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Abstract 

The interaction between Pt and its carbon support was investigated by a model electrochemical 

system. This entailed aggressively oxidising a two-dimensional carbon substrate, i.e. highly 

orientated pyrolytic graphite (HOPG) and mirror finish graphite (MFG) quartz crystal, to 

incorporate oxygen terminated groups into the graphitic matrix. This study focusses on 

potential cycling to determine the mobility of Pt across these carbon surfaces and the effect of 

the Pt anchoring to carbon on the electrocatalyst durability. 

 

This work incorporates both a conventional three electrode electrochemical setup and the use 

of the electrochemical quartz crystal nano-balance (EQCN). The objectives of this study were to 

better understand the Pt mobility across the carbon substrate surface and to gain insight into 

the solid-liquid interface of Pt dissolution due to potential cycling.  

 

Initial results on HOPG as discussed in chapter 2, indicated minimal Pt dissolution of between 

13% and 15% of total electrochemical active surface area loss. These results, however, did not 

provide adequate evidence to conclusively determine the extent of Pt mobility on the carbon 

surface and the effect of oxygen terminated groups in hindering Pt dissolution.  

 

In order to gain a more thorough understanding of the Pt dissolution processes, the use of the 

EQCN technique was utilised. Firstly, it was shown that the mirror finished graphite quartz 

crystals used in the EQCN technique, are qualitatively comparable to the electrochemical 

measurements recorded with the HOPG samples. Secondly, potential cycling under the same 

conditions as HOPG produced similar electrochemical results. 

 

The frequency response curves from the EQCN yielded the most promising results. This study 

showed, qualitatively, that the surface of Pt is non-monotonic, and that the surface charge 

changes with increased potential cycling. Pt/MFG-A had consistent frequency responses over 

the entire potential range during Pt dissolution, thus, with the above understanding of surface 

charge, it is concluded that acid treated carbon substrates show a stronger affinity for Pt 

anchoring.  
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Chapter 1 
Introduction and Background 
 

1.1 Background to Study  

The increased inner-city air pollution, global climate change, and increased awareness of 

environmental sustainability; there has caused a strong drive towards using alternative means 

to power our cities and vehicles in a more environmentally friendly and sustainable manner. 

 

To this end, many technologies exist and are being successfully implemented worldwide. 

Energy grids are being sustained by renewable energy sources (such as wind and solar energy), 

while batteries, pumped storage hydroelectric dams, compressed air, and hydrogen can be 

used as grid storage/fuels. However, there still remains much research to improve current 

technologies, particularly grid storage technologies, such that sustainable energy solutions can 

be implemented at large macroeconomic scales [1]. 

 

Currently, much attention has been given to lithium-sulphur, sodium-ion, lithium-air, Pb-acid, 

and redox flow batteries. The predecessor to the aforementioned technologies, and current 

technology of choice, is the lithium-ion battery, which finds use in technologies ranging from 

mobile devices to small grid storage devices for smart homes. While this technology works well, 

there are multiple shortfalls of the technology, viz. Boeing 787 Dreamliner overheating issues of 

2013 and Samsung Galaxy Note 7 self-combusting issues of 2016, to name a few.  

 

An alternative technology, which is lighter and more energy dense, is the hydrogen polymer 

electrolyte fuel cell. This technology has been around for decades, and a related fuel cell 

(alkaline fuel cell) was used to power the beginning of the space age with the Gemini 

programme for the National Aeronautics and Space Administration (NASA). While there has 
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been much push back in terms of required infrastructure, hydrogen generation, safety, etc., 

hydrogen fuel cells are still an attractive technology to bridge the gap between fossil fuels and 

renewables. Secondly, the technology has many uses in large scale stationary applications, such 

as back-up power for telecommunication towers in remote locations.  

 

Considering that South Africa has the world’s largest platinum reserves (> 80 %), the South 

African Government started the Hydrogen South Africa initiative to (i) stimulate the economy 

from resource based to value-add based, and (ii) to stimulate job creation. The choice to invest 

in hydrogen and hydrogen fuel cells, in particular, was a strategic use of South Africa’s naturally 

abundant mineral resources. As a result, three centres of competence (CoC) were formed, 

namely, HySA/Catalysis, HySA/Systems, and HySA/Infrastructure. As the names suggest, 

HySA/Catalysis broadly focusses on catalyst related research for hydrogen production and 

hydrogen to energy conversion, while HySA/Systems focusses on system integration of fuel 

stacks into technologies such as forklifts, etc., and HySA/Infrastructure focusses on hydrogen 

storage and infrastructure development for a hydrogen network, and policies and regulations 

for the technology.  

 

In recent years, one of the focusses of HySA/Catalysis has been to study and understand the 

typical hydrogen fuel cell electrocatalyst (henceforth referred to as polymer electrolyte fuel 

cells). While focus has been to study alternative supports for the Pt supported on carbon (Pt/C) 

electrocatalysts, an understanding of the metal-support interactions between Pt and carbon 

needed to be better understood. This work will thus investigate these Pt-C interactions by 

employing a model electrochemical system, i.e. making use of a two-dimensional carbon 

substrate, and an underappreciated electrochemical analytical technique, i.e. the 

electrochemical quartz crystal nano-balance (EQCN). 
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1.2 Literature Review – Carbon as a Support for Pt 

1.2.1 Active Metal Electrocatalyst for Polymer Electrolyte Fuel Cells 

Much of the on-going research into low temperature polymer electrolyte fuel cells (LT-PEFCs) 

shows Pt (pure and alloyed) to be the active metal catalyst of choice in commercial 

applications. Oxygen species bind to Pt in a way such that it doesn’t bind too strongly or 

weakly, thereby showing the most favourable activity to the oxygen reduction reaction (ORR) as 

illustrated in fig. 1.1 below [2].  

 

 

  

 

 

 

 

 

 

 

Regardless of Pt being the best single metal catalyst for this reaction, the high cost has spurred 

focused research efforts towards increasing the utilisation of the Pt, and hence lowering Pt 

loading. Historically, bulk Pt black has been employed as the electrocatalyst in an early PEFC on 

the Gemini missions at loadings of 28 mgPt/cm2 [3]. With the boom of space exploration and 

military funding, advancements in PEFC saw Pt black loadings of 4 mgPt/cm2 [4], a seven-fold 

reduction in Pt content. However, to see widespread adoption of the technology, particularly 

for automotive applications, Pt loading needed to be reduced even further. This reduction was 

achieved by supporting Pt on carbon blacks resulting in loadings of < 0.4 mgPt/cm2 [5], with the 

Figure 1.1 Trends in the ORR activity as a function of the binding energy of oxygen to 
various metals. From Nørskov et al. [2] 
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ultimate aim of reaching 0.125 mgPGM/cm2 by 2020 [6]. The selection of carbon as a support 

material is to ensure mechanical stability, resistance to the corrosive environment, increase 

surface area for better Pt utilisation, and most importantly to serve as an electron conductor to 

the Pt nanoparticles [5,7].  

 

However, there has been great interest to not only reduce platinum content in PEFCs, but to 

increase activity towards the ORR by alloying Pt with various transition base metals [8-11]. The 

base metal inclusions and the highly acidic environment result in the un-leached bimetallic alloy 

catalysts undergoing rapid degradation with prolonged operation [8]. Yet, despite 

improvements obtained by alloying, the challenge of lowering Pt loading and minimising Pt 

loss still remains.  

 

Pt/C also undergoes degradation by one of four main mechanisms, viz.: platinum dissolution, 

agglomeration, carbon corrosion and particle detachment [11-18] as illustrated in fig 1.2. Despite 

the main pathways of Pt loss being identified, as mentioned above, there still remain 

unanswered questions around the exact mechanisms of platinum dissolution, agglomeration 

and particle detachment [12,16,18,19]. However, current research is focussed primarily on using 

in-situ inductively coupled plasma mass spectroscopy to study the kinetic rate of Pt dissolution 

on potential cycling and the preferential facets for Pt dissolution leading to a stable 

thermodynamic structure [17,20-24]. In order to understand these mechanisms, one needs to 

first take a step back and appreciate and understand the mechanism by which platinum 

nanoparticles anchors itself to the carbon support.  
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Figure 1.2 Schematic of proposed degradation mechanisms of Pt/C in PEFCs. From Meier 
et al. [19] 

 

 

 

 

 

 

 

 

 

1.2.2 Carbon substrate for Pt anchoring 

Vulcan XC-72R is a type of electrically conductive furnace black produced as a by-product of 

crude oil refinery [25,26]. Vulcan XC-72R is relatively free of surface oxides as the 

decomposition into carbon black particles are processed at temperatures of approximately 

1400 °C and under oxygen deficiency. Furnace blacks have amorphous carbon growth centres, 

around which ordered graphitic carbon structures form.   

 

 

 

 

 

 

 

 

Figure 1.3 Growth of graphene sheets (dark grey for growth, medium grey for graphene 
crystallites) from disordered (amorphous) carbons (light grey) as a function of 
temperature. From Kercher and Nagle [27] 
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Fig. 1.3 from Kercher and Nagle [27], illustrates the ordering of amorphous carbons with 

increasing temperature, i.e. the carbonisation of crude oil residue for the production of furnace 

blacks. The high temperature of furnace black processing allows for the production of 

analogous spherical structures as presented in the right-most pane of fig. 1.3. The outer 

surfaces of Vulcan XC-72R are graphitic (high sp2/sp3 ratio) and thus form a conducting 

network across the surface of the particle. 

 

However, there is significant interest to use evermore ordered carbon structures, e.g. carbon 

nanotubes (CNTs), carbon nanofibres (CNFs), etc. for applications not just related to PEFCs [28-

32]. These ordered structures are mechanically stronger with anisotropic electrical conductivity 

and are more flexible than Vulcan XC-72R. Such ordered carbon structures are easily doped, 

predominately with nitrogen, to serve as a support for Pt or as a metal-free catalyst [33-36]. 

The move towards these structures as alternative supports and complex networks gives an 

indication as to the requirement of the carbon support substrate, albeit at a higher cost. 

 

Highly orientated pyrolytic graphite (HOPG) is used in many fundamental studies [19,26,37-41] 

and it serves as a highly suitable model substrate to mimic theoretical representations of 

graphite [42]. It eliminates the complexities associated with CNTs and CNFs, allowing for 

fundamental surface studies to be conducted between the substrate and anchored metal 

particles [19]. HOPG is unique in that it can be synthesised such that it has a near smooth 

atomic surface (often used as a calibration material for scanning tunnelling microscopes) giving 

a seemingly infinite atomic surface for the study of atomic interfaces.  

 

PEFCs electrocatalysts rely on the conductive nature of the carbon support, therefore, HOPG 

serves as a good model substrate to study atomic interfaces and interactions between metal 

and support, reproducibly as a model for the real-world catalyst [42]. 
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1.2.3 Pt Interaction with Carbons 

There remains much speculation as to how platinum deposits and interacts with its support 

substrate. However, it has been known for some time that defects on graphitic surfaces, 

particularly for pyrolytic graphites, can be decorated with gold, or platinum, silver, indium, etc., 

and analysed under a transmission electron microscope [43]. This does not inform us how the 

particles are deposited, only that there are steps or kinks in the surface morphology. 

Furthermore, for a carbon system, it is firmly believed that platinum deposits with the aid of 

carboxylic groups, phenolic groups and/or 𝜋 sites at surface defects altering the densities of 

state of platinum [28,44-47]. 

 

To better understand the process of Pt deposition, Aktary et al. [44] conducted a study to 

propose a potential mechanism by which a particular platinum precursor (1,5-cyclooctadiene-

dimethylplatinum(II), i.e. Pt(COD)(CH3)2) is deposited onto HOPG as illustrated in fig. 1.4 below. 

  

 

 

 

 

 

 

 

 

 

 

The work of Aktary et al. [44] is conducted on the edge plane of HOPG, rather than the basal 

plane, making use of the idea that carboxylic acid groups are likely to populate the edge sites 

Figure 1.4 Potential chemical vapour deposition mechanism of Pt(II) on edge plane site of 
HOPG. From Aktary et al. [39]  



 

 

 
8 

of carbon. This suggestion is further supported by the fact that edge plane surfaces of HOPG 

show higher activity to the ORR than the basal plane [43]. Again, it is unknown whether this is 

due to the presence of carboxylic acid groups or not. The proposal of the spacing between 

graphitic sheets acting as an anchoring site was not suggested. 

 

1.2.4 Graphitic structure 

The challenge in understanding the interaction of Pt and the support, does not arise from the 

honey-comb lattice structure that is graphene and graphite, but rather from the inclusion of 

surface functional groups that sparsely populate the surface of graphite. 

 

To understand the inclusion of surface functional groups on graphite, one needs to understand 

the insulation properties of graphite oxide [48,49], which illustrate the highest degree of 

functionalisation. Six acclaimed models for graphite oxide have been proposed of which the 

Lerf-Klinowski model (illustrated in fig. 1.5 below) acts as a summation of all proposed models. 

The only truly accepted condition is the presence of alcohol groups and 1,3 ethers/epoxide 

groups on the basal plane, with much debate as to the presence of carboxylic acid groups on 

the edge planes [43,50,51].  

  

 

 

 

 

 

 

 

 

 

 

Figure 1.5 An illustration of the Lerf-Klinowski structural model of graphene oxide with 
carboxylic groups present (top) and not present (bottom). From Dreyer et al. [46] 
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However, conductivity of carbon is dictated by the presence of sp2 hybridised structures and 

can be formed by carbonisation processes where the acidity of carbon is driven off as H2O, CO 

and CO2 by a temperature increase, thus restoring aromaticity [43,49,51-53]. Carbons with high 

aromaticity, such as highly graphitic structures, are chemically inert and hence require 

functionalisation to a certain degree [54]. Typically, structures such as carbon nanotubes, 

carbon nanofibres, etc., are pre-treated in a highly acidic medium to create the required 

functionalisation. This does not allow for a very controlled regime and sees a plethora of 

various oxygen species populating the graphitic surface with no clear means to determine the 

trend by which a specific oxygen species is increasing with functionalisation [28,31,45,46,54-59]. 

 

The critical question is how a metal, e.g. platinum, can deposit on a surface that requires a high 

degree of aromaticity as well as sites for nucleation. While the answer to this question remains 

unknown to most, irrespective of support (alumina, titania, silica, etc.), the answer is linked to 

the periodicity of the support [60] and the presence of oxygen groups [28,44-47] as discussed 

above. 

1.3 Literature Review – The Electrochemical Quartz Crystal Nano-balance 

1.3.1 Quartz Crystal – Properties and Structure 

The electrochemical quartz crystal nano-balance (EQCN) is an instrument used to monitor in-

situ mass change with applied potential and time. The technique makes use of quartz crystal 

that is resonated at a specific frequency, viz. 3 MHz for resolution of  50 ng, 9 MHz for a 

resolution of 3 ng, and 27 MHz for a resolution of 200 pg. The aforementioned technique, thus, 

relies on the piezoelectric properties of the quartz crystal [61].  

 

Depending on the plane in which the quartz crystal is cut gives rise to different modes of 

operation, viz. thickness shear, face shear, etc. (fig. 1.6). These properties influence the sensitivity 

of the quartz crystal to variances in temperature and/or base resonance frequency, over the 

intrinsic properties of the particular cut [62,63].  



 

 

 
10 

(a)
(b)

The basis of operation of the quartz crystal, is to apply an external electric field to the quartz 

crystal, which induces a mechanical stress as depicted in fig. 1.6, resulting in the crystal 

oscillating at a particular frequency [61,64]. For the purpose of studying interfacial 

electrochemical systems, quartz crystals cut in particular plane are employed (as illustrated in 

fig. 1.7), known as the AT-cut. This cut shows thickness shear characteristics [61,64].  

