presents a color-coded visualization of this triangle and shows as solid circles the 

location of twenty-five surface structures, which are the subject of our study.  As explained above, 

the low Miller index surface are marked by red, blue, and green filled circles at the vertices of the 

triangle; stepped surfaces are located along edges of the triangle, while kinked surfaces are within 

it.  The stepped and kinked surfaces are color coded as a combination of the three colors used for 

the low Miller index surfaces.  

 

 

Figure 5.8.  Methodology of the Pt(spherical) electrode and surface facet identification.  (A) An 

SEM image of an actual Pt(spherical) electrode after repetitive potential cycling in the 0.07–1.50 

V range (n = 30000).  (B) An image of a simulated spherical Pt single crystal, with the low Miller 

index facets depicted using different colors (i.e., (111) in red, (100) in blue, and (110) in green).  

One stereographic triangle in these two images is marked using a black, solid line.  (C) A color-

coded visualization of a stereographic triangle showing as filled, solid circles the location of 

twenty-five surface structures, which are the subject of our study. 

 

  In order to monitor the evolution of surface morphology and the development of surface 

roughness (surface pattern formation) in relation to the number of potential cycles, we acquired 

SEM images of the Pt(spherical) electrode for different values of n.  Figure 5.9 presents SEM 
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images of the Pt(spherical) electrode after 10000, 20000, and 30000 potential transients in the 

0.07–1.50 V range at s = 500 mV s–1 and T = 298 K.  We do not show SEM images for the 

Pt(spherical) electrode prior to the potential cycling because the single crystal had no roughness 

(it was very smooth), which was needed to obtain high-resolution SEM images (some features are 

required to focus the instrument).   

 

 

 

 

Figure 5.9 Evolution of surface morphology and development of surface roughness upon Pt 

dissolution.  SEM images of the Pt(spherical) electrode after 10000, 20000, and 30000 potential 

transients in the 0.07–1.50 V range at s = 500 mV s–1 and T = 298 K.  SEM images of the entire 

Pt(spherical) electrode; SEM images of the stereographic triangle; and SEM images of the (111), 

(100), (110), and (531) facets.  

 

  In the case of n = 10000, the SEM images reveal gradual development of surface 

features, thus surface roughness.  Although the (110) facet shows columns, it is not the roughest 

facet because the density of columns is low.  The (111) and (100) facets have much smaller but 
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uniformly distributed surface features that become more pronounced (larger in size) in the case of 

n = 20000 and n = 30000.  In the case of the (111) facet, we observe the development of pits.  We 

also present SEM images for the (531) facet that was observed to roughen the least.  

Figure 5.10 shows an SEM image of the Pt(spherical) after n = 30000 potential transients in the 

0.07–1.50 V range at s = 500 mV s–1 and T = 298 K.  It also shows SEM images of the (111), (100), 

(110), and (531) facets with fully developed surface roughness (only one image is presented for the 

(531) facet because it does not reveal suitable feature (within the SEM resolution) that are required 

to focus the instrument to obtain a high-resolution SEM image).  As expected, the roughness 

patterns of the three low Miller index facets are different and their morphology is unique and related 

to the initial orientation of the surface atoms.   

 

 

 

Figure 5.10  Surface roughness development in the (111), (100), (110), and (531) facets.  An 

SEM image of the Pt(spherical) after n = 30000 potential transients in the 0.07–1.50 V range at s 

= 500 mV s–1 and T = 298 K and SEM images of the (111), (100), (110), and (531) facets with 

fully developed surface roughness.  
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  The (111) facet develops pits, the size and density of which increase with the rising number 

of potential transients [16,45].  The (100) facet develops uniformly distributed hillocks (pyramids) 

[46-48], while the (110) facet develops columns.  Once again, it is important to emphasize that the 

(531) facet is the least roughened, thus the most stable.  It is an essential observation because the 

CV profile for the Pt(531) electrode closely resembles the one obtained for a bulk, polycrystalline 

Pt electrode after potential cycling in the potential range of surface oxide formation and reduction 

[49].  

