
Fundamental research on the voltammetry of polycrystalline
gold
Yang, S.

Citation
Yang, S. (2024, April 9). Fundamental research on the voltammetry of
polycrystalline gold. Retrieved from https://hdl.handle.net/1887/3731809
 
Version: Publisher's Version

License: Licence agreement concerning inclusion of doctoral thesis
in the Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/3731809
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3731809


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

4 
Exploring the excess free charge 

distribution under catalytic conditions 

using a quartz crystal microbalance 

methodology 

 

 

 

 

 

 

 

 

 

 



Chapter 4 

72 

Abstract 

Understanding the distribution of the excess free charge at electrified interfaces is pivotal for 

the development of various energy conversion systems, such as electrolysers and fuel cells, and 

energy storage systems including electrical double layer capacitors, pseudocapacitors and 

batteries. Nonetheless, measuring the excess free charge on a solid material directly is 

challenging. This study introduces the utilization of an electrochemical quartz crystal 

microbalance (EQCM) as an innovative approach to discern and quantify the electrode excess 

free charge. The EQCM exploits the oscillation frequency of a quartz crystal as a sensitive 

indicator of mass changes on a gold electrode. By capitalizing on the frequency response of the 

quartz crystal to the electrostatic attraction of free charges, this method may provide a means 

to identify the potential regions where a positive and a negative excess charge exist, respectively. 

Our study reveals the presence of a potential region where no frequency changes can be detected 

by EQCM, while an increase in −∆𝑓 occurs on both sides of this region. Under the assumption 

that the −∆𝑓 reflects the complete formation of excess charge, our EQCM methodology allows 

for identification and quantification of the excess charge even during the catalytic oxygen 

reduction reaction. Through a comparison of the frequency response recorded by the EQCM 

and the capacitance recorded by cyclic voltammetry, we can estimate the amount of excess free 

charge and the Faradaic charge in the entire pH scale. Furthermore, by examining the 

correlation between the excess free charge and the frequency response, we have constructed 

excess free charge distribution diagrams for both Ar and O2 saturated solutions.These diagrams 

aim to visually depict how the excess charge may fluctuate at specific pH levels and applied 

potentials before and during catalysis. 
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4.1 Introduction 

When an electrode is immerged into an electrolyte solution and a potential is applied, an 

excess free charge (either positive or negative) will emerge on the electrode surface and attract 

ions with an opposite charge. The precise structure of this electrified interface plays a crucial 

role in various energy-conversion systems such as chemical energy conversion systems (e.g. 

water splitting, fuel cells), and electrochemical energy storage devices (e.g. electrical double 

layer capacitors, pseudocapacitors, batteries).1-6 The presence of a potential of zero charge (PZC) 

is a defining characteristic of the interfaces of all these systems, representing the potential at 

which no excess charge exists on the electrode surface.7-9 Initial insights into the excess free 

charge and the PZC were gained from measurements of the surface tension at the mercury-

electrolyte interface, where the PZC is pinpointed as the potential corresponding to the maximal 

surface tension on an electrocapillary curve.2, 10 Surface tension measurements were deemed as 

a direct approach for detecting the excess free charge on liquid metal surfaces.11 However, 

extending such surface tension measurements to a solid material remains impossible. Drawing 

motivation from the successful identification of the PZC at mercury, which divides the 

electrified interface into two areas with opposing excess free charges, several indirect 

techniques have been developed to determine the PZC in solid materials. These methodologies 

encompass differential capacitance measurements,10, 12 the CO charge displacement method,13, 

14 laser-induced temperature-jump methods,15, 16 probe molecules techniques,17, 18 spectroscopy 

methodologies,19, 20 and computational approaches.1, 5, 7 However, all these indirect techniques 

become inapplicable in determination of the PZC when specific adsorption reactions 

accompanied with charge transfer occur simultaneously— an occurrence widespread in solid 

materials.21  

Exclusion of such chemisorption effects are for example important in the determination of 

the PZC with the minimum differential capacity approach, wherein it is assumed that the PZC 

is located there where the capacitance is minimal. Here any Faradaic current resulting from 

chemisorption reactions will directly disrupt the calculation of the differential capacity that 

relies on non-Faradaic current measurements. Increasingly intricate physical-chemical models 

have been integrated into the classical Couy-Chapman-Stern (GCS) model, that for example 
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include the field-dependent arrangement of water molecules, the discrete nature of adsorbed 

ions, and the quantum behavior of metals.2, 22, 23 Consequently, it is often possible to achieve a 

perfect fit for many capacitance profiles, by simply adjusting the model parameters. It is 

however imperative to corroborate these assumptions through precise experimental 

investigations.  

Other indirect methods to measure the PZC also exhibit limitations in determining the PZC 

in the presence of chemisorption reactions taking place. Determination of the PZC by laser-

induced temperature-jump methods relies on monitoring of the orientation of interfacial water. 