 

 

 

 

 

 

 

 

 

 

 

 

While there are many alternative cuts for quartz crystals, the AT-cut is the most common and 

easiest to manufacture [63], however, the AT-cut is more sensitive to temperature gradients. On 

Figure 1.6 Modes of oscillation of the quartz crystal with (a) representing thickness shear 
and (b) representing face shear 

z

y

x

35° 15'

Figure 1.7 Quartz crystal AT-plane. Reproduced from O'Sullivan and Guilbault [59] 
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the other hand, cuts such as the BT- and SC-planes, are less prone to thermal drift, but show 

poorer performance and less predictability in coupled applications (i.e. electrochemical 

applications) [62,63]. 

1.3.2 The Sauerbrey Equation 

The underlying physics of relating frequency change to mass change makes use of the 

Sauerbrey equation [65] as indicated below: 

 

        (1.1) 

 

whereby:  

𝛥𝑓 is the measured frequency change (Hz) 

𝑓0 is the baseline frequency of the quartz crystal in air (9.03 MHz) 

𝑛 is the harmonic mode (𝑛 = 1) 

𝜌q is the density of quartz (2.648 g.cm-3) 

𝜇q is the shear modulus of quartz (2.947 x 1011 g.cm-1.s-2) 

𝛥𝑚 is the associated mass change (g) 

 

However, the Sauerbrey equation only relates to oscillations in air and as a continuous elastic 

extension of the quartz [66].  For liquid contact, the physics of the system changes and other 

factors need to be taken into consideration as shown below [61,67]: 

 

     (1.2) 

 

whereby: 

𝛥𝑓m is the associated mass change from equation 1.1 

𝛥𝑓v is due to viscosity effects of the solution 

𝛥𝑓p is due to pressure effects from fluid pressure head 

Δ f = − 2 f 2
0

n ρqμq
Δm

Δ f = Δ fm + Δ fv + Δ fp + Δ fT + Δ fs + Δ fr
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𝛥𝑓T is due to temperature effects 

𝛥𝑓s is due to stress effects 

𝛥𝑓r is due to surface roughness effects 

 

However, in order to compensate for the above effects described in equation 1.2, the Sauerbrey 

equation can be rearranged with a calibration factor (𝐶f) to take into account the various 

physical phenomena that are introduced by submerging the quartz crystal in a liquid media. 

This modified equation, thus requires the calibration of the frequency change with a known 

addition of mass by electrodeposition [67]. The modified equation is shown below: 

 

     (1.3) 

 

whereby: 

𝑁 is a frequency parameter which is dependent on the of cut of quartz (1661 kHz.mm) [63] 

𝐶f is the calibration factor determined experimentally (ng.Hz-1.cm-2) 

 

Hence, electrochemical measurements making use of equation 1.3 rely quite substantially on 

the calibration factor, 𝐶f, and the method of calibrating the EQCN in a liquid/aqueous media. 

Typically, Ag+ or Cu2+ is used as the deposition material for calibration and absolute mass data 

and interpretations originate from this method [66-71]. Thus, in order to correlate EQCN data 

published throughout the scientific community, 𝐶𝑓 should be a constant regardless of the metal 

salt used for calibration. 

 

1.3.3 EQCN Calibration 

In order to quantify mass addition and subtraction at the atomic level, the EQCN needs to be 

calibrated experimentally to ensure that the various forces within the system are taken into 

account, as described in equation 1.2. Various metal salts are used in literature in order to 

Δm = −
n ρqμq

2 f 2
0

Δ f = −
Nρq

f 2
0

Δ f = − Cf Δ f
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deposit a known quantity of metal, however the use of Ag+ and Cu2+ salts are the most 

common [66-71], across multiple disciplines as illustrated in table 1.1. 

Table 1.1 Theoretical and experimental calibration factors (Cf) as reported in literature for 
different metal salts and base frequencies (f0) 

Mz+ conc. (mmol.L-1) Supporting Electrolyte f0 (MHz) Cf (ng.Hz-1.cm-2) Ref. 
Theoretical - 5 17.7 - 
1.0 mM Cu2+ 0.5 M LiCl in HCl (pH = 4) 5 24.7 [68] 
0.82 mM Ag+ 0.14 M HClO4 5 19.8 [68] 
Theoretical - 6 12.3 - 
Cu2+ - 6 13.3 [69] 
Theoretical - 9 5.45 - 
Cu2+ 0.5 M H2SO4 9 5.61 [66] 
Cu2+ - 9 6.13 [69] 
1.5 mM Ag+ 0.5 M H2SO4 9 4.19 [67] 
1.5 mM Ag+ 0.5 M H2SO4 9 5.18 [72] 
1.0 mM Ag+ 0.5 M HClO4 9 5.32 [70] 
1.0 mM Ag+ 0.2 M H2SO4 9 5.50 [71] 
Theoretical - 27(3) 1.82 - 
Cu2+ - 27(3) 1.75 [69] 
 
 

In the case of quartz crystals with a base frequency of 9 MHz, the calibration factor is within  

± 1 ng.Hz-1.cm-2. This illustrates the accuracy of the technique, such that error is within a 

nanogram of what is recorded. However, this is still not sensitive enough to measure 

monolayers of Hads. 

 

In order to determine the calibration factor, Cf, one requires a (i) keen understanding of metal 

underpotential deposition (UPD) and the relative work functions between deposition metal and 

metal substrate, and (ii) UPD coverage of the deposition metal on the metal substrate. 

 

For the case of Pt and Au metal substrates, UPD has been studied extensively by Kolb [73-76], 

Bruckenstein [77,78], Ross [79-81], Wilde [82], Feliu [83-88], and many more groups [89-98]. 

With applications ranging from fundamental atomistic understanding and kinetics of the UPD 
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process to using UPD as a tool to determine heavy metal contaminants in water sources. 

 

The above processes have been studied extensively, that the application of (i) Faraday’s 1st law 

of electrolysis [99], (ii) the Sauerbrey equation [65], and (iii) known metal salt solution for a 

particular system can be easily related mathematically. Thus, it is understandable why the likes 

of Ag and Cu have been chosen for Pt and Au systems. Both Ag and Cu, readily form uniform 

layers across the surface of Pt and/or Au, thus giving a close approximation of mass change as 

defined by Faraday’s 1st law of electrolysis in equation 1.4. 

 

    (1.4)  

 

whereby: 

𝛥mg is the change in mass per unit area (g.cm-2) 

𝛥q is the change in charge as a result of current flow (C.cm-2) 

F is Faraday’s constant (96,485 C.mol-1) 

M is the molar mass of the metal being electrodeposited (g.mol-1) 

z is the charge of the metal solution being reduced  

 

If we are to consider the system of the EQCN, we can then combine equations 1.3 and 1.4 to 

accurately determine the calibration factor, Cf as indicated in equation 1.5. 

 

   (1.5) 

 

whereby: 

j is the current density (A.cm-2) 

𝛥t is the time over which the current density, j, is applied (s) 

 

Δmg= ( Δq
F ) ( M

z )

Cf = ( M
z F ) ( Δq

Δ f ) = ( M
z F ) ( jΔt

Δ f )
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However, even with experimental data, Cf cannot be determined accurately below a certain 

threshold. Although the theoretical algebra predicts a linear relationship, this is only 

experimentally true in a narrow window. Work by Jerkiewicz et al. [67,72] has shown that 

deposition of less than 4 ML’s results in localised deposition, and only once that threshold has 

been reached, a homogenous distribution of the deposition metal is achieved (fig. 1.8) [100].  

 

 

 

 

 

 

 

 

 

 

 

 

From fig. 1.8 we see scattering of the Cf value below 4 ML’s, but a steady logarithmic increase 

thereafter. This deviates from the linearity of equation 1.5 due to the exclusion of various forces 

in the derivation. Anion effects of supporting electrolyte [101], double layer capacitance [102], 

deposition additives, etc., all play a role in the uniform deposition of a dissolved metal onto the 

substrate metal. While experimental determination of Cf gives a good representation of the 

associated mass changes, one cannot assume it is absolute. As multiple physical effects are at 

play, these need to be taken into consideration when determining Cf, in particular, maintaining 

a narrow range of ML’s deposited seems to be a good estimate for now. 

Figure 1.8 Comparison of calibration factor at various Ag deposition current densities. 
From Vatankhah et al. [62] 
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1.4 Objectives and Scope 

 

The main objectives of this study are two-fold: 

 

(i) To identify Pt anchor sites on carbon substrates and determine their effect on 

catalyst durability. 

(ii) Show that we can use the EQCN technique to study Pt dissolution rates on carbon 

substrates and hence qualitatively determine catalyst durability. 

 

While the above is rather broad and encompasses many years of research, the scope of this 

study has been limited to only studying 2-D substrates, viz. highly orientated pyrolytic graphite 

(HOPG), and graphite quartz crystals. Pristine surfaces were studied to obtain a baseline for 

comparison for two different surface modifications.  

 

This work aims to qualitatively determine Pt mobility across a carbon substrate, as well as to 

ascertain whether or not the EQCN technique can be used as a tool in electrocatalyst 

degradation studies. 

 

The outline of this thesis is in the form of standalone results chapters, where chapter 2 

investigates the surface modification of HOPG by oxidation and how these surface 

modifications affect Pt mobility and Pt dissolution. Chapter 3 focusses on the whether or not we 

can directly compare results obtained from the EQCN to classical systems, due to the difference 

in the carbon structure between HOPG and the graphite deposited onto the quartz crystal. 

With this, in chapter 4 we can then investigate Pt/C degradation mechanisms using the EQCN 

technique. Lastly, overall conclusions are drawn in chapter 5 to link the results from chapters 2 

through 4. It is important to note that each chapter has the structure of introduction, 

experimental methods, results and discussion, and conclusions. 
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Chapter 2 
Highly Orientated Pyrolytic Graphite - A Model Substrate to Study 
Anchoring of Pt on Carbon 
 

2.1 Introduction 

 

The polymer electrolyte fuel cell (PEFC) is a promising energy conversion device that is seeing 

slow breakthrough into the marketplace. While this technology is commercially viable, there are 

many drawbacks preventing the technology being catapulted from the niche market into the 

mainstream market [1,2]. 

 

One challenge associated with the PEFC, is the electrocatalyst. While, much focus is devoted to 

studying PGM-free electrocatalysts [3-5] and alternative supports [6,7], the issue of 

understanding the interactions between Pt and carbon has not been thoroughly investigated. 

In order to improve our understanding of the electrocatalyst, we need to understand the metal 

support interactions, with a particular emphasis on the mobility of the active metal across the 

support surface. This is a topic that is widely studied in the field of heterogeneous catalysis [8-

10], but has only been touched on in the field of electrocatalysis. 

 

In this chapter, focus will be on using a model substrate to study Pt mobility on carbon. Basal 

plane highly orientated pyrolytic graphite (HOPG) will be used and modified with various 

oxygen terminated groups. The question of whether or not oxygen impurities on the surface of 

carbon influence the anchoring of Pt will be explored. This will be investigated by studying the 

mobility of Pt on the modified and unmodified HOPG surfaces by load cycling accelerated 

durability tests. 
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2.2 Experimental Methods 

 

All electrochemical measurements were conducted using a Bio-Logic SP-200 potentiostat, in a 

home-built Faraday cage and vibration free table. The packaged EC-Lab v11.1x software was 

used to control the instrument. 

 

2.2.1 Electrodes 

A custom-built, two-compartment cell (developed by Prof Jerkiewicz) was used and cleaned by 

submerging in NOCHROMIX® (Godax Laboratories, Inc.) overnight. The working electrode 

consisted of 1 cm2, 200 µm thick HOPG disks (Optigraph GmbH, Berlin). This was attached to a 

conventional glassy carbon (GC) electrode using a carbon-Nafion® (Ion Power) paste. The 

HOPG surface was modified by refluxing in Fenton’s reagent for 24 hours at 80 °C [11] or 

refluxing in a 1:1 ratio of 5 N HNO3 and 5 N H2SO4 for 24 hours at 120 °C [12], the constant time 

and temperatures were chosen to ensure the concentration of potential anchor sites on the 

surface is maximised. The hydroxyl modified HOPG is referred to as HOPG-H, with the acid 

treated HOPG samples referred to as HOPG-A, and the pristine HOPG samples referred to as 

HOPG-P. Pt was then deposited onto the modified and unmodified surfaces at loadings of 20 

𝜇g.cm-2 and 50 𝜇g.cm-2 by DC magnetron sputtering (PVD Products, USA). This was 

accomplished by using a Pt sputtering target (1.5” diameter x ⅛” thick) obtained from ACI 

Alloys (USA) having a purity of 99.95%. Prior to sputtering, the vacuum chamber of the 

sputtering apparatus was pumped down to a base pressure of approximately 5 × 10-7 Torr. 

Sputtering of Pt, under an Ar plasma, was conducted at a chamber pressure of 8 mTorr and an 

Ar flow of 15 sccm. The sputtering rate (nm.min-1) of Pt was calibrated as described by Falch et 

al. [13] with minimal deviation in the sputtered layer from sample to sample. The substrates 

were positioned onto a stainless-steel tray that slots into a housing fitted with a computer 

controlled XY motor below a fixed aperture, allowing for dedicated sputtering of individual 

samples. 
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A reversible hydrogen electrode (RHE) using Pt foil (Alfa Aesar, 99.999%) was used as the 

reference electrode and a Pt mesh (Alfa Aesar, 99.99%) as the counter electrode. 

 

2.2.2 Electrochemical Testing 

Prior to conducting electrochemical measurements on HOPG, cyclic voltammograms (𝑖 vs 𝐸) of 

polycrystalline Pt were measured in aqueous 0.5 M H2SO4 prepared from 99.999 wt.% H2SO4 

(Sigma Aldrich) and 18.2 MΩ.cm nano-pure water. All measurements were carried out at room 

temperature and under an inert Ar atmosphere (99.999%, Air Products). The electric potential 

was cycled between 0.05 and 1.50 V vs RHE to ensure cleanliness and reproducible functioning 

of the electrochemical setup. 

 

Pt/HOPG samples were cycled between 0.00 and 1.50 V vs RHE for 30 cycles at 250 mV.s-1, then 

between 0.00 and 1.20 V vs RHE for 100 cycles at 250 mV.s-1. These initial cycles were run to 

ensure the electrode surface was cleaned and was sufficiently conditioned before running 

accelerated durability tests. 

 

With the focus of this study on Pt mobility, only load cycling accelerated durability tests (ADT) 

were considered. Once the cleaning cyclic voltammograms were completed three cyclic 

voltammograms were recorded between 0.05 and 1.20 V vs RHE at 50 mV.s-1. The load cycling 

protocol described in Ohma et al. [14] was employed, where potential is held at 0.60 V vs RHE 

for 3 s, then stepped to 1.00 V vs RHE for 3 s, and finally stepped back down to 0.60 V vs RHE 

for 3 s. This process was repeated 5000 times, with cyclic voltammograms, as described earlier 

in this paragraph, recorded at intervals. 

 

The potential of zero total charge (PZTC) was recorded before and after the ADTs to ensure 

that the process did not alter the support. The method of differential capacitance was 

employed as described in Shao et al. [15] and Lockett et al. [16]. The potential was swept 

between -0.10 and 0.75 V vs RHE at intervals of 42.5 mV, impedance was measured between  
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5 kHz and 6 Hz at each potential interval, with nine points per decade. 

