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Abstract 

The electrochemical quartz-crystal nanobalance (EQCN) is an electroanalytical technique used to 

measure in-situ minute mass changes (Δm) associated with interfacial electrochemical phenomena.  The 

results acquired by combining the EQCN and electrochemical techniques provide a new insight into the 

nature of electrochemical processes and contribute to the understanding of their mechanisms at the 

atomic/molecular level.  The EQCN has been used for over three decades; however, its limits of detection 

(LOD) and quantification (LOQ) have never been studied.  We propose a methodology for determining 

the values of LOD and LOQ for Pt electrodes in aqueous H2SO4 solutions.  The values of LOD and LOQ 

decrease as the concentration of the electrolyte decreases.  The EQCN measures changes in frequency 

(Δf) of a quartz-crystal resonator, which are converted into Δm using the Sauerbrey equation containing 

the characteristic constant (Cf); Cf is determined by physical parameters of the quartz and refers to an 

atomically smooth surface.  However, real electrodes are not atomically flat and it is unknown how 

surface roughness factor (R) affects Δm.  We examine Δm associated with H adsorption/desorption and 

surface oxide formation/reduction on Pt electrodes.  The value of R is fine-tuned through Pt 

electrodeposition and the surface morphology is examined using atomic force microscopy.  The results 

reveal linear relationships between Δm and R, and their extrapolation to R = 1.00 leads to the 

determination of Δm for atomically flat polycrystalline Pt electrodes.  The values of Δm for R = 1.00 are 

analyzed in terms of the number of electrolyte components interacting with each Pt surface atom.  A 

modified Sauerbrey equation, which takes into account the surface roughness, is proposed.  Also, we 

calibrate the system using Ag electrodeposition, and the experimental characteristic constant (Cf,exp) 

values are determined by analyzing the slopes of charge density versus Δf plots for the Ag 

electrodeposition.  They are different than the value of Cf and increase logarithmically with R.  The Cf and 

Cf,exp values are used in a comparative analysis of Δm for complete cyclic-voltammetry profiles.  It 

reveals that the employment of Cf instead of Cf,exp provides inaccurate values of Δm, and the magnitude of 

discrepancy increases with R.  
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Chapter 1 

Introduction  

 

 

1.1 General introduction to the electrochemical quartz-crystal nanobalance  

 

The field of interfacial electrochemistry often focuses on heterogeneous chemical 

reactions, involving the transfer of electrons at the interface between an electrode and a species in 

the electrolyte.  There are two types of electrochemical reactions occurring at the 

electrode/electrolyte interface: anodic (oxidation) and cathodic (reduction) reactions.  In the case 

of the anodic reaction, a species within the electrolyte or at the electrode is oxidized by the loss of 

electrons, whereas in the case of the cathodic process, reduction of the species occurs through the 

gain of electrons.  When either of these two reactions takes place at the electrode surface and the 

reactant and/or the product is stripped from or deposited on the electrode, the mass of the 

electrode changes.  Examples of interfacial electrochemical processes which proceed with mass 

changes are (i) electro-dissolution of metallic electrodes; (ii) electrodeposition of metals or 

semiconductors on the electrode surface; (iii) formation of an oxide film on the electrode surface; 

(iv) electro-polymerization; and so on.1  

As an in-situ nanogravimetry, the electrochemical quartz-crystal nanobalance (EQCN) is 

a very sensitive technique that is used to measure minute mass changes at an electrode surface 

during interfacial electrochemical processes.  The technique is based on the piezoelectric 

properties of quartz.1,2  When a mechanical stress is applied to the surface of quartz-crystal, a 

proportional electric potential is generated through the crystal.  A specific electric field can also 
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be applied to a quartz-crystal, inducing it to oscillate at a certain frequency, which is called the 

fundamental resonant frequency.  The electric field is applied to the quartz-crystal resonator using 

two metallic film electrodes (e.g. Pt or Au) that are vapor-deposited on both sides of the 

resonator.  While the resonator oscillates due to the electric field applied between the two 

electrodes (pads), one electrode (pad) could simultaneously be used as a working electrode on 

which the electrode processes of interest take place in electrochemical measurements.  In 1981, 

Nomura and Iijima conducted the first EQCM measurements (it was referred to as an 

electrochemical quartz-crystal microbalance at that time) to measure minute concentrations of 

Ag+ in aqueous media.3  The dissolved Ag+ was electrodeposited and the resulting EQCM 

frequency change was converted into a mass change, and subsequently into the concentration of 

Ag+.  At present, the instrumental measurement resolution is in the nanogram range thanks to 

improved resonator fabrication and more sensitive electronic signal analysis.  Electrochemical 

quartz-crystal nanobalance measurements in conjunction with classical electrochemical 

measurements provide changes in mass and changes in electric charge during electrochemical 

processes taking place at the electrode surface.  Through the combination of these two pieces of 

information, one can obtain new insights into the mechanism of the electrochemical reaction.  

The mass is a fundamental property of matter and mass changes associated with interfacial 

electrochemical processes should be examined concurrently with changes in the energy balance.  

The combination of these three balances together with other information acquired through 

electrochemical experiments provide new insights into the nature (mechanisms and kinetics) of 

electrochemical processes.  
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1.2 The Sauerbrey equation (the frequency-mass correlation)  

 

During electrochemical processes, interfacial mass changes at the working electrode take 

place through the addition/removal of oxidized/reduced species, disturbing the resonant 

frequency of the resonator.  The EQCN measures the changes in frequency (Δf) of a quartz-

crystal resonator upon which the electrode material is coated, and then converts Δf into the 

changes in mass (Δm) using the Sauerbrey equation.  

In 1959, Sauerbrey introduced the quartz-crystal microbalance (QCM) and derived an 

equation that shows the relationship between frequency changes of the quartz-crystal resonator 

and corresponding mass changes on the resonator surface.2  In the derivation, he treated a mass 

change on the resonator as a thickness change of the resonator (Figure 1.1).   

 

 

 

Figure 1.1.  Schematic diagram of an oscillating quartz-crystal resonator and an added thin layer 

on it.  
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Thus, the increased thickness assumed to be an addition of a flat thin film, which has a uniform 

distribution over the resonator.  This implies that the added foreign material that causes the mass 

change has the same physical properties as the resonator and perfectly adheres to the substrate 

resonator.  The derivation below follows on the basis of these assumptions.2,4  

When the quartz-crystal resonator oscillates at a harmonic resonance, the wavelength λ is 

stated as:  

 

  
n

h2
            (1.1)  

 

where h is the thickness of the resonator, n = 1 for the first harmonic and n > 1 for the higher 

harmonics.  The resonant frequency of the resonator is f0 at the first harmonic (in the case of the 

nth harmonic the frequency would be n × f0), and the shear velocity (νq) of the resonator is defined 

as λf0.  Therefore, the shear velocity of the resonator can be presented as:  

 

  0q  2 fh            (1.2)  

 

The change in frequency (df0) which is caused by the infinitesimal thickness change (dh) of the 

resonator can be expressed by rearranging and differentiating equation 1.2 as follows:  

 

  
2

q

0
2

d 
d

h

h
f


           (1.3)  

 

The shear velocity in equation 1.3 can be isolated and then substituted into equation 1.2, yielding 

the following:  
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h

h

f

f dd

0

0             (1.4)  

 

The negative sign indicates that an increase in thickness results in a decrease in resonance 

frequency.  Equation 1.4, which contains infinitesimal changes, can be rewritten with finite 

changes, and the change in thickness can be presented as the change in mass (Δm), bearing in 

mind the surface area (A) of the resonator and the density of quartz (ρq = 2.648 g cm−3).  

Introduction of Δm, A, and ρq leads to the following expression:  

 

  
Ah

m

f

f

  q0 





          (1.5)  

 

Isolation of the thickness of the resonator h from equation 1.2 and its substitution into equation 

1.5 yields the following formula:  

 

  
A

mf

f

f

  

 2

qq

0

0 





          (1.6)  

 

The shear velocity of the resonator can be expressed as:  

 

  
q

q

q



             (1.7)  

 

where µq is the shear modulus of quartz (2.947 × 1011 g cm−1 s−2).  

Therefore, substitution of equation 1.7 into equation 1.6 and simple rearrangements provides the 

Sauerbrey equation:  
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qq

2

0

 

 2

A

mf
f


           (1.8)  

 

In order to calculate the changes in mass per unit area (cm−2) from the changes in frequency, the 

following equation is commonly used:  

 

  fC
f

f
m 


  

2

 
f2

0

qq 
        (1.9)  

 

where Cf is the characteristic constant containing all of the above properties of the quartz.  In the 

case of a resonator possessing the f0 value of 9.00 MHz, the calculated value of Cf is 5.45 ng Hz−1 

cm−2.  The value of Cf implies that for Δf = −1.00 Hz the interfacial mass change (here addition) 

equals Δm = 5.45 ng cm−2.  

Since the resolution of modern electronic instrumentation is in the 0.1–0.01 Hz range, the 

theoretical (ideal) limit of detection of the EQCN could be down to 54.5 pg cm−2.  Such a high 

detection limit (such a small mass change) would allow measuring mass changes due to 

deposition/stripping of sub-monolayers of H.  However, this 54.5 pg cm−2 limit only refers to 

ideal conditions and does not take into account various sources of interferences, such as external 

mechanical vibrations, electromagnetic interferences, and natural convection of the electrolyte 

liquid, which is in contact with the resonator.  In the next section, the isolation of the EQCN 

system from the outer interferences will be discussed, and the experimental determination of the 

limits of detection and quantification (LOD and LOQ, respectively) will be treated in Chapter 2.  
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1.3 Mechanical and electromagnetic isolation of the EQCN system  

 

Normally, there are many external sources that can generate minute mechanical 

vibrations in a research laboratory, for example, opening or closing the entrance doors, operating 

fume hoods, and people talking or simply walking in the laboratory.  Such actions are typically 

not given much thought and are therefore deemed insignificant.  However, when it comes to a 

technique which is very sensitive to an external mechanical disturbance, e.g. the EQCN, they are 

no longer meaningless.  Because the measurement scale of the EQCN is in the nanogram range, 

the experimental frequency change measurement can be easily affected by mechanical vibrations 

originating in the surroundings.  Also, electromagnetic interference from other instruments, 

computers, electric motors, or fluorescent lights, just to mention a few, could generate noise 

during the frequency change measurement.  Therefore, it is of great importance to isolate the 

EQCN system from the external mechanical and electromagnetic disturbances to make proper 

measurements.  

In order to minimize the influence of the external mechanical and electromagnetic 

disturbances, we use an in-house constructed, vibration-isolated Faraday cage (Figure 1.2).  The 

Faraday cage consists of six walls held together using a metal custom-made frame.  Each wall 

comprises two Plexiglas sheets with copper mesh sandwiched in between.  The six copper meshes 

are electrically connected and the entire Faraday cage is grounded.  The front wall is divided into 

two sliding doors.  The entire Faraday cage is suspended by means of flexible rubber bands from 

an outer frame to reduce and prevent the mechanical disturbance.  A thick glass plate, a bag with 

fine sand, and a stable optical lab jack which holds an oscillator electronic circuit are placed in 

the Faraday cage to provide a stable base.   
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Figure 1.2.  A schematic representation of the custom-made vibration-isolated Faraday cage and 

a two-compartment electrochemical cell within the cage.  

 

 

In order to improve the stability of the support stand, a heavy weight is attached to its base, and 

hard polymer cubes are placed beneath the stand and the lab jack as vibration buffers.  

Figures 1.3A and 1.3B present frequency variation (FV) transients that were recorded 

simultaneously with cyclic-voltammetry (CV) measurements for a Pt-coated resonator in 0.50 M 

aqueous H2O4 solution.  The FV transient shown in Figure 1.3A was measured outside of the 

vibration-isolated Faraday cage, while the Figure 1.3B was obtained inside of the cage.  They 

clearly depict the effect of using the vibration-isolated Faraday cage, lowering ca. 60% of the 

noise level.   
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Figure 1.3.   Frequency variation transients recorded acquired outside (A) and within (B) the 

vibration-isolated Faraday cage.  They are obtained simultaneously with the cyclic-voltammetry 

measurements for a Pt-coated resonator in 0.50 M aqueous H2SO4 solution at a scan rate of s = 

50.0 mV s−1 and T = 298 K.  
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In order to improve the signal-to-noise (S/N) ratio of the frequency data, in subsequent research, 

ten consecutively conducted but independent FV transients are acquired and averaged (this will 

be treated in Chapter 2).  The resultant averaged FV transient is presented and analyzed.  

Therefore, the use of the vibration-isolated Faraday cage is a great benefit to obtaining an 

interference free frequency signal. In this thesis, all of EQCN experiments were performed within 

the vibration-isolated Faraday cage to have minimized external disturbance.  

 

 

1.4 Applications of the EQCN to Platinum Electrochemistry and Electrocatalysis  

 

An ever increasing interest in clean and renewable energy and the emerging hydrogen 

economy have contributed to the development of a polymer electrolyte membrane fuel cell 

(PEMFC).  The PEMFC is a device that converts chemical energy of fuels, such as hydrogen or 

low molecular weight alcohols, to electrical energy through electrochemical reactions.  The 

hydrogen PEMFC is the most promising candidate for a power generator and automotive 

applications for next generations because it does not emit any pollutant and has a high efficiency 

at a relatively low operating temperature.5  For the operation of the PEMFC, hydrogen gas and air 

(oxygen gas) are supplied to the anode and cathode, respectively, then the hydrogen oxidation 

reaction (HOR) and the oxygen reduction reaction (ORR) take place at each electrode, generating 

electricity.  Platinum shows outstanding electrocatalytic activity towards the HOR and the ORR 

taking place in the PEMFCs.6–10  However, Pt is not stable and undergoes electro-oxidation and 

(electro-)dissolution phenomena, which gradually reduce the mass of the precious electrocatalysts 

and the electrochemically active surface area at which the HOR and ORR take place.  Therefore, 

understanding the electrocatalytic behavior of Pt-based materials, and especially their durability 

and stability, is of great importance to the PEMFC science and technology.  
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Platinum can electrochemically adsorb hydrogen at higher potentials (E) than the 

standard reduction potential of the H+/H2 redox couple, which is 0.00 V versus SHE (the standard 

hydrogen electrode).  This process is referred to as the under-potential deposition of hydrogen 

(UPD H).  A monolayer (ML) of under-potential deposited hydrogen (HUPD) is electro-adsorbed 

on platinum prior to the onset of the electrolytic H2(g) generation.  The H2(g) generation referred 

to as the hydrogen evolution reaction (HER) involves the over-potential deposition of H, and the 

species is referred to as the over-potential deposited H (HOPD).  The UPD H and OPD H are 

represented by the following half-cell reactions.9  

 

  Pt + H3O+ + e−    Pt‒HUPD + H2O  (E > 0 versus SHE)      (1.10)  

  Pt + H3O+ + e−    Pt‒HOPD + H2O  (E < 0 versus SHE)      (1.11)  

 

There was a lack of agreement within the literature with regards to the mechanism of the 

formation of Pt surface oxide and the sequence of elementary steps that the process involved.  In 

1972, Vetter and Schultze proposed that platinum surface oxide formation involves the following 

two steps:  

 

  Step 1:  Pt + H2O    Pt‒Oads + 2H+ + 2e−       (1.12)  

  Step 2:  Pt‒Oads    O2‒‒Pt2+         (1.13)  

 

where equation 1.12 refers the oxidation of H2O starting at E = 0.85 V versus SHE, and equation 

1.13 shows the interfacial place exchange that takes place when the surface coverage (θ) of 

adsorbed oxygen (Oads) is θO ≥ 1.0.11,12  On the other hand, in 1973, Conway et al. proposed the 

following steps:  
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  Step 1:  Pt + H2O    Pt‒OHads + H+ + e−       (1.14)  

  Step 2:  Pt‒OHads    OHads‒Pt         (1.15)  

  Step 3:  OHads‒Pt    O‒Pt + H+ + e−        (1.16)  

 

where equation 1.14 refers to the oxidation of H2O starting at E = 0.85 V versus SHE through the 

adsorption of a hydroxyl group (OHads) on Pt; equation 1.15 refers to the interfacial place 

exchange; and equation 1.16 shows subsequent oxidation of OHads by the departure of a H+.  

