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Dissertation Abstract 

This is partial fulfillment of a dissertation defense on electrochemical detection of Arsenic 

(As) in water using gold (Au) nanofilms as sensing electrodes. The maximum contaminant 

level of Arsenic in drinking water is set at 10 𝜇g L-1 by the WHO and USEPA. 

Electrochemical detection by linear stripping voltammetry has comparable detection limits to 

more expensive laboratory-based methods but with added benefits of being portable and 

manufacturable. The work has developed sputtered and crystallographically oriented 

nanofilms for detection of trace As (III). Ultraflat Au(111) oriented thin films, Au(UTF), 

were compared to single crystal model electrodes to identify the impacts of controlled 

surface atom geometry during fundamental electrochemistry studies. We found that the 

Au(111) surface structure had the highest sensitivity and selectivity for As (III) detection and 

the Au(UTF) performed very similar to the Au(111) single crystal model electrode for 



 vi 

detection of As (III). The Au(UTF)s were then tested to determine the ability to detect trace 

As when its primary competing contaminant, Cu (II), was also present. Experiments with As 

& Cu mixtures provided evidence of an intermetallic alloy which had a large impact on the 

ability to detect trace As at the Au(UTF) surface. This study has implications for 

manufacturable and low Au loading sensing electrodes. The work is intended to increase 

availability of high sensitivity detection of As in drinking water for rural areas where mining 

legacies and groundwater usage have resulted in increased exposure to As (III). 
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Chapter 1.  Introduction 

 Arsenic, As, is a carcinogen and toxin commonly found in drinking water sources 

around the world. 1, 2 It can be mobilized into a soluble form from anthropogenic sources, 

such as use of arsenical pesticides, 3 or natural geological processes in groundwater systems. 

4, 5 The world health organization (WHO) and United States Environmental Protection 

Agency (USEPA) have both determined 10 g L-1 to be the maximum contaminant level 

(MCL) of As in drinking water. 6-8 If daily drinking water contains a high concentration of 

As the person which relies on that water may begin to experience chronic arsenic poisoning 

which can result in a myriad of health concerns ranging from skin rashes and digestive issues 

to skeletal disorders and various forms of cancer. 9 Increased use of ground water and mining 

legacies have contributed to increased exposure of rural communities to unsafe 

concentrations of water. 10-12 The ability to identify and assess As contamination is essential 

to promoting both public and environmental health.  

 The goal of this dissertation is to identify a material which provides increased 

accessibility, sensitivity, and selectivity for electrochemical detection of arsenite, As (III), in 

water. This dissertation is divided into five chapters and three appendix sections. Chapter two 

provides a brief background to the presence of Arsenic, aqueous chemistry, electrochemical 

reactions, electrochemical analysis methods, and knowledge gaps in the form of a literature 

review. Chapters three, four, and five make up much of the dissertation and are formatted for 

submission to scientific journals. Chapters three and four have been published in Sensors 

Plus and Journal of Physical Chemistry C, respectively. The fifth chapter has been formatted 
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for submission to Physical Chemistry Chemical Physics and will be submitted shortly after 

the submission of this dissertation to the University of New Mexico repository. 

 Chapter 3 has been published in the Electrochemical Society Sensors Plus journal 

(https://doi.org/10.1149/2754-2726/ac6d67) and develops the use of a Au nanofilm direct 

current (DC) sputtered onto carbon paper as an ultralow Au loading (~13 g) and 

manufacturable method to generate low-cost As sensing electrodes. The DC sputtered Au 

electrodes were evaluated by x-ray fluorescence, scanning electron microscopy, and 

electrochemical analysis. This chapter focuses on the accessibility of electrochemical As 

sensing electrodes and demonstrates that sputtering of Au electrodes are a facile and rapid 

electrode generation method capable of detecting As in both laboratory and natural waters 

below the 10 g L-1 MCL.   

 Chapter 4 of this study is published in the Journal of Physical Chemistry C 

(https://doi.org/10.1021/acs.jpcc.2c05541) and develops the surface structure-activity-

detection relationship for Au electrodes by use of single crystal model electrodes and 

commercially available well oriented Au(111) thin films, Au(UTF). The work was done at 

the Universidad de Alicante with the mentorship and guidance of Dr. Juan M. Feliu and other 

excellent collaborators in the Instituto de Electroquimica in Alicante, Spain. The basal plane 

Au(111), Au(110), and Au(100) single crystal model surface electrodes and an 

electrochemical quartz microbalance were used to identify the impact of surface orientation 

on As redox. The Au(111) surface showed the highest sensitivity and selectivity for As 

detection and the Au(UTF) performed very similar to the Au(111) electrode. In addition to 

electrochemical characterization, the Au(UTF) electrodes were characterized for surface 

https://doi.org/10.1149/2754-2726/ac6d67
https://doi.org/10.1021/acs.jpcc.2c05541
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structure and morphology using scanning electron microscopy, transmission electron 

microscopy and electron backscatter diffraction. 

 Chapter 5 is formatted for submission to Physical Chemistry Chemical Physics and 

investigates the ability to utilize the Au(UTF) for As (III) detection with co-occurring Cu (II) 

in solution. Electrochemical cyclic voltammetry and linear stripping voltammetry analysis 

was performed in mixtures with high and trace concentrations of As and Cu with the 

Au(UTF) electrodes. The study shows that a Cu3As alloy is formed during LSV detection at 

the highly oriented Au(111) surface of the Au(UTF) electrode. The Cu-As intermetallic 

formed during the deposition step of LSV analysis was characterized with angle resolved x-

ray photoelectron spectroscopy and aqueous chemistry modelling. During experiments with 

mixtures of As and Cu the formation of the intermetallic caused significant shifts in peak 

shape and position during detection even when only 25 g L-1 Cu (II) was present. The limit 

of detection for As (III) was increased from 0.6 to 43 g L-1 As (III) when 1500 g L-1 Cu 

(II) was present in solution. This study provides new insights into alloy formation as a 

significant mechanism of As detection interference from Cu (II) and has important 

implications for the development of well oriented sensing electrodes.  

Chapter 2.  Literature Review 

2.1  Arsenic Chemistry 

 Arsenic (As) can be dissolved and mobilized into potential drinking water sources 

through natural or anthropogenic causes. 2, 4, 13-16 Groundwater in arid regions is likely to 

have high concentrations of As due to the reducing potential and contact with Arsenic 

containing compounds. 17 Humans have contributed to an increase in As concentrations in 
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surface waters due to mining operations, pesticides and effluents from various manufacturing 

industries. 3, 11 The health impacts of As in drinking water sources are widespread and severe. 

10 Some of the myriad risks of chronic exposure to high concentrations of As include 

increased child morbidity, skin lesions, diabetes, and renal cancers. 9, 18 Development of 

accurate methods for on-site determination of drinking water sources is an invaluable tool for 

aiding public and environmental health. 

The chemical speciation and complexation of As controls the toxicity and ability to 

detect it using electrochemistry. 17 Organic and inorganic species of As have four possible 

valences of As including As-3, As0, As+3 and As+5. 19 Arsenite, As (III), in its inorganic form 

is the most toxic with the pentavalent species being the second most concerning followed by 

some organic species. Arsenite is the most readily detectable using electrochemical methods 

due to the non-reversible redox between As (III) and As (V). Chemical reduction methods 

using reducing agents have been developed to determine As (V) by using a subtractive 

method where the As (III) is analyzed before and after chemical reduction of As (V) to As 

(III). 20-23 

2.2  Electrochemical Detection of As (III) 

Electrochemical detection of As can be portable, low cost, and accurate at part per 

billion (g L-1) concentrations. These factors make the technology ideal for on-site sensors 

and was established as a USEPA standard method in 1996. 24 Detection of As (III) can be 

performed using linear, square wave or differential pulse stripping voltammetry techniques. 

22, 25-30 Before describing the process of As detection, an understanding of the components of 

the electrochemical cell will be helpful for readers unfamiliar with voltammograms. 

Stripping analysis is typically performed in a three electrode cell configuration consisting of 



 5 

a working electrode (WE), counter electrode (CE), and reference electrode (RE) and is 

controlled by a specialized instrument called a potentiostat. 31 The focus of the 

electrochemical study is on the processes occurring on the working electrode. The potential 

on the working electrode is controlled in comparison to a reaction with a fast and known 

potential occurring at the reference electrode. The electric current which is passed during the 

reaction is passed between the WE, electrolyte solution, and CE. As the potential is swept 

positively or negatively at a constant rate over time (usually measured in mV s-1) if an 

electrochemical reaction occurs at the surface of the WE the current will increase or decrease 

depending on if it is an oxidation or reduction reaction, respectively. A voltammogram is 

generated by plotting the potential on the x axis, and the current on the y axis. Chemical 

reactions are then observed by analyzing any peaks, waves, or plateaus in the voltammogram. 

The redox potential of a reaction is the potential where a reaction will begin to occur and the 

standard state thermodynamic potential is the potential where the reaction will occur if the 

concentration of oxidized and reduced species are equal, 1 atm of pressure, and 298 K. If the 

reaction is diffusion limited the current vs. potential plot will result in a current peak 

beginning near the reaction potential and ending once the reaction has finished or reached a 

stead state. The shape, height, and width of a peak related to an electrochemical reaction 

contains many valuable insights into the reaction mechanisms occurring. Table 1 presents the 

electrochemical reactions and their standard state thermodynamic potentials for As (III), Cu 

(II) and Cu3As, which are the subject of this work. 32, 33  

Table 2-1 Chemical reactions and thermodynamic potential 

Reactions of Interest 
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Reduction process Chemical Reaction 

Thermodynamic 

Potential V vs. 

SHE 

As(III)/As(0) 
3 𝐻+ + 𝐻3𝐴𝑠𝑂3+ 3 𝑒−

↔ 𝐴𝑠 + 3 𝐻2𝑂 
0.248 

Cu(II)/Cu(0) 𝐶𝑢2+ + 2 𝑒− ↔ 𝐶𝑢 0.342 

Cu(II) + As(III)/Cu-As 

𝐻3𝐴𝑠𝑂3 + 3 𝐶𝑢2+ + 3 𝑒−

↔ 𝐶𝑢3𝐴𝑠 +  1.5 𝑂2

+ 3 𝐻+ 

- 

 

Now that the foundation of the electrochemical experiment has been described the 

process of stripping voltammetry can be more easily communicated. The general procedure 

of each of stripping voltammetry techniques is a three step procedure beginning with 

equilibration, followed by deposition, and finally stripping. 34 For anodic stripping 

voltammetry detection of As (III) the equilibration step is a period of time where the 

potential of the WE is held at a potential which is positive compared to the thermodynamic 

potential of As (III) reduction to As (0). This step ensures that the electrode does not have 

any of the reduced species pre-adsorbed and increases the consistency of results. After 

equilibration, the potential is quickly stepped to a potential below the thermodynamic 

potential and the reduction of As (III) to As (0) begins to occur. The deposition step is held at 

the reducing potential for a period of time and as time increases the amount of As adsorbed 

also increases. Finally, the stripping step is a sweep from the deposition potential back to the 

equilibrium potential and a plot of the current vs. potential during the stripping step shows an 

oxidation peak related to the dissolution of As(III) back into solution.  