 

Finally, to confirm the oxidation of HOPG by various treatment methods and changes in the 

electronic states of the carbon, cyclic voltammograms (CVs) using the ferri/ferrocyanide redox 

couple were run.  A solution of 1 mM K4Fe(CN)6 (Sigma Aldrich) in 1 M KCl (Merck) was 

prepared. The electric potential was cycled between 0.00 and 1.20 V vs RHE at scan rates of 100, 

75, 50, 25, and 20 mV.s-1.  

 

2.2.3 Physical Characterisation 

Scanning electron microscopy (SEM) measurements were conducted with a FEI Nova NanoSEM 

230 with a beam energy of 15 keV - 20 keV and spot size of 3.0 under vacuum. 

 

X-ray diffraction (XRD) measurements were taken using a Bruker D2 Phaser in the Bragg-

Brentano geometry with a Co anode (𝜆 = 1.79026 Å), primarily using a 2𝜃 range of 20 - 90° with 

0.0274° steps. Samples were placed in a zero-background sample holder and the sample was 

placed such that they were in line with a straight edge across the holder. The measurement was 

repeated at various angles (𝛷) about the vector normal to the sample surface. 

 

X-Ray Reflectometry (XRR) measurements were taken using a Bruker D8 Discover with a Cu 

anode (𝜆 = 1.54184 Å) and a symmetric 2𝜃 geometry between 0.0 and 4.5°. XRR measurements 

were taken at a step size of 0.02° at 5 s per step. The sample height displacements and offsets 

in 𝜔 (the angle between the detector and sample) were optimised for each measurement. 

Model fitting was performed manually based on a layer stack consisting of the Pt/HOPG 

sample to ensure a rapid and unambiguous convergence of the simulation towards a global 

minimum. This was followed by fit optimisation with the Levenberg-Marquardt [17,18] algorithm 

using Poisson or linear models. 

 

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a 



 

 

 
31 

monochromated Al source (1487.1 eV) and a SPECS PHOIBOS 150 hemispherical electron 

energy analyser. The overall experimental resolution was approximately 0.6 eV for all spectra. 

Some of the spectra were acquired on a KRATOS-SUPRA spectrometer at UNISA (Florida 

Science Campus, South Africa), using a monchromated Al source (1486.6 eV) having a base 

pressure of 1.2 × 10-8 Torr. The surface of all samples was cleaned with a short cycle of Ar ion 

sputtering. This ranged from 30 to 120 s, with measurements taken at various intervals. 

 

2.3 Results and Discussion 

 
A systematic approach was taken to analyse the samples. First, HOPG samples were physically 

and electrochemically characterised without Pt deposition. Secondly, the characterisation of 

Pt/HOPG samples was done and then electrochemical measurements were completed. Lastly, 

the samples were re-characterised for their physical and electrochemical properties after 

accelerated durability tests.  

 

2.3.1 HOPG Characterisation 

Prior to the deposition of Pt on the chemically modified HOPG, the surface of HOPG-P,  

HOPG-H, and HOPG-A were probed to examine the environment for Pt deposition. First, 

scanning electron micrographs were obtained for the as received sample (HOPG-P in fig. 2.1a) 

and after the two treatment methods (HOPG-H in fig. 2.1b & c and HOPG-A in fig. 2.1d) as 

illustrated in fig. 2.1 below. It is clear, from fig. 2.1, that the chemical modifications had a 

significant effect on the morphology of HOPG. In fig. 2.1 (a), a fairly pristine representation of 

the as received HOPG (HOPG-P) sample surface is illustrated. While there are steps at intervals, 

much of the sample comprises of a smooth and homogenous surface. 

 

The pristine HOPG underwent aggressive chemical modification as described in section 2.2.1, 

this is evident from the change in morphology seen between fig. 2.1 (a) and the treated 

samples in fig. 2.1 (b) - (d). The HOPG-H samples showed unusual morphologies, with 
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a b

c d

Figure 2.1 SEM micrographs of (a) pristine HOPG at 20 keV and 150 000 magnification, (b), 
HOPG-H at 15 keV and 120 000 magnification, (c) HOPG-H at 18 keV and 200 000 
magnification, and (d) HOPG-A at 20 keV at 150 000 magnification. 

amorphous-like carbonaceous material on a fairly smooth surface as in fig. 2.1 (b). On the other 

hand, a certain degree of exfoliation and raised surfaces also appear on the HOPG-H samples, 

as indicated in fig. 2.1 (c). This is very peculiar behaviour and it is postulated that once the 

graphene layers exfoliate, they clump together forming the illustrated carbonaceous 

amorphous masses.  

Lastly, the acid-treated HOPG (HOPG-A) displayed different changes to its morphology, as 

compared to HOPG-H. The acid treatment appears to have attacked small defects in the 

graphene structures and created mild exfoliation by creating valleys and potentially forming 

edge sites, hence increasing surface roughness. 
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In order to obtain a better understanding of the surface chemistry, XPS was performed and the 

surface was etched with Ar plasma as described in section 2.2.3. This protocol was employed in 

order to gain insight into whether or not the oxygenation of the basal plane remained a surface 

phenomenon or penetrated into the bulk. In fig. 2.2 a survey spectrum of the three HOPG 

samples were compared before and after etching. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

It is clear that with each repeat of sputtering, the O 1s band is reduced in HOPG-A (as seen in 

fig. 2.2c: i - iii). However, there is a low oxygen content for HOPG-H, lower than the surface 

oxygen present in HOPG-P, see fig. 2.2 (a) and (b). This further suggests that the chemical 

modification in Fenton’s reagent appears to exfoliate the upper graphene layers of the HOPG. 

200400600
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Figure 2.2 XPS survey spectra of (a) HOPG-P, (b) HOPG-H, and HOPG-A. Spectra (i) 
represents samples as received, spectra (ii) represents samples after 60 s sputtering, 
spectra (iii) represents samples after 120 s sputtering. Bands at 532.4 eV, 284.4 eV, and 
241.1 eV are assigned to O 1s, C 1s, and Ar 2p, respectively 
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However, this effect seems to be site specific, this is not observed throughout the entire 

sample, as illustrated in the SEM micrographs (fig. 2.1). Thus, the O 1s spectra is only significant 

for HOPG-A, before etching. Lastly, the prepared samples appear to be free of any appreciable 

contaminants, with only Ar implantation after sputtering [19]. However, this has no effect on 

observed electrochemical results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The CVs of the ferri/ferrocyanide redox couple were studied for each of the HOPG substrates 

and a 50 nm alumina polished GC electrode, as shown in fig. 2.3. GC and HOPG-P are used as 

baselines to which surface modifications can be compared. From the corresponding CVs, an 

estimated electrode capacitance (C) [20] was determined using equation 2.1 below 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
E (V vs. RHE)

0.0

0.5

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.0

0.1

j (mA.cm-2)

HOPG-P HOPG-H HOPG-A GC

Figure 2.3 Current responses of HOPG samples and glassy carbon (GC) electrodes in  
1 mM [Fe(CN)6]4- / 1 M KCl(aq) solution under Ar saturation and room temperature, with a 
sweep rate of 50 mV.s-1 
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          (2.1) 

 

where, 𝛥𝑖 is the current difference at a fixed potential in A, 𝐴 is the electrode geometric area in 

cm2, 𝐶 is the capacitance in F.cm-2, and 𝜈 is the scan rate in V.s-1. The rate constant, k0, was 

estimated using Nicholson’s method [21] as outlined below 

 

         (2.2) 

where, 𝐷O and 𝐷R are the diffusivities of the oxidised and reduced species respectively in cm2.s-1, 

𝛼 is the transfer coefficient, 𝑘0 is the rate constant in cm.s-1, and 𝑓 is equivalent to 𝐹/𝑅𝑇 or  

38.92 V-1 at 25 °C. 𝛹 is a dimensionless rate parameter as described by Nicholson [21], whereby 

tabulated values (table 2.1) relating 𝛥𝐸p to 𝛹 was developed in order to infer the rate constant, 

𝑘0. 

 
Table 2.1 Variation of 𝛥Ep with 𝛹 at 25 °C. Reproduced from Bard & Faulkner [20] 

𝛹 𝛥Ep (mV) 
20 61.0 
7.0 63.0 
6.0 64.0 
5.0 65.0 
4.0 66.0 
3.0 68.0 
2.0 72.0 
1.0 84.0 
0.75 92.0 
0.50 105 
0.35 121 
0.25 141 
0.10 212 
 

|Δi | = ACν

ψ =
( DO

DR )
α/2

k0

(π DO f ν)
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As expected, HOPG-P surfaces show a large separation of the anodic and cathodic peak 

potentials, indicating a slow rate of electron transfer for the [Fe(CN)6]4-/3- couple. This has been 

postulated by Cline et al. [22] to be due to a lack of surface reactive sites at the basal plane of 

HOPG, which is not a suitable electron transfer structure. With the introduction of surface 

disorder, i.e. by chemical modification as discussed above, there is a significant increase in the 

rate constant as indicated in table 2.2 [22,23]. Furthermore, as seen in fig. 2.3, the broadening 

of the HOPG-P peaks (Ep,a and Ep,c) and deviation from the classic “duck bill” shape, suggests 

that there are few sites for adsorption for the ferrocyanide ion and subsequent electron 

transfer. 

 
Table 2.2 Redox potential, kinetic data, and capacitance values for all samples in fig. 2.3 

Substrate 𝛥Ep (mV) k0
 (cm.s-1)a C (𝜇F.cm-2) 

HOPG-P 306 5.0 × 10-7 620 
HOPG-H 95.2 0.0056 3,400 
HOPG-A 78.4 0.012 1,000 
GC 68.7 0.020 520 
a 𝛼 = 0.5, 𝐷O = 𝐷R = 10-5 cm2.s-1  
 

HOPG-H shows a five-fold increase in capacitance over HOPG-P, while HOPG-A shows about 

1.5 times increase in capacitance over HOPG-P (table 2.2). These increases are most likely due 

to decreased conductivity of the chemically modified HOPG substrates. However, these 

chemical modifications have been successful in creating more adsorption sites for electron 

transfer to occur, as is evident by the decrease in 𝛥Ep	and subsequent increase in k0 [20-23]. 

 

From the above results, it is clear that the chemical modifications result in both morphological 

and chemical changes to the HOPG. The results further illustrate that there is possible 

exfoliation of the upper most graphene layers in HOPG-H, which is strongly supported by an 

insignificant O 1s band and the high capacitance resulting in a charge separation. There is an 

appreciable increase in capacitance in HOPG-A and this can be attributed to partial exfoliation, 

the creation of valleys, and regions of high sp3 moieties to sp2 moieties [22-25]. 
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2.3.2 Pt/HOPG Characterisation 

After the characterisation of the Pt-free HOPG samples, loadings of 20 𝜇g.cm-2 and 50 𝜇g.cm-2 

were deposited by DC magnetron sputtering as described in section 2.3.1. In order to ensure 

that the correct loading of Pt was deposited, X-ray reflectometry (XRR) [26] was employed to 

determine the Pt layer thickness. Below (fig. 2.4), the XRR measurements for 20 𝜇g.cm-2 

Pt/HOPG-H and 50 𝜇g.cm-2 Pt/HOPG-H are illustrated. 

 

 

 

 

 

With increasing Pt thickness, we expect to see a decrease in the period of the Kiessig fringes 

[27]. From fig. 2.4, it is shown that the period of the Kiessig fringes have decreased on the  

50 𝜇g.cm-2 Pt/HOPG-H, indicating that the increased loading has been deposited. A 

mathematical fit to the Kiessig fringes gives data on film thickness, density, and surface 

roughness. For this study, we fixed the density of Pt to 21.44 g.cm-3 and did not include surface 

roughness optimisation in order to reduce unknown variables. There is good agreement 

between the film thickness calculated using the model and the experimental data for both the 

20 𝜇g.cm-2 and 50 𝜇g.cm-2 Pt/HOPG-H samples, with little deviation from the desired loading 

(see table 2.3. below). Instances where the model is not superimposed over the experimental 

data is outside the scope of this work, however, slight shifts in Kiessig fringe periods gives an 

indication that the deposited film may not be uniform. 

Figure 2.4 X-ray reflectometry measurements (red dots) and model fit (black line) for  
(a) 20 𝜇g.cm-2 Pt/HOPG-H and (b) 50 𝜇g.cm-2 Pt/HOPG-H 

Log Intensity (a.u.)

(a) (b) 
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Table 2.3 Desired vs Measured Pt film thickness as deposited by DC magnetron sputtering 

Sample Desired Thickness (nm) Measured Thickness (nm) 
20 𝜇g.cm-2 Pt/HOPG-H 9.32 8.19 
50 𝜇g.cm-2 Pt/HOPG-H 23.3 23.3 
 

Following XRR, X-ray diffractometry (XRD) measurements were performed on all 20 𝜇g.cm-2 

and 50 𝜇g.cm-2 Pt/HOPG samples, however, initial measurements did not show the expected Pt 

spectral positions for the 20 𝜇g.cm-2 samples. In order to eliminate any effects from the 

substrate, Pt at various loadings was deposited on an inert Si (100) wafer, as illustrated in fig. 2.5 

below. 

 

 

 

 

 

 

 

 

 

 

 

 

The XRD diffraction patterns illustrated in fig. 2.5 (c)-(e) are as expected, however, the absence 

of the Pt (111) spectrum at approximately 46° two theta in fig. 2.5 (b) is evident. This led to the 

conclusion that (i) the loading on the 20 𝜇g.cm-2 Pt/HOPG samples is below or at the detection 

Pt (111)Intensity (a.u.)

(a)

(b)

(c)

(d)

(e)

Figure 2.5 Normalised diffractograms of Pt deposited on Si (100) by DC magnetron 
sputtering, where (a) is the blank substrate, (b) has a loading of 20 𝜇g.cm-2, (c) has a 
loading of 50 𝜇g.cm-2, (d) has a loading of 100 𝜇g.cm-2, and (e) has a loading of  
150 𝜇g.cm-2 
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limit of the instrument and there are insufficient unit cells to gain a clear diffraction pattern, or 

(ii) there is no Pt on these samples. In order to test this hypothesis, a range of  

2𝜃 = 42 - 50° with 400 steps and a dwell time of 13.5 s per step was selected. This allowed for 

the Pt (111) spectra to be resolved as illustrated in fig. 2.6 below and thus proving the 

hypothesis that the loading was near the detection limit of the instrument. An interesting 

observation was the disappearance of the Si (100) spectrum at a Pt loading of 50 𝜇g.cm-2. This 

is explained by the thermodynamics of the system which are minimised such that Pt forms a 

continuous and homogenous film across the surface of the substrate, whereas loadings below 

and above 50 𝜇g.cm-2 form discrete particles. This hypothesis seems to be supported by the 

XRR measurements (fig. 2.4b), particularly at 2𝜃 > 2.5°. 
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(b)
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(d)

(e)

Figure 2.6 Normalised diffractograms of (a) 50 𝜇g.cm-2 Pt/HOPG-P, (b) 20 𝜇g.cm-2 
Pt/HOPG-H, (c) 50 𝜇g.cm-2 Pt/HOPG-H, (d) 20 𝜇g.cm-2 Pt/HOPG-A, and (e) 50 𝜇g.cm-2 
Pt/HOPG-A 
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From fig. 2.6, Pt crystallite sizes could be estimated using the Scherrer equation [28] below 

 

                     (2.3) 

 

where, d is the estimated crystallite size in nm, K is a dimensionless shape factor set to 0.9, 𝜆 is 

the X-ray source wavelength (𝜆 = 1.79026 Å), 𝛽 is the full width at half maximum in rad, and 𝜃 is 

the Bragg angle in degrees. The Pt crystallite sizes are summarised in table 2.4.	