According to Conway et al., the interfacial place exchange commences as soon as OHads is 

formed.13,14  The mechanistic models proposed by these two groups were based entirely on 

electrochemical data and their subsequent interpretation.  

With the ability to monitor interfacial mass changes of the electrode/electrolyte interface 

throughout the electrochemical reaction, we could shed new light on the mechanism of 

electrochemical reactions taking place on Pt, such as Pt surface electro-oxidation.  In 2004, 

Jerkiewicz et al. reexamined the mechanism of Pt surface oxide formation through a combination 

of CV, EQCN, and Auger electron spectroscopy (AES) measurements.15  According to the mass 

variation data, the mass added during the surface oxide formation points to the formation of Pt‒

Oads instead of Pt‒OHads.  This new finding implies that the Pt oxide formation mechanism is a 

two-step reaction rather than the three-step process proposed by Conway.  Through the analysis 

of their AES data (the sensitivity of the Auger signal to the electron beam exposure), Jerkiewicz 

et al. also demonstrated that the interfacial place exchange commences when the O surface 

coverage is ca. 0.5.  In 2011, using the EQCN Jerkiewicz et al. discovered the potential of 

minimum mass (Epmm) for Pt electrodes.16  In this paper, the EQCN was used to monitor 

interfacial mass changes at the starting point of the hydrogen evolution reaction (HER).  At the 

Epmm, the mass at the Pt electrode surface, as measured by EQCN, has the lowest value.  The 

electrochemically adsorbed H reaches a monolayer coverage on the surface of Pt electrode, and 
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the interactions between the Pt surface and the electrolyte components are the weakest.  

Consequently, H3O+ can be easily discharged to form HOPD (it is an intermediate of the HER) and 

H2(g) generation commences.  These two papers showed that the EQCN is a very powerful 

technique that can be used to monitor in-situ minute mass changes while an interfacial 

electrochemical reaction occurs.  

The EQCN is a very powerful and relatively inexpensive technique but its applicability in 

interfacial electrochemistry and electrocatalysis research requires knowledge of its limits of 

detection and quantification.  Chapter 2 addresses this issue by proposing an experimental 

approach to their determination and their evaluation for the experimental setup used in this 

research.  Applications of the EQCN to Pt electrochemistry and electrocatalysis offers significant 

research opportunities through measuring interfacial mass changes accompanied interfacial 

electrochemical processes.  In addition, it offers a unique opportunity through the application of 

this technique in research on other electrode materials and interfacial phenomena.  The 

applicability of the EQCN in research on the interfacial behavior of Pt materials is of great 

importance to the PEMFC and PEM water electrolyser (PEMWE) technologies because both 

employ Pt materials as electrocatalysts.  In reality, however, the Pt-based electrocatalysts used in 

PEMFCs and PEMWEs have very small sizes, typically of the meso- or nano-size, because of 

their extremely high cost.  The application of such meso- and nano-structured materials offers an 

increase in catalytic activity.  However, meso- and nano-sized materials are significantly more 

reactive towards undesired reactions, such as electro-oxidation and (electro-)dissolution through 

which they degrade.  As mentioned in Section 1.2, the Sauerbrey equation, which is employed to 

convert the changes in frequency to the changes in mass, is based on the assumption that the 

surface of the electrode is completely flat, which is not the case.  Therefore, it is important to 

understand the influence of the surface roughness on the mass response of EQCN during 
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electrochemical measurements prior to applying this technique in research on meso- and nano-

structured materials.  This topic will be treated in Chapter 3 and Chapter 4 as of this thesis.  
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Chapter 2 

Limits of Detection and Quantification of Electrochemical Quartz-

Crystal Nanobalance in Platinum Electrochemistry and Electrocatalysis 

Research  

 

 

2.1 Introduction  

 

There is a lot of interest in the study of electrocatalytic processes occurring on Pt-group 

metals (PGMs) due to their application in developing clean and sustainable electrochemical 

energy systems, such as fuel cells.  Electrocatalysis studies shed light on the mechanisms and 

kinetics of electrochemical reactions in terms of their energy efficiency while providing important 

information about the stability and durability of electrocatalysts.  The electrochemical quartz-

crystal microbalance (EQCM) was first employed by Nomura and Iijima to measure in-situ small 

amounts of Ag ion present in aqueous media.1  Later, it was employed as a reliable technique to 

study on the nanogram scale in-situ interfacial mass changes associated with electrochemical 

processes taking place at Pt electrodes, thus as the electrochemical quartz-crystal nanobalance 

(EQCN).2,3  Conventional electrochemical techniques, such as cyclic-voltammetry (CV), 

chronopotentiometry, and chronoamperometry, allow one to determine the value of electric 

charge transferred during electrochemical reactions, while in-situ nanogravimetry measurements 

(i.e. EQCN) can measure the interfacial mass changes during these processes.  Through the 

combination of these two techniques, one can determine in-situ the molecular mass of the species 

residing at or removed from the electrode surfaces.  
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The EQCN measures changes in frequency (Δf) of a quartz-crystal resonator onto which 

the working electrode material (e.g. Pt or Au) is coated.  When an electrochemical reaction takes 

place at the working electrode, the resonator undergoes shear deformation and its resonance is 

disturbed by an addition or a removal of mass to/from the electrode surface.  One can convert this 

resonant frequency change (Δf) to the mass change (Δm) at the electrode surface using the 

Sauerbrey equation:  

 

  fCf
f

m 













    

 2

 
 f2

0

qq 
        (2.1)  

 

where f0 is the resonant frequency of the quartz-crystal resonator prior to the addition or removal 

of mass, μq = 2.947 × 1011 g cm−1 s−2 is the shear modulus of quartz, ρq = 2.648 g cm−3 is the 

density of quartz, and Cf is the characteristic constant containing all of the above properties of the 

quartz crystal.4  In the case of a resonator possessing the f0 value of 9.00 MHz, the calculated 

value of Cf is 5.45 ng Hz−1 cm−2; the unit surface area refers to the geometric area of the working 

electrode.  The value of Cf implies that for Δf = −1.00 Hz the interfacial mass change equals Δm = 

5.45 ng cm−2.  

The EQCN has found various applications as an electroanalytical technique.5  In general, 

when employing an analytical technique with the objective of measuring small quantities of 

analytes, it is necessary to know the technique’s limit of detection (LOD) and limit of 

quantification (LOQ).  For over three decades, the EQCN has played an important role in 

electrochemical research but the determination of its LOD and LOQ has received practically no 

attention.  Although the manuals of various instruments list a frequency measurement resolution 

in the 0.01–0.1 Hz range (in our case 0.1 Hz), they refer to ideal conditions and do not take into 

account various sources of noise, such as electromagnetic interference and mechanical vibration.  
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Consequently, the LOD and LOQ are defined as a multiple of an arbitrary measurement 

resolution.  In addition, the unique nature of the electrochemical setup/measurement (the Pt-

coated resonator with an intermediate layer, the electrolyte undergoing natural convective 

movement, changes in the electrolyte density and viscosity in the interfacial region, etc.) also 

contribute to the frequency noise level.  

In the field of sensors based on QCM (not on EQCM or EQCN), there exist several 

experimental methods for determining the values of LOD and LOQ for specific chemical 

species.6–9  They employ blanks and calibration curves with known quantities of the species to be 

quantified, which are subsequently used to determine the values of LOD and LOQ of the QCM.  

However, in interfacial EQCN experiments, it is practically impossible to perform measurements 

using a blank solution (e.g. pure water) due to its high resistance.  In addition, it is difficult to 

have a pre-determined calibration curve because the increase in the electrolyte concentration does 

not translate into an increase of the electrochemical signal.  Perfect examples of electrochemical 

surface processes occurring at Pt electrodes that give rise to very similar electrochemical 

responses are the under-potential deposition of H (UPD H), and the formation and reduction of 

surface oxide.3,10  In this case, an increase in electrolyte concentration does not increase the CV 

features but only slightly modifies them due to the anion electrostatic interactions with the Pt 

surface.  However, the total charge density values associated with these processes remain 

practically the same.  

In general, the LOD and LOQ are described as three times and ten times the standard 

deviation (σ) of the instrument signal from blanks, respectively.11,12  Three times σ is greater than 

ca. 99% of the normally distributed signals obtained from blanks, but it is still not precise enough 

for quantitative measurements.  The distributed signals of quantification should be above the 

signals of detection, thus ten times σ has been defined as the LOQ.  As explained above, this 

approach cannot be applied to EQCN analysis of interfacial electrochemical processes and, 
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consequently, a different method is required.  In this study, we propose a convenient method for 

determining the LOD and LOQ for the EQCN with Pt electrodes, which employs concurrent 

frequency change and CV measurements in aqueous H2SO4 solutions having four different molar 

concentrations (cm).  The results demonstrate that the LOD and LOQ values depend on the 

electrolyte concentration.  Then, we discuss the applicability of the EQCN in research on 

electrochemical H adsorption, Pt electro-oxidation, as well as chemical and electrochemical Pt 

dissolution.  

 

 

2.2 Experimental  

 

Cyclic-voltammetry and corresponding frequency variation (FV) measurements were 

conducted using an EQCN setup that consisted of a Bio-Logic model SP-150 potentiostat and a 

Seiko-EG&G model QCA 922 quartz crystal analyzer, which has an instrumental measurement 

resolution of 0.1 Hz and a sampling time of 0.1 s.  Electrochemical experiments were performed 

using a custom-made Pyrex two-compartment electrochemical cell.  A Pt-coated quartz-crystal 

resonator (Seiko-EG&G, QA-A9M-PT) having a resonant frequency of ca. 9.00 MHz (the exact 

value was determined prior to each experiment) was placed in a Teflon holder.  It was attached to 

the bottom of the cell and thus had a horizontal configuration.2  One of the Pt-coated sides of the 

quartz-crystal resonator was in contact with the electrolyte and served as the working electrode; 

its geometric surface area was 0.196 cm2 and its roughness factor was R = 1.60, where R = 

Aecsa/Ageom, Aecsa is the electrochemically active surface area and Ageom is the geometric surface 

area and thus a two-dimensional projection of the real surface.13,14  A Pt gauze (Alfa Aesar, 

99.9%) spot-welded to a Pt wire (Alfa Aesar, 99.95%) was used as a counter electrode and its 

surface area was at least ten times larger than that of the working electrode.  A reversible 
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hydrogen electrode (RHE) which consisted of Pt wire (Alfa Aesar, 99.95%) covered with a thin 

layer of electrodeposited Pt black was used as the reference electrode.  All potentials quoted in 

this contribution refer to the RHE scale.  All glassware employed in the course of research was 

cleaned according to well-established procedures.15  Four aqueous H2SO4 solutions of different 

molar concentrations, namely 0.010, 0.10, 0.50, and 1.0 M, were prepared using concentrated 

H2SO4 (Fluka Analytical, TraceSELECT ≥ 95%) and ultra-high purity (UHP) water (Millipore, 

18.2 MΩ cm).  Ultra-high purity Ar(g) (Praxair, 5.0 grade) was purged through the electrolyte for 

60 minutes prior to each electrochemical measurement in order to expel any oxygen or other 

reactive gasses from the system.  

Prior to an electrochemical experiment, the Pt working electrode was preconditioned 

through repetitive potential cycling in the 0.05 ≤ E ≤ 1.50 V potential range (at least 1000 times) 

at a potential scan rate of s = 50.0 mV s−1 in degassed aqueous H2SO4 solution (of a given 

concentration) to obtain a CV profile characteristic of a clean system (both clean electrode and 

clean electrolyte).  All experiments were performed in a home-built Faraday cage, which was 

suspended by means of flexible rubber bands from an outer frame.  All experiments were 

conducted at room temperature (T = 298 ± 1 K).  In order to improve the S/N ratio of the 

frequency changes, ten independent but consecutively conducted FV transients were recorded and 

their average was computed.2  In this contribution, both the individual and averaged FV transients 

are presented and discussed.  The CV and FV transients that were used to determine the LOD and 

LOQ values were acquired simultaneously in the 0.05 ≤ E ≤ 1.40 V potential range at a potential 

scan rate of s = 50.0 mV s−1 in the four H2SO4 solutions having different concentrations.  
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2.3 Results and discussion  

 

Figure 2.1A presents a single CV profile (the black transient) and a single FV transient 

(the blue transient) obtained simultaneously for the Pt(poly) electrode coated on the quartz-crystal 

resonator in the cm = 0.50 M aqueous H2SO4 at a scan rate of s = 50.0 mV s−1.  The CV profile 

and FV transient reveal features associated with the adsorption (E = 0.40–0.05 V) and desorption 

(E = 0.05–0.40 V) of under-potentially deposited H (HUPD), the double-layer charging, and the 

surface oxide formation (E = 0.85–1.40 V) and reduction (E = 1.10–0.60 V).10  Figure 2.1B 

shows the averaged CV profile and FV transient that are based on 10 independent but consecutive 

measurements.  The ten CV profiles show a great level of reproducibility and extremely low noise 

level; the charge values associated with the HUPD agree to within 0.05% of the σ of their averaged 

value.  The FV transient shown in Figure 2.1A, which is representative of the other 

measurements, demonstrates a significant noise level.  On the other hand, the averaged FV 

transient shown in Figure 2.1B reveals a considerably lower noise level as expected.2  Conversion 

of these FV transients to mass variation (MV) transients through the Sauerbrey equation 

(equation 2.1) yields mass changes (Δm) that have the same noise level as the FV transients just 

multiplied by a constant.2,16  Because we directly measure frequency changes, and not mass 

changes, in this contribution, we focus on the determination of the LOD and LOQ values of the 

frequency measurements.  Then, we convert these LOD and LOQ values for the frequency 

change to the corresponding LOD and LOQ values for the mass change and analyze their 

magnitude in the context of the mass changes associated with interfacial electrochemical 

processes taking place at Pt electrodes.  
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Figure 2.1.  Cyclic-voltammetry profiles (black transients) and corresponding frequency 

variation transients (blue transients) for Pt electrodes in 0.5 M aqueous H2SO4 solution at a scan 

rate of s = 50.0 mV s−1.  (A) Single CV and FV transients and (B) averaged CV and FV transients 

prepared on the basis of ten CV and FV measurements.  
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The CV profiles in Figures 2.1A and 2.1B show no faradaic or pseudo-capacitive current 

in the anodic component of the double-layer charging region (E = 0.40–0.75 V).  However, there 

is a moderate linear increase in Δf, which is attributed to physisorptive interactions of electrolyte 

components with the Pt(poly) electrode surface.16–18  The physisorptive interactions of electrolyte 

components with the electrode are always present and cannot be eliminated; they give rise to 

responses in both CV profiles and FV transients.  Thus, these phenomena cannot be decoupled 

from the CV and FV features associated with the electrochemical adsorption and desorption of 

HUPD or the formation and reduction of Pt oxide.  The linear double-layer charging region of the 

Δf versus E transients can serve as a baseline (it is equivalent to a method blank) in the statistical 

analysis of frequency changes, the objective of which is to determine the values of LOD and 

LOQ.11,12  Because the cathodic CV and FV transients do not reveal an extended region due to the 

double-layer charging, only the anodic profiles are employed in the determination of the LOD 

and LOQ values.  