Dr. Compton and his group have provided seminal work on the detection of As at 

gold electrodes in the early 2000s and continue to do so today. 35-38 A wide variety of 

alternative structures and materials such as mercury, silver, platinum and carbon electrodes 



 7 

have been investigated. 39, 40 However, Au is advantageous because of its nobility, reversible 

As (III) redox reaction, and relatively low hydrogen evolution overpotential. 41 Recent 

advances in detection have found that shape-controlled nanoparticles with preferred surface 

orientation present increased selectivity and sensitivity for As (III) detection. 25, 42, 43 

Selective detection is essential for accurate results when performing analysis in complex 

aqueous systems such as natural waters and wine which contain additional cations and anions 

which may impact the faradaic and capacitive currents observed during analysis. 20, 44, 45 

Copper is commonly cited as the most concerning interfering ion for electrochemical 

detection and is used as an indicator for selectivity for As. The close thermodynamic redox 

potential proximity between As (III)/As (0), 0.248 V vs. standard hydrogen electrode (SHE), 

and Cu (II)/Cu (0), 0.34 V vs. SHE, is cited as the reasoning for interference.32, 33 An 

intermetallic alloy of As and Cu is expected to contain Cu3As and can be formed 

electrochemically. 20, 46, 47 Figure 2.1 is a phase diagram for the Cu-As system produced by 

Shishin et al in which they compare their thermodynamic modelling to that of others from 

past studies. 47 The phase diagram shows that at ratios between 0.05 and 0.11 As/(As+Cu) a 

stable intermetallic Cu3As is favorable at room temperature. However, the phase diagram is a 

metallurgical study and shows a solid-state stability, so it is necessary to also consider if it is 

likely to form in an aqueous system as well. Figure 2.2 presents a thermodynamic model 

using geochemists work bench for a solution containing 1 mg L-1 Cu (II) and 750 g L-1. 

This figure shows that it is also thermodynamically favorable to form a Cu-As intermetallic 

in an aqueous solution and will be further analyzed in chapter 5.  
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Figure 2.1 Phase diagram of the Cu-As system From Shishin et al. 47 Thin red lines are 

adapted from the assessment of Subramanian and Laughlin (1988). Thin blue lines are 

calculated using model parameters of Teppo and Taskinen (1991). Thick black lines are 

calculated using model parameters of the present study. Symbols are experimental data. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)  
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Figure 2.2 Eh vs. pH diagram for 750 𝜇g L-1 As (III), 1 mg L-1 Cu (II) at 25  C and 

1.013 bars, generated using geochemist’s workbench. 

2.3  Gaps and Limitations in Existing literature 

This dissertation addresses gaps in existing literature related to accessibility, 

controlled surface morphology, and interference from Cu-As intermetallic formation for As 

(III) detection. The overall goal of this work is to identify a highly effective system which 

may be developed into a  

Chapter 3 seeks to address a gap in accessibility to electrochemical As analysis in 

drinking water for household use. Arsenic levels in drinking water sources can vary between 

safe and dangerous levels throughout the year due to environmental changes. 48 Therefor if a 

house relies on a groundwater source at risk of toxic As concentrations the water may be safe 

to drink at certain times of the year and unsafe at other times. In this case the snapshot in 

time analysis provides by laboratory techniques such as inductively coupled plasma mass 

spectrometry (ICP-MS), or atomic absorption spectrometry (AAS) may not have the 
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temporal resolution to determine the safety of the water. An additional barrier to household 

use is the cost of publicly oriented electrochemical As detection systems. Systems which 

have been geared toward the public specifically for As are often expensive, with portable 

potentiostats costing over $1,000 and compatible electrodes costing hundreds of dollars each. 

49 Although electrochemical cleaning of the electrode can allow for repeatable use of the 

electrodes, fouling of the electrode will occur and accuracy will decline with each additional 

use, leading to single use electrodes being the most practical for a household. 50 This cost is 

significantly less than the cost of ICP-MS or AAS equipment and may be a great alternative 

for a business or governmental organizations. However, for the average household hundreds 

of dollars per month for As sensing is not accessible. In chapter 3 we introduce a DC 

sputtered Au nanofilm sputtered on carbon paper as an ultralow Au loading electrode capable 

of detecting As (III) in laboratory and natural waters below the MCL of As in drinking water. 

This chapter seeks to increase accessibility of As detection to households by using low-cost 

and non-precious metal substrates with less than 10 g of Au to allow for cost effective 

replacement of sensing electrodes. 

Recent studies have investigated the use of shaped Au nanoparticles on carbon 

substrates to observe how surface geometry impacts selectivity for As detection. 25, 42, 43, 51 It 

has been found that the Au(111) surface shows higher sensitivity and selectivity compared to 

the other surface geometries. However, the use of nanoparticles inherently causes 

imperfections in surface geometry due to edges caused by the 3-dimensional structure and 

variable quality of result in shape control during synthesis. To fully understand the impacts 

of surface geometry of Au electrodes on As detection a more ideal surface is necessary. 

Single crystal model electrodes are commonly used to provide fundamental insights into 
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electrochemical reactions due to surface geometry and provide an ideal surface which can 

provide more systematic data relating the structure and electrochemical activity. 52-61 Chapter 

4 utilizes single crystals to elucidate the structure-activity-selectivity relationship between the 

Au basal plane surfaces and As detection. This study was performed in collaboration with the 

Instituto de Electroquimica at the Universidad de Alicante and shows that the Au(111) 

surface had the highest sensitivity and selectivity for As detection of the model electrodes. 

 Chapter 5 combines the benefits of low Au loading from chapter 3 and findings of 

controlled surface morphology from chapter 4 by investigating a commercially available 

ultraflat Au(111) thin films, Au(UTF), for As (III)detection with co-occurring Cu (II). The 

use of thin films on the order of 10 – 100 nm thickness allows for increased surface area to 

Au consumption. 62, 63 It was expected that the increased selectivity and sensitivity of the 

Au(111) surface would allow for separation of As (III) and Cu (II) oxidation peaks. 

However, the use of the Au(UTF) showed that the formation of a Cu-As intermetallic during 

the LSV deposition step severely impacted the capability to detect trace As (III) even when 

only 25 g L-1 Cu (II) was in solution. The formation of Cu-As intermetallic have been 

studied for metallurgical purposes but have not been thoroughly investigated in relation to 

detection of As at electrodes with controlled surface morphologies. Chapter 5 provides a 

systematic study showing the impacts of co-occurring Cu (II) on trace As (III) detection at an 

Au(111) surface. This study identified alloy formation as the primary cause of interference at 

Au(111) electrodes and provides new electrochemical and physical insights into the 

formation of Cu3As.  

2.4   Research Objectives 
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 The aim of this dissertation was to investigate and develop sensitive and selective 

gold (Au) nanofilm sensing electrodes for electrochemical detection of arsenite, As (III), in 

water. The work develops two nanofilm Au electrodes, a facile and rapid fabrication method 

and a commercially available ultraflat well oriented Au(111) for trace As detection. The 

relationship of surface structure and detection sensitivity and selectivity were assessed by use 

of specialized fundamental electrochemistry techniques and compared to the thin film 

electrodes.  

The overall goal of the research is to increase accessibility to effective and 

manufacturable electrochemical sensors for As detection in water and assess the benefits and 

challenges of using controlled surface morphology. Figure 2.3 presents a schematic of the 

research considerations overarching our goal of developing an accessible electrode which is 

effective at detecting As (III) at in conditions relevant to unsafe human exposure. The 

specific objectives and hypothesis of the following three chapters are: 

Objective 1: Determine the sensitivity of a DC sputtered ultralow loading Au nanofilm for 

As (III) detection in laboratory and natural waters below the 10 µg L-1 maximum 

contaminant level set by the USEPA and WHO. 

Hypothesis 1: The DC sputtered Au nanofilm will allow for detection below the 10 µg L-1 

maximum contaminant level. 

Objective 2) Develop understanding of surface structure dependence for As redox using 

single crystals and ultraflat Au(111) thin films. 

Hypothesis 2: The Au(111) surface will show the highest sensitivity and selectivity for 

electrochemical As (III) deposition and stripping. 
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Objective 3) Assess selectivity for As (III) detection in water containing Cu (II) when using 

ultraflat Au(111) thin film electrodes.  

Hypothesis 3: Isolation of As (III) and Cu (II) during LSV cannot be resolved using ultraflat 

Au(111) thin films at trace concentrations, due to electrochemical formation of a new phase 

during the deposition step of LSV. 
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3.1  Abstract 

 

This study investigates the use of DC sputtering, physical vapor deposition as a facile method 

for creating ultralow loading, Au/C electrodes for use in the detection of As (III) in water. 

The sputtered nanofilm electrodes on carbon papers, substantially reduces the amount of Au 

consumed per electrode, <10 µg cm-2, compared to use of wire, foil, or screen-printed 

electrodes. Linear stripping voltammetry (LSV) was chosen for analytical simplicity and ease 

of automation. Electrodes using Au nanoparticles supported on Vulcan XC 72R carbon were 

also investigated but were not viable for LSV analysis due to capacitive current charging of 

the high surface area carbon. The DC sputtered, Au nanofilm electrodes were used to create 

calibration curves for concentrations of As (III) between 5 and 50 μg L-1 and the standard 

addition method was used in a surface water sample with 5.5 μg L-1 total As. Peak areas 

plotted against concentration displayed strong linear correlation with meaningful detection 

below the USEPA maximum contaminant level (MCL) of 10 μg L-1. To our knowledge, this 

is the first study which utilizes DC sputtering to produce ultralow Au loading and low cost 

As (III) sensing electrodes. The results of this study have implications for the development of 

single use, low-cost nanofilm electrodes for field As (III) electroanalysis. 
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3.2  Introduction

 

Unsafe concentrations of arsenic (As) in drinking water are a global health hazard 

afflicting many areas of the world such as Argentina, United States, Bangladesh and Vietnam 

4, 17. Concentrations as low as 10 μg L-1 in daily drinking water have been identified to cause 

chronic detrimental health effects according to The United States Environmental Protection 

Agency (USEPA) and World Health Organization (WHO) 6, 64. The solubilization of As (III) 

is commonly performed through microbial respiration in anoxic soils and is dependent on a 

multitude of variables including temperature and presence of elements such as iron, sulfide, 

manganese and carbon 11, 14, 65-68. Many naturally occurring minerals contain As which can be 

mobilized into ground or surface waters by either reducing or oxidizing conditions to form 

oxyanions primarily containing arsenite, As (III), and arsenate, As (V), respectively 13. 

Arsenic can be found in valence states of -3, -1, 0, +3 and +5, however +3 and +5 are the 

most common forms in natural waters and present the most concern for toxicity from 

ingestion. The mobilization of As (III) in anoxic soils can lead to unsafe concentrations in 

aquifers which may unknowingly be used as a potable water source.  

 Several methods for quantitative analysis of μg L-1 As concentrations are available 

both in the laboratory and in the field 48, 69. Laboratory methods include atomic absorption 

spectroscopy, inductively coupled plasma mass spectrometry and atomic fluorescence 

spectroscopy. High cost per sample and transport to a capable facility are limitations when 

conducting studies that require many sample sites, remote locations, or time dependence. 

Currently, in field measurements can be done by colorimetric techniques and electrochemical 

sensors 49, 70. For example, Metrohm produces a three-electrode sensor which uses a Au wire 

working electrode (WE) with a 0.3 μg L-1 limit of detection (LOD) and results are obtained in 
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around 2 minutes 71. Creating electroanalysis calibration curves in field samples helps to 

investigate novel electrodes for their in-situ capabilities and identify competing ion effects 35, 

72. Electroanalysis has many advantages for in situ applications including lightweight 

materials, low detection limits, and rapid on-site results, which is especially valuable in well 

bore installation applications or testing in remote locations. 

Nano-structured electrodes offer increased surface area to volume ratio compared to 

macroelectrodes, such as wires. Gold (Au), platinum (Pt) and silver (Ag) are the most 

commonly studied electrode materials due to their catalytic activity, stability and wide 

potential range for analysis 73, 74. Gold is the most ideal of these options due to its high 

overpotential for hydrogen evolution and stability within the potentials at which As (III) is 

reduced and oxidized between the zero and trivalent state 75. Gold nanoparticles and films 

have been synthesized in a variety of methods using chemical deposition or electrodeposition 

onto conductive substrates, typically electrically conductive carbons 35, 44, 76-84. The use of 

nanostructures such as nanoparticles and nanofilms increases the useable surface area per 

mass of Au for the electrode, leading to a decrease in precious metal consumption.  