 
Table 2.4 Pt crystallite sizes for Pt/HOPG as determined by the Scherrer equation 

Sample Pt (111) Crystallite Size (nm) 
20 𝜇g.cm-2 Pt/HOPG-H 5.45 

20 𝜇g.cm-2 Pt/HOPG-A 6.50 

50 𝜇g.cm-2 Pt/HOPG-P 10.9 

50 𝜇g.cm-2 Pt/HOPG-H 11.1 

50 𝜇g.cm-2 Pt/HOPG-A 10.8 

 
 
The above results show that with increasing loading, the Pt crystallite size reaches 

thermodynamic equilibrium, approaching the average crystallite diameter of Pt black. This is 

expected, as 50 𝜇g.cm-2 Pt seems to create a uniform film across HOPG and Si as discussed 

earlier. The estimated crystallite sizes at 20 𝜇g.cm-2 Pt loading deviates from this pattern, as the 

average crystallite size increases from HOPG-H to HOPG-A, this suggests a stronger affinity of 

HOPG-A to interact with Pt. While this is speculative at this point, X-ray photoelectric 

spectroscopy (XPS) can assist in understanding the chemical nature of the surface of the 

electrocatalyst. 

 

The 20 𝜇g.cm-2 Pt/HOPG (fig. 2.7a - c) and 50 𝜇g.cm-2 Pt/HOPG (fig. 2.7d - f) C 1s spectra, we 

see very similar chemical traits as seen from XPS spectra. The C 1s spectra were obtained 

without any Ar sputtering, and hence gives a fair representation of the chemical surface as 

d = K λ
βco sθ
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determined electrochemically in fig. 2.3. Prior to any electrochemical activity and accelerated 

durability tests, we see a large response from sp2 carbon moieties. It is postulated that Pt films 

agglomerate around the oxygen rich areas on the HOPG, thus leaving only an area of the 

characteristic HOPG basal plane at 284.4 eV.  This is further emphasised by the low C 1s 

response in the survey scan (fig. 2.8). 

 

 

 

 

 

 

 

 

 

 

 

 

The Pt response from the survey scan is shown in fig. 2.8, while a more focussed Pt 4f spectra 

were measured in fig. 2.9. The spectra for Pt/HOPG-P served as the baseline and Pt/HOPG-H 

and Pt/HOPG-A was compared to identify if any peak shifts occurred due to metal support 

interactions [29,30]. Although there are slight shifts to higher binding energies in the Pt 4f 

spectra for Pt/HOPG-H and Pt/HOPG-A at 0.15 - 0.20 eV, these are significant enough to 

account for electronic changes in the substrate [29,30]. This data is in contrast to the work 

reported by Matsutsu et al. [31] which states that electronic effects should be greater in 

Pt/HOPG-H, than Pt/HOPG-A. However, Pt/HOPG-A appears to have more mono-vacancy sites 

as seen by the large valleys in fig. 2.1.  

Figure 2.7 C 1s spectra of (a) 20 𝜇g.cm-2 Pt/HOPG-A, (b) 20 𝜇g.cm-2 Pt/HOPG-P,  
(c) 20 𝜇g.cm-2 Pt/HOPG-H, (d) 50 𝜇g.cm-2 Pt/HOPG-P, (e) 50 𝜇g.cm-2 Pt/HOPG-H, and  
(f) 50 𝜇g.cm-2 Pt/HOPG-A 
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Figure 2.8 XPS survey spectra of (a) Pt/HOPG-P, (b) Pt/HOPG-H, (c) Pt/HOPG-A, where  
(i) is a loading of 20 𝜇g.cm-2 Pt, and (ii) is a loading of 50 𝜇g.cm-2 Pt 

Figure 2.9 Pt 4f spectra of (a) Pt/HOPG-A, (b) Pt/HOPG-P, and (c) Pt/HOPG-H, all with a 
loading of 20 𝜇g.cm-2 
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Moreover, it is shown that the desired loading of Pt on the HOPG substrates was obtained. 

Further to this, there appears to be differences in the particle sizes and film morphology 

between the chemical treated samples. Due to the dominant Pt intensity in the XPS 

measurements, an accurate indication of the chemical nature of the surface cannot be inferred. 

However, the slight shifts towards higher binding energies in the Pt 4f spectra suggest changes 

in electronic structure of the substrate, which may indicate that the chemical modifications have 

created anchor sites for Pt. 

 

2.3.3 Pt/HOPG Accelerated Durability Tests 

Chemical modification of HOPG and the subsequent deposition of Pt at loadings of 20 𝜇g.cm-2 

and 50 𝜇g.cm-2 on these substrates was successful. Following this, we looked at the 

electrochemical environment of Pt/HOPG and how mobile Pt is across the surface of the 

various substrates. Load cycling durability tests in a square wave form was performed in 

accordance with Ohma et al. [14] and the US DoE [2]. Together with the ADTs, the differential 

capacitance was measured before and after load cycling to ensure that the HOPG substrate 

remains unchanged over the course of the experiment. These experiments were used to 

investigate the electrochemical environment of the Pt/HOPG samples and the mobility of Pt on 

the surface of the various substrates. 

 
Table 2.5 Summary of Pt/HOPG ECSA at intervals during load cycling 

Sample 
Electrochemical Active Surface Area (m2.gPt-1) 

% 𝛥ECSA	
Cycle 180 Cycle 1190 Cycle 3200 Cycle 5250 

20 𝜇g.cm-2 Pt/HOPG-P 5.21 7.06 7.14 6.12 -13.3% 
20 𝜇g.cm-2 Pt/HOPG-H 2.85 3.92 3.50 3.40 -13.3% 
20 𝜇g.cm-2 Pt/HOPG-A 3.22 4.76 4.90 4.03 -15.3% 
 

The electrochemical active surface area (ECSA) is summarised in table 2.5, using the cyclic 

voltammograms in fig. 2.10 – 2.12. The changes in ECSA for Pt/HOPG shows that the initial 

ECSA after 180 cycles is lower than the final ECSA after approximately 5,000 cycles. This is due 
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to conditioning of the electrocatalyst, which requires further oxidation surface contaminants. 

For Pt/HOPG-P we see a typical current response in 0.5 M H2SO4 with well-defined Hupd 

regions. For the first 3,200 cycles, there is minimal change in the current response, which 

suggests that the Pt NPs/film is partially embedded into the HOPG substrate after sputtering as 

described in Popok et al. [32] and Peitz [33]. This is explained by the limited mobility in Pt NPs 

which sit within a crater, however after 3,200 cycles, dissolution effects appear to dominate the 

electrochemical response and thus a decrease in ECSA is seen.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Pt/HOPG-H and Pt/HOPG-A (fig. 2.11 and fig. 2.12) both show a decrease in conductivity 

due to the slope of the double layer region. Typically, one would associate this slope with a 
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Figure 2.10 (a) Current response of 20 𝜇g.cm-2 Pt/HOPG-P, inset is the hydrogen region 
used to determine ECSA, and (b) differential capacitance measurement in order to 
determine the PZTC 
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system that is not completely de-aerated, however this was excluded by measuring a Ptpoly 

electrode in the same electrolyte and under the same conditions in the sequence  

(i) Pt/HOPG-H, (ii) Ptpoly, (iii) and Pt/HOPG-H. The slope was not present in the Ptpoly case; hence 

it can be concluded that the slope is due to conductivity issues. The Pt/HOPG-H (fig. 2.11) 

shows a smaller ECSA than the reported ECSA values for HOPG-P and HOPG-A. While the 

crystallite size as determined by XRD is smaller than HOPG-A, the ECSA is influenced by the 

available active sites for electrochemical reactions. This suggests that portions of active metal 

are inaccessible and points to oxygen groups blocking these electrochemically active sites. 

However, there is no real evidence to suggest the validity of this hypothesis. Yet, the ECSA of 

Pt/HOPG-H remains statistically constant over 5,000 cycles, suggesting a stronger metal-

support interaction, as Pt mobility by dissolution has been limited. 
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Figure 2.11 (a) Current response of 20 𝜇g.cm-2 Pt/HOPG-H, inset is the hydrogen region 
used to determine ECSA, and (b) differential capacitance measurement in order to 
determine the PZTC 
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A similar trend is observed for Pt/HOPG-A (fig. 2.12) as for Pt/HOPG-H. However, the change in 

ECSA over time is reduced significantly, which suggests that Pt has more mobility on the 

substrate surface (13.3% vs 15.3%). It is hypothesised from the ECSA, that Pt forms discrete 

islands around the oxygen terminated groups, thus leading to Ostwald ripening, and thus 

larger Pt particle size as illustrated in the XRD results summarised in table 2.6 below. 

 

No significant change in the potential of zero total charge (PZTC) is observed between the 

substrates, as measured using differential capacitance. Using HOPG-P as the benchmark, the 

HOPG-H sample has a 5 mV higher PZTC and the HOPG-A sample has a 5 mV lower PZTC. 

Figure 2.12 (a) Current response of 20 𝜇g.cm-2 Pt/HOPG-A, inset is the hydrogen region 
used to determine ECSA, and (b) differential capacitance measurement in order to 
determine the PZTC 
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However, these slight variations in PZTC could be significant when coupled with the lower 

conductivity of HOPG-H and HOPG-A. Moreover, the PZTC does not change significantly after 

load cycling, which suggests that HOPG surface does not change, i.e. is not further oxidised. 

 

Once the ADT measurements were completed, the samples were once again analysed by XRD 

and XPS. The diffractogram from XRD did not show any significant peak shifts, however, there is 

a slight narrowing of the peaks indicating particle growth. This is summarised in table 2.6 

below. 

 
Table 2.6 Pt crystallite sizes for Pt/HOPG samples as determined by the Scherrer equation 

Sample Ptinitial Crystallite Size (nm)  Ptfinal Crystallite Size (nm) 
20 𝜇g.cm-2 Pt/HOPG-P - 6.92 
20 𝜇g.cm-2 Pt/HOPG-H 5.45 6.97 
20 𝜇g.cm-2 Pt/HOPG-A 6.50 7.22 
50 𝜇g.cm-2 Pt/HOPG-P 10.9 11.0 
50 𝜇g.cm-2 Pt/HOPG-H 11.1 - 
50 𝜇g.cm-2 Pt/HOPG-A 10.8 - 
 
 

As expected, growth in crystallite size after load cycling is seen, except for loadings of  

50 𝜇g.cm-2. For 50 𝜇g.cm-2 loadings particle growth is not significant as the particles are at 

thermodynamic equilibrium. Again, it is curious that Pt/HOPG-H has a lower ECSA than 

Pt/HOPG-A considering that Pt/HOPG-H has the smaller average crystallite size. This seems to 

support the current hypothesis of some active sites being blocked by the surface oxygen 

groups.  
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Lastly, XPS spectra of these samples were measured after load cycling, where significant 

differences in the spectra are observed. The sp3 moieties are dominant, and carbonyl groups 

are in more abundance. This suggests that more of the carbon surface is exposed and hence, 

the Pt particles have agglomerated and migrated around the surface. This is further amplified 

by the increase in Pt 4f intensities after load cycling. This increase in Pt 4f intensity suggests that 

there are more well-defined Pt particles and a shift to higher binding energies for Pt/HOPG-H 

and Pt/HOPG-A illustrates a potential stronger support interaction [29,30], however an increase 

in PtOx species cannot be excluded and may be present in a greater extent in Pt/HOPG-H and 

Pt/HOPG-A [34-36]. 

 

2.4 Conclusions 

 

From the results presented, there appears to be strong evidence of graphene-like exfoliation of 

HOPG under the harsh chemical treatment, by which the HOPG was modified. However, the 

Figure 2.13 (a) C 1s spectra and (b) Pt 4f spectra of 20 𝜇g.cm-2 (i) Pt/HOPG-P,  
(ii) Pt/HOPG-A, (iii) Pt/HOPG-H after load cycling. In (b) the dashed lines indicate the 
initial intensity, where the points represent the intensity after load cycling 
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modifications do alter the surface carbon structure with more sp3 moieties present as illustrated 

in the XPS results. This is further supported by the decreased conductivity observed for 

Pt/HOPG-H and Pt/HOPG-A. 

 

While the results are not conclusive in illustrating which chemical modification enhances Pt 

interaction, there is sufficient evidence to infer that Pt will gravitate towards mono-valences or 

areas with defects thus supporting the theoretical work of our colleagues [31]. This is expected, 

as literature is inundated with reports of Pt and Au decorating HOPG steps and edges. Further 

to this, sputtering is too high energy for HOPG to avoid Pt implantation, even though low 

power and extended times were used.  

 

However, these results indicate that Pt clusters and forms islands around oxygen terminated 

groups. While it is an unlikely occurrence, the determined average crystallite size indicates this 

phenomenon is present, especially if the changes in ECSA and absolute values of ECSA 

between Pt/HOPG-H and Pt/HOPG-A are considered. 

 

An interesting aspect of these results are the changes in the PZTC of the various modified 

HOPG substrates. Hydroxyl groups should be weak electron donors, while acid groups are 

electron withdrawing. This phenomenon is evident in the shifts of the PZTC to negative for 

electron donating and positive for electron withdrawing relative to HOPG-P. Thus, with the 

absence of FT-IR, it was concluded that we have modified our surfaces with either an electron 

donating or electron withdrawing group. 
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Chapter 3 
Towards Practical Applications of EQCN Experiments to Study Pt 
Anchor Sites on Carbon Surfaces: Part 1 – Validation of Technique 
*Modified from Fortuin et al. [1] for this report 

3.1 Introduction 

 

Electrochemical quartz crystal nano-balance (EQCN) is a powerful tool to study interfacial 

electrochemistry phenomena [2,3]. This technique allows for conventional electrochemical 

techniques, such as cyclic voltammetry (CV), chronoamperometry (CA), and other potential 

sweep methods to be used in parallel with the detection of nanogram mass changes [4-6]. This 

leads to detailed studies of electrochemical surface reaction mechanisms, deposition rates, and 

roughness effects [6-9]. The technique has been shown to be particularly useful in sensor 

applications, as its sensitivity allows for small mass/concentration changes in a system to be 

easily detected [10-12]. 

 

Much of the research in the electrocatalysis field has not been able to make use of this 

powerful tool as real-world catalysts cannot easily be applied to a quartz crystal resonator 

essential for EQCN experiments. Fundamental research, such as the work conducted by 

Jerkiewicz et al. [13-15], has focused on using the EQCN technique to model a carbon 

supported platinum (Pt/C) electrocatalyst as a bulk Ptpoly catalyst. While this gives critical 

insights into the surface reaction mechanisms on Pt, it excludes the metal-support interactions 

between Pt and carbon. However, little work has been published with regards to modifying a 

quartz crystal resonator for more applied investigations into the interfacial electrochemistry 

occurring on supported platinum nanoparticles and the electronic interaction between Pt and 

carbon in a Pt/C electrocatalyst.  

 

Some attempts have been made at depositing a Pt/C ink onto a gold coated quartz crystal 

[16,17]. However, these systems are difficult to calibrate since precise loadings are required to 
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ensure that the quartz crystal oscillations are not drastically different from measurement to 

measurement. 