Figures 2.2A and 2.2B present the single and averaged frequency transients of the anodic 

double-layer charging region (E = 0.40–0.75 V) prepared using the FV transients shown in 

Figures 2.1A and 2.1B, respectively (here, they are presented as a series of points without being 

connected).  These frequency transients have a slanted linear trend with background noise.  The 

experimental points were fitted using a linear regression that is shown as a black solid line.  

Figures 2.2C and 2.2D present residual plots (plots corrected for the respective slopes) based on 

the graphs shown in Figures 2.2A and 2.2B.  The values of σ for the residuals are equal to 0.44 

Hz and 0.16 Hz, respectively.  Although Figures 2.2A through 2.2D refer to the experimental 

results obtained in the 0.50 M aqueous H2SO4 solution, the same approach was used to determine 

the values of σ for the 0.010, 0.10, and 1.0 M solutions.   
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Figure 2.2.  Single (A) and averaged (B) frequency variation transients of the anodic double-

layer charging region (E = 0.40–0.75 V) presented as a series of points with the linear regressions 

shown as black solid lines.  Residual plots (corrected for the respective slopes) for the single (C) 

and averaged (D) frequency variation transients.  

  

E  (V vs. RHE)

0.4 0.5 0.6 0.7 0.8

f  
 (

H
z
)

-1.0

-0.5

0.0

0.5

1.0 C

E  (V vs. RHE)

0.4 0.5 0.6 0.7 0.8

f  
 (

H
z
)

-1.0

-0.5

0.0

0.5

1.0 D



 

26 

 

The slope of the linear f versus E plots is the same in the four electrolytes.  This behavior is 

expected because the surface coverage of the specifically adsorbed anions, which contribute to 

the interfacial mass change in the double-layer region, reaches its saturation values already in the 

case of the 0.010 M aqueous H2SO4 solution.  However, in the case of lower concentrations the 

slope of the Δf versus E plots could possibly be concentration-dependent.  However, CV and FV 

transients in very diluted electrolyte solutions would suffer from substantial solution resistance 

and, consequently, distorted CV and FV transients.  

Figure 2.3 presents the calculated σ values of the residuals of the averaged frequency 

transients as a function of the H2SO4 solution concentration (σ versus cm plot).  The results 

demonstrate that the value of σ increases as cm is raised.   

 

 

 

Figure 2.3.  Plot of standard deviation (σ) values as a function of the concentration of aqueous 

H2SO4 solution (cm).  
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The increase is substantial because an increase in the electrolyte solution concentration from 

0.010 M to 1.0 M enhances the value of σ by ca. 62%.  In an attempt to understand the 

phenomena responsible for this increase in the value of σ, we examined the changes in the FV 

transients associated with the adsorption of HUPD, anodic double layer charging, and Pt oxide 

formation.  Figures 2.4A and 2.4B present averaged CV profiles and FV transients for the 

Pt(poly) electrode recorded at T = 298 K and s = 50.0 mV s−1 in the four electrolyte solutions, 

respectively.  The results demonstrate that when the Pt(poly) electrode is scanned between the 

0.05 V and 1.40 V limits, the magnitude of Δf increases by ca. 21% as the cm rises from 0.010 M 

to 1.0 M.  This behavior is expected and is related to the anion interactions (specific adsorption) 

with the Pt(poly) electrode.  Elsewhere, it was explained that the minimum attainable frequency 

noise level increases with the resonant frequency (f0) and a square root of the ρLηL product, where 

ρL and ηL are the density and viscosity of the liquid medium, respectively.19  In the case of f0 = 

9.00 MHz and the four concentrations of aqueous H2SO4 solutions at T = 298 K (ρL = 0.9976 g 

cm−3 and ηL = 0.902 cP for 0.010 M; ρL = 1.004 g cm−3 and ηL = 0.921 cP for 0.10 M; ρL = 1.028 

g cm−3 and ηL = 1.00 cP for 0.50 M; ρL = 1.059 g cm−3 and ηL = 1.10 cP for 1.0 M), the respective 

calculated value of the oscillatory detection limit is 3  10−4 Hz.19,20  The calculated value of the 

minimum attainable frequency noise is very small (below 1 mHz in all cases, which is lower than 

the instrumental measurement resolution as defined in the manual) and refers to ideal conditions.  

However, even if its value were to increase ten-fold under real conditions, it would still be much 

smaller than the σ values reported in Figure 2.3.  Consequently, the increase in the value of σ with 

cm may not be attributed to the changes in the density and viscosity of the electrolyte solutions 

and an alternative explanation is required.  
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Figure 2.4.  Averaged CV profiles (A) and their corresponding averaged FV transients (B) for a 

Pt(poly) electrode in aqueous H2SO4 solutions having four different concentrations acquired at a 

scan rate of s = 50.0 mV s−1 and T = 298 K.  
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Recent molecular dynamics simulations of hydrated electrode interfaces comprising 

water molecules and hydrated ions point to the existence of structural inhomogeneities.  It is 

reported that the water layer parallel to the electrode surface is slowly evolving, thereby 

influencing the dynamics of the electrolyte solution adjacent to it.  Consequently, densities and 

mobilities of water molecules and hydrated ions are spatially heterogeneous on the nanosecond 

timescale.21  Although these calculations do not discuss any changes in the electrolyte viscosity, it 

is assumed that it evolves as well.  On the basis of these simulations, we propose that the evolving 

electric double layer is responsible for the gradual increase in the value of σ as the cm of H2SO4 

rises.  It is reasonable to expect that the magnitude of σ would also depend on the nature of the 

cation and anion (their size and charge), as well as on the electrolyte temperature, which modifies 

the electrolyte density and viscosity.  These observations call for additional research on 

experimental parameters and variables, and their effect on the magnitude of σ.  

Table 2.1 presents the σ values in Hz (for 350 residuals) for the four concentrations of 

H2SO4 and the calculated LOD and LOQ values also in Hz, bearing in mind that LOD = 3 σ and 

LOQ = 10 σ.  They are converted to ng cm−2 using the Sauerbrey equation and the value of Cf = 

5.45 ng Hz−1 cm−2 (equation 2.1).  In the case of 0.50 M aqueous H2SO4, which is one of the most 

commonly used electrolytes, the values of LOD and LOQ are 3 ng cm−2 and 9 ng cm−2, 

respectively.  Because the interfacial mass changes associated with the adsorption of HUPD, 

double layer charging, and oxide formation are ca. 38 ng cm−2, 19 ng cm−2, and 57 ng cm−2 in 

Figure 1B, respectively, the EQCN is a suitable technique to study these phenomena and can 

provide an important new insight (here the interfacial mass changes) that other experimental 

approaches are unable to provide.  
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Table 2.1.  The values of σ (for 350 residuals), LOD, and LOQ in Hz and ng cm−2 of the EQCN 

for Pt(poly) electrodes in aqueous H2SO4 solutions of four different concentrations.  

 
cm of H2SO4  (M) 

0.010 0.10 0.50 1.0 

σ 
Hz 0.12 0.14 0.16 0.19 

ng cm−2 0.65 0.74 0.89 1.1 

LOD 
Hz 0.4 0.4 0.5 0.6 

ng cm−2 2 2 3 3 

LOQ 
Hz 1 1 2 2 

ng cm−2 6 7 9 10 

 

 

Platinum dissolution in aqueous acidic solutions is an important and timely topic, and can 

follow different pathways involving either metallic Pt or its oxides (PtO or PtO2).  Thus, research 

on Pt electro-oxidation and dissolution attracts considerable attention.3,22–28  The process is 

examined using both experimental and theoretical approaches, and the results are discussed with 

the objective of identifying the parameters that impact (enhance) the process the most.  The 

amount of Pt oxide formed is typically expressed in monolayers (ML) of O and can be converted 

to a mass in ng cm−2.  The amount of dissolved Pt is also expressed as a number of ML.  Such 

quantified amounts of formed oxide and dissolved Pt refer either to a single potential transient or 

to a series of repetitive potential transients.  The value of LOD of the EQCN setup employed in 

this research is 3 ng cm−2 (in 0.50 M H2SO4 solution) and corresponds to 8 × 10−2 ML of added or 

removed O atoms, and 6 × 10−3 ML of added or removed Pt surface atoms.  Elsewhere, it was 

reported that, in the case of potential cycling between 0.70 V and 1.20 V, the average amount of 

dissolved Pt per single transient is 9.82  10−4 ML of Pt atoms, which corresponds to 0.417 ng 

cm−2.28  Because this value is about six times smaller than the LOD value, the EQCN is not 
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capable of measuring and quantifying the dissolved Pt per single potential transient.  The LOD 

and LOQ values reported in this contribution represent an instrumental limitation of typical 

commercial EQCN instrumentation.  Substantial improvements in the EQCN instrumentation 

would be required in order to improve the LOD and LOQ values so that the technique would be 

sensitive enough to study metal and metal oxide dissolution of the order of a few percent of ML.  

Although there might exist some fluctuations in the amount of dissolved Pt per single potential 

transients, it is unlikely that the amount would increase by a factor of six making it detectable.  

However, single CV transients are frequently employed to study under-potential deposition of 

metallic species that typically form one or two monolayers.  Because the interfacial mass changes 

associated with this process are orders of magnitude larger, EQCN is a suitable experimental 

method that can be employed to study it and can provide new and important insight.  The 

observation that the amount of dissolved Pt per single potential transients is smaller than the LOD 

value is a very important because the development of catalysts for polymer electrolyte membrane 

fuel cells (PEMFC) relies on a broad range of experimental techniques that evaluate their 

catalytic properties as well as their stability and durability.  Evaluation of the stability of PEMFC 

catalysts requires reproducible and reliable experimental data because inaccurate results might 

lead to erroneous observations and incorrect conclusions.  

 

 

2.4 Conclusions  

 

We developed a methodology for determining the values of LOD and LOQ of EQCN 

measurements for Pt electrodes in aqueous H2SO4.  The approach is based on concurrent and 

repetitive cyclic-voltammetry and frequency variation experiments.  The values of the LOD and 

LOQ are in the 2–3 ng cm−2 and 6–10 ng cm−2 ranges, respectively, and depend on the electrolyte 
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concentration.  The behavior is explained in terms of structural inhomogeneities of the electrolyte 

in the interfacial region adjacent to the Pt electrode surface.  These inhomogeneities increase the 

values of the electrolyte density and viscosity as the concentration is raised.  The values of LOD 

and LOQ are sufficiently small to make this technique suitable for measuring interfacial mass 

changes associated with the electrochemical adsorption of H, double layer charging, surface oxide 

formation and reduction, and metallic under-potential deposition.  However, the technique is not 

sensitive enough to study interfacial mass losses associated with the dissolution of Pt or Pt oxide 

during a single cyclic-voltammetry transient in the 0.05–1.40 V range.  This limitation could be 

circumvented by using large surface roughness materials but the influence of the electrode 

roughness on the frequency response needs to be first understood.  Although the methodology of 

determining the values of LOD and LOQ is developed with the objective of studying Pt catalytic 

materials due to their importance to hydrogen fuel cells, the approach is universal and could be 

applied to other metallic materials.  
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Chapter 3 

Interfacial Structure of Atomically Flat Polycrystalline Platinum 

Electrodes and Modified Sauerbrey Equation  

 

 

3.1 Introduction  

 

In 1959, Sauerbrey introduced the quartz-crystal microbalance (QCM) as a new 

interfacial science technique to monitor the deposition rate of thin films under vacuum 

conditions.1  In 1981, Nomura and Iijima applied the QCM as an in-situ tool to measure minute 

concentrations of Ag+ in aqueous media in conjunction with electrodeposition.2  By combining 

QCM with electrochemical measurements, they created the first electrochemical quartz-crystal 

microbalance (EQCM).  At present, the method is applied to measure interfacial mass changes 

under electrochemical conditions on the ng cm−2 scale and is referred to as the electrochemical 

quartz-crystal nanobalance (EQCN).  Cyclic-voltammetry (CV), chronoamperometry (CA), and 

chronopotentiometry (CP) are typical methods employed in conjunction with nanogravimetry 

measurements.  