However, this approach is ill-suited for situations involving chemisorption, as chemisorbed 

species hinder the reorientation of such water molecules.15, 16 Probe molecule approaches, in 

which catalytic reactions are monitored that are sensitive to electrolyte accumulation, are 

sometimes employed to determine the PZC. Yet these methods are problematic given that the 

introduction of a chemical reagent that reacts with the electrode surface, and alters the 

electrochemical driving force for the forward chemical reaction during the analysis. This makes 

it challenging to accurately determine the PZC.17, 18 While spectroscopic methods can offer 

valuable insights into the type of ions that are present and how these interact with the electrode 

interface, determination of the PZC remains highly challenging, given that spectral changes 

might not always directly correlate with variations in the excess free charge. Moreover, 

extracting meaningful information from obtained spectra often requires advanced data analysis 

and modeling techniques.19, 21  

It is crucial to highlight that the excess free charge density, rather than the electrode 

potential, directly governs the strength of the interfacial electric field.24, 25 This electric field in 

turn influences the energy of the bonds formed between the electrode surface and adsorbates.24 

Specifically the orientation of interfacial water,5, 26, 27 and the hydration state of ions at the 

interface,28, 29 strongly depend on the excess free charge density. Therefore determining the 

excess free charge is important for understanding the reaction pathways and energetics 

occurring at the solid-liquid interface of electrodes.30-32 Due to the absence of an appropriate in 

situ method to quantify the excess free charge density, most research in this area has focused 

on identification of the PZC rather than exact measurements of the excess charge to monitor 
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the excess free charge distribution.7, 19, 24 Thus far it has remained particularly challenging to 

pinpoint how the charge distribution occurs at the electrode surface when specific adsorption 

reactions comes into play. This particularly holds when electrochemical reactions occur 

simultaneously with the buildup of excess charge as is typical in real environments. Under such 

conditions very little is known on how the excess free charge changes as a function of the 

applied potential. This question is the source of contentious issues within energy conversion 

systems, such as the extensive discussions on the role of electrolytes and solvents in 

electrocatalytic processes in chemical energy conversion33-35 as well as the intricate charge 

storage mechanisms in the field of electrochemical energy storage.36-38 

Motivated by the necessity for a direct method to measure the excess free charge within 

practical electrochemical environments, we introduce the application of an electrochemical 

quartz crystal microbalance (EQCM) to identify and quantify the electrode charge. The 

proposed EQCM method may offer a means to identify the electrode charge, thereby allowing 

one to shed light on the intricate interplay between the excess free charge and electrochemical 

processes. 

4.2 Experimental results 

4.2.1 Direct determination of excess free charge on EQCM 

EQCM is a sensitive technique that relies on an oscillating piece of quartz which frequency 

of oscillation relates to the mass of the piece of quartz. In the EQCM configuration, an ultrathin 

gold layer – on top of the piece of quartz – functions as a working electrode (Fig. 1). During 

electrochemical measurements frequency alterations triggered by mass changes at the electrode 

surface can be detected. In principle, these frequency changes can be converted to mass changes 

via the Sauerbrey equation: ∆𝑚 = 𝐶𝑓 ∙ (−∆𝑓).
39, 40 At the liquid – solid interface, alterations in 

frequency may not only originate from actual changes in mass of the solid electrode, but also 

in fluctuations of the density or viscosity of the electrolyte in the near vicinity of the electrode.41-

43 
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Fig. 1 EQCM setup illustrating the measurement of adsorbed molecule mass by tracking the 

resonant frequency change of a quartz crystal. 

Initially, EQCM was primarily employed to detect Faradaic electrochemical deposition 

and striping processes.39, 44 However, consistent frequency responses were even found in the 

regions of the electrochemical double layer (EDL) where Faradaic processes were absent.45-47 

For example, the Aurbach group investigated the effect of a range of different electrolytes on 

the frequency response in a series of EQCM measurements.46 They calculated the amount of 

the adsorbed ions (ΔΓ) from the frequency response in EQCM measurements. It was found 

that ΔΓ is sensitive to the type of cations and increases as the scanning potential decreases 

providing that the applied potential is set below the PZC. Yet ΔΓ is sensitive to the type of 

anions and increases as the scanning potential increases when the applied potential is set 

higher than the PZC. These observations clearly show that EQCM can be used to detect the 

accumulation of ions at different potential regions. We have also assessed the frequency 

response by varying cations and anions on the gold electrode in pH 3 solutions (Fig.2). The 

results distinctly indicate that the frequency change is responsive to the types of cations in a 

low potential range (Fig. 2A) and to the types of anions in a high potential range (Fig. 2B). 

Our findings on gold align with the EQCM experiments on nonporous carbon conducted by 

Aurbach group. These observations validate that the frequency response is indeed induced by 

the electrostatic adsorption of different ions, driven by the excess charge on the surface. 

Despite the many studies have explored in-situ monitoring of changes in the electrochemical 

double layer structure through EQCM,42, 45, 46 there remains a notable gap in our 

understanding of the distribution of ions at the solid liquid interface in a real environment. 

Although it has been shown that the frequency changes relate with the excess free charge, we 
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still do not exactly know which precise phenomenon is responsible for the frequency change. 

For example, an increase of excess free charge may lead to an increase of the viscosity of 

solution and/or concentration of the electrolyte near or at the electrode surface, and a 

combination of all these effects may be picked up by the EQCM experiment. Solving this 

knowledge gap is further complicated given that the chemical society still knows very little 

about the precise chemical processes occurring at the electrode interface, and how these are 

affected by subtle changes in electrolyte composition and pH changes.. For instance, the 

specific location where ion chemisorption occurs, the precise nature of the chemisorption 

processes, and how chemisorption reactions vary with alterations in the solution environment 

including the type and concentration of electrolyte types and the pH have not been identified 

for most electrode surfaces.. In this study, we have further investigated the direct resonant 

frequency response of the quartz crystal that results from the electrostatic interaction of the 

excess free charge in relation to the pH, and the counterions that are present in solution in 

case of a gold electrode. 