For the purpose of advancing our knowledge of the surface roughening and patterning in relation 

to the initial surface arrangement of atoms, we generated a library of SEM images of the twenty-

five basal, stepped, and kinked facets after n = 30000 potential cycles in the 0.07–1.50 V range at 

s = 500 mV s–1 and T = 298 K; they are shown in Figure 5.11A and 11B.  Figure 5.11A presents 

SEM images of the low Miller index facets (they are shown in the first and last rows but in a 

different sequence that follows the stereographic triangle) and nine stepped facets.  Their analysis 

leads to the following observations: (i) the morphology of the stepped facets between the (100) and 

(111) vertices is a combination of hillocks and pits; (ii) the morphology of the stepped facets 

between the (111) and (110) vertices is a combination of pits and columns; (iii) the morphology of 

the stepped facets between the (110) and (100) vertices is a combination of columns and hillocks; 

and (iv) the midpoints of the three edges of the stereographic triangle (the (311), (331) and (210) 

facets) represent stepped surface that roughen significantly less that other surfaces.  This 

observation is in agreement with ultra-high vacuum measurements, which reveals that the Pt same 

surface are the most stable under these gas-phase conditions [50].  Figure 5.11B presents SEM 

images of the low Miller index facets, three stepped facets, and nine kinked facets.  Their analysis 

leads to the following observations: (i) the morphology of these kinked facets is a combination of 

hillocks, pits and columns; (ii) the relative contribution of each type of roughening patterns to a 

given kinked facet depends on its proximity to the basal facets; (iii) the (531) facet is least 
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roughened among all the twenty-five facets examined in the course of this research; and (iv) the Y-

shaped region connecting the (311), (331) and (210) stepped surfaces to the (531) facets is the least 

roughened.   

 

 

 

 

Figure 5.11.  A library of SEM images for the twenty-five (basal, stepped, and kinked) facets 

after n = 30000 potential cycles in the 0.07–1.50 V range at s = 500 mV s–1 and T = 298 K.  (A) 

SEM images of the low Miller index facets and nine stepped facets.  (B) SEM images of the low 

Miller index facets, three stepped facets, and nine kinked facets.   



 

 

138 

 

It should be added that preservation of the (531) surface structure is not necessarily equivalent to 

it being the most stable, because it can undergo dissolution while maintain its original structure.  

However, relative to other facets, the (531) one demonstrates the smallest loss of material 

suggesting that it is also more stable than the other facets.  The intensity of the CV features due to 

the (531) facets changes the least, thus suggesting that this facet is relatively more stable than the 

others. 

5.4 Conclusion  

 

In summary, we examined the electro-oxidation and electro-dissolution of spherical, 

monocrystalline, polyoriented Pt electrodes (Pt(spherical)) in 0.50 M aqueous H2SO4 solution upon 

repetitive cycling in the EL–EU range, where with EL = 0.07 V and 0.90 V ≤ EU ≤ 1.50 V with the 

number of transients being up to 30000.  The procedure gave rise to surface oxide formation and 

reduction, which was accompanied by Pt dissolution and restructuring of the electrode surface.  

Comparative experiments were conducted using Pt(111), Pt(100), and Pt(110) electrodes with the 

objective of determining how the amount of surface oxide, expressed as an oxide charge density 

(qox), depended on the initial surface arrangement of atoms and the value of EU.  These 

measurements allowed us to identify the value of EU, thus the value of the O surface coverage (O), 

which brought about irreversible surface morphology changes in each of the three monocrystalline 

Pt electrodes.  Its value was EU ≥ 1.30 V (O = 0.2) in the case of Pt(111), EU ≥ 1.00 V (O = 0.2) 

in the case of Pt(100), and EU ≥ 1.20 V (O = 1) in the case of Pt(110).  Because the Pt(spherical) 

electrode contained basal, stepped and kinked facets, the overall amount of oxide formed was a 

combination of several contributions.  The potential cycling in the surface oxide formation-

reduction region was accompanied by Pt dissolution and surface structural changes.  Therefore, we 

employed flow injection coupled to ICPMS to directly measure the amount of dissolved Pt and 
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SEM to monitor changes in the surface morphology.  The dissolved Pt originated from various 

facets and its amount was observed to depend on the value of EU.  In the case of EU ≤ 1.20 V, the 