Thin films of Au with nanoscale thicknesses generated with physical vapor deposition 

(PVD) techniques can be used for fabricating ultralow loading electrodes. Direct current 

(DC) or Radio Frequency (RF) sputter deposition is a particularly common manufacturing 

method for coatings of thin films in large production operations such as the automotive and 

textile industries 85, 86. Physical vapor deposition of Au thin films has also been used with 

various substrates such as TiO2, quartz glass, and poly(methyl methacrylate) (PMMA) 

substrates and used for other electrochemical applications 63, 87-89. Due to a global need for 

detection of As (III) in remote and developing world locations, low-cost and high-volume 
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manufacturing of these electrodes would help to increase the availability of potentially 

lifesaving knowledge to vulnerable communities. Our study is aligned with recent efforts to 

develop facile and low-cost electrode fabrication methods beyond screen printing and Au 

wire electrodes, which could increase access to electrochemical detection 90-94. Therefore, 

this study seeks to investigate the suitability of electrodes prepared by DC sputtered to be 

used as an alternative to nanoparticle, screen printing, and wire electrodes. 

This is the first investigation presenting the use of ultralow (<10 µg cm-2) gold loading 

on carbon, formed using sputter deposition, to detect As (III) in water. This method may 

significantly impact the development of low-cost systems that use linear stripping 

voltammetry for As (III) detection and could be economically accessible to under-served 

communities. Regional As prevalence investigations may require the analysis of hundreds to 

thousands of water samples. Near real-time measurements of water samples during well 

drilling operations are particularly valuable in selecting appropriate aquifers with low As 

concentrations. While in some cases, bulk Au electrodes may be cleaned and reused, 

practical field cleaning is problematic and time consuming. The replacement cost of single 

use, stripping electrodes may limit the scope of timely field investigations. Implementation of 

this electrode fabrication method contributes to in situ trace As detection by generating 

consumable electrodes that are analytically effective, ultralow Au loading, and scalable by 

using existing manufacturing techniques. Herein, we investigate the use of DC sputter 

deposition, Au nanofilms on carbon paper supports to detect below the MCL of As (III) in 

ultrapure water as well as a complex surface water sample which was comprehensively 

analyzed for species present using spectroscopic and chromatography laboratory techniques.  
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3.3  Experimental 

3.3.1  Generation of Au Nanofilm and Nanoparticle Electrodes  

 

We fabricated two types of Au nanostructured electrodes, one with DC sputter deposition of 

Au nanofilm s and another with chemical deposition of Au nanoparticles onto carbon 

nanoparticles then bonded onto carbon support. Both methods provide means for very low - 

cost synthesis of consumable electrodes for field investigations. Electrodeposition of Au 

nanoparticles onto conductive supports, although viable, was not explored due to the 

increased cost and complexity of deposition for large numbers of electrodes. For the DC 

sputtered electrodes, Au was deposited directly onto both sides of a 1 cm wide by 5 cm long 

Sigracet 29AA carbon paper. Sputter coaters manufactured by Polaron or SPI DC were used 

for Au deposition, voltage 1.7 kV, current 18 mA, and deposition times from 60 to 120 

seconds. An Au lead wire was woven into the dry portion of the carbon paper, providing a 

robust method of electrode current collection.  

The nanoparticles were synthesized using Vulcan XC 72R (~250m2 /g surface area, 

50nm particle size) carbon supports. The XC 72R was functionalized in a 24-hour reflux of 

2.5% nitric acid at 93° C. 95 A ratio of 0.62 wt/wt% polyvinyl alcohol (PVA) to Au was used 

to create a colloidal solution. 96 Sodium borohydride (NaBH4) was added in four times the 

molar concentration of Au to reduce the Au solution. The solution color changed from a 

transparent yellow to a deep violet color upon addition of the NaBH4. The Au solution was 

then slowly dripped into a sonicating bath of the functionalized XC 72R in deionized (DI) 

water over approximately 15 minutes. The solution was sonicated in the bath for an 

additional hour and left to settle overnight. The solution was then centrifuged, and the 

supernatant was replaced with fresh DI water. The carbon with Au was mixed into the new 
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DI water and centrifuged again. The rinsing process was repeated until the pH of the 

supernatant was the same as the DI water, typically four rinses. The Au on carbon was then 

allowed to dry at 60° C in air and scraped into a crucible for a reduction process. The 

reduction was conducted in 3% H2 balance N2 at 320° C for five hours with a ramp rate of 5° 

per minute from room temperature to 320° and allowed to cool to room temperature under 

the 3% H2 flow. The powder was then made into an ink using 15 wt/wt% Nafion to Au/XC 

72R and ethanol. The entirety of the ink was evenly painted onto both sides of a 1 x 1 cm 

square at the end of a 1 cm wide by 5 cm long strip of Sigracet 29 AA using a small 

paintbrush. Creative Materials GPC 251 electrically conductive adhesive was used to attach 

the carbon strip to a 1 cm wide strip of copper foil or nickel wire, which were used as a lead 

material. Crystal Bond 509 was used to mask the areas of the electrodes besides the Au 

electrode area.  

An Au wire electrode was created for a comparison to a macroelectrode. Alfa Aesar 0.1 

mm diameter Au wire (99.95%) was polished using an alumina slurry and wrapped around a 

polished nickel wire which acted as the lead and structural support of the electrode. Crystal 

Bond 509 was used to isolate a 3.3 cm length of the Au wire and keep the nickel wire from 

interacting with the electrolyte solution. A voltmeter was used to confirm conductivity 

between the Au and Nickle wire after Crystal bond was applied. 

 

3.3.2  Solutions 

Calibration curves were created in 18 MΩ deionized (DI) water and a river water sample 

collected directly from the Rio Paguate River, which is downstream of the Jackpile mine in 

Laguna, New Mexico. A previous study from our group has provided a detailed 

characterization of the water quality and environmental conditions of this site 97. For As (III) 



 

 

 

22 

detection the solutions were acidified to 0.5 M H2SO4. The solution was bubbled with 

nitrogen and stirred using a stir bar on a moderate setting which was consistent during the 

deposition processes. Stirring was stopped during the stripping process. Sigma Aldrich 

sodium (meta)arsenite salt, NaAsO2, was used to create a stock solution of 10-3 M As (III) in 

ultrapure water. This concentration was used to determine the amount of stock solution to 

add to the electrolyte to create additions of 5, 10, 25, 50 and 75 μg L-1 As (III) for LSV 

analysis.  

 

3.3.3  Linear Stripping Voltammetry  

In-field electrochemical sensing typically utilizes the linear stripping voltammetry method, 

which is comprised of a pre-conditioning, pre-concentration and stripping periods. In the case 

of anodic stripping voltammetry, the preconditioning period is when the electrode surface is 

held at a potential positive to that of the analytes oxidation to strip any remaining analyte 

from the surface before analysis. During the preconcentration period the electrode potential is 

stepped to a potential which negative to the reduction of the analyte and held for a consistent 

amount of time for all analysis. Finally, in the stripping step the potential is gradually swept 

positively until it is well beyond the peak caused by oxidation of the analyte. The potential 

on the Au electrodes was held at -0.1 V for 60 seconds to concentrate As (III) onto the 

electrode, a Pine Research, single junction, saturated silver chloride (Ag/AgCl) reference 

electrode was used as the reference electrode for all electrochemical experiments. 

Subsequently, the voltage was swept to 0.5 V at a rate of 10 mV s-1. The standard potential 

for As (III) redox is expected to be near 0.051 V vs Ag/AgCl so this potential region is 

sufficient to observe the stripping reaction. Peak area was calculated by using the difference 

between the known standard addition curve and the baseline curve by aligning the two curves 
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at the beginning and end of the oxidation peak.  

 

3.3.4  Material Characterization  

X-ray diffraction (XRD) analyses were conducted in a PANalytical Xpert pro instrument 

using Cu Kα radiation operated at 40 kV and 40 mA. The data were analyzed by the MDI 

Jade (version 9) software package using the Whole Profile Fitting (WPF) feature. The data 

was taken from 2θ = 10 ° to 100 ° with a scan rate of 3 ° per minute. Scanning electron 

microscopy (SEM) analyses were conducted using a Hitachi S5200 nano SEM instrument 

with 10 kV and 8 mA. Transmission electron microscopy (TEM) analyses were performed 

with a Joel 2010F field emission gun operated at 200 kV and the images were recorded and 

analyzed using digital micrograph software. X-ray fluorescence (XRF) measurements were 

performed under vacuum with an EDAX Orbis Micro-XRF at 20 kV and 400 mA and a spot 

size of 1 mm in diameter. The Orbis Film builder application was utilized to compare 

intensity of the film to the intensity of a thick standard piece of Au to estimate mass loading 

of the Au film. Thermogravimetric analyses were performed using a TA instruments SDT-

Q600 in air from room temperature to 800 ° C at a scan rate of 5 ° per minute.  

3.3.5  Statistical Analysis 

 

Anova single factor tests (∝ = 0.05) were used in excel software to determine statistically 

significant differences of Au reduction max peak current potential (V) between the three Au 

electrodes. Plots representing three of each electrode were created and the minimum current 

for Au reduction at a scan rate of 50 mV s-1 was used to analyze significant variation of 

reduction peak potentials. Anova analysis was also performed on the area (µA V) between 5, 

10 and 15 µg L-1 standard additions curves and the baseline curve of the As (III) in acidified 
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ultrapure and river water. The anova tests were used to determine statistically significant 

differences between the three lowest concentrations and verify the ability to detect below 10 

µg L-1. Plots were generated using OriginPro software and the LSV data was smoothed using 

5 points of window with adjacent averaging as well as vertically translated to represent the 

data analysis process and make the curve easier to interpret visually. Limits of detection were 

determined using the equation LOD = (k * Sb)/ m, where k was equal to 3 for a 98.3 % 

confidence level, Sb is the standard deviation for analysis of three blank curves, and m is the 

slope of the calibration curve. 

 

3.3.6  River Water Sample Analysis 

The river water sample was collected directly from the Rio Paguate Moquino River on 

September 21st, 2020, on Laguna reservation in New Mexico, USA. The sample was not 

filtered or acidified at collection but was acidified to 0.5 M H2SO4 before LSV analysis. For 

Inductively Coupled Plasma (ICP) analysis the sample was filtered through a 0.45 µm 

membrane and acidified below pH 2 (by adding 2% HNO3). The original pH at collection 

was measured to be 8.36. A PerkinElmer Optima 5300DV ICP Optical Emission 

Spectrometer (ICP-OES) was used to identify the major contributions of metal ions to the 

water matrix and analyzed Al, As, Ca, Cr, K, Mg, Na, Pb, and U. A PerkinElmer NexION 

300D (Dynamic Reaction Cell) ICP Mass Spectrometer (ICP-MS) was used for trace element 

(As, Pb, U and Cr) analysis. Chloride, nitrate, and sulfate were measured using ion 

chromatography. Alkalinity was measured via acidimetric titration. The results presented in 

Table 1 of this manuscript reports only the elements which had concentrations above the 

limit of detection for the ICP and IC analysis.  
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3.4  Results and Discussion 

 

3.4.1  Physical Characterization of Au Nanofilm and Au 

Nanoparticles 

 

A nanofilm of Au was sputtered over the top of a conductive carbon paper to create the Au 

nanofilm electrode. The Au on carbon was analyzed by XRF and SEM. For a 60 second 

deposition, X-ray fluorescence analysis reported a thickness of 6.82 ± 0.42 nm with an 

assumption of a continuous nanofilm (Table S1). The nanofilm is dispersed over the top layer 

of the carbon and is not continuous, because the DC sputtering process coats the fibrous 

carbon with a porous film nonuniformly (Figures 1.1A and 1.1B). Decreased Au 

consumption per electrode has important implications for in-situ implementation in an As 

sensor with consumable electrodes. Over the lifetime of the electrodes many determinations 

of As will eventually lead to fouling of the Au surface. Electrochemical cleaning of the Au 

nanofilms can extend the life of the electrode, 50 but eventually replacement will be 

necessary. The facile DC sputtering method can make electrode replacement less supply 

prohibitive and consumptive by producing large batches of low Au loading electrodes. The 

conditions of DC sputtering in this study did not result in a strong preferred orientation. 