 

Fig. 2 the frequency change (-Δf) of EQCM on the gold electrode with change of types of 

ions at pH 3 solutions. (A) The frequency change (-Δf) at electrolytes with different cations. 

Anions is 0.05 M ClO4
─. (B) The frequency change (-Δf) at electrolytes with different anions. 

Cations is 0.05 M Na+. The shaded areas represent the range of frequency variations at every 

electrolyte during positive and negative scans in the three experiments.  
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Fig. 3 Three proposed models depicting excess charge variations with a changing applied 

potential. When the surface possesses a positive charge, the quantity of the adsorbed anions 

corresponds to this positive excess charge. The associated potential region is termed the “C+ 

zone”. When the excess free charge remains at zero, no ions are electrostatically attracted, 

resulting in a potential of zero charge referred to as the “PZC”. Conversely, when surface bears 

a negative charge, the amount of attracted cations corresponds to the negative excess charge. 

The corresponding potential region is labeled as “C− zone”. 

In a hypothetical EQCM experiment there are three possible responses and related 

potential regions that one may expect to encounter (Fig. 3). The C+ zone, the PZC, and C─ zone 

represent the potential regions, where a positive excess charge, zero excess charge and a 

negative excess charge exist, respectively. In order to establish a direct linear relationship 

between the excess charge and the frequency response, it is essential to first identify the correct 

C+ and C─ zones.  

As previous reports indicate, the chemisorption of anions frequently occur within the 

anticipated potential range where the PZC is expected.20, 48, 49 Additionally, the potential region 

wherein the chemisorption of anions occurs is sensitive to various factors such as the electrolyte 
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type and concentration, as well as the pH. Cyclic voltammetry (CV) experiments on gold reveal 

two redox waves, which presence merely depends on the pH (Fig. 4B). One redox wave (X) is 

mostly visible in acidic solutions, while the other redox wave (Y) is most prevalent in more 

alkaline conditions. It is important to note at the position where the X or Y redox waves can be 

observed no significant frequency changes were observed in EQCM measurements. Instead a 

significant increase in  −∆𝑓 can be observed both at more positive and more negative potentials 

from the X and Y redox couples, as illustrated in Fig. 4A and Fig. S11.  

Based on the QCM result, we can make a estimation of the potential region for the C− and 

C+ zones, respectively. To explore the correlation between excess free charge and the frequency 

response of the EQCM, we calculated the integrated charge of a CV (∆Q) and the corresponding 

negative frequency change (−∆𝑓) within the C+ zone, in 0.1 M HClO4, where the C+ zone is 

most pronounced (Fig. 4D). This analysis distinctly reveals a proportional linear relationship 

without an intercept between ∆Q  and −∆𝑓 , signifying that −∆𝑓  directly corresponds to 

changes in the excess free charge in the C+ zone. Additionally, in the C─ zone in 0.1 M NaOH, 

an inversely proportional relationship without an intercept between ∆𝑄 and −∆𝑓 was observed, 

indicating that −∆𝑓 directly corresponds to changes of the excess charge in the C─ zone as well. 

(Fig. 4C) Furthermore, we have calculated ∆𝑄 at different potential windows and found that 

the linear relationship between ∆𝑄 and −∆𝑓 is disrupted at a potential where the redox couples 

X and Y can be observed (Fig. S4).  
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Fig. 4 Detection of the surface excess charge through electrochemical quartz crystal 

microbalance (EQCM) measurements. (A) Frequency response of the EQCM at various 

potential regions: −∆𝑓 increases as the potential decreases in the C− zone, but increases as the 

potential increases in the C+ zone. Notably, there is a potential region where the  X/Y redox 

reactions occur, effectively maintaining −∆𝑓 at a minimum value. (B) Linear correlation of the 

frequency response and the integrated charge in the C+ potential region in 0.1 M HClO4. (C) 

Cyclic voltammograms (CVs) of gold in different Ar-saturated pH solutions at a scan rate of 

50 mV/s. The C+ and C─ zones denote the potential regions where a positive and negative 

surface excess charge is present, respectively. X and Y represent the regions where redox 

reactions occur in acidic (pH 3) and alkaline (pH 10) solutions, respectively. (D) Linear 

correlation of the frequency response and the integrated charge in the C─ potential region in 0.1 

M NaOH. 

In case of an ideal electrified interface, the capacitance (C) is constant irrespective of the 

scan rate. The change of the non-Faradaic charge (∆Q) is related to the potential drop (ΔE) and 

C, and can be expressed as ∆𝑄 = 𝐶 × ΔE.4 Consequently, ∆𝑄 remains independent of ν, even 

though the current (I) is proportional to ν (𝐼 = 𝐶 × ν) while C remains constant.38 To further 

confirm the direct relationship between the frequency change and the accumulation of the 

excess free charge, we investigated −∆𝑓 at varying scan rates (ν) (Fig. S1). These experiments 

show that −∆𝑓 is not affected by ν in both the C+ and C─ zones, which fully in agreement with 

the expected behavior of a non-Faradaic process.  