The EQCN measures changes in the resonant frequency (Δf) of the quartz-crystal 

resonator upon which the working electrode material is coated.  The quartz-crystal has a 

fundamental resonant frequency associated with its unaltered state.  When an electrochemical 

reaction takes place at the electrode surface and mass is added or removed, the resonance is 

disturbed and a new resonant frequency is established.  This resonant frequency change (Δf) is 

related to the interfacial mass variation (Δm) through the Sauerbrey equation:  
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where μq is the shear modulus of quartz (μq = 2.947 × 1011 g cm−1 s−2), ρq is the density of quartz 

(ρq = 2.648 g cm−3), f0 is the resonant frequency of the resonator prior to the addition or removal 

of mass, and Cf is the characteristic constant.1  In the case of f0 = 9.00 MHz, the calculated value 

of Cf is equal to 5.45 ng Hz−1 cm−2 and the corresponding mass detection limit is Δm = 5.45 ng 

cm−2, provided that the frequency detection limit is Δf = 1 Hz.  This detection limit refers to a flat 

surface but metal-coated quartz-crystal resonators are never atomically flat.  Consequently, an 

intrinsic surface roughness together with other factors contributes to the experimentally measured 

resonant frequency change.3–5  When the EQCN is applied to analyze interfacial electrochemical 

processes typically in aqueous media, the following phenomena contribute to the frequency 

change: (i) the mass addition or removal (Δfm); (ii) the change in the surface roughness (Δfr); (iii) 

the change in the electrolyte viscosity (Δfv); (iv) the change in pressure (Δfp); and (v) the change 

in temperature (ΔfT).4,5  If all processes contribute simultaneously, the overall resonant frequency 

change equals:  

 

  Δf = Δfm + Δfr + Δfv + Δfp + ΔfT         (3.2)  

 

Because typical interfacial electrochemical measurements take 1–2 min, the pressure and 

temperature do not change (any heat evolved is absorbed by the electrolyte that has a large heat 

capacity), and the corresponding Δfp and ΔfT values are practically nil.  In the case of the 

electrochemical H adsorption/desorption or surface oxide formation/reduction on Pt electrodes, 

there are no changes in the electrolyte viscosity and Δfv also equals zero.  Because metallic 

deposits on quartz-crystal resonators are polycrystalline in nature and are never atomically flat, 



 

37 

 

their surface roughness factor (R) needs to be taken into account when employing the Sauerbrey 

equation (equation 3.1) with the objective of assigning interfacial mass changes to specific 

electrochemical phenomena.  This is of particular importance when employing the technique in 

electrochemical research on meso- and nano-structured materials because by default they have a 

large value of R and the interpretation of results is not straightforward.6–8  

Platinum due to its application in hydrogen fuel cells is an important catalyst and its 

interfacial behavior needs to be examined using a variety of complementary techniques.  Platinum 

possesses the unique ability to electrochemically adsorb H prior to the onset of the hydrogen 

evolution reaction (HER), which is referred to as the under-potential deposition of H, and to form 

a surface oxide layer.9–17  The CV features associated with these two processes can be used to 

examine the system’s cleanliness.  The charge associated with the adsorption and desorption of 

the under-potential deposited H (HUPD) is used to determine the electrochemically active surface 

area (Aecsa) of the electrode, thus its roughness factor defined as R = Aesca/Ageom, where Ageom is the 

geometric area (a two-dimensional projection of a rough surface).  Consequently, Pt is the most 

suitable material for evaluation of the influence of surface roughness on the resonant frequency 

change (thus the mass change) response.  The influence of the surface roughness of the response 

of EQCM has never been examined in detail.  Elsewhere, it was reported that an increase in the 

roughness of Au and Ag electrodes brought about higher than expected changes in the resonant 

frequency.18,19  Because those surfaces could be represented by rolling hills separated by valleys, 

the unexpected behavior was explained in terms of electrolyte in the valleys.  

In this contribution, we report on the interfacial mass response of Pt electrodes of 

gradually increasing surface roughness on the nanoscopic scale.  The surface roughness is 

modified through Pt electrodeposition and the surface morphology is examined using atomic 

force microscopy (AFM), with Aecsa being determined by using HUPD as a surface-probing species.  

Analysis of the values of Δm as a function of R facilitates the determination of interfacial mass 
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changes for an ideal atomically flat, polycrystalline Pt electrode.  In addition, an examination of 

the Δm versus R plots leads to a modified version of the Sauerbrey equation that takes into 

account the surface roughness and can be employed to predict the interfacial mass response of 

roughened Pt electrodes.  This knowledge is of great importance to the understanding of the 

mechanism and kinetics of the degradation of Pt catalysts employed in hydrogen fuel cells.  In 

addition, the approach developed and discussed in this contribution is transferable to other 

metallic materials, and can be used to analyze a broad range of interfacial phenomena, including 

electrodeposition of ultra-thin layers, formation of structured nanomaterials, degradation and 

dissolution of nanoparticles, adsorption of reaction intermediates, early stage of corrosion, self-

assembly, and others.  

 

 

3.2 Experimental  

 

Platinum electrodeposition, cyclic-voltammetry (CV), and mass variation (MV) 

measurements were conducted using a Bio-Logic potentiostat/galvanostat (SP-150) and a Seiko-

EG&G quartz crystal analyzer (QCA 922).  Electrochemical experiments were performed using a 

custom-made Pyrex two-compartment electrochemical cell.  The working electrode and counter 

electrode were located in the main compartment of the cell, whereas the reference electrode was 

placed in the second compartment that was connected to the main compartment by means of a 

Luggin capillary.  The glassware employed in the measurements was cleaned using well-

established and broadly accepted procedures.15  The working electrode was a Pt-coated quartz-

crystal resonator (Seiko-EG&G, QA-A9M-PT) having ca. 9.00 MHz resonant frequency; it was 

attached to the bottom of the main compartment in a horizontal configuration using a Teflon 

holder.20  The geometric surface area (Ageom) of the Pt working electrode deposited on the 
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resonator was 0.196 cm2.  A platinum gauze (99.9% in purity, Alfa Aesar) was used as the 

counter electrode; its surface area was at least ten times greater than that of the working electrode.  

A reversible hydrogen electrode (RHE) in the form of a Pt wire (99.95% in purity, Alfa Aesar) 

coated with electrodeposited Pt black was used as the reference electrode.  A high purity 0.50 M 

aqueous H2SO4 electrolyte solution and 0.20 mM H2PtCl6 in 0.50 M aqueous H2SO4 electrolyte 

solution were prepared using concentrated H2SO4 (Fluka Analytical, TraceSELECT ≥95%), 

H2PtCl6  6H2O (Alfa Aesar, 99.9%), and ultra-high purity (UHP) water (Millipore, 18.2 MΩ cm).  

Ultra-high purity Ar(g) (5.0 grade, Praxair) was purged through the main cell compartment for at 

least 1 hour prior to electrochemical experiments to expel any gases.  The electrochemical cell 

was placed in a custom-built Faraday cage.  It was suspended from an outer frame by means of 

bungee cords to minimize mechanical interferences from the environment during electrochemical 

experiments.  

Prior to the commencement of all measurements, as received Pt working electrode was 

preconditioned through repetitive potential cycling 1000 times in the E = 0.05–1.50 V range at a 

potential scan rate of s = 50.0 mV s−1 in 0.50 M aqueous H2SO4 solution.  After preconditioning, 

the electrolyte was switched to a fresh and outgassed 0.50 M aqueous H2SO4 solution; then, CV 

and MV measurements were carried out in the E = 0.05 V–1.40 V range at a potential scan rate of 

s = 50.0 mV s−1.  In order to improve the signal-to-noise ratio of the MV transients, ten 

consecutively performed but independent MV transients were recorded and their average was 

calculated.  

The roughness of the Pt surface was fine-tuned through Pt electrodeposition on the Pt-

coated resonator.  The Pt electrodeposition designed to increase the surface roughness was 

performed at a deposition potential of E = 0.20 V for 30 s using 0.20 mM H2PtCl6 in 0.50 M 

aqueous H2SO4 solution.  Afterward, the electrochemical cell was thoroughly rinsed several times 

with UHP water followed by rinsing with a fresh stock solution of 0.50 M aqueous H2SO4.  Each 
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electrodeposited Pt electrode having higher surface roughness was pretreated by repetitive 

potential cycling (ca. 300 times) in the E = 0.05–1.40 V range at a potential scan rate of s = 50.0 

mV s−1 in outgassed 0.50 M aqueous H2SO4 solution.  This procedure known as “electrochemical 

annealing” resulted in the release of any stress from the near-surface region of the 

electrodeposited Pt and generated a CV profile characteristic of a polycrystalline Pt electrode.21  

Afterward, the electrolyte was changed for a fresh outgassed 0.50 M aqueous H2SO4 solution; 

then, CV and MV measurements were carried out in the E = 0.05 V–1.40 V range at a potential 

scan rate of s = 50.0 mV s−1.  All experiments were conducted at a constant temperature of T = 

298 ± 1 K.  In order to prepare Pt electrode of gradually increasing surface roughness, the 

aforementioned sequence of experimental steps was repeated several times until a comprehensive 

set of CV and MV transients for a range of surface roughness values was obtained.  

The electrochemically active surface area (Aecsa) of each Pt electrodeposit was determined 

by examining the charge associated with the under-potential deposition of H and comparing it to 

the charge density of 210 μC cm−2 associated with the deposition of 1 monolayer (ML) of under-

potential deposited H (HUPD).22  The topography of the as-received and gradually roughened Pt 

electrodes was examined using an atomic force microscope (AFM), Veeco Instruments 

MultiMode V.  The Pt electrodes were scanned in a contact mode using a silicon nitride tip (k = 

0.12 N m−1) at a tip speed of 1.0 µm s−1 under ambient conditions.  

 

 

3.3 Results and discussion  

 

Figure 3.1 presents a CV profile (the black transient) for a Pt-coated quartz-crystal 

resonator having a roughness factor of R = 1.61 and a simultaneously recorded MV transient (the 

green transient) acquired in 0.50 M aqueous H2SO4 solution at a potential scan rate of s = 50.0 
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mV s−1 and a temperature of T = 298 K.  The features observed in these transients are 

characteristic of a clean system, thus impurity-free Pt(poly) electrode, electrolyte, and cell.  The 

CV profile shows features corresponding to: (i) the electrochemical H adsorption in the 0.40–0.05 

V range; (ii) the electrochemical H desorption in the 0.05–0.40 V range; (iii) the surface oxide 

formation in the 0.85–1.40 V range; and (iv) the surface oxide reduction in the 1.20–0.60 V 

range.  The interfacial mass decrease upon the adsorption of HUPD is due to the desorption of H2O 

molecules and modification of the wetting ability of Pt(poly).23–25  The mass changes in the 

double layer region are due to the physisorption of H2O molecules and anion adsorption.23,26,27  

The mass changes at higher potentials are assigned to the surface oxide formation and reduction, 

respectively.17,28   

 

 

 

Figure 3.1.  A cyclic-voltammetry profile (black) and a corresponding mass variation transient 

(green) for a polycrystalline Pt electrode having a surface roughness factor of R = 1.61 acquired 

in 0.50 M aqueous H2SO4 at a potential scan rate of s = 50.0 mV s−1 and T = 298 K.  
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It is important to add that prior to electrochemical measurements, each Pt-coated resonator was 

preconditioned by applying repetitive potential cycling between 0.05 and 1.50 V in 0.50 M 

aqueous H2SO4.  This approach releases excessive surface stress by rearranging surface atoms; it 

involves Pt oxide formation and reduction as well as Pt dissolution and re-deposition.  The 

treatment produces a CV profile characteristic of Pt(poly) electrode and the surface roughness of 

such preconditioned resonators was always in the R = 1.50–1.70 range.21  

Figure 3.2 presents chronoamperometry (current density versus time, j vs. t; the black 

profile) and chronocoulometry (charge density versus time, q vs. t; the mauve transient) profiles 

for Pt electrodeposition at E = 0.20 V in the solution of 0.20 mM H2PtCl6 in 0.50 M aqueous 

H2SO4 (equation 3.3).  The chronocoulometry profile was obtained by integrating the j versus t 

transient.  

 

  PtCl6
−2(aq) + 4e−      Pt(s) + 6Cl−(aq)        (3.3)  

 

As expected, the charge density associated with Pt electrodeposition increases with time and in 

the case of t = 30.0 s reaches a value of q = 15.5 mC cm−2.  Using Faraday’s law and bearing in 

mind that the process involves 4 electrons per Pt atom, this charge density value corresponds to 

7.82 µg cm−2 of solid Pt.  Because Pt has a large surface tension, the deposit does not develop a 

smooth finish mimicking the topography of the underlying substrate and, consequently, its 

surface morphology needs to be examined using a suitable technique, such as atomic force 

microscopy (AFM).   
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Figure 3.2.  A current density profile (black) and a corresponding charge density transient 

(mauve) for Pt electrodeposition at E = 0.20 V in 0.50 M aqueous H2SO4 solution containing 0.20 

mM H2PtCl6 at T = 298 K.  

 

 

Figure 3.3A presents an AFM image of a preconditioned Pt-coated resonator (R = 1.70) showing 

interconnected grains with smooth faces and edges.  The x and y axes cover the 0.00–5.00 m 

range, while the z axis covers the range from −200 nm to +200 nm.  The same scale is employed 

for the x, y and z axes, thus the AFM images represent the true and undistorted images of surface 

features.  Figures 3.3B through 3.3D show AFM images of Pt-coated resonators with gradually 

increasing roughness that was achieved by repeating several times the Pt electrodeposition 

process.  The values of R for the three images are 6.85, 12.1, and 22.8, and the number of Pt 

deposition cycles (for all other parameters being the same as described above) are 7, 14, and 30, 

respectively.   
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Figure 3.3.  Atomic force microscopy images for pretreated Pt electrodes having a gradually 

increasing surface roughness.  (A) R = 1.70; (B) R = 6.85; (C) R = 12.1; and (D) R = 22.8.  
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The scale of the x and y axes is the same as in Figure 3.3A but the z axis covers the range from 

−400 nm to +400 nm.  The images demonstrate that the electrodeposition of Pt roughens the faces 

and creates small islands (Figure 3.3B).  As more Pt is electrodeposited (Figure 3.3C), the 

roughness of the faces increases even more through the formation of wave-like features, 

development of new small islands, and increase in the size of already existing islands.  Additional 

electrodeposition of Pt (Figure 3.3D) generates a very rough surface comprising wavy faces as 

well as small, large, and very large islands.  The island distribution is non-uniform and some 

large islands overlap creating ranges; the sides of the islands are also rough.  Although we 

prepared a very rough Pt electrode for an AFM analysis (having a roughness factor of R = 22.8), 

it was not used in CV and MV measurements because its extended surface could give rise to 

solution trapping in between islands and contribute to uncontrollable secondary hydrodynamic 

effects.  