 

Before directly studying Pt anchor sites on carbon by EQCN, it needs to be shown that the two 

different 2-D model Pt/C catalyst systems can be directly compared, such that the stability (and 

hence anchoring) of Pt on the support can be investigated by EQCN. The model system of the 

real-world catalyst (e.g. Pt supported on Vulcan) is represented by Pt sputtered onto basal 

plane oxygen terminated highly orientated pyrolytic graphite (HOPG). The system of 

comparison is a mirror finished graphite (MFG) quartz crystal resonator, onto which Pt has been 

sputtered. The MFG undergoes the exact same surface oxidation treatment as the HOPG, such 

that the two catalysts can be directly compared. The aim is to obtain similar electrochemical 

responses on the MFG as HOPG, using conventional electrochemical methods, such that we 

can study Pt/C using EQCN. This chapter reports the physical characteristics of the two systems, 

namely the crystallite size, crystallography, surface functional groups, as well as electrochemical 

responses via cyclic voltammetry in acidic media and the ferri/ferrocyanide couple [18,19]. 

 

3.2 Experimental Methods 

 

All electrochemical measurements were conducted using a Bio-Logic SP-200 potentiostat. 

EQCN measurements were conducted using a Seiko EG&G QCM922A, in a home-built Faraday 

cage and vibration free table. The packaged EC-Lab v11.1x software was used to control both 

instruments. 

 

3.2.1 Electrodes 

A custom-built, two-compartment cell (developed by Prof Jerkiewicz) was used and cleaned by 

submerging in NOCHROMIX® (Godax Laboratories, Inc.) overnight. A Teflon™ quartz holder 

houses the planar quartz crystals cut in the AT orientation, in the vertical cell orientation as 
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described by Jerkiewicz et al. [20]. An AT-cut quartz crystal was coated with a 100 nm Ti layer, 

followed by sputtering of approximately 300 nm Pt layer to form a Pt coated quartz crystal 

(PQC). Alternatively, a 300 nm carbon layer was sputtered onto the 100 nm Ti layer on the 

quartz to fabricate a MFG quartz crystal with a roughness of 60 nm. The base resonant 

frequency was 9.00 MHz and 9.13 MHz for PQC and MFG respectively. All quartz crystals were 

supplied by Bio-Logic. 

 

The working electrode for the conventional system consisted of 1 cm2, 200 𝜇m thick HOPG 

disks (Optigraph GmbH, Berlin). This was attached to a conventional glassy carbon (GC) 

electrode using a carbon-Nafion® (Ion Power) paste. The HOPG surface was modified by 

refluxing in Fenton’s reagent for 24 hours at 80 °C [21] , the constant time and temperatures 

were chosen to ensure the concentration of potential anchor sites on the surface is maximised.. 

The hydroxyl modified HOPG is referred to as HOPG-H, with the pristine HOPG samples 

referred to as HOPG-P. Pt was then deposited onto the modified and unmodified surfaces at a 

loading of 20 𝜇g.cm-2 by DC magnetron sputtering (PVD Products, USA). This was 

accomplished by using a Pt sputtering target (1.5” diameter x ⅛” thick) obtained from ACI 

Alloys (USA) having a purity of 99.95%. Prior to sputtering, the vacuum chamber of the 

sputtering apparatus was pumped down to a base pressure of approximately 5 × 10-7 Torr. 

Sputtering of Pt, under an Ar plasma, was conducted at a chamber pressure of 8 mTorr and an 

Ar flow of 15 sccm. The sputtering rate (nm.min-1) of Pt was calibrated as described by Falch et 

al. [22] with minimal deviation in the sputtered layer from sample to sample. The substrates 

were positioned onto a stainless-steel tray that slots into a housing fitted with a computer 

controlled XY motor below a fixed aperture, allowing for dedicated sputtering of individual 

samples. Similarly, the aforementioned procedure was used to prepare surface modified MFG 

and deposit Pt. The hydroxyl modified MFG is referred to as MFG-H and the unmodified MFG is 

referred to as MFG-P. In this instance, a dedicated stainless-steel tray was manufactured in-

house to deposit Pt on the MFG samples in an evenly spaced manner within the sputtering 

apparatus as seen in fig. 3.1. 
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A reversible hydrogen electrode (RHE) using Pt foil (Alfa Aesar, 99.999%) was used as the 

reference electrode and a Pt mesh (Alfa Aesar, 99.99%) as the counter electrode. 

 

3.2.2 Electrochemical Testing 

Prior to conducting electrochemical measurements on HOPG and MFG, cyclic voltammograms 

(𝑖 vs 𝐸) of Ptpoly were measured in aqueous 0.5 M H2SO4 prepared from 99.999 wt.% H2SO4 

(Sigma Aldrich) and 18.2 MΩ.cm nano-pure water. All measurements were carried out at room 

temperature and under an inert Ar atmosphere (99.999%, Air Products). The electric potential 

Figure 3.1 In-house manufactured stainless-steel tray for sputtering on quartz crystal 
samples with the lead wire attached. The left tray is with the aperture mask removed, with 
schematic of the quartz crystal resonators positioned with the mantle in the grooves. The 
right tray is with the aperture mask placed on top of the quartz crystal resonators, the red 
lines indicate the mantle grooves. 
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was cycled between 0.05 and 1.50 V vs RHE to ensure cleanliness and reproducible functioning 

of the electrochemical setup. 

 

To confirm the oxidation of HOPG by various treatment methods and changes in the electronic 

states of the carbon, CVs using the ferri/ferrocyanide redox couple were run.  A solution of  

1 mM K4Fe(CN)6 (Sigma Aldrich) in 1 M KCl(aq) (Merck) was prepared. The electric potential was 

cycled between 0.00 and 1.20 V vs RHE at scan rates of 100, 75, 50, 25, and 20 mV.s-1, of which 

we only report on the scan rate at 50 mV.s-1 here. See fig. A.1 and A.2 for current responses for 

all scan rates and summaries of 𝛥Ep and peak current density (jp) as a function of scan rates in 

Appendix A.  Similarly, this was applied to the MFG system and the two systems were 

compared. 

 

3.2.3 Physical Characterisation 

X-ray diffraction (XRD) measurements were taken using a Bruker D2 Phaser in the Bragg-

Brentano geometry with a Co anode (𝜆 = 1.79026 Å), primarily using a 2𝜃 range of 20 - 90° with 

0.0274° steps. Samples were placed in a zero-background sample holder and was placed such 

that they were in line with a straight edge across the holder. The measurement was repeated at 

various angles (𝛷) about the vector normal to the sample surface. 

 

X-ray photoelectron spectroscopy (XPS) measurements were carried out using a 

monochromated Al source (1487.1 eV) and a SPECS PHOIBOS 150 hemispherical electron 

energy analyser. The overall experimental resolution was approximately 0.6 eV for all spectra. 

Some of the spectra were acquired on a KRATOS-SUPRA spectrometer at UNISA (Florida 

Science Campus, South Africa), using a monchromated Al source (1486.6 eV) having a base 

pressure of 1.2 × 10-8 Torr. The surface of all samples was cleaned with a short cycle of Ar ion 

sputtering. This ranged from 30 to 120 s, with measurements taken at various intervals. 
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3.3 Results and Discussion 

 

3.3.1 Physical Characterisation 

XRD measurements showed reproducible diffraction peaks across the lateral position of the 

various carbon substrates. The diffraction patterns were independent of the orientation about 

𝛷, by considering the reproducibility of the peak shape and intensities (e.g. HOPG-H (d) – (f) 

peaks in fig. 3.2), which shows that the scattering vector was normal to the surface (fig. 3.2). 

 

Furthermore, the MFG graphitic peaks around 31° 2𝜃 are shifted to a larger angle compared to 

the HOPG samples, suggesting a slightly smaller d-spacing. This was accompanied by narrower 

peak widths relating to a larger crystallite size. Relative crystallite sizes were estimated using the 

Scherrer equation [23] below,  

 

          (4.1) 

 

where, 𝑑 is the estimated crystallite size in nm, 𝐾 is a dimensionless shape factor set to 0.9, 𝜆 is 

the X-ray source wavelength (𝜆 = 1.79026 Å), 𝛽 is the full width at half maximum in rad, and 𝜃 is 

the Bragg angle in deg, and are summarised in table 3.1. 

 

Absent peaks in the MFG samples suggest a preferred orientation, while this does not appear 

the case for the HOPG samples with which they were compared.  

 

  

 

 

 

 

 

d = K λ
βco sθ
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Table 3.1 Comparison of graphite crystallite size and Pt crystallite size as determined by 
the Scherrer equation [23] of HOPG and MFG substrates at loadings of 50 𝜇g.cm-2 Pt 

Sample C (002) Crystallite Size (nm) Pt (111) Crystallite Size (nm) 
HOPG-P 26.1 - 
MFG-P 63.0 - 
50 𝜇g.cm-2 Pt/HOPG-P 23.0 10.8 
50 𝜇g.cm-2 Pt/HOPG-H 26.7 10.1 
50 𝜇g.cm-2 Pt/MFG-P 71.3 14.9 
50 𝜇g.cm-2 Pt/MFG-H 85.9 12.1 

Figure 3.2 Diffractograms comparing the various carbon substrates where (a) MFG-P,  
(b) MFG-H, (c) HOPG-P, and (d) – (f) HOPG-H at different angles of 𝛷. The magnified 
portion focuses on the graphite (002) orientation, showing a shift to lower d-spacing for 
the MFG substrates 
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XPS measurements confirm the results seen in XRD, with a sharp C 1s peak observed in the 

survey spectra (fig. 3.3). There was minimal nitrogen and oxygen present in the samples, with 

only an appreciable contaminant present in the MFG-P spectrum. This small Ar 2p peak at 

approximately 241.1 eV is due to Ar implantation in the graphite matrix during sputtering [24]. 

 

 

 

 

 

 

 

 

 

 

 

Based on the valence band data displayed in fig. 3.4, all samples have similar densities of state 

(DOS) near the Fermi level (EF) as indicated by the overlay of the spectra in the inset. However, 

MFG-P does have a more pronounced O 2s band at 21.9 eV, suggesting that this graphite 

moiety is covered with larger amounts of surface carbonyl groups as stated in other studies 

[25-27]. This observation is further supported by the broadening of MFG-P’s C 1s spectrum 

towards higher binding energies shown in fig. 3.5. 

 

 

 

 

 

Figure 3.3 XPS survey spectra of (a) HOPG-P, (b) HOPG-H, and (c) MFG-P. Bands at (iv) 
532.4 eV, (iii) 398.5 eV, (ii) 284.4 eV, and (i) 241.1 eV are assigned to O 1s, C 1s, and Ar 2p 
respectively 
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Figure 3.4 Valence band spectra of HOPG-P, HOPG-H and MFG-P respectively. Bands at 
22.2 – 21.9 eV, 17.9 – 17.6 eV, and 9.0 – 8.9 eV are assigned to O 2s, C 2s, and  
O 2p respectively. The inset shows a magnification of the densities of state closer to the 
Fermi level in UHV 

Figure 3.5 C 1s spectra of (a) HOPG-P, (b) HOPG-H, and (c) MFG-P. All spectra are 
calibrated to 284.4 eV as the C sp2 band 
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3.3.2 Electrochemical Results 

3.3.2.1 [Fe(CN)6]4-/3- Redox Couple for Carbon Substrates 

The CVs of the ferri/ferrocyanide redox couple were studied for different graphite substrates, 

shown in fig. 3.6. Control substrates of GC, HOPG-P, and MFG-P were studied to create a 

baseline to which surface modifications and Pt depositions can be compared. From the 

corresponding CVs, an estimated electrode capacitance (C) [28] was determined, as well as the 

rate constant, k0, using Nicholson’s method [29]1. 

 

 

 

 

 

 
 
 

 

 

 

 

 

 

 

 

 

                                                

 
1 See section 2.3.1, pages 34 and 35, for explanation of calculations 

Figure 3.6 Current responses of (a) HOPG-P and HOPG-H, (b) MFG-P, MFG-H, and GC,  
(c) HOPG-P and MFG-P, and (d) HOPG-H and MFG-H in 1 mM [Fe(CN)6]4- / 1 M KCl(aq) 
solution under Ar saturation and room temperature, with a sweep rate of 50 mV.s-1 
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Unmodified, pristine HOPG surfaces show slow rates of electron transfer for the [Fe(CN)6]4-/3- 

couple. This has been postulated by Cline et al. [18] to be due to a lack of surface reactive sites 

as the basal plane of HOPG, which is not a suitable electron transfer structure, hence the 

surface morphology has a significant influence on k0. With the introduction of surface disorder, 

i.e. by surface treatment/oxidation, there is a significant increase in the rate constant as 

indicated in table 3.2 [18,19]. Furthermore, as seen in fig. 3.6 (a), the broadening of the HOPG-P 

peaks (Ep,a and Ep,c) and deviation from the classic “duck bill” shape, suggests that there are few 

sites for adsorption for the ferrocyanide ion and subsequent electron transfer.  

 
Table 3.2 Redox potential, kinetic data, and capacitance values for various carbon 
substrates with loadings of 20 𝜇g.cm-2 Pt and without Pt 

Substrate 𝛥Ep (mV) k0
 (cm.s-1)a C (𝜇F.cm-2) 

HOPG-P 306 5.0 × 10-7 620 
HOPG-H 95.2 0.0056 3,400 
20 𝜇g.cm-2 Pt/HOPG-P 65.0 0.035 1,300 
20 𝜇g.cm-2 Pt/HOPG-H 75.0 0.014 2,300 
MFG-P 107 0.0033 490 
MFG-H 85.9 0.0085 290 
20 𝜇g.cm-2 Pt/MFG-P 87.4 0.0080 1,400 
20 𝜇g.cm-2 Pt/MFG-H 185 1.1 × 10-4 1,500 
GC 68.7 0.020 520 
a 𝛼 = 0.5, 𝐷O = 𝐷R = 10-5 cm2.s-1  
 
The HOPG-H substrate shows a five-fold increase in capacitance over HOPG-P (fig. 3.6a). This is 

a similar capacitance value observed as for GC. This increase is most likely due to decreased 

conductivity of HOPG-H. However, since the resolution of the Al X-ray source is too low to see 

such small changes in the near-EF electronic structure, it is speculated that the process of 

oxidizing HOPG, exfoliates a few layers of graphite from the surface whilst the hydroxyl radicals 

bond to the surface. The fact that HOPG-P and HOPG-H show very similar XPS spectra after Ar 

ion sputtering, is evidence that only the very top few atomic layers of HOPG participate in 

oxidation. 
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Contrary to HOPG, as shown in fig. 3.6 (b) and (d), the large increase in capacitance is not seen 

for the MFG-H samples as seen between HOPG-P and HOPG-H. Although not well understood, 

it is postulated that the surface orientation of the graphite is slightly different from HOPG, as 

seen in XRD, and thus less hydroxyl radicals react with the surface. What is clear, though, is that 

HOPG-H and MFG-H show increased electron transfer rates over their HOPG-P and MFG-P 

counterparts. 