The classical GCS model divides the total capacitance of the electric double layer (CGCS) 

into Helmholz capacitance (CH) and the diffuse layer capacitance (CGC):10, 12  

1

𝐶𝐺𝐶𝑆
=
1

𝐶𝐻
+
1

𝐶𝐺𝐶
 

In this simplistic equation, 𝐶𝐻  is assumed to remain constant, and 𝐶𝐺𝐶  is expected to 

decrease with lower electrolyte concentration.50 Consequently, it is anticipated that  the total 

capacitance will decrease at a lower electrolyte concentration. This decrease in electrolyte 

concentration directly leads to a decrease in the excess charge that is attracted to the surface in 
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line with the equation ∆𝑄 = 𝐶 × ΔE. If the frequency change is indeed linked to the excess free 

charge, a diminishing −∆𝑓  should logically manifest when the electrolyte concentration is 

lowered. To validate this hypothesis, we examined the impact of the electrolyte concentration 

on the frequency changes in the C+ zone (Fig. S2A) and in the C─ zone (Fig. S2B). Indeed −∆𝑓 

diminishes in both zones when the electrolyte concentration is decreased from 0.1 M to 0.05 M. 

The diminished −∆𝑓  observed in a more diluted solution further solidifies the direct 

relationship between the frequency change and excess charge on the gold surface.  

4.2.2 Chemisorption of anions at the electrode surface 

Under conditions that are thermodynamically favorable, solvated ions can undergo partial 

dehydration and engage in bonding interactions with the electrode surface. This phenomenon, 

termed partial charge transfer, can lead to the formation of partially charged chemisorbates.51 

This behavior has been observed primarily with anions on metallic surfaces due to their weakly 

bound solvation shells.21 The two redox waves, denoted as X and Y, have previously been 

associated with chemical adsorption/desorption phenomena.49, 52 (Fig. 5A). For instance, the X 

wave is linked to the chemisorption of anions such as perchlorate, sulfate and nitrate, while the 

Y wave involves the chemisorption of hydroxide. To understand these phenomena better, we 

examined the oxidation peak potentials (𝐸𝑋+) and (𝐸𝑌+) (Fig. 5B) as well as the reduction peak 

potentials (𝐸𝑋−) and(𝐸𝑌−) (Fig. 5C) in relation to the pH. This revealed that 𝐸𝑋+ (0.31 V vs. 

NHE) and 𝐸𝑋− (0.19 V vs. NHE) are pH−independent on the NHE reference scale when the pH 

is below 8. On the other hand, 𝐸𝑌+  (0.82 𝑉 − 0.059𝑉 𝑝𝐻 𝑣𝑠. 𝑁𝐻𝐸)⁄  and 𝐸𝑌−  (0.77𝑉 −

0.059𝑉 𝑝𝐻⁄ 𝑣𝑠. 𝑁𝐻𝐸 ) exhibit a pH−dependent shift of − 59 mV/pH in the pH range of 8 – 13.  
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Fig. 5 X and Y redox peaks in the electrochemical double layer (EDL) region. (A) Cyclic 

voltammograms (CVs) of gold in Ar-saturated pH solutions (0.1 M ClO4
─) at 50 mV/s. (B) 

Pourbaix diagram illustrating the X+ (𝐸𝑋+) and Y+ (𝐸𝑌+) oxidation peaks during the positive 

scan of the CVs (Data from Fig. 5A). (C) Pourbaix diagram showcasing the X─ (𝐸𝑋−) and Y─ 

(𝐸𝑌−) reduction peaks during the negative scan of the CVs (Data from Fig. 5A). (D) Schematic 

representation of a diffusion controlled redox reaction and its electrochemical response 

displaying the relationship between the peak current (Ip) and the square root of the scan rate 

(√𝜐). (E) Schematic representation of a surface redox reaction and its electrochemical response 

demonstrating the relationship between the peak current (Ip) and the scan rate (𝜐). (F) CVs of 

gold in Ar-saturated 0.1 M NaClO4 (pH 4) solutions at varying scan rates ranging from 10 to 

300 mV/s. (G) Relationship between the scan rate and the X+ and X─ peak currents in pH 4. (H) 

CVs of gold in Ar-saturated 0.1 M NaClO4 (pH 10) solutions at varying scan rates ranging from 

10 to 300 mV/s. (I) Relationship between the scan rate on the Y+ and Y─ peak currents in pH 

10. 

The peak potentials associated with anion chemical adsorption and desorption (X redox 

couples) depend on the electrolyte concentration and the specific type of anion present (see S1 
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for details). Similar shifts in potential due to anion−dependent chemisorption (such as ClO4
─, 

NO3
─, or SO4

2─ ) have been directly observed on the Au(111) surface using various in situ 

spectroscopy techniques, including surface-enhanced infrared absorption spectroscopy 

(SEIRAS), subtractive normalized interfacial Fourier transform IR spectroscopy (SNIFTIRS), 

IR reflection-absorption spectroscopy (IRAS).20, 48, 49 Despite their relatively low surface 

coverage (less than 20%), the spectra clearly demonstrate that the bands corresponding to 

adsorbed anions (ClO4
─, NO3

─, and SO4
2─) shift as the potential becomes more positive within 

the potential range where the X redox couple is active on Au(111). This direct evidence supports 

the notion that the X redox peaks are associated with direct anion binding to the gold surface.  