However, by implementing annealing processes, and/or potential cycling, preferred 

orientation may be developed while still utilizing a low loading of Au 63, 88, 98-100.  

The synthesis of the chemically deposited nanoparticles on XC72R carbon produced a 

powder that was analyzed with XRD and TEM. X-ray diffraction peaks showed that the Au 

nanoparticles deposited onto Vulcan XC 72R presented peaks that aligned well with 

International Centre for Diffraction Data (ICDD) card (PDF# 00-066-0091) peak positions 
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for Au and gave an average crystallite size of 8 nm (Fig. S1A). The synthesis was done five 

separate times and resulted in average particle sizes ranging from 3 to 8 nm in size (Table 

S2). The crystallite size was determined using the full width and half max of the XRD peaks 

in the MDI Jade (version 9) software, and the Scherrer equation. Figure S1B presents a high-

resolution TEM image representative of the sample and corroborates the nanoparticle size 

determined by XRD. The image also shows that the Au particles are embedded into the 

carbon substrate, which will provide a physical path for electrical conductivity from the 

particle to the substrate. However, a portion of the surface of the particle is still exposed to 

the electrolyte solution, which allows the Au to interact with the ions in solution. Dark field 

TEM imaging showed that the Au nanoparticles were well-dispersed on the carbon support 

(Fig. S1C). Active sites for electrochemical reactions with redox active ions in the solution 

are increased by the presence of many small particles dispersed across the surface of the 

carbon. Using thermogravimetric analysis, the Au/C ratio was found to be 17.8 wt/wt% (Fig. 

S2). The geometric surface areas of Au nanoparticles and XC 72R were estimated to be near 

460 cm2 and 13,700 cm2, respectively, by using the diameters of the particles. This Au 

nanoparticle electrode generation process was not as scalable as the vapor phase Au nanofilm 

generation process. The Au to carbon surface area ratio was much lower for the nanoparticles 

than the nanofilm electrode. Additional cyclic voltammetry analysis was conducted with the 

Au nanofilm and Au nanoparticles to evaluate their electrochemical response.  

 

3.4.2  Cyclic Voltammetry of Au Nanofilm and Au Nanoparticle 

Electrodes  

The Au nanofilm and Au nanoparticle electrodes were compared to Au wire electrodes 

using cyclic voltammetry (CV) and evaluated for their ability to perform LSV. The nanofilm 
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electrode resulted in a CV shape similar to the Au wire with an increased background current 

at 50 and 100 mV s-1. The nanoparticle electrode presented capacitive masking of faradaic 

peaks at typical scan rates for LSV and showed a similar CV shape to the Au wire only at 

very low scan rates (Fig. 3.2).  

The Au nanofilm was determined to be viable for LSV, because the capacitance and 

therefore the background current was low and allowed for consistent analysis in a large range 

of scan rates. Scan rates of 50 mV s-1 and 100 mV s-1 with the Au nanofilm produced peaks 

to background ratios similar to the Au wire with a manageable amount of capacitive current 

in the response (Fig. 3.2A, B). The reduction peak potential for the Au nanofilm was not 

significantly different (p = 0.25) from the Au wire (Fig. S3). Electrochemical surface area 

(ECSA) of the Au nanofilm was estimated to be 22.0 cm2 by calculating the Au reduction 

peak as compared to an Au wire swept to 1.4 V at a scan rate of 10 mV s-1 and a specific 

capacitance of 400 µC cm-2. When performing the standard addition method in the river 

water sample the Au reduction peak was compared to that of the ultrapure solution to 

estimate electrochemical surface area due to an interfering peak at high potentials. When 

using the Au nanofilm electrode the capacitive current increased but did not obscure the peak 

due to reduction of the Au surface (Fig. 3.2B, Peak 2). The capacitance due to the carbon 

paper is represented by the widening with increasing scan rate observed in the region 

between 0.45 and 0.8 V.  

The Au reduction peak with the Au nanofilm was not statistically different from the Au 

reduction peak on the Au wire. This could be indicative that the nanofilm is not presenting 

increased catalytic activity or peak shifting due to nanostructure strain. 101 However, a shift in 

reduction peak maximum potential for the Au nanoparticles could also be caused by 
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resistance due to the high surface area of the XC-72 carbon support. 

The Au nanoparticle electrode presented a high capacitive current from XC 72R, which 

masked faradaic current peaks for Au reduction. Cyclic voltammetry between 0.45 and 1.3 V 

was performed at 1, 50 and 100 mV s-1. The difference in reduction peak minimum for the 

Au nanoparticles was statistically significant (p = 0.0002). The nanoparticle electrodes Au 

reduction potentials were lower than that for the Au wire. This is likely due to the high 

surface area and surface strain of the Au nanoparticles. Gold nanoparticle electrodes prepared 

on low surface area carbon supports do not necessarily result in masking of the Au reduction 

peak from capacitive current 35, 42, 76, 77, 83. In our study, the use of Au nanoparticles supported 

on high surface area carbons, and use of LSV instead of pulse stripping voltammetry, 

resulted in a large amount of capacitive current and masking of faradaic currents and peaks. 

Linear stripping voltammetry relies on a high peak to background area for detection of trace 

As (III), thus the use of XC 72R to create an Au nanoparticle electrode was determined to be 

unsuitable for As (III) detection. Differential pulse voltammetric methods are capable of 

greatly decreasing the capacitive background. However, a goal of this study is to minimize 

the time and complexity of the test procedure and data analysis so that non electrochemist 

professionals would be capable of performing the analysis without assistance.  

The DC sputtering method for generating Au nanofilm electrodes results in a 

comparatively reduced background, is facile, and is potentially scalable by using already 

existing large scale manufacturing technologies. In our study DC sputtering benefited from 

coating a larger amount of carbon support surface area than the chemically deposited 

nanoparticles, which mitigated masking of faradaic peaks which were observed in the Au 

nanoparticle cyclic voltammetry. The stability of the DC Sputtered thin films was found to be 
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better than that of the Au nanoparticles because when gas evolution would occur on the 

electrodes the Au nanoparticles would show a decrease in Au peaks to the point of 

completely absent. The DC sputtered Au nanofilms could withstand gas evolution without 

the electrochemical activity of the Au being completely lost. Further study of detection of 

trace As (III) was conducted only with the Au DC sputtered nanofilm electrodes.  

 

3.4.3  Detection of Arsenite in Ultrapure conditions with Au 

Nanofilm 

The Au nanofilm showed a statistically significant difference in peak area for oxidation 

of As (0) to As (III) between standard additions of 5, 10 and 15 μg L-1 As (III) (Anova p = 

1.67E-05, Table S3) in 18 MΩ DI water acidified with 0.5 M H2SO4. Figure 3.3A shows the 

linear sweep data for standard additions of 5, 10, 15, 25, and 50 μg L-1 As (III). The limit of 

detection was determined to be 0.15 μg L-1 for the ultrapure calibration curve. The peak area 

correlated to As oxidation was analyzed by determining the difference between curves and 

the blank between the beginning and end of the peak. The stripping peak has a shoulder at a 

slightly more positive potential which can be attributed to a polycrystalline surface with 

multiple surface energies resulting in multiple peak potentials of stripping 51, 53. The peak was 

originally thought to be potentially caused by Cu (II) contamination because of the well-

known interference of Cu with the As (III) oxidation during stripping analysis. Careful 

preparation measures and thorough cleaning procedures were performed to ensure that this 

was not the case. Figure 3.3B shows the area under the As (III) peak versus the concentration 

with error bars representing the standard deviation from analysis of four LSV determinations 

conducted successively in each concentration during a single standard additions experiment. 

The plot has an R2 value of 0.996 showing a good linear trend between 5, 10, 15, 25, and 50 
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μg·L-1, and that the DC sputtered electrode was able to detect As (III) at environmentally and 

toxicologically important values by creating a calibration curve while using a low loading 

nanofilm of Au per electrode. 

Again, linear stripping was chosen instead of pulse stripping techniques because it does 

not require individual electrode evaluation. Pulse stripping is effective in reducing 

background due to capacitive current, but it also requires defining additional parameters such 

as pulse height, frequency, and pulse width. 30, 102 In the effort to generate electrodes which 

can be used for in-field measurements, a reproducible and simple technique for workers 

which outlines the need for acidification, how to perform standard additions with stock 

solutions, deposition potentials and time as well as scan rate could make performing 

electrochemical detection accessible to workers unfamiliar with electrochemistry. 103 

 

3.4.4  Detection of Arsenite in River Water Sample with Au 

Nanofilm  

The DC sputtered Au nanofilm electrode was used to detect standard additions of 5, 10, 15, 

20, 25, 50, 75, 100, 125 and 175 μg L-1 As (III) to a river water sample (Fig. 3.4A). There 

was not an observed peak from As (III) in the river water sample initially, but there was 

statistically significant difference in standard additions of 5, 10 and 15 μg L-1 curve area 

above the baseline (Anova p = 0.00021, Table S4). The limit of detection was determined to 

be 4.7 μg L-1 for the river water sample calibration curve. Metal ion analysis with ICP-MS 

showed an initial concentration of 5.54 μg L-1 total As (Table 1). The lack of an initial As 

(III) peak in the acidified sample may be because ICP-MS determined As may have been in 

the electrochemically inactive As (V) form and therefore undetectable by LSV. This is quite 

likely considering this was a surface water and the As is more likely to be in a higher 
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oxidation state than in a ground water sample. The peak is broader and does not present the 

same shape as in the ultrapure water conditions. As can be observed through ICP analysis in 

Table 1 there are many commonly occurring ions in the sample which could be contributing 

to difference in the stripping characteristics of As from the Au nanofilm surface. Broadening 

could be due to co-adsorption or concentration gradient interferences, however studies which 

investigate the effects of individual ions present in common natural water matrices on As 

oxidation shape would be necessary to confirm this and could increase peak sensitivity and 

selectivity.  

The electrode was able to detect at and below the 10 μg L-1 MCL in the water sample 

with the standard addition method. Figure 3.4B shows the charge density of As oxidation 

peaks versus As (III) standard additions concentrations (R2 = 0.997). The linearity of the 

calibration curve was as good in the water sample as with the ultrapure water by using the 

difference in the area under the curve within the peak region and the baseline LSV data. 

However, the limit of detection was increased from 0.15 to 4.7 μg L-1. The oxidation of As 

(III) at lower concentrations resulted in a small but broad increase above the baseline 

between 0.1 and 0.45 V vs. Ag/AgCl. The Au nanofilm could determine at and below the 

maximum contaminant level with strong linearity using the standard addition method in a 

source of drinking water for the people of Laguna.  

 

3.5  Conclusions 

 This study shows that DC sputtering deposition of Au nanofilms on conductive 

substrates is a viable method for generating electrodes for effective As (III) detection with an 

ultralow loading of Au per electrode and uses current mass manufacturing technologies. The 
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nanofilm showed a strong linear correlation of charge density to As (III) concentration when 

using the standard additions method in both ultrapure and river water samples. The river 

water sample was analyzed using ICP MS and OES and IC and contained many common 

ions found in typical water samples such as alkalinity, nitrates, sulfates, and other metals. 

These other ions may have contributed to the broadening of the As oxidation peak in 

comparison to LSV performed in ultrapure conditions. However, further studies into the 

effects of individual ions on the peak shape would be necessary to come to definitive 

conclusions. There was not a detectable amount of As (III) in the river water sample, 

however statistically significant variance between 5, 10, and 15 μg L-1 (Anova p = 0.00021) 

and an R2 value of 0.997 suggest that the As present was likely in the oxidized and 

electrochemically inactive As (V) valence. The river water sample standard additions peak 

was broader and showed only one peak where the ultrapure water showed a peak with a 

shoulder. The two peaks in ultrapure conditions were attributed to the polycrystalline nature 

of the DC sputtered nanofilm surface, because there was no source of Cu (II) contamination 

and previous studies show that the crystallographic orientation can present multiple As 

stripping potentials when using nanostructures.  