(111) facets remained stable, while the (100) and (110) ones underwent slight dissolution; in the 

case of EU ≥ 1.30 V, all facets underwent significant dissolution.  It was also observed that 

regardless of the value of EU, after n = 100 potential transients, the CV profile for Pt(spherical) did 

not change anymore (although the Pt dissolution continued) and closely resembled the one obtained 

for a typical bulk, polycrystalline Pt material.  This observation implies that after n = 100 cycles, 

the relative ratios of individual facets within the Pt(spherical) electrode remained constant, although 

their respective sizes changed due to the concurrently occurring Pt dissolution.  Monitoring of the 

surface patterning (surface roughening) of Pt(spherical) using SEM facilitated surface 

morphological studies of twenty-five basal, stepped, and kinked facets.  The analysis revealed that 

upon n = 30000 repetitive potential cycles the (111) facets developed pits, the (100) facets 

uniformly distributed hillocks (pyramids), and the (110) facets columns.  The surfaces belonging 

to the Y-shaped region of the stereographic triangle connecting the (311), (331) and (210) facets to 

the (531) one were the less roughened; the (531) facet was observed to be roughened the least 

among the twenty-five facets studied in the course of this research.  These surface morphology 

(surface patterning) findings are summarized in Figure 5.12, which a stereographic triangle with 

twenty-five basal, stepped and kinked surfaces and their SEM images, as well as arrows describing 

the nature of surface roughening.  The observation that the (531) facet is the least roughened, is 

very important because this monocrystalline electrode produces a CV profile that is very similar 

(almost identical) to the one obtained for a bulk, polycrystalline Pt electrode.  In addition, the results 

suggest that Pt nanoparticle with (531) facets should exhibit the highest stability upon repetitive 

potential cycling, although their catalytic activity would have to be carefully examined.  The results 

presented in this article make an original and important contribution to the atomistic- level 

understanding of Pt degradation and patterning (roughening) phenomena.  This new knowledge not 
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only provide an important contribution to the atomistic- level understanding of Pt roughening 

phenomena but also will benefit the research efforts focused on the stability of Pt nanoparticles that 

are employed in fuel cells, thus will benefit the science and technology of polymer electrolyte 

membrane fuel cell and water electrolysis technologies.  

 

 

 

Figure 5.12 Summary of surface morphology changes brought about by repetitive potential 

cycling.  A stereographic triangle with twenty-five basal, stepped and kinked surfaces and their 

SEM images, as well as arrows describing the shape of surface features that lead to roughening.   
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Chapter 6 

Conclusion 

6.1 Overview 

 

Platinum nanoparticles (Pt-NPs) are the key and most expensive component of polymer 

electrolyte membrane fuel cells (PEMFCs).  Their stability determines the lifetime and power 

output evolution of PEMFCs.  Under advanced degradation test, the stability and fate of these Pt 

nanoparticles are uncertain as selected facets possessing high surface energy dissolve and their 

electrochemically active surface area decreases.  Therefore, studies on structural transformation 

of the Pt(hkl) electrodes at experimental conditions that mimic degradation test conditions can 

provide a firm basis for understanding how the degradation of well-defined surfaces can 

correspond to changes in atomic-level surface morphology of real Pt-NPs.  Because this research 

required Pt single crystal electrodes of very high quality, it became necessary to design, to build 

and to optimize a state-of-the-art facility for the preparation of Pt single-crystal electrode.  

Without this highly specialized facility it would be impossible to perform experiments on the 

oxidation and degradation of monocrystalline Pt electrocatalysts. Therefore, during this doctoral 

thesis work, I developed several pieces of equipment for the preparation of platinum single 

crystals surfaces and studied the structural transformation of Pt(hkl) upon electro-oxidation and 

electro-dissolution in aqueous acidic media.  Thus, the outcome of this Ph.D. research project 

allows one to prepare a well-defined Pt(hkl) electrode and clarifies how electrocatalyst undergo 

structural transformation during advanced degradation test.   

The original scientific contribution includes, 

• An innovative low-cost semi-automated crystal growth system for noble metals 
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• Development of an X ray-based orientation set-up, cutting and polishing of Pt single 

crystals, and induction annealing instrumentation for the preparation of single crystal.   