As anticipated, the chemisorption of hydroxide is pH−dependent and shifts with a factor 

of −0.059 × 𝑝𝐻  in the Pourbaix diagram (Fig. 5B-C). While the detection of hydroxide 

absorption is typically easier in alkaline solutions,52, 53 it can even be observed at pH 3 when 

the anion concentration is significatly reduced to 0.01M (Fig. S6 and S8). The Pourbaix diagram 

illustrates that the chemisorption potential of perchlorate shifts towards the chemisorption 

potential of hydroxide when the pH increases (Fig. 5B and C). The slope of EClO4
- ultimately 

changes from 0 mV/pH to −59 mV/pH once the pH surpasses 8, and the perchlorate and 

hydroxide chemisorption features closely overlap (Fig. 5 and Fig. S5-8). This change indicates 

a shift in anion chemisorption from an electron transfer (ET) process within the pH range of 1-

8 to a proton−coupled electron transfer (PCET) process when the pH exceeds 8. This may 

suggest that co-chemisorption of perchlorate and hydroxide may occur within the pH range of 

8-13, given their closely aligned equilibrium potential.  

In the context of a redox reaction, the current response to an applied sweep rate (𝜈) hinges 

on whether the redox reaction process is governed by diffusion or surface phenomena.54, 55 

When a redox reaction is controlled by diffusion, the current response varies with the square 

root of the scan rate ( 𝐼(𝑉) = 𝑎𝜈
1 2⁄ ) (Fig. 5D).54, 56 Conversely, if a redox reaction is primarily 

constrained by surface reactions and not influenced by diffusion, the current exhibits a direct 

linear relationship with the scan rate ( 𝐼(𝑉) = 𝑎𝜈) (Fig. 5E).38, 54 Since the concentrations of Na+ 

and ClO4
─ are roughly the same at 0.1 M, both at pH 4 and at pH 10, these specific pH values 

were selected to examine the correlation between the peak currents (I) and the scan rate (ν), as 
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depicted in Fig. 5F and H. The data in Fig. 5G and 5I unmistakably indicate that the current 

responses IX and IY are directly proportional to the sweep rates for both the negative and positive 

scans. Since both features associated with perchlorate and hydroxide chemisorption follow a 

relationship of 𝐼(𝑉) = 𝑎𝜈 , it can be inferred that both processes are governed by surface-

controlled reactions devoid of diffusion involvement. Such surface-controlled redox reactions 

are commonly referred to as pseudocapacitance due to their proportionality to the scan rate, 

resembling the behavior of a physical capacitor. However, unlike traditional capacitors, these 

process involve Faradaic currents, as they stem from the occurrence of redox reactions.38, 54 

Notably, these redox reactions involving anions (X) and hydroxide (Y) are not diffusion 

controlled, suggesting that the anions are already present at the interface, or in case of Y involve 

the solvent (water). 

In the potential region where the X (acidic conditions) and Y (alkaline conditions) redox 

waves are observed, −∆𝑓 is unaffected by ∆𝑄 (Fig. S3 and S4). This finding suggests that the 

excess free charge may remain relatively constant during these redox reactions, even as the 

potential changes. While the classical GCS model clearly elucidates the behavior of excess 

charge on the surface in the absence of chemisorption, it remains unclear how excess charge 

evolves when chemisorption occurs. It is worth noting that detecting excess charge changes in 

the presence of chemisorption has been considered a challenging task.8 EQCM may offer a 

promising perspective for observing how the excess charge changes in a real-world 

environment. In the electrochemical double layer (EDL) potential region, EQCM exhibits a 

pronounced frequency response when there is no chemisorption and a minimum frequency 

response when chemisorption is occurring. The Kautek group examined the frequency changes 

on the gold electrode using EQCM in 0.5 M KOH. They observed a minimum frequency 

response in the potential region that is associated with OH─ chemisorption but noted a 

significant frequency response both above and below this region.42 Furthermore, they compared 

the frequency and mass difference at various potential regions, to study diverse electrochemical 

processes such as the specific adsorption of hydroxide, and structural changes in the double 

layer potential region. The Kautek group proposed double layer models involving the outer and 

inner Helmholz layers, based on the frequency responses on the gold surface observed by 
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EQCM measurements. They suggested that within the outer Helmholtz layer, fully solvated 

anions or cations exhibit electrostatic attraction/repulsion, which can be detectable through 

frequency changes on the EQCM in the EDL region. However, within the inner Helmholtz layer, 

where specific anions are adsorbed, the formation of neutral ion pairs with the metal surface 

may lead to practically no observable electrostatic attraction/repulsion.  

The EQCM measurements demonstrate that −∆𝑓  remains at a minimum, with no 

significant frequency changes occurring in the potential regions where the surface-controlled 

chemisorption reactions transpire, as illustrated in the X zone in Fig. 6A and B, and the Y zone 

in Fig. 6C. EQCM measurements enable the identification of the C+ zone, C– zone and PRMF 

across the entire pH scale, as illustrated in Fig. 6D. Jun Cheng’s group reported state-of-the-art 

ab initio molecular dynamics simulations of electrified Pt(111)/water interfaces.5 Their research 

revealed the existence of water chemisorption when the metal surface transitions from a 

negative to a positive charge. This chemisorbed water alters the surface coverage, subsequently 

increasing the differential capacitance, resulting in a bell-shaped differential capacitance curve. 

We speculate that a similar chemisorption behavior may also occur with anions in case of the 

gold electrodes of study when the excess free charge shifts from negative to positive. Here these 

chemisorbed species may form neutral ion pairs within the Helmholtz layer act to offset the 

potential change.42 This may explain why no significant excess charge is built up in the region 

where these surface redox reactions occur, and therefore results in an apparent potential region 

where minimum frequency changes occur(PRMF) that is situated between the C+ and C– zones.  
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Fig. 6 Surface excess charge detection in different Ar-saturated pH solutions. (A-B) 

EQCM measurements on gold in 0.1M HClO4 (A), NaClO4 (B) and NaOH (C). The upper part 

displays the frequency response as a function of potential, while the lower part illustrates the 

CV. The scan rate is set at 50 mV/s in the EQCM measurements. The X and Y regions indicate 

the potential regions where the X and Y redox couples can be identified in a CV, respectively. 