 

3.3.2.2 Electrochemical Response of Pt Supported Carbon Substrates 

A loading of 20 𝜇g.cm-2 Pt was deposited onto the various carbon substrates as described in 

section 3.2.1. CVs in an acidic medium were recorded for characteristic Pt electrochemical 

response and CVs in ferri/ferrocyanide were recorded and compared as in section 3.3.2.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 Comparative current responses of 20 𝜇g.cm-2 Pt on HOPG-P, MFG-P, HOPG-H, 
and MFG-H in (a),(c) 0.5 M H2SO4 and (b),(d) 1 mM [Fe(CN)6]4- / 1 M KCl(aq) solution under 
Ar saturation and room temperature, with a sweep rate of 50 mV.s-1 
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As expected with the deposition of Pt, the capacitance of the samples decreases. From  fig. 3.7 

(a) HOPG-P20 and MFG-P20 (20 𝜇g.cm-2 Pt deposited) the Pt CVs indicate similar responses, 

with the only appreciable difference in the oxide formation region. The onset of oxide 

formation is shifted to higher potentials in MFG-P20, indicating that this graphite moiety may 

have larger Pt nanoparticles deposited and is more oxophilic [30]. However, fig. 3.7 (b) suggests 

that the Pt layer may be shielded (i.e. implanted in the graphite matrix), as there is larger 

current contribution from graphite in the [Fe(CN)6]4-/3- redox couple. The greater surface 

roughness of MFG as compared to HOPG, supports the above hypothesis, as well as supporting 

the reasoning that inner sphere electron transfer is taking place, as opposed to outer sphere 

electron transfer. The ill-defined Pt-Hupd (0.0 – 0.4 V vs. RHE) region and larger 𝛥Ep table 3.2 is a 

clear indicator that Pt plays less of a role in electron transfer than what is suggested by the 

current response in acid. Similarly, for the peroxide treated equivalent samples (fig. 3.7c & d) 

the above trend is observed. Furthermore, the tilting of HOPG-H20’s current response in acid 

(fig. 3.7c) is indicative of decreased conductivity within the support. 

 

3.3.2.3 Frequency Response of Pt Supported on Carbon Substrates 

While the above has shown that Pt/MFG has a typical current response for Pt in acid media, its 

frequency response needs to be compared to a baseline of Ptpoly coated quartz crystal. The 

frequency response curve of Ptpoly has been well documented by Jerkiewicz et al. [5,9,13-

15,20,31-33] over the years, and an accurate reproduction of the standard Pt frequency 

response serves as the basis of validating the EQCN setup. 

 

From fig. 3.8, a frequency response for Ptpoly over a range of 0.0 – 1.5 V vs RHE shows a 

frequency change of approximately 25 Hz, which is in good accordance to that reported by 

Jerkiewicz [14] and Kim et al. [9,32-34]. 
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Measuring the frequency response of MFG-H20 against Ptpoly, a clear similarity between the two 

catalysts can be seen, but a larger 𝛥𝑓 response versus potential in the graphite substrate is 

observed. This is to be expected, as the surface of MFG-H20 has a significantly larger 

capacitance than Pt, hence a larger effect of ion attraction and repulsion from the surface 

influencing the response as discussed by Jerkiewicz [14]. This is further substantiated by the 

wider hysteresis in the Pt-Hupd region of the Pt/MFG-H, showing a reliable depiction of the 

electrochemical surface phenomena on Pt. Thus, we have shown that we can reliably study 

Pt/MFG-H by EQCN. 

 

3.4 Conclusions 

 

From these preliminary results, it is shown that the behavior of the carbon substrates is in good 

agreement with each other based on XRD diffraction patterns and XPS valence band structure 

data. The electrochemical surface response is different and was attributed to the orientation of 

the graphite crystal facets, as the ferri/ferrocyanide redox couple is very surface sensitive.  

Figure 3.8 Comparative frequency response of Ptpoly quartz crystal and 20 𝜇g.cm-2 
Pt/MFG-H quartz crystal in 0.5 M H2SO4 under Ar saturation and room temperature, with 
a sweep rate of 50 mV.s-1 
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However, the electrochemical response of the ferri/ferrocyanide couple was in good agreement 

with the larger graphite crystallite size recorded by XRD. Furthermore, the k0 and capacitance of 

the MFG, catalysed and uncatalysed, increases after surface modification. This is in accordance 

with the trend seen between modified and unmodified HOPG, and thus serves as a basis of 

comparison. Based on these findings, HOPG and MFG samples are structurally comparable, and 

their electrochemical behaviour, while not identical, follow similar trends after modification. 

 

In the case of Pt/MFG, the electrochemical surface response is less comparable to Pt/HOPG 

when probing with the ferri/ferrocyanide redox couple but is similar in acidic media. It is 

postulated that the marginal physical surface differences in the MFG from HOPG are amplified 

by the deposition of Pt due to a more pronounced implantation of Pt into MFG than into 

HOPG. Work is ongoing to better understand why this difference occurs and to determine the 

influence of the Pt deposition and surface oxidation. More interestingly, Pt/MFG-H shows the 

expected frequency response curve shape, although further investigations are needed to better 

understand the repulsion and attractive forces that result in a higher physical frequency 

response. 

 

Overall, the early results obtained for HOPG and MFG samples with Pt deposited are 

qualitatively comparable. With the EQCN analysis we show that we have not changed the 

resonance of the quartz crystal and we can prepare samples using the MFG substrate as we do 

for HOPG. The EQCN technique may now be used to better study Pt nanoparticles supported 

on a carbon substrate and tentative inferences made to practical 3-D applications. 
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Chapter 4 
Towards Practical Applications of EQCN Experiments to Study Pt 
Anchor Sites on Carbon Surfaces: Part 2 – Studying Potential Cycling of 
Pt Electrocatalysts 
 

4.1 Introduction 

 

The use of the electrochemical quartz crystal nano-balance (EQCN) is a technique that has seen 

little use in studying electrocatalyst durability. Much of the EQCN work has been used to study 

reactions and adsorption occurring at metal surfaces [1-20], in particular Pt and Au surfaces. 

However, limited work has been done to apply this technique in studying Pt/C electrocatalysts 

for polymer electrolyte fuel cell (PEFC) applications.  

 

Works by Ofstad et al. [21] and Wickman et al. [22] are two of the few studies which studied Pt 

dissolution of real-world electrocatalysts by EQCN. While, both have studied degradation 

mechanisms of Pt/C successfully, there were some shortfalls when compared to conventional 

Pt/C degradation testing methods. 

 

Wickman et al. [22] followed a similar approach as we have in this work, however, they 

deposited much lower loadings of Pt and did not explain the changes in their frequency 

response before, during, and after degradation studies. However, their degradation study only 

expanded a total of 30 cycles at 50 mV.s-1, thus giving insufficient data to understand the 

degradation mechanisms of Pt dissolution and use the EQCN to its full potential. On the other 

hand, Ofstad et al. [21] studied a system whereby a Pt/C ink was deposited on a Au electrode 

and studied the effects of Pt dissolution in the presence of Cl-. Thus, their work incorporates 

many extra variables that are difficult to account for using the EQCN technique.  
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Figure 4.1 Experimental setup, left is the Faraday cage and right is the cell within the 
Faraday cage, as developed by Prof Jerkiewicz. The working electrode (A), the counter 
electrode (B), and the reference electrode (C) are described in text 

This study differs from Wickman et al.’s [22] and Ofstad et al.’s [21] works by following DoE 

approved degradation protocols for Pt dissolution by load cycling. This is coupled with 

modifications to the graphite substrate, as discussed previously, and investigates the influence 

of these oxygen groups on the mobility of Pt.  

 

4.2 Experimental Methods 

 

All electrochemical measurements were conducted using a Bio-Logic SP-200 potentiostat. 

EQCN measurements were conducted using a Seiko EG&G QCM922A, in a home-built Faraday 

cage and vibration free table (fig. 4.1). The packaged EC-Lab v11.1x software was used to control 

both instruments. 
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4.2.1 Electrodes 

A custom-built, two-compartment cell (developed by Prof Jerkiewicz) was used and cleaned by 

submerging in NOCHROMIX® (Godax Laboratories, Inc.) overnight. A Teflon™ quartz holder 

houses the planar quartz crystals cut in the AT orientation, in the vertical cell orientation as 

described by Jerkiewicz et al. [4]. The AT-cut quartz crystal was coated with a 100 nm Ti layer, 

followed by sputtering of approximately 300 nm carbon layer to fabricate a mirror finish 

graphite (MFG) quartz crystal with a roughness of 60 nm. The base resonant frequency was 9.13 

MHz and all quartz crystals were supplied by Bio-Logic. 

 

Because the MFG quartz crystals are layered, as illustrated in fig. 4.2, following the same 

procedures to modify the carbon surface as discussed in sections 2.2.1, 3.2.1, and Fortuin et al. 

[23] could not be followed. Initial modifications resulted in the delamination of the titanium 

layer and subsequently the carbon layer. This suggests that the sputtering of the carbon film 

does not lap the Ti layer, hence leaving it available for attack under the aggressive chemical 

environment. In order to overcome this challenge, a homogeneous layer of nitrocellulose was 

applied to the quartz crystal, leaving only the 5 mm diameter opening of the graphite as 

illustrated in fig. 4.2 (b). 
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Ti

SiO2

[C6H7(NO2)3O5]n

(a)

(b)

Figure 4.2 Schematic cross section of quartz crystal (a) as received, and (b) with 
nitrocellulose lacquer applied 
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The MFG quartz crystal was then refluxed in Fenton’s reagent for 24 hours at 80 °C [24] to 

synthesise a hydroxyl modified MFG sample referred to as MFG-H. Alternatively, samples were 

refluxed in a 1:1 ratio of 5 N HNO3 and H2SO4 for 24 hours at 120 °C [25] and are referred to as 

MFG-A. As for the samples prepared in chapters 2 and 3, constant time and temperatures were 

chosen to ensure the concentration of potential anchor sites on the surface is maximised. Prior 

to depositing Pt, all samples were washed and dried with aliquots of acetone, ethanol, 

isopropanol, and deionised water to remove the nitrocellulose. Pt was then deposited onto the 

modified and unmodified surfaces at loadings of 20 𝜇g.cm-2 and 50 𝜇g.cm-2 by DC magnetron 

sputtering (PVD Products, USA). This was accomplished by using a Pt sputtering target (1.5” 

diameter x ⅛” thick) obtained from ACI Alloys (USA) having a purity of 99.95%. Prior to 

sputtering, the vacuum chamber of the sputtering apparatus was pumped down to a base 

pressure of approximately 5 × 10-7 Torr. Sputtering of Pt, under an Ar plasma, was conducted at 

a chamber pressure of 8 mTorr and an Ar flow of 15 sccm. The sputtering rate (nm.min-1) of Pt 

was calibrated as described by Falch et al. [26] with minimal deviation in the sputtered layer 

from sample to sample. The substrates were positioned onto an in-house manufactured 

stainless-steel tray (illustrated in fig. 3.1 in section 3.2.1) that slots into a housing fitted with a 

computer controlled XY motor below a fixed aperture, allowing for dedicated sputtering of 

individual samples. 

 

A reversible hydrogen electrode (RHE) using Pt foil (Alfa Aesar, 99.999%) was used as the 

reference electrode and a Au coil as the counter electrode. 

 

4.2.2 Electrochemical Testing 

Prior to conducting all electrochemical measurements on the MFG samples, cyclic 

voltammograms (𝑖 vs 𝐸) of Ptpoly were measured in aqueous 0.5 M H2SO4 prepared from 99.999 

wt.% H2SO4 (Sigma Aldrich) and 18.2 MΩ.cm nano-pure water. All measurements were carried 

out at room temperature and under an inert Ar atmosphere (99.999%, Air Products). The 
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electric potential was cycled between 0.05 and 1.50 V vs RHE to ensure cleanliness and 

reproducible functioning of the electrochemical setup.  

 

Following the above, conditioning of the MFG quartz crystals was achieved by cycling the 

potential between 0.00 and 1.50 V vs RHE for 30 cycles at a scan rate of 250 mV.s-1 to remove 

any surface contaminants due to modification and sputtering. This ensures that all organics are 

oxidised from the surface. A further 200 cycles at 250 mV.s-1 and between 0.00 and 1.30 V vs 

RHE were performed in order to destress the quartz crystal as described in Jerkiewicz et al. [4] 

and Kim [27]. While, Jerkiewicz et al. [4] and Kim [27] state that 1,000 cycles are required to 

destress near surface edges of the quartz crystal, this has to be limited for this study in order to 

preserve the integrity of the electrocatalyst for accelerated durability testing. However, the 

quartz crystal is destressed such that a reproducible characteristic Ptpoly current and frequency 

response with minimal frequency drift is obtained. This indicates cleanliness of the electrode 

and electrolyte, and stability of the quartz crystal.  Lastly, 15 cycles at 50 mV.s-1 between 0.05 

and 1.30 V vs RHE were performed in order to obtain an initial mass voltammogram. 

 

For the accelerated durability test, the protocol outlined in Ohma et al. [28] and the US DoE 

report [29] were employed. An initial cyclic voltammogram was recorded at 50 mV.s-1 between 

0.05 and 1.30 V vs RHE for 10 cycles. The choice of using 10 cycles is to assist in averaging data 

in order to obtain accurate mass voltammograms as described in Jerkiewicz et al. [4]. Following 

this, the potential was held at 0.60 V vs RHE for 30 s, then stepped up to 1.00 V vs RHE for 3 s, 

and then stepped down to 0.60 V vs RHE and held for 3 s. This potential step was repeated 

10,000 times, with 10 cyclic voltammograms recorded, as above, at intervals. Cyclic 

voltammograms were recorded after every 10 potential step cycles for the first 100 cycles, every 

100 cycles between 100 and 1,000 cycles, and every 1,000 cycles thereafter. It must be noted, 

that the frequency response, which can be represented as a mass voltammogram, is recorded 

in parallel with the cyclic voltammogram. It is further noted that due to the fragility of the 

quartz crystals, and added stresses incurred to chemically modify the graphite layer, only one 

of each MFG sample was measured for its frequency response, however cyclic voltammograms 
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were measured for repeat samples to represent reproducibility. A Ptpoly CV of multiple samples 

is illustrated in Appendix B. 

 

4.2.3 Physical Characterisation 

X-ray diffraction (XRD) measurements were taken using a Bruker D8 Advance in the Bragg-

Brentano geometry with a Co anode (𝜆 = 1.79026 Å), primarily using a 2𝜃 range of 20 - 120° 

with 0.043° steps. Samples were placed in a zero-background sample holder and the sample 

was placed such that they were in line with a straight edge across the holder. Measurements 

were repeated using a 2𝜃 range of 42 – 50° with 0.037° steps and a dwell time of 13.5 s to 

increase resolution of the Pt (111) spectrum. 

 

4.3 Results and Discussion 

 

4.3.1 Calibration of the EQCN 

In order to confirm that the EQCN system is working optimally, the determination of the 

calibration factor was determined by applying the Sauerbrey equation (equation 4.1) to classic 

underpotential deposition of metal salts on a Ptpoly electrode. 

 

   (4.1) 

whereby:  

𝛥𝑓 is the measured frequency change (Hz) 

𝑓0 is the baseline frequency of the quartz crystal in air (∼9.00 MHz) 

𝑛 is the harmonic mode (𝑛 = 1) 

𝜌q is the density of quartz (2.648 g.cm-3) 

𝜇q is the shear modulus of quartz (2.947 x 1011 g.cm-1.s-2) 

𝛥𝑚 is the associated mass change (g) 

Δm = −
n ρqμq

2 f 2
0

Δ f = −
Nρq

f 2
0

Δ f = − Cf Δ f
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𝑁 is a frequency parameter which is dependent on the of cut of quartz (1661 kHz.mm) [30] 

𝐶f is the calibration factor determined experimentally (ng.Hz-1.cm-2) 

 

Before introducing a metal salt, the as received Ptpoly and MFG quartz crystal were destressed 

for 1,000 cycles between 0.0 and 1.5 V vs RHE at 250 mV.s-1. Cyclic voltammograms were 

recorded at 50 mV.s-1 to ensure that the current response represented the standard 

polycrystalline Pt and graphite current responses in 0.5 M H2SO4 as is seen in fig. 4.3 below. 