• Validation of the developed equipment through the attainment of signature cyclic 

voltammetry profile for Pt (100), Pt(111) and Pt(110) electrodes 

• Studies on the structural transformation of monocrystalline platinum electrodes upon 

electro-oxidation and electro-dissolution and the understanding of fundamental 

phenomena involved in the degradation of Pt electrocatalysts 

 

6.2 Summary of the Overall Accomplishments 

 

The thesis is organized in a manuscript style format and therefore, the overall accomplishment in 

order to achieve the above objective is summarized based on each chapter. 

Chapter 2 reports on a novel design and operation of a semi-automated system for the growth of 

spherical Pt single crystals.  The system is based on the flame fusion methodology, where the 

crystal melting/solidification process is controlled by the vertical movement of a hydrogen-

oxygen flame by using an actuator.  The Chapter 2 systematically examines the impact of several 

process variables on the crystal growth.  First, the hydrogen-oxygen flame is optimized through 

control of the gas flow rate and the mixing ratio to ensure the formation of high-quality platinum 

single crystals.  The procedure of crystal growth is documented in a step-by-step manner, starting 

with the cleaning of the Pt wire, followed by the initial formation of metallic sphere, and ending 

with repetitive zone refining combined with chemical etching.  The equilibrium shape of the 

platinum single crystals is discussed, and the individual low and high Miller index facets 

identified and visualized.   
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Chapter 3 reports on the design and development of several pieces of equipment, which facilitate 

the preparation of a hemispherical single crystal with a desired crystallographic surface structure 

starting with a spherical Pt single crystal.  The pieces of equipment include a dual, high-

resolution charge-coupled device (CCD)-based camera for acquiring Laue X-ray back-scattering 

patterns to orient spherical single crystals, a precision custom-designed jig for cutting and 

polishing pre-oriented single crystals, and an induction annealing system with the controlled 

gaseous atmosphere for obtaining well-ordered and defect-free single crystal surfaces.  Firstly, the 

Chapter 3 describes the dual CCD camera setup, which allows acquiring, processing, and 

analyzing Laue back-scattering patterns in a digital format.  The single crystal holder comprising 

a goniometer, the CCD-based detection system, and an opto-mechanical system together allow 

simple, adaptable, quick, and accurate single crystal orientation.  Secondly, the Chapter 3 presents 

details of a high-precision jig used in the cutting and polishing of single crystals.  The jig setup 

includes a goniometer supporting a holder in which a single crystal is mounted and two 

micrometers.  It maintains the desired single crystal surface parallel to the polishing disk on 

which abrasive materials are dispersed and polishing cloths are mounted.  The micrometers allow 

monitoring the polishing rate and maintaining the desired single crystal surface exactly parallel to 

the polishing disk.  Thirdly, the Chapter 3 describes details of the annealing system.  It consists of 

an induction-annealing furnace with a custom-made coil, a custom-designed quartz cell that 

facilitates single crystal annealing under controlled atmosphere conditions.  Optimization of the 

induction annealing parameters and conditions, which determine the final quality of single crystal 

surfaces, is described in detail.  Finally, the Chapter 3 explains the unique aspects of this setup 

and methodically describes the operating procedures required to obtain a hemispherical single 

crystal with an atomically flat surface. 

Chapter 4 reports on the development of an experimental methodology that is applied to acquire 

cyclic voltammetry (CV) profiles for hemispherical Pt(111), Pt(110), and Pt(100) as well as poly-



 

 

148 

 

oriented monocrystalline Pt electrodes.  Firstly, the Chapter 4 describes an effective, multi-step 

procedure for cleaning of electrochemical and annealing glassware.  The procedure comprises a 

four-step process for cleaning glassware and a three-step process for cleaning Viton and Teflon 

parts to minimize any contamination that can originate from these setup components.  The 

contribution also outlines general laboratory practices that need to be followed in order to 

maintain clean conditions for conducting electrochemical experiments.  Secondly, the Chapter 4 

discusses a thermal treatment methodology that consists of two steps, namely flame-based 

annealing and induction-based annealing.  The application of this approach produces 

reproducible, clean, defect-free, and atomically-ordered Pt surfaces.  The complete procedure of 