C+ signifies the potential region of positive excess charge, whereas C─ represents the potential 

region of negative excess charge. (D) Potential regions of C+ and C─ observed across varying 

pH solutions. The red and blue lines depict the potential regions where the X and Y redox 

reactions are present, respectively, under Ar-saturated conditions. There is a potential region of 

minimum frequency (PRMF) between C+ and C─ zones. 

 

 

4.2.3 The electrified interface in the presence of oxygen 

While discussions on electrochemical double layer (EDL) structure at electrode interfaces 

have persisted over a century,23, 57, 58 the in situ visualization of the actual distribution of cations 

and anions at the solid-liquid interface during a catalytic process has remained elusive.23, 59 

Taking into account the linear correlation between −∆𝑓 and ∆Q, and the hypothesis by Kautek 
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grouppoint to a potential region between C+ and C– where chemisorption occurs where 

frequency changes cannot be observed by EQCM, we can speculate what the charge distribution 

diagram at the solid-liquid interface would look like. While there may undoubtedly be more 

complex electrochemical processes at play at and near the PRMF, and we cannot dismiss the 

possibility that these other electrochemical processes also affect the excess free excess free 

charge and may not be detected by EQCM, in the following discussion we have assumed that 

the effect of such processes would be minimal. Under the assumption that −∆𝑓 changes directly 

correlate with the excess charge, we can probe the EDL structure during catalytic processes. 

Since the oxygen reduction reaction (ORR) occurs within the PRMF region, we employed our 

EQCM methodology to detect the surface excess charge both under an inert atmosphere and 

during the catalytic ORR process.  
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Fig. 7 Surface excess charge detection in the presence of oxygen reduction reaction in 

different pH solutions. (A) CVs of gold in Ar-saturated (top) and O2-saturated (bottom) 0.1 M 

HClO4 at 50 mV/s. (B) CVs of gold in Ar-saturated (top) and O2-saturated (bottom) 0.1 M 

NaOH at 50 mV/s. (C) Pourbaix diagram illustrating the peak potential of oxygen reduction 

reaction (EORR) across the entire pH scale. (D-G) The EQCM frequency response in Ar-

saturated (black line) and O2-saturated (green line) conditions across different pH solutions: pH 

1 (D), pH 4 (E), pH 10 (F), pH 13 (G). The X and Y zones indicate the potential regions where 

the X and Y redox couples are identifiable in a CV under Ar─saturated conditions. C+ signifies 

the potential region of positive excess charge, while C─ represents the potential region of 

negative excess charge. (H) Potential regions of C+ and C─ observed across varying pH 

solutions. The red and blue lines represent the potential regions where the X and Y redox 

reactions can be observed under Ar-saturated conditions, respectively.  

Under saturated O2 conditions, the potential region of the ORR consistently aligns with 

the potential regions where the X and Y redox reactions can be observed in the absence of O2, 

as depicted in Fig. 7A and B. Given that the peak potential of the ORR, denoted as EORR, 

remains constant regardless of variations in the oxygen quantity, EORR apparently is not affected 

by kinetic factors, and therefore considered to be an interesting descriptor to monitor (Fig. S10). 

By recording EORR across different pH values and constructing a corresponding Pourbaix 

diagram (Fig. 7C), distinct EORR slopes (vs. NHE) become apparent. For pH levels lower than 

8, EORR does not shift on the NHE reference scale. However, EORR displays a decrement of 

−31mV/pH once the pH surpasses 8. This dual EORR slope pattern in the Pourbaix diagram 

suggests that the rate−determining step of the electrochemical ORR process involves only 

electron transfer steps (𝑂2 + 𝑒
− ⇄ 𝑂2

−) within the pH range of 1-8, whereas it transitions to a 

two─electron and one−proton process (𝑂2 + 𝐻
+ + 2𝑒− ⇄ 𝐻𝑂2

−) when the pH exceeds 8. 

Gold, characterized by a weak oxygen binding energy, experiences a pronounced 

reduction in ORR overpotential when transitioning from acidic to alkaline solutions, a 

phenomenon akin to other materials exhibiting weak oxygen binding energies.60 In terms of 

whether oxygen directly adsorb onto the catalyst, the ORR process can be conceptually divided 

into a surface-dependent inner-sphere electron transfer mechanism and a surface-independent 
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outer-sphere electron transfer mechanism.61 Materials with low oxygen binding energies, 

including Au,62 Ag,63 carbon materials64 and several oxides,65 have been proposed to reduce O2 

through an outer-sphere electron transfer process. Within this context, it has been hypothesized 

that chemisorbed anions function as outer-sphere bridges between the O2 and the Au surface, 

thereby stabilizing catalytic intermediates in alkaline solutions.60, 62, 66 However, the outer-

sphere electron transfer mechanism alone does not comprehensively explain the two distinct 

trends in ORR activities exhibited by these systems, occurring both below and above pH 8.  

We conducted a comparatively analysis of the frequency response as a function of the 

applied potential using EQCM in both Ar−saturated and O2−saturated solutions ( Fig. 7D-G). 