The preparation of Pt-coated resonators of gradually increasing roughness, thus Aecsa, and 

known surface morphology creates a basis for subsequent evaluation of their CV profiles and MV 

transients.  Figures 3.4A and 3.4B present CV profiles and MV transients for such prepared Pt 

electrodes acquired in 0.50 M aqueous H2SO4 at a potential scan rate of s = 50.0 mV s−1 and T = 

298 K.  All CV profiles (Figure 3.4A) reveal the same features and if the respective j values are 

divided by the corresponding values of R, then they overlap (see Appendix A).  This is a very 

important observation because it indicates that the polycrystalline nature of the electrodes remains 

the same even when the surface roughness increases up to R = 13.0.  In other words, the relative 

ratio of the main crystallographic facets is the same.  The MV  transients (Figure 3.4B) also 

reveal the same features and the magnitude of Δm increases with rising R.   
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Figure 3.4.  A series of CV profiles (A) and a set of simultaneously recorded MV transients (B) 

for Pt electrodes of gradually increasing surface roughness (1.61 ≤ R ≤ 13.0) acquired in 0.50 M 

aqueous H2SO4 at a potential scan rate of s = 50.0 mV s−1 and T = 298 K.  
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However, division of the values of Δm by the corresponding values of R does not create 

overlapping MV transients (see Appendix A).  This is a very important observation indicating that 

the current density and the mass density responses do not scale up the same as R rises.  In other 

words, doubling the values of R increases the value of j by a factor of two but does not double the 

value of Δm (it increases less than twice).  In order to understand the origin of this behavior, we 

analyzed the magnitudes of Δm as a function of R for each MV transient in the following 

potential ranges: (i) the entire potential range (EPR); (ii) the hydrogen adsorption range (HAR); 

(iii) the anodic double-layer charging range (DLCR); and (iv) the surface oxide formation range 

(SOFR).  Because this analysis refers to two potential limits (δE = E2 − E1), the corresponding 

mass variation is presented as δΔm.  The qualitative and quantitative analysis that follows is 

performed with respect to three potentials, namely the potential of zero charge (Epzc = 0.31 ± 0.01 

V), the potential of minimum mass (Epmm = 0.05 ± 0.01 V), and the onset potential of Pt surface 

oxide formation (EPtO = 0.85 ± 0.01 V).25,29,30  It is important to note that the upper potential limit 

of HAR and the lower potential limit of DLCR are the same and equal Epzc = 0.31 V; it coincides 

with an inflection in the MV transients.  Similarly, the upper potential limit of DLCR and the 

lower potential limit of SOFR are the same and equal EPtO = 0.85 V; it also coincides with an 

inflection (a different one) in the MV transients.  Epzc is an important parameter in the data 

analysis because its represents the potential at which the effective surface charge of the Pt 

electrode is zero (qPt = 0).  At E < Epzc the effective surface charge is negative (qPt < 0), while at E 

> Epzc the effective charge is positive (qPt > 0).29,30  Epmm coincides with completion of saturation 

(monolayer) of HUPD on Pt and the effective surface charge is negative (qPt < 0).24,25  At EPtO, the 

surface oxide formation commences and is accompanied by the desorption of specifically 

adsorbed anions.  The onset potential of PtO development corresponds to the second potential of 

zero charge due to the existence of surface oxide dipole.29,31  
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Figure 3.5 presents the values of δΔm as a function of R for the four potential ranges; the 

δΔm values are determined on the basis of the MV transients shown in Figure 3.4B.  For clarity 

of presentation, they are abbreviated as δΔmEPR, δΔmHAR, δΔmDLCR, and δΔmSOFR.  The results 

demonstrate that their values increase linearly with R (their fitting using a linear regression 

yielded the square of the correlation coefficient of at least 0.991; the linear regressions are 

presented as solid lines).  Extrapolation of the four plots to the y-intercept, thus to R = 1.00, 

allows us to determine for the first time the respective δΔm values for an atomically flat 

polycrystalline Pt electrode.   

 

 

 

Figure 3.5.  The values of δΔm as a function of R for the entire potential range (EPR, 0.05 V ≤ E 

≤ 1.40 V), the hydrogen adsorption range (HAR, 0.05 V ≤ E ≤ 0.31 V), the double-layer charging 

range (DLCR, 0.31 V ≤ E ≤ 0.85 V), and the surface oxide formation range (SOFR, 0.85 ≤ E ≤ 

1.40 V) obtained from the MV transients presented in Figure 3.4B.  
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They are as follows: (i) δΔmEPR = 98.2 ± 4.5 ng cm−2; (ii) δΔmHAR = 43.7 ± 3.1 ng cm−2; (iii) 

δΔmDLCR = 14.5 ± 1.1 ng cm−2; and (iv) δΔmSOFR = 40.0 ± 2.9 ng cm−2 (Table 3.1).  In addition, 

the slopes of these plots determine how the respective values of δΔm scale up with increasing 

surface roughness in the low and intermediate surface roughness range, thus for R ≤ 13.0 (Table 

3.1).  For molecular-level interpretation of our experimental data, the δΔm values are converted to 

mass values per mole of Pt surface atom, thus into molar mass changes designated as δΔMEPR, 

δΔMHAR, δΔMDLCR, and δΔMSOFR.  Their values are as follows: δΔMEPR = 45.1 ± 2.1 g molPt
−1; 

δΔMHAR = 20.1 ± 1.4 g molPt
−1; δΔMDLCR = 6.66 ± 0.51 g molPt

−1; and δΔMSOFR = 18.4 ± 1.3 g 

molPt
−1 (Table 3.1).  

 

 

Table 3.1.  The values of y-intercepts at R = 1.00 and slopes of the plots for the four potential 

ranges shown in Figure 3.5.  The values of y-intercepts are presented as interfacial mass changes 

per unit area (δΔm, ng cm−2) and per mole of Pt surface atom (δΔM, g molPt
−1).  

 

y-intercept in 

δΔm 

(ng cm−2) 

y-intercept in 

δΔM 

(g molPt
−1) 

Slope 

(-) 

Entire potential range 

(EPR) 
98.2 ± 4.5 45.1 ± 2.1 40.0 ± 0.5 

Hydrogen adsorption range 

(HAR) 
43.7 ± 3.1 20.1 ± 1.4 11.0 ± 0.4 

Double-layer charging range 

(DLCR) 
14.5 ± 1.1 6.66 ± 0.51 10.9 ± 0.1 

Surface oxide formation range 

(SOFR) 
40.0 ± 2.9 18.4 ± 1.3 18.0 ± 0.4 
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At Epmm = 0.05 V, the Pt surface is modified with a saturation layer (monolayer) of HUPD.  

Although it has a negative effective surface charge (qPt < 0), its interactions with H2O molecules 

and H3O+ cations present in the double-layer region are the weakest because the surface is 

hydrophobic-like (Figure 3.6A).24,25  One would expect the surface dipole moment of Pt to be 

substantial because of the negative effective surface charge but the embedded HUPD adatoms 

significantly modify (reduce) its magnitude to the lowest possible value that makes the surface 

hydrophobic-like.  Increase of the applied potential from Epmm = 0.05 V to Epzc = 0.31 V leads to 

gradual desorption of HUPD adatoms (−1.0 g molPt
−1).  The oxidative desorption of HUPD adatoms 

creates H3O+ species in the double-layer region.  As the HUPD surface coverage decreases, the 

unoccupied Pt surface atoms develop physisorptive interactions with H2O molecules.  Because at 

E = Epzc = 0.31 V (qPt = 0) the experimentally determined value of δΔMHAR is 20.1 g molPt
−1 and 

because the molar mass change due to HUPD desorption is 1.00 g molPt
−1, the interfacial molar 

mass change associated with the H2O interfacial interactions is ca. 21.1 g molPt
−1.  The latter value 

is attributed to the interaction of H2O molecules with the Pt surface and corresponds to 1.2 H2O 

molecules per Pt surface atom.  Since the radius of H2O molecule (rH2O = ~0.144 nm) is greater 

than that of Pt atom (rPt = ~0.139 nm), the value of 1.2 corresponds to an organized water 

structure that is more than one monolayer in thickness.32,33  In agreement with spectroscopy 

results, we propose a visual representation of the interface in which H2O molecules adjacent to 

the Pt surface are on the average parallel to the surface.24  The (bi)sulfate anions and H3O+ cations 

constituting the electrolyte solution are not present in the immediate interfacial region and, 

consequently, do not interact with the Pt electrode surface (Figure 3.6B).24,34  
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Figure 3.6.  Three-dimensional renderings and side views of the Pt/electrolyte interfacial 

structures at specific potential (E) values corresponding to different sign of the surface charge 

(qPt) and characteristic electrode states.  The applied potential defines: (i) the surface coverage of 

electrochemically adsorbed H (θH); (ii) the surface coverage of O in the form of Ochem or O2− (θO); 

(iii) the surface coverage of specifically adsorbed AN (θAN); (iv) the number of hydronium 

cations (nH3O+); and (v) the number of water molecules (nH2O) interacting with each Pt surface 

atom.  (A) E = Epmm = 0.05 V; (B) E = Epzc = 0.31 V; (C) E = EPtO = 0.85 V; and (D) E = 1.40 V.   
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As the applied potential increases from Epzc = 0.31 V to EPtO = 0.85 V, the effective 

surface charge is positive and drives the specific adsorption of anions, in this case (bi)sulfate 

(+97.1 g molPt
−1).  The specifically adsorbed anions require surface adsorption sites, thus the 

process is accompanied by partial desorption of H2O molecules.  The anion surface coverage 

gradually increases and reached a maximum of θAN = 0.087 at a potential only slightly lower than 

the onset potential of Pt surface oxide formation that is 0.85 V.26,35,36  Because the anion surface 

coverage is small, the desorption of H2O molecules is only partial and the Pt surface is covered by 

remaining physisorbed H2O molecules that on the average are oriented towards the surface 

through the negatively charged oxygen end.  The maximum anion coverage of θAN = 0.087 can be 

converted into a molar mass change and produces a value of 8.4 g molPt
−1.  Because the 

experimentally determined molar mass change in the double layer range is δΔMDLCR = 6.66 g 

molPt
−1, the difference of −1.8 g molPt

−1 is assigned to the desorbed H2O molecules.  This value 

(i.e. −1.8 g molPt
−1) corresponds to the surface coverage of desorbed H2O molecules being 0.10.  

Thus, in the case of atomically flat polycrystalline Pt electrode, the specific adsorption of anion 

gives rise to desorption of 1.1 water molecules per adsorbing anion (0.10/0.087 = 1.1).  On the 

basis of in-situ electrochemical spectroscopy data, Osawa et al. explained that the specifically 

adsorbed anions together with water molecules form an ice-like bilayer structure that is visually 

represented in Figure 3.6C.24,34  

As the applied potential increases from EPtO = 0.85 V to E = 1.40 V, chemisorption of 

oxygen (Ochem, +16.0 g molPt
−1) occurs as a result of the discharge of O from the physisorbed H2O 

molecule; the process is accompanied by the departure of hydrated protons.  The process is also 

accompanied by desorption of anions because the surface bond between the Pt surface atoms 

having a partial positive charge (Ptδ+) and chemisorbed O having a partial negative charge 

(Ochem
δ−) is significantly stronger than the Pt–AN bond (the respective thermodynamic driving 

force is also stronger).26  Once the amount of Ochem
δ− exceeds 0.50 MLs, the interfacial phase 
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transition (also referred to as the interfacial place exchange) between Ptδ+ and Ochem
δ− species 

commences and leads to the development a quasi-3D lattice comprising Pt2+ and O2−; the process 

is accompanied by the completion of charge transfer between Pt and O.  Visual representation of 

the interfacial structure that develops is shown in Figure 3.6D.17,37  Elsewhere, it is explained that 

the formation of Pt surface oxide gives rise to a negative effective surface charge and the onset 

potential of Pt surface oxide formation coincides with the second potential of zero charge.31  The 

negatively charged Pt surface oxide attracts H2O molecules through the hydrogen end and H3O+ 

cations.  The experimentally determined molar mass change of δΔMSOFR = 18.4 g molPt
−1 

associated with the Pt surface oxide formation has several contributions, such as the molar 

interfacial mass change of −8.4 g molPt
−1 due to the anion desorption and the molar interfacial 

mass change of +14.7 g molPt
−1 due to the formation of 0.92 ML of O (in the form of Ochem

δ− or 

O2−).  Consequently, the remaining molar mass change of 12.1 g molPt
−1 is attributed to the 

interaction of H2O molecules and H3O+ cations with the oxidized Pt surface.  Because the number 

of H3O+ cations interacting with the oxidized Pt surface is unknown, we are unable to assign the 

value of 12.1 g molPt
−1 to specific surface coverages of H2O and H3O+ numbers.  

To summarize this detailed analysis, the potential of E = Epmm = 0.05 V is employed as a 

reference state and refers to a Pt electrode covered with a saturation layer of HUPD and having no 

interactions with the electrolyte components.  The transition from Epmm = 0.05 V to Epzc = 0.31 V 

results in the desorption of HUPD and leads to the formation of an interfacial structure comprising 

on the average 1.2 water molecules per Pt surface atom.  The subsequent transition from Epzc = 

0.31 V to EPtO = 0.85 V results in the development of an interfacial structure comprising both 

anions and water molecules; on the average, there are 0.087 anions and 1.1 water molecules per 

Pt surface atom.  The final transition from EPtO = 0.85 V to E = 1.40 V leads to the formation of 

Pt surface oxide; the process is accompanied by desorption of anions and physisorption of water 

molecules and H3O+ cations; there are 0.92 Ochem atoms per Pt surface atom as well as H2O and 
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H3O+ species but the number of the latter is unknown.  The values of interfacial molar mass 

changes (δΔM) and the corresponding numbers of water molecules (nH2O), H3O+ cations (nH3O+), 

(bi)sulfate anions (nAN), and Ochem species (nOchem) per Pt surface atom in each potential range are 

presented in Table 3.2.  The abbreviation N/A refers to not available data.  

 

 

Table 3.2.  The values of interfacial molar mass changes (δΔM, g molPt
−1) corresponding to 

different potential ranges defined by two potential limits (δE = E2 − E1) and the corresponding 

number of H2O molecules (nH2O), H3O+ cations (nH3O+), (bi)sulfate anions (nAN), and Ochem species 

(nOchem) interacting with per Pt surface atom.  N/A refers to unavailable data.  

 
 E1 

 E2 
0.05 V 0.31 V 0.85 V 1.40 V 

δ
Δ

M
 

(g
 m

o
l P

t−
1
) 0.05 V -- –20.1 ± 1.4 –26.8 ± 1.9 –45.1 ± 2.1 

0.31 V 20.1 ± 1.4 0 –6.66 ± 0.51 –25.1 ± 1.8 

0.85 V 26.8 ± 1.9 6.66 ± 0.51 0 –18.4 ± 1.3 

1.40 V 45.1 ± 2.1 25.1 ± 1.8 18.4 ± 1.3 0 

n
H

2
O
  
(-

) 

0.05 V -- –1.2 –1.1 N/A 

0.31 V 1.2 0 0.10 N/A 

0.85 V 1.1 –0.10 0 N/A 

1.40 V N/A N/A N/A 0 

n
H

3
O

+
  
(-

) 

0.05 V -- 0 0 N/A 

0.31 V 0 0 0 N/A 

0.85 V 0 0 0 N/A 

1.40 V N/A N/A N/A 0 

n
A

N
  
(-

) 

0.05 V -- 0 –0.087 0 

0.31 V 0 0 –0.087 0 

0.85 V 0.087 0.087 0 0.087 

1.40 V 0 0 –0.087 0 

n
O

ch
em

  
(-

) 

0.05 V -- 0 0 –0.92 

0.31 V 0 0 0 –0.92 

0.85 V 0 0 0 –0.92 

1.40 V 0.92 0.92 0.92 0 
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In the Introduction, we explain that the Sauerbrey equation refers to a flat surface and that 

any deviation from such an ideal state gives rise to a frequency change (see Δfr in equation 3.2).  

Our experimental data indicate that the increase of the surface roughness by a given factor n (e.g. 

n = 2) increases the charge density associated with the electrochemical H adsorption and 

desorption as well as the surface oxide formation and reduction by the same factor n (here, n = 2).  