 

 

 

Figure 4.3 Current and frequency responses of (a) Ptpoly and (b) graphite in room 
temperature Ar saturated 0.5 M H2SO4 at 50 mV.s-1 

 

The current responses are as expected, with the Ptpoly frequency response following the 

standard Ptpoly frequency response meticulously developed by Jerkiewicz [1-4,8] over the years. 

The frequency response for graphite, however, shows no mass change. This is to be expected, 

as the smooth graphite surface has no surface reactions or ion adsorption within the potential 

range measured [23,31-33]. 
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Figure 4.4 Current and frequency responses of Cu deposition on (a) Ptpoly and (b) graphite 
in room temperature Ar saturated 1 mM Cu2+

(aq) + 0.5 M H2SO4 at 50 mV.s-1. Current 
responses at ia/ic represent bulk Cu deposition and stripping, while iia/iic represents 
underpotential deposition and stripping 

 

A 1 mM CuSO4 (aq) in 0.5 M H2SO4 was introduced into the system and the current response was 

recorded over a potential range of -0.2 – 1.0 V vs RHE as illustrated in fig. 4.4. For Ptpoly, an 

upper vertex potential (0.65 V vs RHE) below the onset of PtOx was chosen to exclude any 

influence from PtOx formation on Cu deposition (fig. 4.4a).  

 

In the case of Cu deposition on Ptpoly, we measured a typical current response as reported in 

literature [10,34-39]. Below 0.1 V vs RHE, we see the onset of bulk (or over potential deposition, 

OPD) Cu deposition on Ptpoly. This is evident, as a large mass addition is observed in the 

frequency response by the steep gradient change of the frequency response between 0.0 and 

0.1 V vs RHE. For Cu deposition on graphite (fig. 4.4b) we see little interaction, as there are no 

surfaces for nucleation of Cu0. However, the changes in the current response are in line with Cu 

UPD as reported by Jaya et al. [40], which suggests deposition and stripping occur 

simultaneously, hence no appreciable frequency response. However, if we consider electron 

transfer at modified and disordered graphite surfaces [32,41], we may see adsorption, 

nucleation and deposition of Cu on graphite, although this is outside of the scope of this work. 
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With the successful reproduction of Cu UPD on Ptpoly, we can determine the Cf value by 

determining the gradient of 𝛥q /𝛥f from Faraday’s first law of electrolysis in equation 4.2: 

 

    (4.2) 

 

whereby: 

𝛥q is the change in charge as a result of current flow (C.cm-2) 

F is Faraday’s constant (96,485 C.mol-1) 

M is the molar mass of the metal being electrodeposited (63.546 g.mol-1 for Cu) 

z is the charge of the metal solution being reduced (+2 for Cu) 

j is the current density (A.cm-2) 

𝛥t is the time over which the current density, j, is applied (s) 

For this system, we obtain a Cf value of 5.47 ng.Hz-1.cm-2, which is in good agreement with the 

value determined by Jerkiewicz et al. [4] (5.61 ng.Hz-1.cm-2) and by theory (5.45 ng.Hz-1.cm-2). 

However, this is for Cu UPD on Ptpoly, and there is no guarantee that this Cf value would apply 

to all graphite systems due to the effects of electron transfer at carbon mono-vacancies and 

oxygen terminating groups [32,41].  We can conclude, however, that the system is operating 

optimally and as expected. 

 

4.3.2 Accelerated Durability Tests – Electrochemistry 

In order to create suitable reference of comparison between MFG samples, load cycling was 

carried out on a Ptpoly quartz crystal to which all MFG samples could be compared. Initial results 

showed a shift of the cyclic voltammogram downwards into a more reducing environment as 

indicated in fig. 4.5 below. 

 

 

 

Cf = ( M
z F ) ( Δq

Δ f ) = ( M
z F ) ( jΔt

Δ f )
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E (V vs. RHE)

0.0

0.1
j (mA.cm-2)

Figure 4.5 Ptpoly current response in room temperature Ar saturated 0.5 M H2SO4 at  
50 mV.s-1 

 

 

 

 

 

 

 

 

 

 

While the shape of the current response is typical of Ptpoly, the shift down suggests that there is 

either (i) a small amount of hydrogen crossover from the RHE electrode, creating a more 

reducing environment, or (ii) residual current response from the oxygen reduction reaction. This 

downward shift has been corrected for all cyclic voltammograms, however the reducing 

environment has no noticeable effects on the results, in particular the Hupd region. 

 

With the residual reducing effect taken into account, the results for load cycling of Ptpoly are 

presented below in fig. 4.6. 
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0.0 0.2 0.4 0.6 0.8 1.0 1.2
E (V vs. RHE)

0.0

0.1
j (mA.cm-2)

0.0 0.2 0.4

0.0

0.1
cycle 100
cycle 1,000
cycle 3,000
cycle 5,000
cycle 10,000

initial

Figure 4.6 Current response of Ptpoly in room temperature Ar saturated 0.5 M H2SO4 at  
50 mV.s-1, inset is the hydrogen region used to determine the ECSA over 10,000 cycles 

Figure 4.7 (A) Ptpoly quartz crystal with (B) the O-ring on the electrolyte side with Pt 
deposits outlined in blue. 

 

From fig. 4.6 we can see little change in the Hupd region over the course of 10,000 degradation 

cycles. This was initially unexpected, but on further analysis, there was a thin layer of Pt 

deposited on the O-ring of the quartz holder as illustrated in fig. 4.7 below. 
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Figure 4.8 Percentage change in ECSA with increasing degradation cycles a loading of  
20 𝜇g.cm-2 Pt with ○ representing MFG-P, ▷ representing MFG-H, □ representing MFG-A, 
and ◇ representing Ptpoly 

With the noticeable deposition of Pt on the O-ring, it is peculiar that a significant change in 

Hupd is not observed. Considering that the Ptpoly quartz crystal consists of a thick 300 nm layer of 

bulk Pt, it is easy to assume that this bulk Pt layer was reduced in thickness, but not eliminated. 

Furthermore, the electrochemical active surface area (ECSA) is a measure of available Pt for 

reaction, not a measure for quantity of Pt, thus measuring of ECSA is not suitable in this 

instance [42].  

 

Despite the unsuitability of ECSA for bulk Ptpoly electrodes, it is possible to use as a baseline for 

the measured current response changes with time, this provides a reference point in which to 

compare Pt dissolution in the MFG samples. 

 

Potential cycling for all Pt/MFG samples were measured as for Ptpoly, and can be found in 

Appendix B. A plot of the percentage change in ECSA versus cycle number for loadings of  

20 𝜇g.cm-2 (fig. 4.8) and 50 𝜇g.cm-2 (fig. 4.9) on Pt/MFG are presented below. 
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Figure 4.9 Percentage change in ECSA with increasing degradation cycles a loading of  
50 𝜇g.cm-2 Pt with ○ representing MFG-P, □ representing MFG-A, and ◇ representing 
Ptpoly 

 

 

 

 

 

 

 

 

 

 

As for Ptpoly, not much change is seen in the Hupd region or significant changes in ECSA over 

5,000 – 10,000 cycles for all samples, except for 50 𝜇g.cm-2 Pt/MFG-P. The result of 50 𝜇g.cm-2 

Pt/MFG-P was unexpected and would indicate that a mechanism of partial exfoliation occurred. 

This is clear in Hupd region after 10,000 cycles in fig. 4.10, where such a rapid decrease in ECSA 

can only be attributed to partial exfoliation of the Pt layer. For all other samples, after 

approximately 4,000 cycles (fig. 4.8 and fig. 4.9), Pt dissolution effects begin to become more 

apparent, regardless of loading. 
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Figure 4.10 Current response of 50 𝜇g.cm-2 Pt/MFG-P in room temperature Ar saturated 
0.5 M H2SO4 at 50 mV.s-1, inset is the hydrogen region used to determine the ECSA over 
10,000 cycles 

The relative changes in ECSA for each sample doesn’t share much information on the support 

and Pt dissolution over a few cycles. In order to garner some idea of the surface chemistry, the 

absolute ECSA for each sample at each loading needs to be considered. This is summarised in 

table 4.1 below. 

 

The absolute ECSA between the MFG samples and the HOPG samples from section 2.3.3 show 

an increase in available surface area for the MFG samples. This is expected, as the MFG samples 

have a 60 nm surface roughness, hence having a larger actual surface area per geometric area. 
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With this increased roughness, the stability of Pt will be greater and will interact with the 

surface more strongly [32,41]. 

Table 4.1 Initial and final ECSA for each sample compared to the final ECSA of the 
corresponding HOPG samples as well as the percentage change in ECSA from initial to 
final for both MFG and HOPG samples. 

Sample 
Electrochemical Active Surface Area (m2.gPt-1) 

MFGi MFGf HOPGf % 𝛥ECSAMFG % 𝛥ECSAHOPG 

Ptpoly* R = 1.25 R = 1.17 - -6.72 - 
20 𝜇g.cm-2 Pt/MFG-P 9.17 8.80 6.12 -4.01 -13.3 
20 𝜇g.cm-2 Pt/MFG-H 14.9 13.4 3.40 -10.4 -13.3 
20 𝜇g.cm-2 Pt/MFG-A 16.3 15.7 4.03 -4.02 -15.3 
50 𝜇g.cm-2 Pt/MFG-P 4.09 2.22 - -45.8 - 
50 𝜇g.cm-2 Pt/MFG-A 7.53 7.15 - -4.97 - 
* roughness factor for Ptpoly is presented here 
 

The trend of increasing ECSA from MFG-A > MFG-H > MFG-P remains as with the HOPG 

samples, which could suggest that the acid treated MFG interacts with Pt more strongly, 

creating discrete islands of weak electron withdrawing oxygen sites. This further supports the 

conclusions drawn in chapter 2. However, further insight is needed into the mechanism of 

dissolution. 

 

4.3.3 Accelerated Durability Tests – Frequency Response 

The usefulness of the EQCN technique, is the recording of frequency response in parallel with 

electrochemical measurements. Further to this, the EQCN technique allows us to better 

understand the interfacial chemical environment of the electrode. This is due to the sensitivity 

of the instrument towards small mass variations, so that measurements of the effects of 

capacitance and complex double layer charging phenomenon can be studied [1,43]. Thus, 

significant differences between the different MFG samples based on the chemical modification 

is expected. 

 



 

 

 
88 

Figure 4.11 Frequency response of Ptpoly in room temperature Ar saturated 0.5 M H2SO4 at 
50 mV.s-1 

However, one short fall of the EQCN is its ability to measure bulk mass loss over extended 

periods of time. This is because the system, in general, suffers from drift due to multiple factors, 

especially when running an experiment over a period of 13 hours. Hence, using the EQCN to 

measure absolute mass loss would be inaccurate, and thus it can only be used as a qualitative 

tool. Rough estimates of mass loss using the Cf for Ptpoly are summarised in table 4.2 further on 

in this chapter. It should be emphasised that the Cf value does not take into roughness effects 

or the influences of the chemical modifications of the MFG samples, hence these are rough 

estimates. Further to this, the influence of carbon corrosion is difficult to separate from Pt 

dissolution using the EQCN and would require a modification of the Sauerbrey equation to 

deconvolute parallel mechanisms, however it is assumed carbon corrosion is negligible in this 

study. 

 

This section focusses exclusively on the Pt-C interactions and less on the absolute mass loss 

during potential cycling. Again, as a baseline, the frequency response of Ptpoly at intervals as 

with the cyclic voltammograms was investigated (fig. 4.11). 
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Together with the CV of Ptpoly, the electrochemical processes can be explained for the 

frequency response curve in fig. 4.11. With an increase in potential in the range  

0.5 < E < 1.3 V vs RHE (cf. fig. 4.6), Ptpoly undergoes surface oxidation which results in the 

formation of a PtOx layer, this is represented by a decrease in frequency. Decreasing potential 

in the range 1.2 > E > 0.5 V vs RHE, the surface PtOx is reduced to Ptpoly, hence a positive 

increase in the frequency response. For the range E < 0.5 V vs RHE, more complex phenomena 

occur such as electrostatic effects due to non-faradaic charge transfer and solvation effects of 

protons. More importantly, the overall change in frequency of roughly 20 Hz (109 ng.cm-2) 

across the entire potential range (in fig. 4.11) is in good agreement with the values published by 

Jerkiewicz et al. [2,6]. It is interesting to note the consistency of the frequency response as the 

catalyst is stressed. This data suggests that there is very little surface roughening occurring [7], 

even with a total mass loss of approximately 215 ng.cm-2 for the last 8,000 cycles (table 4.2), 

where the mass loss is in good agreement with the trends discussed in Xing et al. [42]. As with 

the electrochemistry results above (section 4.3.2), the lack of change in the frequency response 

points unequivocally that the roughness factor remains fairly constant and Pt dissolution is 

occurring uniformly across the electrode. 

 
Table 4.2 Estimated mass loss over the last cycles of each cycle using Cf = 5.47 ng.Hz-1.cm-2 

Sample Cycles 𝛥f (Hz) 𝛥m (ng.cm-2) Ref.	
Ptpoly last 8,000 40 215 - 
Ptpoly 5,000 - 280 ± 14 [42] 
20 𝜇g.cm-2 Pt/MFG-P last 3,000 70 383 - 
20 𝜇g.cm-2 Pt/MFG-H last 4,000 225 1,230 - 
20 𝜇g.cm-2 Pt/MFG-A last 3,000 50 274 - 
50 𝜇g.cm-2 Pt/MFG-A last 3,000 15 82 - 
 

The Pt/MFG samples display different frequency response behaviour to Ptpoly. From fig. 4.12 – 

4.14 we see a lack of consistency in the Pt/MFG frequency responses, where each almost levels 

out after 1,000 cycles. The 50 𝜇g.cm-2 Pt/MFG-A is the exception to this, as well as its frequency 

response in the Hupd region. 
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For the Pt/MFG-P samples, a similar trend between 20 𝜇g.cm-2 (fig. 4.12a) and 50 𝜇g.cm-2 (fig. 

4.12b) loadings is observed, albeit the latter has a larger frequency response. Initially, we record 

a frequency response at 142 ng.cm-2 and 268 ng.cm-2 for 20 and 50 𝜇g.cm-2 loadings were 

recorded, respectively. If it is assumed that these deviations from Ptpoly are due to surface 

roughness, then based on the work by Kim [27], it can also be assumed that these samples 

have a surface roughness of 1.61 < R < 5.44, which implies discrete Pt NPs or islands.  

 

However, this is not entirely true, and doesn’t take into account the effects of the underlying 

carbon surface or the differences in the frequency response curves. Furthermore, one would 

expect a similar response to Ptpoly for the higher loading samples. Again, this does not hold true 

at the later cycles, due to the severe degree of Pt dissolution.  

 

The phenomena occurring can be broken down into each region, a well-defined Hupd region 

(Hupd-R) for a loading of 20 𝜇g.cm-2 (fig. 4.12a) is observed, albeit with a wider hysteresis than 

expected. This, consistently wider hysteresis, could be attributed to the increased 

hydrophobicity of the sample due to the graphitic carbon, which would alter the surface charge 

and, hence, the frequency response. This would also explain the slightly wider double layer 

region’s (DLR) frequency response. As for the oxide formation region, there are drastic changes. 