When the  pH of the solution is below 8, a notable difference is observed when comparing the 

conditions under saturated Ar and O2. Specifically, the PRMF width diminishes, and the onset 

potential of C+ zone, denoted as onset C+ undergoes a negative potential shift under saturated 

O2. (Fig. 7D and E). In instances where the pH is 1, the onset C+ shifts from 0.55 V vs. RHE 

under Ar to 0 V vs. RHE under O2 (Fig. 7D). Similarly, at pH 4, the onset C+ transition occurs 

from 0.67 V vs. RHE under Ar to 0.3 V vs. RHE under O2 (Fig. 7E). Moreover, EQCM analysis 

in presence of oxygen shows that the onset potential of the ORR falls within the C+ region when 

the pH is below 8 (Fig. S11A and B).  

Conversely, when the pH of the solution exceeds 8, a noticeable disparity of potential 

regions emerges in the PRMF and the C─ zone comparing saturated Ar and O2. Notably, under 

O2 ─saturated conditions, the PRMF consistently maintains its presence, even as the Faradaic 

current associated with catalytic O2 reduction increases by a factor of 150 when compared to 

the current under Ar conditions (Fig. S11C and D). Moreover, its width expands in conjunction 

with the negatively shifted onset potential of the C─ zone, recognized as onset C− (Fig. 7F and 

G).  

Assuming that the variables resulting from the ORR reaction process, such as pH 

fluctuations and the quantities of reactants and products, have a minimal impact on the EQCM 

signal, the identification of the PRMF, C+ and C─ zones within O2─ saturated solutions becomes 

straightforward, as depicted in Fig. 7H. Any distinction can be easily observed when comparing 

conditions under O2 (Fig. 7H) with that under Ar (Fig. 6D). Notably, when the pH is below 8, 
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the width of PRMF diminishes, and onset C+ shifts negatively. Conversely, the width of PRMF 

expands, and the onset C− shifts negatively when the pH exceeds 8. This notable change in the 

PRMF under O2−saturated conditions could potentially imply that the presence of O2 leads to 

the detachment of perchlorate from the electrode surface, while hydroxide remains bound.  

In essence, the precise identification of the PRMF, C+ and C─ zones reveals how the excess 

free charge may change under catalytic ORR conditions under the assumption that −∆𝑓 

changes directly correlate with the excess charge.  

4.2.4  Charge distribution at electrified interfaces 

The essence of the electrified interface lies in comprehending the distribution of the excess 

free charge. Assuming that ∆𝑓 gives us the full picture regarding the surface excess charge, the 

processes occuring at the gold surface can be devided in a Faradaic process involving surface 

redox reactions in the PRMF, and non-Faradaic processes that occur in the C─ and C+ zones. 

To assess these two processes, we examined the differential capacitances at varying pH, as 

depicted in Fig. 8A. Beyond the potential range of the surface redox reactions (X and Y zones), 

a differential capacitance of approximately 18 μF/cm2 is observed. However, within the X 

and/or Y redox regions, the presence of charge transfer from chemical adsorption/desorption 

enhances the differential capacitance, resulting in a bell-shaped curve with a maximum 

capacitance of 50 μF/cm2. The bell-shaped differential capacitance arises from the 

chemisorption of perchlorate (X region) and hydroxide (Y region) on gold. The chemical 

adsorption/desorption of perchlorate within the pH rang of 1-8 (Fig. 8B) and hydroxide within 

pH 8-13 (Fig. 8C) constitute two distinct surface redox reactions. We speculate that these 

surface reactions apparently impede the buildup of excess charge, resulting in the appearance 

of a PRMF where −∆𝑓 remains minimal in EQCM experiments. This may suggest that excess 

charge is established and augmented only after the completion of chemical adsorption (during 

a positive scan) or desorption (during a negative scan) (Fig. 8D).  

To analyze the net Faradaic charge distribution of surface redox reactions existing in the 

PRMF, we sum the integrated charge of adsorption during positive and desorption during 

negative scan in a CV experiment (Section S3 (2) and Fig.S12). For the non-Faradaic regions 
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(i.e. the C+ and C─ zones), we can calculate the accumulated excess charge (∆𝑄) using the 

potential difference (∆𝐸 ) between the onset potential of the non-Faradaic region to the 

calculated potential point, as well as the known capacitance (𝐶𝐴𝑟) from a cyclic voltammogram 

(Fig. 8A). The formula for calculating ∆𝑄 is ∆𝑄 =
𝐶𝐴𝑟×∆𝐸

𝐴
, where A is the electrode surface 

area (section S3(3)). By plotting the calculated Faradaic charge in the PRMF area and the excess 

charge in the non-Faradaic zones as a function of the applied potential, we can construct excess 

free charge distribution diagrams that are based on our assumption that ∆𝑓 relates directly to 

the surface excess charge. (Fig. 8E-F).  

Determination of the distribution of excess charge during a catalytic process where 

significant catalytic currents can be observed, has been unprecedented due to the lack of 

appropriate methods. Our EQCM methodology allows for the exploration of the excess charge 

by monitoring the frequency response during the catalytic oxygen reduction process. While it 

is not feasible to measure the excess charge directly from current under catalytic conditions, we 

managed to estimate the capacitance within O2-saturated solutions by utilizing the relationship 

between the frequency changes and the excess free charge. Based on the linear relationship 

between the frequency changes observed by EQCM to the excess free charge, we speculate that 

the slope of these frequency changes as a function of the potential change is linked to 

capacitance through the equation 𝐶 =
𝑄

∆𝐸
∝
−∆𝑓

∆𝐸
 (Fig. S13). Assuming that the reactants and 

products in a catalytic process do not significantly influence the frequency of the EQCM, we 

can obtain the difference in capacitance between an O2 and an Ar atmosphere, which can be 

related using a corrective coefficient (K). This coefficient is calculated as the ratio of 
−∆𝑓

∆𝐸
 under 

O2 to the that recorded under Ar and is expressed as 𝐾 =
(
−∆𝑓

∆𝐸
)𝑂2

(
−∆𝑓

∆𝐸
)𝐴𝑟
=
𝐶𝑂2
𝐶𝐴𝑟

. 