One would expect that the interfacial mass variation associated with these processes to scale up 

also by a factor of n but such a behavior is not observed.  In fact, doubling the value of R does not 

double the value of interfacial mass change (it increases by a factor smaller than 2).  However, 

the results presented in Figure 3.5 reveal a linear relationship between Δm and R for the four 

potential regions (the entire potential range EPR; the hydrogen adsorption range, HAR; the 

double-layer charging range, DLCR; and the surface oxide formation range, SOFR).  These linear 

relationships allow the determination of the values of the y-intercepts (I) at R = 1.00 and the 

values of the respective slopes, S.  It is important to add that each set of I and S values refers to a 

specific potential range (see Table 3.1).  The linear trends observed in Figure 3.5 allow us to 

propose a modified version of the Sauerbrey equation that takes into account the surface 

roughness factor, which is as follows:  

 

   11   RSImR
         (3.4)  

 

where I = ΔmR=1 is the interfacial mass change for an atomically flat surface, thus for R = 1.00, 

and equals ΔmR=1 = − Cf ΔfR=1; and ΔmR>1 is the interfacial mass change for an electrode the 

surface roughness of which is R > 1.00 and equals ΔmR>1 = − Cf ΔfR>1.  Thus, the modified 

Sauerbrey equation can also be written as follows:  

 

   11f1   RSfCm RR        (3.5)  
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The observation that the values of I and S are different and that I > S leads to very important 

remarks.  The charge densities due to the electrochemical H adsorption and desorption as well as 

the surface oxide formation and reduction scale up with R but the interfacial mass variations do 

not.  This implies that the surface roughness affects the structure of the interface, thus the number 

of H2O molecules, anions, and H3O+ cations interacting with the Pt electrode surface.  The 

“missing mass” can be interpreted as a lower degree of organization of the interface.  Because 

H2O molecules are involved in the hydration and transport of protons in the interfacial region, any 

modification of the double layer structure gives rise to different sequences of atomic level events 

and kinetics of electrochemical reactions involving protons, such as the hydrogen evolution and 

oxidation reactions (HER, HOR) as well as the oxygen evolution and reductions reactions (OER, 

ORR).  

The possible dependence of the kinetics of these reactions on the surface roughness might 

have important consequences in the area of polymer electrolyte membrane fuel cells and water 

electrolysers, which employ Pt nanoparticles as electrocatalysts.  The strong dependence of the 

interfacial mass variation on the surface roughness suggests that the interfacial behavior of Pt-

based nanostructured catalysts (mainly nanoparticles) cannot be easily interpreted on the basis of 

experimental results obtained using single-crystal electrodes.  These observations call for 

extensive research on the influence of surface roughness on the mechanisms and kinetics of 

electrochemical reactions, because it is reasonable to expect that the surface roughness will affect 

not only the HER, HOR, OER, and ORR, but also other processes such as electrodeposition and 

electro-dissolution.  Because surface modifiers (e.g. surface smoothing agents) are often 

employed in industrial scale electrodeposition and electropolishing, it is expected that their 

interfacial behavior (surface coverage and orientation) might also depend on the morphology of 
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electrode materials.  Consequently, application of EQCN in research on these processes might 

result in the observation of new phenomena that have received little attention until now.  

 

 

3.4 Conclusions  

 

We prepared Pt electrode of gradually increasing surface roughness and examined their 

behavior using cyclic-voltammetry and electrochemical quartz-crystal nanobalance.  On the basis 

of these experiments, we report the values of interfacial mass changes associated with the 

electrochemical H adsorption and desorption as well as the surface oxide formation and reduction 

on Pt electrodes in relation to their surface roughness.  These interfacial mass changes increase 

linearly with the surface roughness and their extrapolation to the roughness factor of 1.00 

produces for the first time the interfacial mass responses for an atomically flat polycrystalline Pt 

electrode.  The interfacial mass responses are converted to the interfacial molar mass changes 

expressed per 1 mol of Pt surface atom, which are then assigned to specific number of species 

interacting with a single Pt surface atom.  The interfacial mass change for the entire potential 

range (EPR, here 0.05–1.40 V) is δΔMEPR = 45.1 g molPt
−1.  The interfacial mass change for the 

hydrogen adsorption range (HAR) is δΔMHAR = 20.1 g molPt
−1 and corresponds to 1 HUPD adatom 

and 1.2 H2O molecules.  The interfacial mass change for the double-layer charging range (DLCR) 

is δΔMDLCR = 6.66 g molPt
−1 and corresponds to 0.10 H2O molecules and 0.087 anions.  The 

interfacial mass change for the surface oxide formation range (SOFR) is δΔMSOFR = 18.4 g molPt
−1 

and corresponds to the addition 0.92 O adatoms and an unspecified number of H2O and H3O+ 

species.  The cyclic-voltammetry profiles for Pt electrodes of gradually increasing roughness 

reveal the same features and their normalization to a roughness factor of R = 1.00 yields 

overlapping profiles.  This indicates that the polycrystalline nature of the electrodes remains the 
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same even when the surface roughness increases up to R = 13.0; thus, the ratio of the main 

crystallographic facets remains unaltered.  Understanding of the nature and number of species 

interacting with each surface atom as the roughness of Pt electrodes gradually increases is of 

great importance to the polymer electrolyte membrane fuel cells and water electrolysers because 

it can affect the mechanisms and kinetics of the key electrochemical reactions involved in the 

conversion of chemicals into electrical energy and vice versa.  The basic knowledge reported in 

this contribution will benefit computational efforts the objective of which is to model the 

platinum-polymer electrolyte membrane interface as a function of experimental parameters.  

Finally, the observation of a linear relationship between the interfacial mass variation and the 

surface roughness leads to a modified version of the Sauerbrey equation, which allows the 

determination of the interfacial mass response of Pt electrodes in different potential ranges in 

relation to its roughness.  
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Chapter 4 

Influence of the Surface Roughness of Platinum Electrodes on the 

Calibration of the Electrochemical Quartz-Crystal Nanobalance  

 

 

4.1 Introduction  

 

The rising interest in sustainable energy storage and generation systems, such as water 

electrolysers and fuel cells, stimulates experimental research on the key electrochemical reactions 

occurring at their electrodes.  The main objective of these research efforts is to understand the 

nature of electrochemical reactions and interfacial processes occurring in these systems that 

determine their efficiency and durability.  The electrochemical quartz-crystal nanobalance 

(EQCN) is an important technique that measures in-situ mass changes associated with 

electrochemical processes occurring at the electrode surfaces.1–3  It is also an attractive technique 

due to its high sensitivity and relatively low cost.  Information acquired using the EQCN in 

conjunction with conventional electrochemical techniques, such as cyclic-voltammetry (CV), 

chronoamperometry (CA), and chronopotentiometry (CP), provides new insight into 

electrochemical processes and contributes to the understanding of their mechanisms at the 

atomic/molecular level.  When evaluating the performance of electrochemical energy systems, 

one needs to examine the charge, energy, and mass balances.  While the charge balance is 

typically studied using well-established electrochemical techniques and the energy (heat) balance 

using calorimetry and temperature-dependent studies, the mass balance assessment is frequently 

neglected due to lack of experimental approaches.  However, the EQCN is a very suitable 

experimental approach and can measure interfacial mass changes even in the ng cm−2 range.4  
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A typical EQCN experimental setup employs a quartz-crystal resonator covered with a 

metallic layer (e.g. Au or Pt) that serves as a working electrode.  Its resonant vibrational 

frequency (f0) decreases upon mass addition and increases upon mass removal.  The change in the 

resonant vibrational frequency (Δf) is converted into a mass changes (Δm) using the Sauerbrey 

equation:  

 

  fCf
f

ρμ
m  f2

0

qq

2
        (4.1)  

 

where f0 is the resonant frequency of the resonator prior to mass addition/removal, μq is the shear 

modulus of quartz (2.947 × 1011 g cm−1 s−2), ρq is the density of quartz (2.648 g cm−3), and Cf is 

the theoretical characteristic constant.5  In the case of f0 being 9.00 MHz, the theoretical 

characteristic constant equals 5.45 ng cm−2 Hz−1.  The technique was initially developed to study 

deposition of solids under vacuum conditions and was known as the quartz-crystal microbalance 

(QCM), it became an important electrochemical research tool.1,6  The EQCN is applied in 

electrochemistry research with the objective of shedding light on the atomic/molecular level of 

interfacial processes, but its usefulness is strongly related to the accuracy of measurements and 

data analysis.  

Ideally, one would like the frequency changes to be associated with the mass 

addition/removal, but there are other experimental factors that can cause a frequency change, 

such as temperature and pressure variation, density and viscosity changes in the electrode 

vicinity, stress/strain development in the deposit, and surface roughness modification.1,2,7  

Because typical CV, CA, and CP take only a few minutes, the temperature and pressure remain 

constant and their contribution to Δf is negligible.  In the case of interfacial processes occurring at 

Pt electrodes, such as the electrochemical H adsorption/desorption or the surface oxide 
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formation/reduction, the density and viscosity of electrolyte do not change.  In addition, these 

processes do not develop any stress/strain in the Pt deposit, thus their contribution to Δf is also 

negligible.  However, the influence of surface roughness cannot be negligible because as it 

increases, the real surface area at which electrochemical processes occur also increases.  The 

derivation of the Sauerbrey equation (equation 4.1) was based on the assumption that the 

resonator surface is completely flat.  However, real electrode surfaces are never flat and their 

roughness has to be taken into account when interpreting EQCN results.  There is a lot of interest 

in the interfacial electrochemical phenomena occurring at meso- and nano-structured or powder 

materials, because some electrochemical energy storage and generation technologies require large 

surface area materials.8–10  However, the role of surface roughness is not taken into consideration 

because it has never been a subject of systematic research and there are no mathematical 

approaches.  The influence of the surface roughness on the response of EQCN in the potential 

range of the electro-adsorption of H and surface oxide formation is the subject of a report of Kim 

et al.11  They observed that an increase of the real surface by a factor n increased the charge 

associated with these interfacial electrochemical processes by exactly the factor of n, but the 

interfacial mass change by less than a factor of n.  Based on those measurements, they proposed a 

modified version of the Sauerbrey equation that takes into account the surface roughness.  The 

conversion of experimentally determined frequency changes to interfacial mass changes uses the 

Sauerbrey equation and the theoretical characteristic constant.  However, it is unclear whether the 

theoretical value of the characteristic constant agrees with the one determined experimentally.  In 

addition, it is unclear whether any deviation between these two values depends on the surface 

roughness of the EQCN resonator.  Because the EQCN is an electroanalytical technique, each 

instrument should be calibrated using a suitable experimental approach so that the values of the 

theoretical and experimental characteristic constants (Cf and Cf,exp, respectively).12  However, this 
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is not the case and, consequently, some quantitative results reported in the literature might be 

incorrect.  

In this contribution, we report on the influence of the surface roughness of Pt-coated 

resonators on the value of the experimental characteristic constant.  The surface roughness of Pt-

coated resonators is steadily increased by Pt electrodeposition and the values of Cf,exp are 

determined using Ag deposition.  The surface roughness of the Pt electrodes is examined using 

the electro-adsorption of H as a probe and the atomic force microscopy.  The values of Cf,exp are 

compared to those determined using the Sauerbrey equation (Cf) and examine any correlations 

between these two.  

 

 

4.2 Experimental  

 

Electrochemical experiments were conducted using a Bio-Logic model SP-150 

potentiostat/galvanostat and a Seiko-EG&G model QCA 922 quartz crystal analyzer.  All 

electrochemical experiments were performed within a custom-built vibration-isolated Faraday 

cage, which was suspended on flexible rubber bands from an external frame to minimize 

mechanical interferences from the outside environment.  Measurements were carried out in a 

custom-made Pyrex two-compartment electrochemical cell.  The working and counter electrodes 

were placed in the main compartment and the reference electrode in the second one.  The second 

compartment was connected to the main compartment through a Luggin capillary.  A platinum-

coated quartz-crystal resonator (Seiko-EG&G, QA-A9M-PT) having a resonant frequency of ca. 

9.00 MHz served as the working electrode; it was placed in a Teflon holder that was attached 

horizontally to the bottom of the EQCN cell.13  One of the Pt-coated sides on the resonator was in 

contact with the electrolyte; its geometric surface area was 0.196 cm2.  A platinum gauze (Alfa 
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Aesar, 99.9%) spot-welded to a Pt wire (Alfa Aesar, 99.95%) was used as a counter electrode and 

its surface area was more than ten times that of the working electrode.  A reversible hydrogen 

electrode (RHE), which consisted of Pt wire (Alfa Aesar, 99.95%) covered with a thin layer of 

electrodeposited Pt black, was used as the reference electrode.  A high purity 0.50 M aqueous 

H2SO4 electrolyte solution for CV and mass variation (MV) measurements was prepared using 

concentrated H2SO4 (Fluka Analytical, TraceSELECT ≥95%) and ultra-high purity (UHP) water 

(Millipore, 18.2 MΩ cm).  A solution of 0.20 mM H2PtCl6 in 0.50 M aqueous H2SO4 was used to 

electrodeposit Pt to increase the electrode surface roughness.  A solution of 1.5 mM Ag2SO4 in 

0.50 M aqueous H2SO4 was used to electrodeposit Ag in order to calibrate the instrument.  The 

0.20 mM H2PtCl6 and 1.5 mM Ag2SO4 solutions were prepared using H2PtCl6  6H2O (Alfa 

Aesar, 99.9%) and Ag2SO4 (Aldrich, 99.999%), respectively.  Ultra-high purity Ar(g) (Praxair, 

5.0 grade) was purged through the main compartment for 1 hour prior to the commencement of 

CV and MV measurements or prior to Pt electrodeposition to expel any reactive gasses from the 

solutions.  

Preconditioning.  Prior to the commencement of all experiments, the as-purchased Pt-

coated resonator was preconditioned by potential cycling 1000 times in the range of E = 0.05–

1.50 V using a potential scan rate of s = 50.0 mV s−1 in outgassed 0.50 M aqueous H2SO4 solution 

at T = 298 K.  After the preconditioning, the electrolyte was exchanged for a new batch to ensure 

maximum cleanliness of the system, and then CV and MV measurements were conducted.  

Increasing the surface roughness of electrodes via Pt electrodeposition.  Platinum 

electrodeposition on the Pt-coated resonator was conducted to fine-tune the surface roughness of 

the working electrode.  The Pt electrodeposition was accomplished using chronoamperometry at 

the potential of E = 0.20 V for t = 30.0 s in an outgassed 0.50 M aqueous H2SO4 solution 

containing 0.20 mM H2PtCl6 at T = 298 K.  As the number of the Pt electrodeposition cycles 

increased, the value of R of the electrode was raised.  
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CV and MV measurements for roughened Pt electrodes.  After the Pt electrodeposition, 

the electrochemical cell was thoroughly rinsed using UHP water and filled with a fresh batch of 

0.50 M aqueous H2SO4 solution.  Then, the electrodeposited Pt electrode was pretreated using 

potential cycling (ca. 300 times) in the E = 0.05–1.40 V range at a potential scan rate of s = 50.0 

mV s−1 in outgassed 0.50 M aqueous H2SO4 solution at T = 298 K.  This process is known as the 

electrochemical annealing; it releases any stress from the near-surface region of the 

electrodeposited Pt and produced a CV profile characteristic of a polycrystalline Pt electrode.14  

Afterward, the electrolyte was changed for a fresh batch of outgassed 0.50 M aqueous H2SO4 

solution and CV and MV measurements were carried out simultaneously in the range of E = 

0.05–1.40 V at a potential scan rate of s = 50.0 mV s−1 and T = 298K.  Ten MV measurements 

were conducted and their average is reported in this contribution.  This approach improved the 

signal-to-noise ratio of the MV transients.  The electrochemically active surface area (Aecsa) of the 

electrodeposited Pt electrode was calculated using the charge density (210 µC cm−2) associated 

with the formation of one monolayer (ML) under-potential deposited H.15   The values of the 

surface roughness factor (R) of the electrodeposited Pt electrodes were calculated by dividing 

Aecsa by the geometric surface area (Ag = 0.196 cm2 in this study) of the working electrode.  