These results show the electrode is capable of detection below the 10 μg L-1 MCL in 

drinking water using LSV. The use of sputter deposition allows for much lower Au loading 

films, which reduces the cost of Au as compared to screen-printed or wire electrodes. 

Physical vapor deposition also offers the ability to generate many electrodes at once in a 

facile and scalable manner. From an electrochemical standpoint DC sputtered films benefit 

from coating low surface area conductive substrates thus decreasing capacitive current. This 

was not the case for Au nanoparticles chemically deposited onto the high surface area carbon 
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support of XC 72R which suffered from excessive capacitive current masking.  

Forward outlooks for the DC sputtered Au nanofilm electrodes are in preparing a 

selective and low Au consumption sensor for in-field use coupled with a handheld 

potentiostat/smartphone. Several studies have incorporated treatment of the samples to 

chemically reduce electrochemically inactive As (V) to As (III) which could be used to allow 

this method to determine total As in addition to As (III) in a river water sample. 22, 44, 80 

Additionally, an in-field usability study comparing LSV and differential pulse voltammetry 

using the DC sputtered Au nanofilm electrodes would allow for determining and quantifying 

benefits and drawbacks of each method for in-situ use. A useability study would include 

performing the standard additions method in the field and assessing the impacts of 

deoxygenation. Physical vapor deposition of Au nanofilms offers an alternative method for 

fabricating low cost As (III) sensing electrodes. The sputtered Au thin film electrodes may 

also be effective for in field measurement of Cu, Cr, Fe and other ions of interest. 
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Figure 3.1 Gold nanofilm vapor deposited onto 

Sigracet 29AA. Scanning Electron Microscopy 

images SEM image at: (A) 10.0 kV x 20,100 

and; (B) 10.0 kV x 300. 
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Figure 3.2 Cyclic voltammetry of Au surface oxidation [1] and reduction 

[2] in 0.5 M H2SO4: (A) Au wire, geometric surface area (GSA) = 1.2 cm2 

[50, 100 mV s-1]; (B) Au nanofilm GSA = 2 cm2 [50, 100 mV s-1]; (C) Au 

nanoparticles GSA = 460 cm2 [1, 50, 100 mV s-1]. 



 

 

 

40 

 

 

 

 

Figure 3.3 (A) Linear stripping voltammetry results 

for increasing As (III) concentrations of 5, 10, 25, 

and 50 μg·L-1 to ultrapure water with 0.5 M H2SO4 

supporting electrolyte; (B) linear regression of area 

under curve between 0.14 and 0.3 V versus As (III) 

concentration. Average values are shown with error 

bars representing standard deviation of four replicate 

stripping processes. 
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Figure 3.4 (A) Linear stripping voltammetry results 

for increasing As (III) concentrations of 5, 10, 15, 

20, 25, 50, 75, 100, 125 and 175 μg·L-1 to Rio 

Paguate River water sample from Laguna NM, 

USA, with 0.5 M H2SO4 ; (B) linear regression of 

area between baseline between 0.1 and 0.4 V and 

standard additions curves.  
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Table 3-1 Inductively coupled plasma (ICP) mass spectroscopy and ICP optical emission 

spectroscopy analysis of Laguna, NM, USA groundwater sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Analyte 

𝐈𝐂𝐏 − 𝐌𝐒 

𝛍g L-1 

𝐈𝐂𝐏 −  𝐎𝐄𝐒 

mg L-1 

As 5.54 - 

Pb 5.19 - 

U 40.38 - 

Cr 3.36 - 

Al 

K 

Ca 

Mg 

Na 

Cl 

NO3 

SO4 

- 

- 

- 

- 

- 

- 

- 

- 

0.01 

16.32 

269.21 

122.52 

391.5 

16.9 

1.2 

2028.1 

Alkalinity as CaCO3 - 247 
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4.1  Abstract  

Electrochemical stripping voltammetry electroanalysis sensitivity and selectivity is often 

times limited by wide variance in analyte electrode surface adsorption and desorption 

energies. The use of highly orientedAu(111) single crystal and thin film surfaces is shown to 

decrease this variance and improve detection for arsenic (As) in water. Cyclic voltammetry 

and linear stripping voltammetry (LSV) analysis on Au oriented and polyoriented electrode 

surfaces demonstrated that As deposition and oxidation is a complex surface structure 

dependent process. Electrochemical quartz microbalance indicated that As is deposited in 

multiple layers when in high concentrations and does not permanently reorganize the Au 

surface after stripping. LSV analysis of As (III) on the Au(111), Au(110), Au(100), and Au 

polyoriented single crystal, Au(Poly), model electrode surfaces showed that Au(111) had the 

highest peak to background ratio and narrowest peak width for As oxidative stripping. 

Furthermore, an ultraflat Au(111) thin film, Au(UTF), was then compared to the Au(111) 

and Au(Poly) single crystals and showed a bulk Au(111) single crystal-like response. The 

Au(UTF) was then used to perform a calibration curve to detect between 2.5 and 100 µg L-1 

As (III) and resulted in a theoretical limit of detection of 0.0065 µg L-1 in 0.5 M H2SO4. The 

results from this study indicate that Au(UTF) provide the sensitivity necessary for detection 

of trace concentrations of As in water at or below the maximum contaminant level (MCL) of 

10 µg L-1. 

SYNOPSIS: This study provides new insights into the effect of crystallographic surface 

orientation on electrochemical As deposition and stripping. Furthermore, our findings 

implement the increased sensitivity and selectivity of the Au(111) surface in an economically 

manufacturable and low Au consumption electrode by using ultrathinAu(111) films to detect 
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trace concentrations of As (III) in water. We expect to see similar enhanced trace metal 

detection for other suitable target metal ions, 

Keywords: Arsenic, Electrochemical Detection, Gold Single Crystals, Gold Thin Films, 

Water  

4.2  Introduction 

The ability to detect arsenic (As) at part per billion (ppb) concentrations is essential to 

informing populations around the world with potential As contamination about the safety of 

their drinking water. 10, 12, 104 The maximum contaminant level (MCL) set by the World 

Health Organization and the United States Environmental Protection Agency for safe daily 

drinking water is 10 ppb or μg L-1. 6, 64 Concentrations above this can lead to cancer in 

numerous organs, as well as adverse cardiovascular or neurological effects. Arsenite, As 

(III), is expected to be in the form of H3AsO3 in reducing and acidic condition. 105 Arsenite is 

considered to be the most toxic aqueous form of As in comparison to arsenate, As (V), and 

other methylated forms. 106 Although As (V) is considered to be electro-inactive it has been 

electrochemically determined by measuring the difference in concentration of As (III) before 

and after chemical reduction methods. 30 The growing overabundance of As in drinking water 

sources due to natural and anthropogenic mobilization calls for development of broadly 

available, portable, and highly sensitive and selective As sensing systems. 13, 16, 107-109  

Electrochemical detection of trace concentrations of As in water has been 

investigated using gold (Au) electrodes with a broad variety of morphologies and generation 

methods seeking to improve detection capabilities. 79, 109-111 Electrochemical sensing has 

several benefits over common laboratory methods, such as inductively coupled plasma (ICP) 

mass spectrometry, ICP atomic emission spectroscopy, and atomic absorption spectroscopy, 
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including the ability to provide in-situ quantitative analysis, decreased cost and portability. 44, 

70, 72, 73, 92, 112 Sensing electrodes have been generated using electrodeposition, chemical 

nanoparticle deposition and physical vapor deposition to form macro and nanoscale 

structures capable of detecting well below the MCL in water. 35, 76, 77, 79, 94, 113-117 Recent 

developments have sought to understand the effects of surface orientation on the 

electrochemical detection of heavy metals including As and lead. 25, 37, 42, 51, 118 Identifying 

new electrode materials and factors affecting sensitivity and selectivity for As detection has 

been the focus of a growing body of research over the past two decades.  

Single crystal electrochemical studies provide valuable insights into reaction 

mechanisms including electron transfer, 52, 53 adlayer adsorption and desorption, 54-59 and 

catalytic activity which are impacted by site geometry. 60, 61 The use of Au nanoparticles and 

nanostructured electrodes benefit from decreased precious metal consumption per electrode 

and have been shown to provide high sensitivity for As (III) detection. Pioneering work by 

Compton and others, identified the Au(111) surface orientation to present increased 

analytical sensitivity and selectivity when using single crystal and octahedral-shaped 

particles. 35, 37, 38, 42, 43, 51, 60, 79, 119 However, the use of nanoparticles with a three-dimensional 

structure inevitably includes imperfections in crystallographic orientation due to the edges of 

the nanoparticles and variation in size and shape during the synthesis processes. Single 

crystal surfaces with minimal imperfections provide clearer insight into structure-activity-

selectivity relationships which directly benefits electroanalytical studies seeking to identify 

materials with high sensitivity and selectivity. 57, 120  

The objective of this study is to develop understanding of commercially available 

ultraflat Au(111) thin films, Au(UTF), capability to provide single crystal-like detection for 
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trace As (III) in water by identifying the impact of surface structure on As (III) redox at well-

oriented Au surfaces. In this study we provide insight into the redox behavior of As (III) at 

single crystal surfaces with cyclic voltammetry (CV) and linear stripping voltammetry 

(LSV). A quartz crystal microbalance (QCM) was used to perform CV studies with an 

Au(111) oriented film to provide further insight into As (III) adlayer formation. The 

Au(UTF) was characterized using microscopy, diffraction techniques and electrochemical 

comparison to the model electrodes, and then utilized to detect trace concentrations of As 

(III) in 0.5 M sulfuric acid solution.  This study provides new insights into the influence of 

surface structure on the selectivity and sensitivity for As (III) electrochemical detection at Au 

surfaces and implements our findings in a reproducible and commercially available electrode 

which can provide single crystal-like detection capabilities with ultralow Au loading per 

electrode.   

4.3  Experimental  

4.3.1  Materials Description and Characterization 

4.3.1.1. Physical Characterization 

Single Crystals. Clavilier’s method was used to generate basal plane gold single 

crystal model surface electrodes for the Au(111), Au(110) and Au(100) orientations. 57, 121 A 

0.5 mm gold wire was held vertically and melted using a controlled torch to form a bead at 

the end of the wire which was then slowly cooled to form a single crystal. The single crystal 

bead was then mounted in a four-cycle goniometer and oriented using the laser reflections 

form the surface facets. Then it was coated in epoxy for stabilization, cut with emery paper to 

a flat surface, which had the selected orientation and polished until a mirror finish with 
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diamond paste. The polyoriented Au single crystal, hereafter referred to as Au(Poly), was an 

uncut single crystal bead and represents the multiple orientations present in a single crystal. 

Ultraflat Au(111) Thin Film.  The Au(UTF) films (Platypus Technologies) were 

physically characterized using S/TEM, electron backscatter diffraction (EBSD), pole figures, 

atomic force microscopy (AFM) and XRD (Fig. S1 A-F, Fig. S2) and showed a strong 

Au(111) preferred orientation. Electron backscatter diffraction images were collected using a 

FIB Helios600 at the Nanoscale and Characterization Laboratory (NCFL) at Virginia Tech.  

A JEOL NEOARM 200 kV aberration corrected scanning transmission electron microscope 

(S/TEM) at UNM was used for film grain structure visualization. The films were highly 

(111) textured, polycrystalline materials with grains rotationally disordered parallel to the 

substrate surface.  The manufacturer’s data of thickness and grain size is reported as during 

EBSD analysis charging image distortion effects can be observed in Figures S1 A and B.  

Platypus Technologies quotes a film thickness near 100 nm and an average grain area of 3.64 

± 0.2 µm2. 122 Figure S1B presents the EBSD data showing that the grains are predominantly 

oriented in the Au(111) direction as described in Figure S1E. The [100] pole figure displayed 

in S1C indicates that the grains in the thin film are randomly oriented in their in-plane 

directions. The inverse pole figure S1D shows that the vast majority of the domains are 

oriented in the Au(111) direction. Surface roughness was characterized by atomic force 

microscopy (AFM) using a WiTec Alpha300R. The AFM image of the Au(UTF) surface and 

shows that the surface is very flat with variations in a 30 nm range across the image (Fig. 