By comparing the frequency response under O2 and under Ar, it becomes clear that K 

correlates linearly with E within the C─ zone, while K is unaffected by E in the C+ zone (Fig. 

S13). This disparity is due to (
−∆𝑓

∆𝐸
)𝑂2 not being fully linear in contrast to (

−∆𝑓

∆𝐸
)𝐴𝑟. The observed 

disparity can likely be attributed to the occurrence of the ORR, which takes place prominently 

in the PRMF and C─ zone but is less prevalent in the C+ zone. Since K remains constant at 0.8 
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in the C+ zone (Fig. S13C), we assume the excess charge in the C+ zone under O2 saturated 

conditions using the equation ∆𝑄𝑂2 ==
0.8 𝐶𝐴𝑟×∆𝐸

𝐴
. The determination of capacitance in the C─ 

zone under O2 conditions can be determined, and relies on the corrective coefficient K 

expressed as 𝐶𝑂2 = 𝐾 × 𝐶𝐴𝑟 , wherein K was found emperically to change with 𝐾 = 0.18 −

0.24 × 𝐸 (More details in Fig. S13 and section S4). Consequently, we can estimate the excess 

charge in the C─ and C+ zones, respectively, thereby unveiling a qualitative excess charge 

distribution diagram under saturated O2 conditions as well. (Fig. 8G) Assuming excess free 

charge is reflected by the frequency changes of EQCM, the diagram visually demonstrates how 

the excess charge may fluctuate as a function of pH and the applied potential before and during 

catalysis. 
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Fig. 8 Proposed charge distribution diagram on the gold surface in a full pH scale. (A) 

Average differential capacitances (C) calculated by cyclic voltammetry as a function of pH, 

with a potential range of 0 – 1 V vs. RHE and scan rate of 0.05 V/s. The pH of the solutions is 

adjusted using a mixture of 0.1 M HClO4, NaClO4 and NaOH. (More calculation details are 

shown in Section S3(1)). The red X and blue Y regions illustrate the contribution of ClO4
─ and 

OH─ surface redox reactions to the increase in the capacitance of gold. (B) Proposed X redox 

reaction (ClO4
─ chemical adsorption/desorption ) on the gold surface. The red line represents a 

segment of the CV involving the X redox reaction. (C) Proposed Y redox reaction (OH─ 

chemical adsorption/desorption ) on the gold surface. The blue line represents a segment of the 

CV involving the Y redox reaction. (D) Proposed structure of the electric double layer (EDL) 

on gold. The surface excess charge changes from negative (purple) to neutral and positive 

(orange) as the applied potential increases. Dark green and dark red boxes represent the 

chemical desorption and adsorption on the surface, respectively. (E) Distribution diagram of 

the net Faradaic charge for specific adsorption/desorption involving electron transfer in an Ar-

saturated environment. The net charge of the surface redox reactions is the sum of integrated 

charges from both the positive and negative scans. (More details are shown in Section S3(2) 

and Fig.S12). (F) Surface excess charge distribution diagram on gold as a function of the pH 

under an Ar─saturated solution, within the potential region of 0 ─ 1 V vs. RHE. Purple, white, 

and orange colors represent three distinct excess charge states of the gold surface: negative, 

neutral, and positive, respectively. The details of mathematical model of excess charge under 

saturated Ar conditions are provided in Section S2(3). (G) Surface excess charge distribution 

diagram on gold as a function of pH in O2-saturated solutions, within the potential region of 0-

1 V vs. RHE. Purple, white, and orange colors represent three distinct excess charge states of 

the gold surface: negative, neutral, and positive, respectively. Further details of the 

mathematical model of excess charge under saturated O2 conditions are discussed in Section 

S4. 

4.3 Conclusion 

In summary, our study presents a methodology for exploring the excess free charge by 

EQCM. Through the analysis of three distinct frequency responses of a quartz crystal, we have 
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successfully identified the potential regions where significant excess charge builds up on the 

electrode, i.e. a positive excess charge concentrated in the C+ zone and a negative excess charge 

localized in the C─ zone. Additionally, we pinpointed an apparent potential region of where 

frequency changes cannot be detected by EQCM (PRMF), and where surface redox reactions 

involving Faradaic charge transfer are occurring. This EQCM method appears to be very 

versatile even during the electrocatalytic ORR. Moreover, our comprehensive EQCM and CV 

analysis has allowed us to create informative excess free charge distribution diagrams. These 

insights not only allow us to enhance our understanding of the interface environment in various 

materials, but also lay the groundwork for future investigations into tracking the real excess 

free charge dynamics during diverse chemical processes. Since the principles underlying a −∆𝑓 

response as a function of ∆𝑄are not understood, and the precise reason for the absence of a 

frequency response in the PRMF remains unknown, it is worthwhile to conduct further 

investigations into these precise phenomena. This can be achieved through a comparative 

analysis of different in situ methods and the application of more detailed mathematical models. 
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