Analysis of the values of the experimental characteristic constant via Ag 

electrodeposition.  The values of the experimental characteristic constant (Cf,exp) for the Pt 

electrodes having a gradually increasing surface roughness were investigated by means of a 

galvanostatic Ag electrodeposition.  The Ag electrodeposition was conducted in 0.50 M aqueous 

H2SO4 solution containing 1.5 mM Ag2SO4 using chronopotentiometry (CP) by applying a 

defined current density of j = 50.0 μA cm−2 for pre-defined periods of time.  Each 

electrodeposition time was adjusted in order to obtain the charge density required to form seven 

monolayers (ML) of Ag deposit.  Thus, as the value of R gradually increased, the Ag 

electrodeposition time was also increased.  Afterward, the electrodeposited Ag layer was stripped 
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by means of linear sweep voltammetry from the open circuit potential to 0.775 V at a potential 

scan rate of s = 1.0 mV s−1.  After the Ag stripping, the electrode and the cell were rinsed with 15 

wt.% HNO3 solution followed by thorough rinsing with UHP water.  The Ag electrodeposition-

stripping experiment was repeated three times to ensure good reproducibility of the results.  Such 

determined three Cf,exp values were averaged and the average value is reported in this paper.  All 

the Ag electrodeposition experiments were conducted at room temperature (T = 298 K).  The 

topography of the electrodeposited Ag layers was examined using an atomic force microscope 

(AFM), Veeco Instruments MultiMode V.  The AFM measurements were performed in a contact 

mode using a silicon nitride tip (k = 0.12 N m−1) at a tip speed of 1.0 µm s−1 under ambient 

conditions.  

 

 

4.3 Results and discussion  

 

The preparation of Pt electrodes of steadily increasing surface roughness and the 

characteristics of their surface morphology are discussed in Chapter 3.11  Figure 4.1 presents CV 

profiles (A) and corresponding frequency variation (FV) transients (B) for Pt electrodes having a 

gradually increasing surface roughness recorded in 0.50 M aqueous H2SO4 at a potential scan rate 

of s = 50.0 mV s−1 and T = 298 K.  The brown CV profile and FV transient were obtained using 

an as-received but preconditioned Pt electrode (see Section 4.2 Experimental for the details of 

preconditioning) having a roughness factor of R = 1.61.  They are characteristic of a clean system 

and reveals the usual features associated with the electrochemical H adsorption/desorption as well 

as the surface oxide formation/reduction.16,17   
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Figure 4.1.  Cyclic-voltammetry profiles (A) and simultaneously recorded frequency variation 

transients (B) for Pt electrodes having the surface roughness factor of R = 1.61, 4.58, 6.86, and 

10.3 acquired in 0.50 M aqueous H2SO4 at a potential scan rate of s = 50.0 mV s−1 and T = 298 K.  
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The subsequent CV profiles and FV transients refer to Pt electrodes of gradually increasing 

surface roughness.  As the surface roughness of the Pt electrode increases by a factor of n, the 

corresponding current density values of each CV feature and the respective charge density values 

scale up by the same factor.  However, the corresponding values of Δf increase by less than a 

factor of n.  This behavior is the subject of a separate contribution and a detailed data analysis.11  

The values of R for each Pt electrode were obtained by comparing Aecsa to Ag of the electrode, 

while the values of Aecsa were determined by determining the charge density associated with the 

electrochemical H adsorption/desorption.15  Therefore, the value of R is linearly related to the 

number of Pt surface atoms interacting with the electrolyte components facilitating the electro-

adsorption of H.  

In order to calibrate the EQCN system for Pt electrodes having a gradually increasing 

surface roughness, Ag was electrodeposited galvanostatically on each Pt electrode.  The 

electrodeposition of Ag was extensively studied and is known to follow the Frank-van der Merwe 

mechanism.18–21  According to this growth mechanism, the formation of a new atomic layer does 

not start until the formation of preceding layer is completed.  The electrodeposit develops a 

smooth layer across the entire surface up to ca. ten MLs.22  Figure 4.2A presents a charge density 

(q) versus time (t) profile for the Ag electrodeposition at a constant current density of j = 50.0 μA 

cm−2 on an as-received Pt electrode having a surface roughness of R = 1.61 in 0.50 M aqueous 

H2SO4 solution containing 1.5 mM Ag2SO4.  As expected, the absolute value of q increases 

linearly with the electrodeposition time (it is negative because it is a cathodic process).  Figure 

4.2B presents a simultaneously recorded frequency variation (FV) transient associated with the 

Ag electrodeposition.  It shows that the absolute value of Δf also increased linearly with the 

electrodeposition time; the value of Δf is negative because mass addition decreases the resonant 

frequency.   
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Figure 4.2.  A charge density (q) versus time (t) profile (A) and a simultaneously recorded 

frequency variation transient (B) for Ag electrodeposition at a current density of j = 50.0 µA cm−2 

on a Pt electrode having a surface roughness factor of R = 1.61 acquired in 0.50 M aqueous 

H2SO4 + 1.5 mM Ag2SO4 solution at T = 298 K; a charge density (q) versus frequency variation 

(Δf) plot (C) obtained by combining the plots shown in the graphs (A) and (B).  

 

 

A combination of these two transients generates a linear plot of q versus Δf (Figure 4.2C).  The 

green dashed lines in Figures 4.2A through 4.2C refer to the values of q corresponding to the Ag 

electrodeposit being 1, 3, 5, and 7 monolayers (MLs) in thickness.  Application of the Faraday’s 

law (equation 4.2) facilitates the conversion of the q values into values of Δm, bearing in mind 

that the number of electrons transferred per Ag atom is z = 1 and the atomic weight of Ag is W = 

107.87 g mol−1; F is the Faraday constant (F = 96485.3 C mol−1).  
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Rearrangement of this equation (isolation of Δm) and its substitution into equation 4.1 leads to the 

following formula, which allows determination of the value of the experimental characteristic 

constant:  

 

  


















f

q

Fz

W
C expf,          (4.3)  

 

where q/Δf is the slope of the plot shown in Figure 4.2C.  Because the q versus Δf shows only one 

linear region, Cf,exp has only one value of Cf,exp = 5.18 ng cm−2 Hz−1.  The tiny deviations from 

linearity over the initial 30 Hz region are due to the formation of Ag nuclei, which eventually 

merge and form a complete monolayer.  Consequently, only the region corresponding to the 

formation of 2–7 MLs of Ag deposit is used in the determination of the value of Cf,exp.19,23–25  In 

Appendix B, we present analogous plots for Pt electrodes having different surface roughness 

values, namely 4.58, 6.86, and 10.3.  These results are used to determine the value of Cf,exp for 

these four values of R.  

In order to examine the surface morphology of the multi-layer Ag deposits, we employed 

atomic force microscopy (AFM) and conducted surface topography studies in the contact mode.  

Figures 4.3A and 4.3B depict AFM images and line profiles of the Pt electrodes having the 

surface roughness factor of 1.70 and 12.1, respectively.  Figures 4.3C and 4.3D present AFM 

images and line profiles of the two Pt electrodes after electrodeposition of 5 MLs of Ag.  

Although we present AFM results for Ag deposits being 5 ML in thickness, there are 

representative of the overall trend.  The AFM images presented here cover 5.00 µm in both the x 

and y directions as well as 400 nm and 800 nm in the z direction.   
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Figure 4.3.  Atomic force microscopy images and line profiles for Pt electrodes prior to Ag 

electrodeposition having the surface roughness of R = 1.70 (A) and R = 12.1 (B).  Atomic force 

microscopy images and line profiles of the same electrodes after electrodeposition of 5 MLs of 

Ag; the graphs (C) and (D) refer to R = 1.70 and R = 12.1, respectively.  The blue arrows in the 

graphs (D) indicate large islands that develop through the merger of medium size islands.  

 

 

In order to present the true (undistorted) morphology of the Pt surface prior to and after Ag 

deposition, the scale of the x, y, and z axes is the same.  The AFM image and line profile of the Pt 

electrode with R = 1.70 prior to the electrodeposition of Ag (Figure 4.3A) reveal smooth faces 

and edges.  After the electrodeposition of Ag, the surface preserves its main morphological 

features and shows similar characteristics (Figure 4.3C).  Thus, the Ag deposit mimics the surface 

of the underlying Pt substrate, which is expected because the electrodeposition of Ag follows the 

Frank-van der Merwe growth mechanism.  The AFM image and line profile of Pt electrode with 

R = 12.1 prior to the electrodeposition of Ag (Figure 4.3B) reveal a roughened surface with 

uniformly distributed small islands and randomly distributed medium size islands.  The height 

and the width of the medium size islands are in the 40–80 nm and 100–300 nm ranges, 

respectively.  After the electrodeposition of Ag (Figure 4.3D), the surface consists of mainly 

medium size and large islands; the small islands are practically indistinguishable.  The average 

size of the medium size and large islands is significantly greater than the size of these features 
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prior to the electrodeposition of Ag.  The large islands most likely develop through the merger of 

medium size islands (the blue arrows in Figure 4.3D).  Following the electrodeposition of Ag, the 

height and the width of the medium size and large islands are in the 30–80 nm and 200–500 nm 

ranges, respectively.  Although the AFM images and line profiles presented in Figures 4.3B and 

4.3D reveal some structural changes (the large islands) brought about by the electrodeposition of 

Ag, the morphology and height of a majority of these surface features resemble that of the 

substrate prior to the formation of Ag deposit.  We were not able to perform AFM measurements 

at identical locations on the electrode surface, but the AFM results are a good representation of 

the surface roughness of the Pt electrodes prior to and after their roughening through Pt 

electrodeposition, as well as prior to and after the electrodeposition of Ag. 

In Figure 4.2 and Appendix B, we present an approach used to determine the value of 

Cf,exp for Pt electrodes having different surface roughness, namely R = 1.61, 4.58, 6.86, and 10.3.  

We performed analogous experiments for other values of R covering the 1.61–13.0 range in order 

to identify any trend.  The green squares in Figure 4.4 present the evolution of Cf,exp values as s 

function of R; the black, horizontal dashed line represents the theoretical value of Cf, which is Cf 

= 5.45 ng Hz−1 cm−2.  The values of Cf,exp are distributed over a relatively narrow range; it 

increases from 5.18 ng Hz−1 cm–2 for the lowest surface roughness of R = 1.61 to 5.98 ng Hz−1 

cm−2 for the highest surface roughness of R = 13.0.  An analysis of the trend using different 

mathematical equations revealed that they follow a logarithmic relationship.   
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Figure 4.4.  A plot showing the relationship between the values of the experimental characteristic 

constant (Cf,exp, green squares) and the surface roughness factor (R) for Pt-coated resonators.  The 

black dashed line refers the value of the theoretical characteristic constant (Cf = 5.45 ng cm−2).    

 

 

The logarithmic equation presented below and developed through data fitting relates the values of 

Cf,exp to Cf and R, and two fitting parameters,  and :  

 

   RCC lnβαfexpf,          (4.4)  

 

where α = 0.935 ± 0.009 and β = 0.066 ± 0.006.  The green dashed line represents the best fit 

using this mathematical expression (the square of the correlation coefficient equals 0.952).  In the 

case of R = 1.00, thus the surface is polycrystalline in nature but atomically flat, the parameters α 

determines how the value of Cf,exp relates to the value of Cf.  The parameter β is a measure of the 

rise of Cf,exp with increasing R.  The experimental characteristic constant (Cf,exp) adopts the same 
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value as the theoretical one (Cf = 5.45 ng Hz−1 cm−2) in the case of R = 2.69 (the cross-over 

point).  

The theoretical and experimental values of the characteristic constant (Cf and Cf,exp) were 

employed to convert the FV transients (Figure 4.1B) into mass variation (MV) transients for Pt 

electrodes having the four values of R.  The MV transients shown in Figure 4.5A were obtained 

using the theoretical characteristic constant (Cf = 5.45 ng Hz−1 cm−2) and the MV transients 

presented in Figure 4.5B were obtained using the experimental characteristic constant (Cf,exp), 

with the value of Cf,exp being different for each specific value of R, as in Figure 4.4.  Although the 

MV transients shown in Figures 4.5A and 4.5B reveal the same characteristics, the values of Δm 

are different.  Because Cf = Cf,exp only in the case of R = 2.69 (the cross-over point), the 

difference in the values of Δm obtained using Cf and Cf,exp is related to the magnitude of ΔR, 

where ΔR = R – 2.69.  We used the values of Δm presented in Figures 4.5A and 4.5B to 

determine the values of δΔm covering the 0.05–1.40 V range, thus being defined by the following 

equation:  

 

  V05.0V1.40δ   EE mmm         (4.5)  

 

The black triangles in Figure 4.6 present the values of δΔm determined using the Δm data shown 

in Figure 4.5A, and the green squares in Figure 4.6 present the values of δΔm determined using 

the Δm data shown in Figure 4.5B.  In both instances, the values of δΔm increase linearly with R, 

but the trends have slightly different slopes.  The experimental data (the black triangles and green 

squares) were fitted using a linear regression and the fitting outcome is presented as black and 

green dashed lines; in both cases, the square of the correlation coefficient is 0.999.   
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Figure 4.5.  Mass variation transients converted from frequency variations transients shown 

Figure 1B using the Cf value (A) and the Cf,exp values for specific values of R (B).  
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Figure 4.6.  Values of the mass variation (δΔm = ΔmE=1.40V − ΔmE=0.05V) for a complete cyclic-

voltammetry profile covering the 0.05–1.40 V range.  The δΔm values obtained using the value of 

Cf are shown as black triangles and those obtained using the values of Cf,exp for specific values of 

R are shown as green square.  

 

 

Their extrapolating to R = 1.00 yields the values of δΔm for an atomically flat polycrystalline Pt 

electrode, and they are 98.2 ± 4.5 ng cm−2 (for Cf) and 90.7 ± 4.9 ng cm−2 (for Cf,exp), respectively; 

they differ by ca. 7.6%.  In the case of the as-received Pt electrode having R = 1.61, the respective 

values of δΔm are 116 ± 2 ng cm−2 (for Cf) and 110 ± 2 ng cm−2 (for Cf,exp); they differ by ca. 