Pt electrode annealing, cooling in a controlled atmosphere, protecting with a droplet of water, and 

transferring to an electrochemical cell allows one to conserve a metallic character of the electrode 

surface (it does not form any oxide during the transfer) while maintaining an atomic order.  In 

addition, the Chapter 4 describes the design and operation of a multi-component electrochemical 

workstation, which is employed in measurements on platinum electrochemistry and 

electrocatalysis.  The chapter presents and discusses the hanging meniscus configuration that is 

used to maintain an electrolytic contact between a monocrystalline Pt electrode and an aqueous 

electrolyte solution.  Finally, the Chapter 4 presents CV profiles for hemispherical Pt(111), 

Pt(110), and Pt(100) as well as polyoriented, monocrystalline Pt electrodes, which are 

characteristics of high-quality electrodes and clean experimental conditions.  These results 

validate the instrumentation described in the series of chapters and the laboratory practices 

developed in the course of our research.   

Chapter 5 reports on the dissolution and structural transformation of spherical, monocrystalline, 

polyoriented Pt (Pt(spherical)) in 0.50 M aqueous H2SO4 upon potential cycling in the surface 

oxide formation-reduction region.  The potential cycling is performed in the lower potential (EL) 

– upper potential (EU) range (EL = 0.07 V and 0.90 ≤ EU ≤ 1.50 V) to correlate dissolution and 
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morphology data to EU.  The amount of dissolved Pt is monitored using inductively coupled 

plasma mass spectrometry (ICPMS) and structural changes, which modify cyclic voltammetry 

profiles, are examined using scanning electron microscopy (SEM).  The results reveal that in the 

case of EU ≤ 1.20 V there is a minor dissolution of the (100) and (110) facets, while the (111) one 

remains stable.  In the case of EU ≥ 1.30 V, all facets undergo significant dissolution.  Changes in 

the surface morphology of Pt(spherical) upon repetitive potential cycling in the 0.07–1.50 V 

range were examined in relation to the number of transients (1 ≤ n ≤ 30000).  The SEM images 

reveal the (111) facet develops pits, the (100) facet uniformly distributed hillocks (pyramids), and 

the (110) facet columns.  We report structural changes for twenty-five basal, stepped, and kinked 

facets.  Their analysis demonstrates that the (531) facet is the least roughened, thus the most 

stable.  The original results reported in this article represent a major contribution to the current 

understanding of the interfacial electrochemistry and electrocatalysis of Pt materials. 

 

6.3 Original Contributions and the Significance  

 

The original contribution and the significance of the single crystal electrochemical facility 

development project are as follows: 

• An innovative low-cost semi-automated crystal growth system for noble metals is 

designed and optimized.  Through unique design and automation, the overall crystal 

growth process precision is improved.  In addition, the semi-automation of the process 

increases the quality of the grown crystals and improves the safety of the operator.  

• The Laue diffraction system is upgraded to high-resolution CCD-based imaging set-up, 

which increases the accuracy and resolution of the measurements. 
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• The measurement time is reduced through design modification of the sample holders and 

goniometer. 

• An automated surface preparation technique is developed to cut and polish the oriented 

surface.  The custom jig allows one to control and monitor the sample removal rate 

during the cutting and polishing process.  In addition, a polishing procedure is also 

established to obtain required smoothness and flatness.  A flame annealing method was 

replicated from literature (originally proposed by Dr. Jean Clavilier) and a set-up is 

developed that offers similar or better results. 

• An improved methodology is developed for the final manipulation of single crystal 

electrodes and electrochemical measurements. 

• The project costing ca. $150k in the infrastructure is implemented and completed.  In 

addition, more than thirty-five operating parameters are optimized to improve the 

efficiency and to reduce overall process time.  Therefore, the total process, starting from 

a simple Pt wire to a single crystal measurement can be completed within 6-7 hours 

(excluding the curing/removing resin during polishing) with the highest quality. 

The original contribution and the significance of the comprehensive research on surface 

oxidation, electro-dissolution and structural transformation of single-crystal Pt electrodes are as 

follows:  

• The measurements allowed us to identify the value of upper potential (EU), thus the value 

of the O surface coverage (θO), which brings about irreversible surface morphology 

changes in each of the three monocrystalline Pt electrode.  Its value is EU ≥ 1.30 V (θO = 

0.2) in the case of Pt(111), EU ≥ 1.00 V (θO = 0.2) in the case of Pt(100), and EU ≥ 1.20 V 

(θO = 1) in the case of Pt(110).  This analysis contributes to an improvement of theories 

of the interfacial structural transformation (the interfacial place-exchange mechanism) 



 

 

151 

 

developed by B. E. Conway and G. Jerkiewicz by identifying mechanistic parameters that 

are surface-structure specific. 