S1F). The root mean square (RMS) roughness is quoted by the manufacturer as 3.6 Å, 

however, our analysis found it to be 2.6 nm using Gwyddion measurements (Table S1). TEM 
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analysis Figure B-S1 illustrates the grain structure and grain size variation of the Au(UTF) 

materials. 

Quartz Crystal Microbalance Electrode. Quartz Crystal Resonator QA-CL3 dip 

cells and a QCM943 oscillation circuit unit were obtained from Princeton Applied Research 

to collect electrochemical quartz crystal microbalance (EQCM) measurements. The surface 

normal orientation was determined using thin film Bragg diffraction (PanAnalytical X’Pert 

Pro) equipped with a multilayer X-ray mirror. The Au film on the EQCM showed strong 

(111) normal orientation (Fig. S2).  

4.3.1.2. Electrochemical Characterization 

Electrochemical experiments were carried out in a two-compartment electrochemical 

glass cell, using an Au wire as a counter electrode and a reversible hydrogen electrode (RHE) 

as a reference electrode. Voltammetric experiments were carried out at room temperature 

using a wave signal generator (EG&G PARC 175), potentiostat (eDAQ 161), and digital 

recorder (eDAQ e-corder 401) workstation. All solutions were made using ultrapure water 

(18.2 MΩ cm, Elga PureLab Ultra), concentrated sulfuric acid (VWR, 95 wt%), and As2O3 

salt (Merck). A stock solution of 10-1 M As(III) in 0.5 M H2SO4 was used to prepare lower 

concentration solutions. 

Single Crystals. The basal plane single crystals were connected to the solution using 

the hanging meniscus method so that the polished flat piece of the single crystal bead was the 

only surface touching the solution. The Au(Poly) electrode was submerged into the solution 

so that the wire was minimally interacting with the solution. The electrochemical surface area 

of the Au(Poly), QCM and Au(UTF) electrodes were determined using the charge of the Au 

reduction peak from cyclic voltammetry at 10 mV s-1 up to 1.7 V. The reference value used 
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was 660 µC cm-2
, which represents a three-electron transfer process per Au(111) surface 

atom with a specific current of 220 µC cm-2 per electron transferred. The surface area of the 

single crystal basal plane surfaces was determined using optical microscopy of the flat area 

prior to use. Prior to any electrochemical experiment, the electrode was annealed in a 

propane/oxygen flame to remove any organics that may have been adsorbed on the surface 

and to restore the surface order and quenched using ultrapure water. A protecting droplet of 

ultrapure water was left on the single crystal surface when the electrode was transported into 

the cell. After performing analysis in As-containing solutions the electrode was quenched 

and annealed using concentrated nitric acid to ensure all As was chemically stripped off of 

the electrode surface.  

Ultraflat Au(111) Thin Film. The Au(UTF) electrodes were compared to single 

crystal model electrodes for their Au redox behavior using cyclic voltammetry (Fig. S1G). 

The Au(UTF) electrode was taken off from the substrate according to Platypus technologies 

instructions directly prior to use, and partially submerged in a solution of 0.5 M H2SO4. 

Figure S1G presents a comparison of the characteristic Au redox peaks for the Au(UTF) and 

the basal plane surfaces which are similar to expected peaks from previous research. 123 The 

Au redox profiles of Au(UTF) and Au(111) both begin with a shoulder in the positive sweep 

direction beginning at 1.4 V which leads to a peak at 1.6 V for Au oxidation, showing that 

the Au(UTF) has a Au(111) single crystal-like electrochemical response. 

Quartz Crystal Microbalance Electrode. The QA-CL3 dip cell was used to perform 

cyclic voltammetry studies of As reduction and oxidation. The Sauerbrey equation [1] was 

used to convert between the frequency and mass.  
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∆F = −
2f0

2

A√ρq μq
∆m      [1] 

Where ∆F is the change in frequency, f0 is the standard frequency of 9 MHz, A is the area of 

the electrode surface, 0.174 cm2, ρq is the density of the quartz crystal, μq is the shear 

modulus of the quartz crystal, 2.947·1011 g cm−1 s−2, and ∆m is the change in mass. 

Statistical analysis was performed in EXCEL to determine average and standard 

deviation of three consecutive measurements where applicable. Linear stripping voltammetry 

was smoothed using a Lowess method with a span of 0.01 for clarity in the image. The raw 

data was used to calculate the calibration plot of concentration vs. charge density. Limits of 

detection were determined using the equation LOD = (k * Sb)/m, where k was equal to 3 for 

a 98.3% confidence level, Sb is the standard deviation for analysis of three blank curves, and 

m is the slope of the calibration curve. 

4.4  Results and Discussion 

4.4.1  Arsenite Deposition/Dissolution on Au electrodes. 

Figure 4.1 shows the voltammetric profile of a polyoriented Au electrode immersed 

in a 10-3 M As(III) solution. As can be seen, in the deposition process up to -0.3 V vs. RHE 

(potential at which hydrogen evolution starts) several peaks can be detected in the negative 

scan direction which have been reported by previous studies as well.124 The presence of 

several deposition peaks suggests the presence of a complex deposition process, in which the 

presence of a bare Au surface or a previous As adlayer alters the dynamics of the process. It 

should be noted that this voltammogram is stable upon cycling between these potential limits. 

Also, the deposition currents are significantly smaller than those expected for a diffusion-

controlled process. In fact, currents recorded in 0.1 M As(III) solutions are similar to those 
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recorded here (Fig. S3 & Table S2), implying that the deposition is controlled by the kinetics 

of the process, explaining the presence of several deposition peaks. On the other hand, a main 

single peak is observed in the dissolution process of As. Since the deposition process is 

determined by the kinetics, the structure of the adlayers formed can have a significant impact 

on the dissolution process. To establish such an effect, voltammograms with different 

potential limits between 0.2 and -0.3 V were recorded (Fig. 4.1 & S4). As the lower potential 

limit is made more negative, the As stripping peak shifts progressively to higher potential 

values. The presence of a single peak, whose potential shifts to more positive values, clearly 

indicates that the dissolution of the As layer is governed by the topmost layer. The stability 

of this adlayer depends on the underneath layer and leads to increasing stability as the 

deposition progresses.  
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Figure 4.1 Cyclic voltammograms for the different Au electrodes in 0.5 M H2SO4 + 1 mM 

As (III) with different lower limits. Scan rate: 10 mV s-1. The vertical lines mark the position 

of different deposition peaks on the electrodes. 

 

This type of deposition/dissolution process, which is dependent on the nature of the 

underneath layer, is expected to depend also on the surface structure of the electrode. For this 

reason, As (III) deposition/ dissolution was studied on Au single crystal electrodes (Fig. 4.1). 

Although the qualitative behavior is the same as that observed for the Au polyoriented 

electrode, significant differences can be observed between the different surfaces. This fact 
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clearly indicates that the deposition process is a surface-sensitive process. At potentials 

higher than 0 V on the single crystal electrodes, two main peaks are observed for the 

deposition process, followed by a wider peak below this potential. Tentatively, the first two 

peaks can be assigned to the formation of the two first layers of As, and the peak at E<0 V 

represents the formation of a massive As film. As shown in Figure 4.2, which is an 

enlargement of the deposition scan of Figure 4.1, each of the peaks observed in the Au(111), 

Au(100), and Au(110) electrodes has its corresponding peak on the polyoriented electrode (in 

some cases, two of the peaks corresponding to the single crystal electrodes overlap in the 

polyoriented surfaces). Thus, it can be considered that the voltammogram of the polyoriented 

electrode is the result of the contributions of the different facets and ordered domains. In 

contrast, only one peak is observed in the dissolution. As happens in the polyoriented 

surface, the potential of the dissolution peak depends on the lower potential limit and the 

extension of the As deposition.  
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Figure 4.2 Cyclic voltammograms for the different Au electrodes in the deposition region in 

0.5 M H2SO4 + 1 mM As (III) with different lower limits. Scan rate: 10 mV s-1. The vertical 

lines mark the position of different deposition peaks on the electrodes. 

 It should be noted that the standard potential of H3AsO3 reduction to As(0) is 0.248 V 

vs SHE, which means that the equilibrium potential of this redox couple in this medium is ca. 

0.24 V. This fact implies that any deposition process taking place at higher potentials is an 

underpotential deposition (UPD) process. 125, 126 As can be observed in Figures 4.1 and 4.2, 

the onset for As deposition is higher than this value for all the surfaces. However, clear peaks 

related to the As UPD deposition are only observed for Au(110) and Au(100) single crystal 
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electrodes. Underpotential deposition of As (III) onto Au electrodes has been observed and 

utilized by other researchers in detection.60 Figure S4 shows an enlargement of this region for 

cycles with lower limits larger than 0 V. Clearly dissolution peaks at 0.36 and 0.45 V for the 

Au(110) and Au(100) electrodes respectively are observed, which corresponds to the 

dissolution of the UPD processes and confirms previous studies findings.127 For the Au(111) 

electrode, although the deposition starts at a higher potential, there is no well-defined 

deposition peak below this potential and the main peak potential is ca. 0.25 V, which 

suggests that it contains contributions only from the normal deposition process. For the 

Au(Poly) electrode, the UPD dissolution process is observed due to the presence of (100) and 

(110) domains in the polyoriented surface.   

 Charge curves for the deposition process are shown in Figure 4.3. As can be seen, 

total charges at -0.3 V (the lower limit for the deposition process) are very similar for all the 

electrodes, standing for ca. 1700 µC cm-2. For the Au(111) surface, the measured charge at 

0.125 V, just after the first deposition peak stands for ca. 624 µC cm-2. Taking into account 

that a process transferring 1 electron per Au(111) surface atom exchanges 220 µC cm-2, and 3 

electrons are exchanged in the As (III) deposition process, it can be proposed that after the 

first deposition peak a pseudomorphic (1×1) As layer has been formed. After the second 

deposition peak centered at 0.045 V, the deposition charge at 0 V is ca. 1000 µC cm-2, which 

would suggest that this second peak is related to the formation of the second layer. From that 

point, multilayer deposition would occur in the third and broad peak. For the Au(100) and 

Au(110) surfaces, the situation is similar to that observed for the Au(111) electrode, and thus, 

each peak should correspond to the deposition of the first and second layers. It should be 

noted that the final charge is very similar for all the electrodes, although at intermediate 
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potentials they differ. This implies that in the deposition of the third and subsequent layers 

the underneath gold structure does not affect the deposition process and only the deposition 

of the first two layers depends on the Au structure.  
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Figure 4.3 Integrated charges measured during the deposition scan for the different Au 

electrodes using the voltammetric curves in Figure 4.1. 

Electrochemical QCM experiments were carried out to determine the nature of the 

deposited adlayer, Figure 4.4 presents the evolution of the QCM frequency and current 

density during the cyclic voltammetry of an Au film electrode in 10-3 M As (III). The QCM 

surface showed a highly Au(111) preferred surface orientation in XRD analysis (Fig. S1) and 

the Au redox prior to introduction of As to solution also showed a degree of preferred 

Au(111) orientation due to the primary Au oxidation peak being at 1.6 V (Fig. S5). 123 As 

shown in Figure 4.4A, the frequency returns at the initial value after one complete cycle, 

indicating that the only process occurring is related to the As deposition/dissolution.  The 

mass of the deposition species can therefore be determined from the ratio between the 
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frequency change and the charge. Figure 4.4B the comparison between the deposition 

current, the integrated charge density, and the mass adsorbed onto the Au surface. The mass 

changes and the integrated charge curves overlap, which implies that the stoichiometry of the 

deposition process is the same in the whole potential window. Additionally, the ratio between 

the deposition change and mass is 15 g (mol e-)-1. Since, in the reduction process of As, 3 

electrons are exchanged, this value implies that the molar mass of the depositing species is 45 

g mol-1. This value is lower than the atomic mass of As (75 g mol-1), which suggests that in 

the deposition process adsorbed water molecules have been displaced from the interface. 