5.2%.  EQCN measurements involve several sources of experimental uncertainty and the limit of 

detection (LOD) and the limit of quantification (LOQ) of the EQCN are 3 ng cm−2 and 9 ng cm−2, 

respectively.4  Because 5.2% of 116 ng cm−2 or 110 ng cm−2 corresponds to less than the LOQ of 

the EQCN, both the theoretical and experimental characteristic constants can be used to analyze 

the data obtained using the EQCN experimental setup employed in the course of our research.  

The respective slopes of the δΔm versus R plots (Figure 4.6) are 40.0 ± 0.5 gm cm−2 (for Cf) and 
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44.5 ± 0.6 ng cm−2 (for Cf,exp), thus they differ by ca. 11%.  This difference indicates that in the 

case of Pt electrodes having significant surface roughness, the determination of δΔm requires the 

knowledge of Cf,exp because the application of Cf would results in a discrepancy that significantly 

exceed the technique’s LOQ.  Consequently, a similar analysis and an evaluation of Cf,exp should 

be performed using a different EQCN setup than the one employed in the course of our research.  

 

 

4.4 Conclusions  

 

This study explores the influence of surface roughness of Pt electrodes on the frequency 

response of the electrochemical quartz-crystal nanobalance (EQCN).  An entire set of Pt-coated 

resonators of gradually increasing surface roughness was prepared via Pt electrodeposition.  

Then, a thin layer of Ag (up to ca. 7 monolayers) was electrodeposited; the charge density (q) and 

frequency change (Δf) associated with this process were measured concurrently.  Atomic force 

microscopy (AFM) was employed to examine the surface morphology of the Pt-coated resonators 

prior to and after Ag electrodeposition.  The AFM results, images and line profiles, indicated that 

the electrodeposition of Ag followed the Frank-van der Merwe growth mechanism, thus that the 

Ag deposit mimicked the surface topography of the underlying Pt substrate.  Plots of q versus Δf 

yielded the values of the experimental characteristic constant (Cf,exp) for each resonator having its 

unique value of the surface roughness factor (R).  The values of Cf,exp were found to differ from 

the value of the theoretical (calculated) Cf, which refers to an atomically flat surface.  In addition, 

the values of Cf,exp were found to increase logarithmically with rising values of R.  The values of 

the theoretical and experimental characteristic constants were used to determine the interfacial 

mass changes (δΔm = ΔmE=1.40V − ΔmE=0.05V) associated with a complete cyclic-voltammetry 

profile covering the 0.05–1.40 V range.  Because Cf and Cf,exp have different values, the values of 



 

83 

 

δΔm did not agree and their discrepancy increased with rising R.  This discrepancy was small in 

the case of Pt electrodes being relatively smooth (as-received, polished Pt-coated resonators); it 

was smaller than the limit of quantification (LOQ) of the EQCN set-up, which was 9 ng cm−2.  

Thus, in the case of as-received Pt-coated resonators and having relatively smooth surfaces, both 

Cf and Cf,exp can be used to convert Δf results to Δm values.  However, in the case of rough Pt-

coated resonators as well as meso- and nano-structured materials, the conversion of Δf to Δm 

requires the knowledge of Cf,exp, which needs to be determined through calibrating the instrument.  

In the case of electrodes with an extended surface area, direct application of the theoretical 

characteristic constant would result in significant under-evaluation of mass changes associated 

with interfacial electrochemical processes.  This is of particular importance to electrochemical 

technologies, such as polymer electrolyte membrane fuel cells and water electrolysers, where 

interfacial mass changes could shed light on the nature and number of electrolyte components 

interacting with electrode surfaces.  The latter is very important because it affects the kinetics of 

electron transfer in the slowest reactions, i.e. the oxygen reduction and oxygen evolution 

reactions.  The EQCN is a powerful technique that can be used to study other electrochemical 

processes, such as electro-oxidation and corrosion of metals and alloys, electrodeposition, and 

electro-polymerization.  It can also be applied to monitor interfacial states of materials used in 

electrochemical supercapacitors.  However, its application in quantitative data analysis requires 

knowledge of the morphology of electrode materials and the value of the characteristic constant.  

In summary, the EQCN is a very powerful and relatively inexpensive experimental technique that 

can be effectively used to investigate a broad range of electrochemical processes but its 

application requires determination of the limits of detection and quantification, as well as the 

characteristic constant.  
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Chapter 5 

Conclusions  

 

 

During the course of this doctoral thesis work, the influence of the surface roughness of 

Pt electrodes on the frequency response, thus the mass response, of the electrochemical quartz-

crystal nanobalance (EQCN) was studied.  The EQCN is a powerful and relatively inexpensive 

technique for in-situ measurements of mass changes associated with interfacial electrochemical 

processes.  Platinum electrochemistry and electrocatalysis play an important role in the 

development of electrocatalysts for hydrogen fuel cell and water electrolyser technologies.  The 

Pt electrocatalysts applied in these technologies have very small sizes, meso- or nano-size, and 

their electrode surface is very roughness (the electrochemically active surface area is very large) 

because of the small size of the electrocatalysts.  A considerable amount of research was 

conducted using the EQCN with the objective of gaining a better understanding of Pt 

electrocatalysis, but the influence of the surface roughness was not examined and, consequently, 

remained unknown.  In this work, we first suggest a suitable methodology for the determination 

of the limits of detection and quantification (LOD and LOQ, respectively) of the EQCN 

measurements.  The impact of the surface roughness on the mass response of the EQCN is 

analyzed.  As outcomes of the analysis, we are able to determine the number of electrolyte 

compounds interacting with each Pt surface atom and report a modified version of the Sauerbrey 

equation.  In addition, we calibrate the EQCN system for the more reliable data analysis for an 

electrode having a rough surface.  

In Chapter 2, for the first time, we report a methodology for the determination of the 

values of LOD and LOQ of EQCN measurements for Pt electrodes in aqueous H2SO4 using 
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cyclic-voltammetry and concurrently measured frequency variation.  The linear double-layer 

charging region in the frequency transient is selected as a baseline, and the standard deviation of 

the frequency data is obtained.  Since the LOD and LOQ are defined as three times and ten times 

the standard deviation of the instrument signal from blanks, the values of LOD and LOQ are 

determined to be in the 2–3 ng cm−2 and 6–10 ng cm−2 ranges, respectively, depending on the 

electrolyte concentration.  The variation of the LOD and LOQ values with the electrolyte 

concentration is attributed to the increased structural inhomogeneities of the electrolyte in the 

interfacial region.  The values of LOD and LOQ are small enough to make this technique suitable 

for measuring interfacial mass changes associated with the electrochemical behavior of Pt 

electrodes.  

In Chapter 3, for the first time, we report the response of the EQCN for atomically flat 

polycrystalline Pt electrodes.  Platinum electrodes having a steadily increasing surface roughness 

are prepared through Pt electrodeposition, and their interfacial mass responses are examined 

simultaneously with cyclic-voltammetry measurements.  Based on these experiments, the values 

of interfacial mass changes associated with the electrochemical H adsorption and desorption as 

well as the surface oxide formation and reduction on Pt electrodes are reported in relation to their 

surface roughness.  They linearly increase with the surface roughness factor, and their 

extrapolation to the roughness factor of R = 1.00 produces the interfacial mass responses for 

atomically flat polycrystalline Pt electrodes.  These interfacial mass change values are converted 

to the interfacial molar mass changes, revealing the number of H, O, water, and ionic species 

interacting with each Pt surface atom.  In addition, the examination of the linear relationship 

between the interfacial mass changes and the surface roughness results in a proposal of a 

modified version of the Sauerbrey equation, which takes into account the surface roughness of the 

electrodes.  



 

88 

 

In Chapter 4, we report on the study of the influence of surface roughness of Pt 

electrodes on the value of experimental characteristic constant (Cf,exp) of the EQCN, as 

determined via Ag electrodeposition measurements.  A thin layer of Ag is electrodeposited on the 

Pt electrodes of gradually increasing surface roughness, and the values of charge density and 

frequency change associated with the electrodeposition of Ag are measured.  Atomic force 

microscopy images and line profiles of the Pt electrodes prior to and after Ag electrodeposition 

show that the morphology of the Ag deposits mimics the surface topography of the underlying Pt 

substrate.  The slopes of the charge density versus frequency change plots yield the values of 

Cf,exp for each Pt electrode (having its unique surface roughness), and the values differ from the 

theoretical characteristic constant (Cf).  The values of Cf,exp increase logarithmically with rising 

values of R.  Both the values of Cf and Cf,exp are used to determine the interfacial mass changes 

associated with the CV measurements.  In the case of Pt electrodes having a relatively smooth 

surface, both values can be used to convert frequency changes to mass changes.  However, in the 

case of rough Pt electrodes, the conversion of frequency changes to mass changes requires the 

knowledge of Cf,exp, which can be obtained through calibrating the instrument.  This indicates that 

for electrodes with large surface roughness, direct application of the Cf value yields under-

evaluated mass changes associated with interfacial electrochemical processes.  

The new knowledge acquired using the EQCN is very important for the understanding of 

the nature of interfacial electrochemical processes occurring at Pt electrodes.  Although in this 

work we employed Pt electrodes, the approach is universal and could be applied to other 

materials.  For instance, it could be employed to study the interfacial behavior of other platinum-

group or non-platinum-group metals that are of industrial importance and possess a meso- or 

nano-structure.  These could be materials such as Ni, which finds application in electrochemical 

energy generation and storage systems.  In addition, the EQCN could be a suitable technique to 

study the corrosion of metals or alloys.  It is also a very suitable technique to study 
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electrodeposition of metallic or non-metallic materials.  The EQCN can be easily combined with 

many electrochemical techniques with the objective of shedding new light on the nature of 

interfacial electrochemical processes.  However, such research has to be conducted with a lot of 

diligence and the analysis of experimental data has to be thorough.  
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Chapter 6 

Future Work  

 

 

The outcome of my doctoral research project creates new knowledge as well as new 

research opportunities.  In this final chapter, I would like to suggest three research projects that 

could be pursued as a follow-up on this thesis work.  The research ideas described below could be 

expanded and become M.Sc. or Ph.D. thesis projects.  

In the first part of my research, which is presented in Chapter 2, we used Pt-coated 

quartz-crystal resonators but other resonators (e.g. Au, Ag, Ni, Fe, etc.) are commercially 

available and could be employed in experimental research.  Very few metallic materials reveal 

good adhesion to quartz and, consequently, an intermediate layer made of Cr or Ti is typically 

employed.  The presence of the intermediate layer could contribute to the intrinsic noise level, 

thus to the LOD and LOQ of EQCN measurements.  Because Au has good adhesion to quartz, the 

use of Au-coated resonators without and with an intermediate layer in the analysis of the EQCN 

noise level could shed light on the technique’s LOD and LOQ.  

In the second part of my research, which is presented in Chapters 3 and 4, we analyzed 

the influence of steadily increasing surface roughness of Pt electrodes on their frequency 

response.  The surface roughness of the Pt electrodes was modified through Pt electrodeposition, 

which produced wave-like surface features and small/large islands.  The height and size of these 

features were in the 40–80 nm and 100–300 nm ranges, respectively, and the electrode surface 

roughness factor was up to ca. R = 13.  In this thesis work, we were able to control the value of 

the surface roughness factor; however, we were not able to control the shape and size of surface 

structures.  It is desirable to examine the influence of the shape and size of surface features on the 
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EQCN frequency response.  There are several methods that can produce specific surface 

structures, such as hemispheres, cones, tetrahedrons, pyramids, or cubes on the electrode surface.  

For example, photolithography, specific deposition (electrochemically or physically), or 

preferential etching (electrochemically or physically) techniques can be used to control the shapes 

and patterns of surface structures in the 10–100 nm range.  In addition, atomic layer deposition 

technique could be employed because it can develop surface patterns that are below 10 nm in 

size, thus several atomic monolayers in size.  Thus, through precise control of the size and shape 

of the surface structures, one could examine their influence on the frequency changes, thus the 

interfacial mass changes, associated with electrochemical processes.  This research would shed 

light on the magnitude of LOD and LOQ for such patterned electrodes as well as the relationship 

between Cf and Cf,exp.  

This project focused on the interfacial behavior of Pt electrodes as examined using the 

EQCN.  There is a considerable amount of information available for Au-coated resonators but 

little is known about the interfacial mass response of other materials, such as Fe or Ni.  A wide 

selection of electrode materials is commercially available and they can be used in experimental 

research to meet specific applications.  For instance, Fe-coated electrodes could be used for a 

better understanding of its corrosion behavior.  Nickel-coated electrodes could be used for a study 

of its electrocatalytic activity and durability in alkaline water electrolysis.  Copper-coated 

electrodes could be effectively used in research on the reductive conversion of CO2 into fuels.  

Finally, once we manage to control the composition and surface morphology of EQCN 

resonators, we could analyze their frequency and mass responses during interfacial 

electrochemical processes with the objective of finding trends and mathematical data modeling.  

The mathematical modeling could incorporate parameters that take into account the geometry and 

size of surface features and the nature of the electrode material.  Dedicated data modeling could 

lead to a new version of the Sauerbrey equation, which would be more versatile.   
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Appendix A 

Appendix for Chapter 3  

 

 

The current density (j) and the mass change (Δm) values of cyclic-voltammetry (CV) and 

mass variation (MV) transients shown in Figures 3.4A and 3.4B are divided by the corresponding 

values of the electrode roughness factor (R).  Such normalized plots, namely j/R versus E and 

Δm/R versus E, are presented in Figures A.1A and A.1B, respectively.  Figure A.1A reveals that 

the CV profiles normalized for the roughness factor values overlap; the agreement is to ±1.9%, 

which is within the experimental uncertainty.  Figure A.1B demonstrates that the MV transients 

normalized for the surface roughness factor do not overlap.  
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Figure A.1.  Series of roughness factor-normalized CV profiles (A) and simultaneously recorded 

MV transients (B) for Pt electrodes of gradually increasing surface roughness (1.61 ≤ R ≤ 13.0) 

acquired in 0.50 M aqueous H2SO4 at a potential scan rate of s = 50.0 mV s−1 and T = 298 K.  
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Appendix B 

Appendix for Chapter 4  

 

 

Figures A.2A through A.2C show the charge density (q) versus frequency variation (Δf) 

plots for the Ag electrodeposition at a constant current density of j = 50.0 µA cm−2 on Pt 

electrodes having surface roughness factors of R = 4.58, 6.86, and 10.3, respectively, in 0.50 M 

aqueous H2SO4 solution containing 1.5 mM Ag2SO4.  Their slopes are used to determine the 

value of Cf,exp for each value of R.  The green dashed lines refer to the values of q corresponding 

to the Ag electrodeposit being 1, 3, 5, and 7 monolayers (MLs) in thickness.  
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Figure A.2.  Charge density (q) versus frequency variation (Δf) plots for the Ag electrodeposition 

on Pt electrodes having surface roughness factor of R = 4.58 (A), 6.86 (B), and 10.3 (C).  The 

electrodeposition of Ag is accomplished at a current density of j = 50.0 µA cm−2 in 0.50 M 

aqueous H2SO4 + 1.5 mM Ag2SO4 solution at T = 298 K.  
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