Initially, a well-defined oxide formation and reduction region (OFRR) is seen, but after 1,000 

cycles there is a suppression of this region, with a pinch in the frequency response between 1.0 

and 1.1 V vs RHE. Again, it is postulated that this phenomenon is due to interfering surface 

charge between Pt NPs and carbon hydrophobicity. 
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(a)

(b)

Figure 4.12 Frequency responses of (a) 20 𝜇g.cm-2 Pt/MFG-P and (b) 50 𝜇g.cm-2 Pt/MFG-P 
in room temperature Ar saturated 0.5 M H2SO4 at 50 mV.s-1 
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Figure 4.13 Frequency responses of 20 𝜇g.cm-2 Pt/MFG-H in room temperature Ar 
saturated 0.5 M H2SO4 at 50 mV.s-1 

With the 50 𝜇g.cm-2 loading (fig. 4.12b), the frequency response is more erratic. The Hupd-R is 

very poorly defined and appears to be an extension of the DLR. Whether this is due to a 

malfunction in the instrument or is a result of the sample is presently unknown. Both the DLR 

and OFRR both start to broaden and lose their characteristic shapes after 1,000 cycles. Both 

Pt/MFG-P samples show similar initial roughness factors (R20 = 1.83 and R50 = 2.03), hence 

roughness effects have to be excluded. However, the integrity of the deposited Pt film has not 

been discussed, and with load cycling, we could see a partial delamination of the Pt film leading 

to entrapment of electrolyte, thus skewing the results [27]. While this is very much speculative, 

it would require further investigation. 
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In fig. 4.13 the frequency response of 20 𝜇g.cm-2 Pt/MFG-H over 10,000 degradation cycles is 

presented. Initially, a frequency response, that translates into approximately 563 ng.cm-2 over 

the entire potential range is seen. As with 20 g.cm-2 Pt/MFG-P there is a wider than normal 

Hupd-R hysteresis, that spans approximately 377 ng.cm-2 (69 Hz). It is expected that peroxide 

modification should alter the hydrophobicity of the carbon, and hence make it more wettable. 

However, the Pt/HOPG-H shown in chapter 2, presented some exfoliation of the upper most 

graphene layers. Keeping this in mind, it can be postulated that this large Hupd-R is due to two 

processes, (i) interactions with oxygen terminal groups which alters the surface charge by 

making it slightly more negative, and (ii) electrolyte entrapment between the graphene layers. 

The second point can be seen in the large DLR, where a separation of charge creating positive 

regions in the anodic sweep and negative regions during the cathodic sweep are clearly seen, 

hence accounting for the bulge at 0.40 < E < 0.85 V vs RHE [22].  

 

The most peculiar phenomenon is the shape of the OFRR. For the first 100 cycles, there is oxide 

formation during the anodic sweep, but the frequency response suggests that reduction occurs 

(increase in frequency) after 1.2 V vs RHE. While the general electrochemical processes remain 

unchanged, the frequency response gives an indication of the interfacial charge, suggesting 

that there are multiple points of zero total charge (PZTC) throughout these samples. This ties 

into the results seen in fig. 4.12 (a), indicating changes in surface charge. 

 

Lastly, for Pt/MFG-A, a more stable frequency response over the entire degradation process is 

seen. A mass variation of 591 ng.cm-2 is initially noted for 20 𝜇g.cm-2 Pt/MFG-A (fig. 4.14a), with 

a mass variation of 563 ng.cm-2 noted after 5,000 cycles. In terms of overall mass variation, the 

Pt/MFG-A performs far better than all the previous MFG samples. This small deviation in overall 

frequency would suggest that Pt/MFG-A has similarly consistent overall frequency response as 

for Ptpoly (fig. 4.11), thus suggesting that the Pt film/NPs remain in a relative state of harmony, 

with not much migration across the surface to expose different facets for oxidation.  
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(a)

(b)

Figure 4.14 Frequency responses of (a) 20 𝜇g.cm-2 Pt/MFG-A and (b) 50 𝜇g.cm-2 Pt/MFG-A 
in room temperature Ar saturated 0.5 M H2SO4 at 50 mV.s-1 
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In terms of the Hupd-R and DLR, a similar trend and explanation is observed as for Pt/MFG-H 

(fig. 4.13). This further strengthens the notion of the surface oxygen groups polarising the 

surface of the electrode, leading to higher frequency responses. Again, the concept of 

electrolyte entrapment due to graphene exfoliation is present, albeit to a lesser extent as seen 

in the case of Pt/MFG-H.  

 

The last frequency response presented here is an interesting situation. For 50 𝜇g.cm-2 Pt/MFG-

A (fig. 4.14b) we record a mass variation of 93 ng.cm-2 over the entire potential range. This is in 

close comparison to Ptpoly, which suggests more bulk Pt behaviour. Furthermore, the 

consistency in the frequency response over 5,000 cycles supports the notion that Pt is less 

mobile across the surface. 

 

The most intriguing phenomenon is the flip observed in the Hupd-R. This stark difference is 

unusual and reasoning for it can only be speculated at this time. However, if the differences 

between this sample and the rest of the MFG samples are considered, a possible explanation 

for this phenomenon may be inferred. Firstly, based on the consistency of overlap of the 

frequency response, this sample behaves most like Ptpoly, which would suggest that the surface 

oxide groups are maintaining stable Pt film across the surface. Secondly, because changes in 

the OFRR are not seen, it can be assumed that Pt is not mobile at all with minimal dissolution 

(table 4.2). Secondly, because there is no expansion of the DLR, it can be assumed that there is 

no drastic change in surface charge, leaving a uniformly charged DLR. With this insight, it can 

only be assumed that the PZTC is at a low enough potential (due to electronic changes from 

the oxygen groups) that we have a positively charged Pt surface during Hupd.  

 

It is interesting to note that this phenomenon is not replicated in the 20 𝜇g.cm-2 loading (fig. 

4.14a). There is one possibility for this, the loading is too low and does not cover the entire 

surface homogenously, allowing for electrolyte to penetrate to the surface of the carbon. This 

would lead to complex relationship between the electrolyte and the electrode, where ultimately 

the negative carbon surface dominates all other forces. 
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4.4 Conclusions 

 

In this work, it has been successfully shown for the first time, that there is a large influence of 

surface functional groups on the frequency response while using the EQCN technique.  

 

The EQCN technique clearly indicates that there is a change of surface charge during Pt 

dissolution, which is most evident in the OFRR. While most of this is qualitatively determined in 

combination with the works published by Jerkiewicz et al. [1-3] and Kim [27], it is a strong first 

step in truly understanding the Pt dissolution phenomenon on a real-world like electrocatalyst.  

 

It is interesting to note the influence of surface oxygen terminated groups on carbon, and how 

the interaction of electron withdrawing vs electron donating groups influence the interfacial 

area and the Pt mobility across the surface. A trend of Pt stability on  

Pt/MFG-A > Pt/MFG-P > Pt/MFG-H is seen, which is believed to be more accurate than using 

conventional electrochemical techniques. This is also a first step in correlating experiment with 

theory for Pt/C electrocatalysts and how Pt NPs are stabilised on the surface. 

 

Although this work draws these strong conclusions, it confirms initial calculations of the 

modelling works by Matsutsu et al. [44] and Eikerling et al. [43] on understanding the mobility 

of Pt across the surface and influence of interfacial surface charges. 
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Chapter 5 
Conclusions and Outlook 
 

5.1 Conclusions 

 

In this study work has been conducted and presented to better understand Pt interactions with 

its carbon support.  

 

We considered the use of a model electrochemical system, in which we employed a highly 

orientated pyrolytic graphite (HOPG) as a two-dimensional carbon system. The surface of 

HOPG was modified by aggressive chemical oxidation with Fenton’s reagent and acid oxidation. 

This resulted in the exfoliation of the top few graphene layers from the HOPG substrate. 

Although, the exfoliation was not homogeneous across the entire surface, it is suspected that 

mono-vacancies were formed. 

 

The results indicate that the oxidation of the basal plane of HOPG was successful. Deposition of 

Pt to the correct loadings was also achieved and confirmed by X-ray reflectometry. Further 

sample analysis, viz. X-ray photoelectron spectroscopy and X-ray diffractometry, seem to 

suggest that Pt forms clusters around oxygen terminated groups, creating islands of Pt. The fact 

that islands formed, suggests that oxygen terminated groups are not spread homogenously 

across the surface of the HOPG substrate, but rather form at edge sites and mono-vacancies. 

 

Based on the electrochemical results, there is not much difference in current response between 

the different HOPG samples after potential cycling for Pt dissolution. It is believed that Pt 

implantation plays a large role in this, hence skewing the results. However, from the differential 

capacitance results we clearly see a change in surface charge based on the shift of the potential 

of zero total charge (PZTC) above and below that of pristine HOPG. 
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In order to gain more in depth understanding of Pt mobility across the surface of HOPG, and 

how it interacts with the oxygen terminated groups, the use of the electrochemical quartz 

crystal nano-balance (EQCN) technique was employed. 

 

The use of as received mirror finished graphite (MFG) quartz crystals was chosen, for simplicity. 

Because of this, HOPG carbon and MFG carbon had to be compared in order to ascertain 

whether or not the EQCN results can be directly compared to the HOPG results recorded by a 

conventional electrochemical system. 

 

While the bare carbons could not be compared directly, samples with Pt deposited are 

qualitatively comparable. Further to this, the MFG substrate was oxidised in a similar manner as 

HOPG. These modifications and deposition of Pt did not adversely affect the integrity of the 

quartz crystal, nor did it alter the base frequency of the crystals significantly. 

 

With the calibration of the system, it was shown that our system is optimised and accurately 

reproduces results described in literature. We could now confidently study Pt interaction on 

carbon with the EQCN technique.  

 

On first inspection, the current response results of the MFG samples mimicked that of the 

HOPG samples. This further confirmed that the systems are comparable, and that potential 

cycling had the same effect qualitatively.  

 

The frequency response offered the most interesting results, with a clear indication of changes 

in the surface charge of Pt with increased potential cycling. This work does give an indication 

that the surface of Pt is not monotonic and is a first step in confirming the theoretical work by 

Eikerling et al. [1]. This suggests that there are metal support interactions, and extent of these 

interactions are dependent on the oxygen terminated group. It is believed that a frequency 

response that mimics bulk Ptpoly, is an indication of stronger metal support interactions, with 

limited Pt mobility. As a result, the results indicate a Pt stability as follows:  
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-COOH functionalised graphite > pristine graphite > -OH functionalised graphite. These results 

are counterintuitive, but it is suspected that there is a large degree of exfoliation for the -OH 

functionalised groups, hence the observed trend. However, the effects of electron donating, 

might be another cause for concern, hence aiding in Pt mobility. 

 

Thus, we have been able to illustrate that there are sites which anchor Pt to carbon and these 

do aid in reducing Pt mobility and, hence, Pt dissolution. More importantly, it is clear that the 

EQCN technique can be used to study these phenomena. While the EQCN technique gives us 

valuable electrochemical information, it is an instrument that gives us an indication of the 

secrets of metal support interactions at the a more fundamental level. 

 

With careful experimental setup, design and optimisation, the EQCN technique can and should 

be employed in studying electrocatalyst phenomenon to better understand the more 

fundamental aspects of the electrocatalyst. It is truly a link between experiment and theory.  

 

In conclusion, this study has been able to meet its outlined objectives. 

 

5.2 Outlook 

 

This work has been successful in meeting the outlined objectives, however there are still some 

gaps in the understanding on this particular topic of metal support interactions in 

electrocatalysts.  

 

It is advised that more intensive characterisation is measured to prove or disprove the 

postulations determined from the results presented here. Firstly, it would be critical to quantify 

the oxygen terminated surface groups by Fourier transform infrared spectroscopy (FT-IR) and 

determined the d-band to g-band ratios of these samples by Raman spectroscopy. A better 
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understanding of the starting material will lead to a better understanding of the 

electrochemical response. 

 

In order to best quantify the phenomenon presented in this work, studying the system by in-

situ FT-IR will give an indication of whether Pt does in fact cluster around the oxygen 

terminated groups over time. This will result in a reduced signal for oxygen groups between 

3,200 and 1,000 cm-1. Secondly, the use of in-situ Raman spectroscopy will give a clear 

indication of PtOx formation and together with CO displacement will illustrate how the surface 

charge changes with time. 

 

The above experiments will lead to invaluable insight into the system, with a strong 

experimental backbone on which to develop an accurate model for Pt dissolution mechanisms 

and the influence oxygen terminated groups as anchoring points for Pt. 

 

Lastly, while it might not be able to quantify, in-situ electrochemical atomic force microscopy, 

will be able to qualitatively give us an indication of Pt mobility across the surface of carbon. This 

will reveal if in fact Pt NPs form and if they are mobile across the surface by changes in surface 

charge or by constant dissolution and deposition. The use of the Kelvin probe technique would 

be most beneficial. 
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Figure A.1 Current responses of (a) HOPG-P, (b) HOPG-H, (c) MFG-P, and (d) MFG-H in  
1 mM [Fe(CN)6]4- / 1 M KCl(aq) solution under Ar saturation and room temperature, with a 
sweep rate of 20, 25, 50, 75, and 100 mV.s-1 
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Figure A.2 Summary of (a) 𝛥Ep and (b) jp for HOPG-P, HOPG-H, MFG-P, and MFG-H as a 
function of scan rate (𝜈) and square root of scan rate (𝜈0.5) respectively 
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Figure B.1: Three separate Ptpoly cyclic voltammograms runs in room temperature Ar 
saturated 0.5 M H2SO4 at 50 mV.s-1 to illustrate reproducibility of the EQCN system 



 

 

 
109 

 

 

 

 

 

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2
E (V vs. RHE)

0.0

0.1
j (mA.cm-2)

0.0 0.2 0.4

0.0

0.1

cycle 100
cycle 1,000
cycle 3,000
cycle 5,000

initial

Figure B.2 Current response of 20 𝜇g.cm-2 Pt/MFG-P in room temperature Ar saturated  
0.5 M H2SO4 at 50 mV.s-1, inset is the hydrogen region used to determine the ECSA over 
5,000 cycles 
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Figure B.3 Current response of 20 𝜇g.cm-2 Pt/MFG-H in room temperature Ar saturated  
0.5 M H2SO4 at 50 mV.s-1, inset is the hydrogen region used to determine the ECSA over 
10,000 cycles 
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Figure B.4 Current response of 20 𝜇g.cm-2 Pt/MFG-A in room temperature Ar saturated  
0.5 M H2SO4 at 50 mV.s-1, inset is the hydrogen region used to determine the ECSA over 
5,000 cycles 
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Figure B.5 Current response of 50 𝜇g.cm-2 Pt/MFG-A in room temperature Ar saturated  
0.5 M H2SO4 at 50 mV.s-1, inset is the hydrogen region used to determine the ECSA over 
5,000 cycles 
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Figure B.6 Normalised diffractograms of (a) Ptpoly initial, (b) Ptpoly after degradation  
(c) 20 𝜇g.cm-2 Pt/MFG-P initial, (d) 20 𝜇g.cm-2 Pt/MFG-P after degradation (e) 50 𝜇g.cm-2 
Pt/MFG-P initial, (f) 50 𝜇g.cm-2 Pt/MFG-P after degradation (g) 20 𝜇g.cm-2 Pt/MFG-H 
initial, (h) 20 𝜇g.cm-2 Pt/MFG-H after degradation, (i) 50 𝜇g.cm-2 Pt/MFG-H, (j) 20 𝜇g.cm-2 
Pt/MFG-A initial, (k) 20 𝜇g.cm-2 Pt/MFG-A after degradation, (l) 50 𝜇g.cm-2 Pt/MFG-A 
initial, and (m) 50 𝜇g.cm-2 Pt/MFG-A after degradation 