Considering the difference between the measured molar mass and the As molar mass (75-

45=30 g mol-1), approximately two water molecules have been displaced from the interface 

per As atom deposited.  
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Figure 4.4 Electrochemical Quartz microbalance during cyclic voltammetry in 0.5 M H2SO4 

+ 1 mM As (III) with supporting electrolyte. A) Current density and change in crystal 

frequency vs. potential during CV at 10 mV s-1; B) Current density, charge density and 

change in mass vs potential during deposition of As (III) at the QCM surface. 

 Now that the electrochemical behavior of As on Au electrodes was established, the 

possible use of these electrodes for chemical analysis of As (III) in solution can be tested. For 

that, the different electrodes were held at different potentials for 60 s and the stripping curve 

was recorded for 10-5 M As (III) in 0.5 M H2SO4 (Fig. 4.5). Two potentials were chosen for 

the basal planes, each one after the first two deposition peaks, and three potentials were 

A 

B 



 

 

 

60 

evaluated for the polyoriented Au electrode. Important differences have been observed 

between the profiles of the four electrodes. While the Au(111) electrode showed a single 

sharp peak the Au(110), Au(100) and polyoriented electrodes showed more complex 

oxidation processes. Table 4-1 summarizes the main data for the experiment. For Au(100) 

three peaks are observed whereas for Au(110) two peaks can be distinguished. In fact, the 

observed behavior for the stripping peaks is very similar to that obtained for the positive scan 

direction of the voltammetric experiments in 10-3 M As(III) solution using a similar lower 

limit for the scan (Fig. 4.1 & S3). The only notable difference is the small shift in the peak 

potentials due to the difference in concentration of the solution. Using this information, we 

can assign the peaks at 0.450 V for the Au(100) electrode and at 0.360 V for the Au(110) 

electrode to the dissolution of the UPD layer, since these peaks are still visible when the 

lower limit of the scan is above 0.3 V, that is, when bulk As deposition is still not 

thermodynamically favorable.  Thus, the observed difference between the Au(111) electrode 

and the rest of the surfaces is that no UPD phenomenon is observed on the Au(111). In the 

case of the polyoriented Au electrode, the observed behavior is the weighted combination of 

the electrochemical behavior of the different sites present on the surface. Thus, as observed 

for 10-3 M As (III) solutions, the different peaks can be correlated with the peaks in the single 

crystal electrodes. Regarding the possibility of using the stripping signals for the chemical 

determination of As (III) in solution, it is clear that the best surface is the Au(111) electrode 

because a single sharp peak is obtained, which can provide a higher amperometric signal than 

the rest of the surfaces with minimal peak overlap from interference species.  
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Figure 4.5 As stripping voltammograms for the different electrodes A) Au(111); B) 

Au(110); C) Au(100); and D) Au(poly), in 0.5 M H2SO4 + 10-5 M As (III). The electrode 

potential was held for 60 s at the depositing potentials shown in the legends. The scan rate is 

10 mV s-1. The red dots in the figure represent the integrated charge (right-hand axis). 
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Table 4-1 Summary of the main characteristics of the stripping peaks obtained after the 

deposition of As on the different gold electrodes in in 0.1 M H2SO4+ 10-5 M As(III). 

 

Electrode Deposition potential 
Stripping peak 

potential 

Stripping peak 

charge 

Total Stripping 

charge 

Au(111) 
0.175 V 0.280 V 248±3 µC cm-2 248±3 µC cm-2 

0.010 V 0.300 V 487±6 µC cm-2 487±6 µC cm-2 

Au(110) 

0.160 V 
0.270 V 

0.360 V 

149±2 µC cm-2 

294±3 µC cm-2 
443±3 µC cm-2 

0.060 V 
0.270 V 

0.360 V 

278±3 µC cm-2 

294±3 µC cm-2 
572±6 µC cm-2 

Au(100) 

0.125 V 

0.275 V 

0.350 V 

0.450 V 

*** 

*** 

100±1 µC cm-2 

443± 2.6 cm-2 

0.010 V 

0.275 V 

0.350 V 

0.450 V 

*** 

*** 

100±1 µC cm-2 

572± 6 µC cm-2 

Au(poly) 

0.170 V, 

0.280 V 

0.360 V 

0.460 V 

*** 

*** 

176±1 µC cm-2 

382± 2 µC cm-2 

0.125 V 

0.280 V 

0.360 V 

0.460 V 

*** 

*** 

176±1 µC cm-2 

397± 2 µC cm-2 

0.02 V 

0.280 V 

0.360 V 

0.460 V 

*** 

*** 

176±1 µC cm-2 

447± 2 µC cm-2 

 

Au(UTF) comparison to single crystals 
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Linear stripping voltammetry was used to compare the electrochemical detection of As (III) 

for the Au(111), Au(Poly) and Au(UTF) electrode surfaces. Figure 4.6 presents the LSV of 

the Au(111) and Au(Poly) single crystals compared to the Au(UTF). The Au(UTF) 

performed similarly to the Au(111) in 10-5 M As (III) solution + 0.5 M H2SO4. Table 4-2 

presents a comparison of the maximum peak current potential, full width half max (FWHM), 

and charge density. The peak potential for the Au(111) and Au(UTF) are 0.337 and 0.338, 

respectively, showing that the binding energy for the stripping process was by and large the 

same. The maximum peak potential for the Au(poly) electrode was a slightly lower energy at 

0.324 V. This may be associated with increased underpotential deposition activity for 

deposition at Au geometries besides Au(111) which are included in the Au(Poly) electrode. 

The FWHM was determined to identify the capacity for selectivity when other redox active 

metals may be present in the water matrix. The Au(UTF) and Au(111) surfaces showed 

FWHM below 20 mV while the Au(Poly) electrode was 48 mV wide which shows that the 

Au(111) and Au(UTF) have a narrower potential window for detection which may lead to 

higher selectivity when other metals or electrochemically active species are also present in 

the water matrix. The peak potential intensity and width of the Au(UTF) electrode is very 

similar to that of the Au(111) surface, which implies that both surfaces are almost equivalent 

for this reaction, and that the defects present in the Au(UTF) do not significantly alter the 

response for this reaction, which is mainly dominated by the presence of (111) grain 

boundary domains in the Au(UTF).   
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Figure 4.6 As stripping voltammograms for the different electrodes in 0.5 M H2SO4 + 10-5 M 

As (III). The electrode potential was held for 5 minutes at 0 V vs RHE. The scan rate is 50 

mV s-1. 

Table 4-2 Summary of the main characteristics of the stripping peaks obtained after the 

deposition of As on the different Au electrodes in 0.5 M H2SO4 + 10-5 M As(III) 

 

 

4.4.2  Au(UTF) thin film calibration curve 

The standard additions method was used to detect trace As (III) in 0.5 M H2SO4
 and the 

linear range was determined to be between 2.5 and 50 µg L-1 showing the capability to detect 

at and below the MCL of 10 µg L-1. For reference, the statistical limit of detection was 

Electrode Stripping peak potential 
Full Width Half 

Max 

Total Stripping 

Charge Density 

 V vs. RHE V vs. RHE µC cm-2 

Au(111) 0.337 0.0155 589 

Au(poly) 0.324 0.0480 541 

Au(UTF) 0.338 0.0206 570 
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0.0065 µg L-1. The blue curve in Figure 4.7A is the baseline in 0.5 M sulfuric acid. There is a 

peak near 0.55 V in the baseline that has been observed on other Au(111) surfaces,55 which 

disappears upon addition of As (III) even in small concentrations. At concentrations between 

2.5 and 17.5 µg L-1 the peak is quite broad beginning near 0.25 V and ends near 0.6 V (Fig. 

4.7A). However, at 50 µg L-1 the current increases sharply at 0.25 presenting a peak at 0.35 

with a shoulder that ends near 0.6 V. The 100 µg L-1 LSV follows a similar peak shape as the 

50 µg L-1 concentration, however with a larger increase in the peak area at 0.35 V than in the 

broad region that the lower concentration analysis had. This peak shape changes with 

concentration impacted the linearity when plotting the peak area vs. the concentration and 

resulted in an adjusted R2 of 0.983 between 2.5 and 50 µg L-1 (Fig. 4.7B). Additionally, the 

R2 value is increased to 0.998 between 2.5 and 17.5 µg L-1 As (III) (Fig. S6) showing higher 

linearity within ± 7.5 µg L-1 of the 10 µg L-1 MCL. Zhang et. al 60 have shown R2 values of 

0.991 and 0.990 with bulk Au and 5 nm Au nanoparticle electrodes between 0.75 and 7.5 µg 

L-1. As shown in the voltammetric profiles of the single crystal electrodes, the region above 

0.3 V should be related to the stripping of the As UPD. Since the Au(111) electrode does not 

show any characteristic peak in this region, the signal appearing for low concentrations 

should be related to the presence of defects on the surface, mainly composed of (110) and 

(100) steps. Those sites are generally more reactive and thus, they are occupied in the early 

stages of the deposition, giving rise to the formation of a wide wave.  
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4.5  Conclusions 

The results of this study show that the Au(111) single crystal surface has the highest 

sensitivity and selectivity for As (III) stripping analysis and can be implemented as an 

optimized sensing electrode through the use of ultraflat Au(111) texture thin films for trace 

As (III) detection in water. The deposition and stripping process was investigated using 

single crystal model electrodes and QCM. Cyclic voltammetry using the Au(Poly) surface 

with high concentrations of As (III) in solution showed that As (III) redox has a complex 

deposition process, is kinetically controlled, and the oxidation process was dependent on the 

stability of the adlayers formed during deposition. 128 Deposition on the basal plane surfaces 

showed that there were two peaks above 0 V which corresponded to the first and second 

adlayer and had varying peak potentials with each surface orientation. Stripping of As from 

the basal plane surfaces showed that the Au(111) model electrode had the highest sensitivity 

and selectivity as evidenced by having the highest maximum peak current compared to the 

A B 

Figure 4.7 Linear Stripping voltammetry analysis curves of baseline 0.5 M H2SO4 and 

standard additions between 2.5 and 100 µg L-1 of As (III) solution, B) Calibration curve 

of charge density calculated from the area under the curve and a linear regression curve 

for data between 2.5 and 50 µg L-1. 
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other surfaces and a single stripping peak while the other surfaces had multiple peaks which 

were spread out along a broader potential region. Electrochemical QCM data showed that the 

deposition of As (III) onto the Au surface occurs in multiple layers and for each As atom 

adsorbed approximately two water molecules are displaced from the surface. The QCM also 

showed that the stripping of the layers returns the surface to the original state without 

restructuring or irreversible adsorption of As onto the Au surface. Ultraflat Au(111) thin 

films were then compared to the Au(111) and Au(Poly) electrodes, which found that the 

Au(UTF)s preformed highly similar to the Au(111) model electrode for As (III) stripping 

during LSV analysis. Finally, the Au(UTF) was used to detect linearly between 2.5 and 50 

µg L-1  As (III) in ultrapure water with 0.5 M H2SO4 supporting electrolyte and found a 

theoretical limit of detection of 0.0065 µg L-1. This work provides a single crystal model 

study of the effects of surface structure on electrochemical As (III) detection at Au surfaces 

and applies the findings by implementing the benefits of the Au(111) surface in ultraflat 

Au(111) thin films, which can provide high sensitivity and selectivity. Note that single 

crystal-like detection capabilities are achievable with minimal (~2µg) quantities of Au on 

glass substrates, thus in an economically viable electrode. The use ofAu(111) texture thin 

film electrodes with sub-nanometer roughness, may impact many other areas of 

electroanalysis as Au electrodes are very commonly used for a large variety of 

electrochemical investigations. 
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5.1  Abstract 

The ability to detect trace concentrations of Arsenite, As (III), in real water solutions is 

impacted by co-contamination of other metals and co-occurring ions. The presence of copper 

ions, specifically Cu (II), is the most concerning common co-contaminant in natural waters 

due to the close proximity of the Cu (II) oxidation potential to that of As (III). The use of well 

oriented ultraflatAu(111) thin film electrodes provided increased peak separation and 

sensitivity for electrochemical deposition and oxidation of Cu (II) and As (III) in 0.5 M sulfuric 

acid compared to an Au wire electrode. However, mixtures of As (III) and Cu (II) yielded new 

electrochemical properties during both cyclic voltammetry (CV) and linear stripping 

voltammetry (LSV) analysis. Sweeping deposition during CV in As & Cu mixtures resulted in 

a sequential deposition condition where a layer of Cu blocked effective deposition of As to the 

electrode. In contrast rapid shifting of potential to 0 V where As and Cu will deposit produced 

a peak profile different from Cu and As alone, and a significantly larger oxidation peak due to 

an increase in coulombic efficiency during. Ex-situ analysis using X-ray photoelectron 

spectroscopy showed that a mixture of approximately 6% As to 94% Cu was adsorbed onto 

the surface after 60 seconds of deposition at 0 V, suggesting an alloying process is occurring. 