• During potential cycling, in the case of EU ≤ 1.20 V, the (111) facets remained stable, 

while the (100) and (110) ones underwent slight dissolution; in the case of EU ≥ 1.30 V, 

all facets underwent significant dissolution.  It is also observed that regardless of the 

value of EU, after n = 100 potential transients, the CV profile for Pt(spherical) did not 

change anymore (although the Pt dissolution continued) and closely resembled the one 

obtained for a typical bulk, polycrystalline Pt material.  This observation signifies that 

after n = 100 cycles, the relative ratios of individual facets within the Pt(spherical) 

electrode remained constant, although their respective sizes changed due to the 

concurrently occurring Pt dissolution.   

• Using light and electron microscopies, it is possible to track the morphological changes in 

various basal, stepped and kinked surfaces.  The thesis presents a surface-structure library 

of potential cycling induced structural re-organization of 25 different Pt surface structures 

(including basal, stepped and kinked surfaces) under the various potential window and 

the various number of cycles (up to 30,000 cycles).  The Y-shaped region of the 

stereographic triangle connecting the (311), (331) and (210) facets to the (531) one is the 

less roughened; the (531) facet is observed to be roughened the least among the twenty-

five facets studied in the course of this research.  The observation that the (531) facet is 

the least roughened, the most stable, is very important because this monocrystalline 

electrode produces a CV profile that is very similar (almost identical) to the one obtained 

for a bulk, polycrystalline Pt electrode.   
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6.4 Recommendation for Further Research 

 

The outcome of my doctoral research project creates new knowledge as well as new research 

opportunities for both fundamental and applied research.  From a fundamental perspective, 

several directions can be suggested for further research. 

• The elucidation of the surface species and the nature of Pt oxides during electro-oxidation 

is also one of the most important subjects for the development of electrocatalyst.  

Coupling spectroscopy methods with electrochemical techniques such as in-situ surface 

enhanced Raman spectroscopy and in situ Fourier transformed infrared spectroscopy 

would be beneficial. 

• Even though the surface oxidation on Pt basal surfaces (namely (100), (110) and (111)) 

were studied extensively, the influence of step and kink density on the electro-oxidation 

of Pt surfaces is still unknown.  Therefore, comprehensive studies on surface oxidation 

on stepped and kinked surfaces is much needed. 

• The structural transformation of Pt(hkl) electrode during potential cycling can be studied 

in situ using electrochemical scanning tunneling microscopy.  This approach can allow 

correlating structural transformation from both electrochemical and structural 

perspective. 

     

From an applied perspective, several directions can be suggested for further research. 

 

• A comprehensive stability study using Pt nanoparticles (Pt-NPs) of controlled geometry 

(e.g. spherical, cubic, octahedral, cuboctahedral) and size (e.g. in the 5–30 nm range) is 

much needed.  In addition, these studies should also extend to other aqueous electrolytes, 

namely solutions of HClO4 and CF3SO3H.  These studies on the electro oxidation and 
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electrochemical and chemical dissolution of Pt-NPs would be appropriate for the PEMFC 

science and technology.  

• Importantly, the commercial catalyst used in the fuel cell application is multi-metallic in 

nature.  Platinum bimetallic surfaces have been found to exhibit high activity for the 

oxygen reduction reaction (ORR).  PtNi, PtCo, PtFe and other alloys of platinum have all 

been shown to exhibit significantly higher activity than pure platinum.  However, their 

stability is unknown from a fundamental perspective.  I would like to suggest a 

comprehensive stability study using Pt alloy single crystals electrode (Pt-M (hkl)) in a 

systematic manner, to understand the effect that surface alloy structure and composition 

have on electrocatalytic reactions and its stability. 

• Pt alloy nanoparticle may undergo dealloying during ADT. I would like to suggest a 

comprehensive stability study using Pt alloy nanoparticle and understand the mechanisms 

of de-alloying during the ADT.  