Trace analysis calibration curves using the standard additions method were conducted for Cu, 

As, and Cu + As solutions. This study provides detailed insights into the deposition of co-

occurring Cu and As at Au(111) electrode surfaces during LSV and provides new insights into 

the impacts of Cu-As alloying on trace As (III) detection in 0.5 M H2SO4 solutions.  

SYNOPSIS: Analysis of Cu (II), As (III) and As (III) + Cu (II) mixtures suggests that a Cu3As 

phase is formed during LSV which impacts trace As detection even in trace Cu conditions. 
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This has important implications for the ability to determine As concentrations near the MCL 

of 10 µg L-1 in natural water systems which may contain Cu (II) as a co-contaminant.    

Keywords: Arsenic, Copper, Electrochemical Detection, Gold Single Crystals, Gold Thin 

Films, Water  

5.2  Introduction 

 

The electrochemical detection of Arsenite, As (III), in complex water matrices is an 

essential tool for identifying unsafe concentrations and assessing remediation efficacy in 

natural water samples. 72, 104, 129  Methods such as linear stripping voltammetry have been 

proven to be accurate at part per billion (µg L-1) concentrations, capable of detecting multiple 

co-occurring species simultaneously, and cost effective. 130 These capabilities make 

electrochemical detection a highly valuable tool for identifying if a drinking water source 

contains more than 10 µg L-1 As (III) and considered dangerous by the World Health 

Organization and United States Environmental Protection Agency. 6, 64 A significant portion 

of the U.S. and Global population obtain their daily drinking water directly from surface or 

groundwater sources which may contain unsafe As concentrations and are not protected by 

municipal water treatment systems. 10, 131, 132   Electrochemical sensors for heavy metals in 

water can be a lifesaving, portable, and rapid tool for supporting rural community health. 48, 

70, 92, 133  

The most concerning form of Arsenic is its trivalent state Arsenite, As (III), and is the 

focus of many electrochemical sensing studies due to its electrochemical activity and high 

bioavailability. 9, 13, 105 Arsenate, As (V) is the second most concerning form and can be 

chemically reduced to As (III) for determination of total As after initial determination of As 
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(III). 22, 30, 40, 80  Electrochemical detection on gold (Au) electrodes is beneficial due to its 

high nobility, reversible As (III) redox reaction, and broad region of stability. Seminal works 

provided a foundation for development of electrodes with a variety of morphologies, 

methods, and investigations. 22, 26, 35, 79, 129, 134 Thin Au films, nanoparticles, and microarrays 

on a variety of substrates have been investigated to identify low-cost and highly effective 

electrode materials. 29, 41, 44, 80, 83, 135, 136 Recent works have begun to identify controlled Au 

surface morphology as a potential path to increased sensitivity and selectivity for As (III) 

detection. 25, 37, 38, 42, 43, 51, 118  

Arsenic is commonly mobilized into water with many other anions such as sulfate 

and cations such as uranium, lead, iron and copper. 12, 14 Copper (II) is the most commonly 

cited cation interference with electrochemical As (III) detection and are used as an example 

interferant to determine the selectivity of novel electrodes. 36, 38, 78, 137, 138 Several studies have 

identified the mechanisms for sulfate assisted electrochemical Cu (II) reduction and 

oxidation at Au(111) surfaces which contribute to a characteristic three peak cyclic 

voltammogram. 128, 139-142 During Cu (II) deposition, an ordered sub monolayer structure 

(√3 𝑥 √3) 𝑅30° stabilized by sulfate co-adsorption forms with underpotential deposition. 143 

This is followed by peaks associated with the filling of a (1 𝑥 1) Cu to Au monolayer and a 

multilayer as potential decreases. Oxidation of Cu results in three peaks associated with the 

reversal of these three processes. 140, 144 The formation of Cu-As intermetallic species during 

deposition and overlapping oxidation peaks impeded our ability to detect trace concentrations 

of As. 32, 145 The Cu-As system has received interest in recent years due to increased copper 

production and several researchers have reassessed older thermodynamic research for 
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modelling phase diagrams. 47, 146, 147 However, observing the impacts of Cu-As alloying on 

electrochemical response at Au(111) ordered surfaces has yet to be systematically studied.  

The objective of this work is to assess the capability of a well oriented and ultraflat 

Au(111) thin film, Au(UTF) to selectively detect As (III) in the presence of Cu (II) using 

linear stripping voltammetry (LSV). In previous work from our group we compared the 

Au(UTF) to single crystal model electrode surfaces, and found that it performed very 

similarly to the Au(111) single crystal surface and had increased selectivity and sensitivity 

for As detection compared to the other basal planes. 148 In this study, linear stripping 

voltammetry (LSV) and cyclic voltammetry (CV) were used to systematically identify the 

impacts of Cu (II) co-contamination on As (III) detection in both high and trace 

concentration mixtures. The formation of an As-Cu intermetallic during LSV was confirmed 

with x-ray photoelectron spectroscopy (XPS) and chemical modelling using thermodynamic 

data. In both high and trace concentrations of As & Cu mixtures the peak potential and shape 

were shifted significantly and the ability to detect As (III) at the MCL was diminished. This 

study provides new insights into electrochemical Cu-As alloying as an important As 

detection interference mechanism. Our work shows the drastic impacts co-occurring Cu can 

have on electrochemical As detection with even trace concentrations of Cu. This work has 

implications for detection of natural waters which may have Cu and As such as mining 

legacy impacts and suggests Cu removal may be necessary for accurate trace As detection.  

A core value of this study is to identify a highly sensitive and selective As (III) 

detection system which is also accessible to communities from a cost and usability 

perspective. In consideration of consumer economic accessibility, we are utilizing a 

commercially available film which is ~100 nm thick to limit the amount of Au consumed in 
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each electrode and focusing. In consideration of consumer usability, we are using a portable 

potentiostat and linear stripping voltammetry which is more automatable than capacitive 

current separating methods such as pulse voltammetry. The authors of this study hope that 

this highly effective and portable technology will one day be readily available to 

communities around the world who are in need of accurate detection of As (III). 

5.3  Experimental  

5.3.1  Materials description and characterization 

Ultraflat Au(111) Thin Film.  Ultraflat Au(111) thin films used in this study were 

purchased from Platypus Technologies. Physical characterization of the films are available at 

the purchasing website and have been reported in our previous work with the Au(UTF)s. 122, 

148 The website quotes a film thickness near 100 nm and an average grain area of 3.64 ± 0.2 

µm2 with predominantly Au(111) surface orientation.  

5.3.2  Electrochemical Characterization 

Electrochemical experiments were carried out in a 200 ml five port glass cell, using 

an Au wire as a counter electrode and a reversible hydrogen electrode (RHE) as a reference 

electrode with a fritted glass tube to separate the RHE from the solution. Voltammetric 

experiments were carried out at room temperature using a PalmSens 4 PALM-PS4.F2.05 

portable potentiostat. All solutions were made using ultrapure water (18.2 MΩ cm, Elga 

PureLab OptionQ), concentrated sulfuric acid (VWR, 95 wt%), As2O3 salt (Merck), and 

CuSO4 salt. Fresh As (III) stock solution were prepared by adding 1.229 g of NaAs2O3 to 100 

ml of 0.5 M H2SO4 in 18 MΩ water to generate a 7.5 g/L (10-1 M) As(III) stock solution. One 

ml of this solution was then used to prepare 100 mL of 75 mg/L (10-1 M) As (III) in 0.5 M 

H2SO4 solutions. This was then used with a micropipette to perform the standard additions 
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methods for trace As (III) detection and experiments with 750 ug/L (10-5 M) As (III). A 1 g/L 

(1.57 mM) Cu (II) solution was prepared and used as the stock solution for standard additions 

and 10 mg/L (15.7 M) Cu (II) experiments. 

Ultraflat Au(111) Thin Film. The Au(UTF) electrodes were purchased from 

Platypus Technologies, 122 and were analyzed in previously published research. Our previous 

study showed that the Au(UTF) performed similarly toAu(111) single crystal electrodes for 

electrochemical oxidation and reduction of Au and As (III) and provided increased sensitivity 

and selectivity for As redox compared to a Au(Poly) and other basal plane electrodes. 148 The 

Au(UTF) electrode is an Au(111) thin film with a thickness around 100 nm. An alligator clip 

which was DC sputtered with Au on each side for 2 minutes using a Polaron sputtering 

system with a voltage 1.7 kV, current 18 mA to decrease potential contamination when 

clipped to the Au(UTF)s. The clip was attached near one end of the 5 x 20 mm glass slide 

and 18 M ultrapure water was used to rinse the lower portion of the electrode before 

inserting it into the cell. A new Au(UTF) electrode was used for each experiment. A CV 

from 0.7 to 1.7 V vs. RHE at 10 mV/s was performed at the begginning of each experiment 

to assess surface orientation and electrochemical surfae area for current density 

normalization of the Au(UTF) and a Au(wire) electrodes. As can be seen in Figure C-S1, the 

Au(UTF) surface oxidation begins with a shoulder in the positive sweep direction beginning 

at 1.4 V which leads to a single sharp peak at 1.6 V in 0.5 M H2SO4. This shows that the Au 

surface is predomininantly Au(111) oriented as compared to the Au(wire) electrode which 

presents a broad set of peaks from 1.4 to 1.6 for Au oxidation indicating multiple surface 

orientations. 123 The area of the Au reduction peak occuring at 1.2 V vs. RHE was 

determined and a value of 660 uC/cm2 was used to convert the area of the peak to cm2 and 
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the result was used to normalize experimental results. The reference value used represents a 

three-electron transfer process per Au(111) surface atom with a specific current of 220 C 

cm-2 per electron transferred was 660 C cm-2. 

5.3.3  Physical Characterization 

X-ray Photoelectron Spectroscopy. XPS measurements were performed on a Kratos Ultra 

DLD spectrometer using a monochromatic Al Kα source operating at 150 W (1486.6 eV). 

The operating pressure was 2 x 10-9 Torr. High-resolution spectra were acquired at a pass 

energy of 20 eV. XPS data was processed using Casa XPS software. The analysis was 

performed at six locations along the length of the Au(UTF) electrode; three in the submerged 

area and three on the area which was not submerged. An area which was submerged was then 

used to perform slow scans at 0, 20, 40, 60, and 80 to observe variance in concentrations 

of As and Cu due to depth of the electrochemically adsorbed layer during 60 seconds of 

deposition in 10 mg L-1 (157 M) Cu (II) and 750 ug/L (10.0 M) As (III) with 0.5 M H2SO4 

supporting electrolyte.  

5.3.4  Statistical Analysis.  

Statistical analysis was performed in EXCEL to determine average and standard 

deviation of three consecutive measurements where applicable. The raw data was used to 

calculate the calibration plot of concentration vs. charge density. Limits of detection were 

determined using the equation LOD = (k * Sb)/m, where k was equal to 3 for a 98.3% 

confidence level, Sb is the standard deviation for analysis of three blank curves, and m is the 

slope of the calibration curve. 

5.4  Results & Discussion 
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5.4.1  Increased Sensitivity and Selectivity for As & Cu at 

Au(UTF) compared to Au(Wire) Electrodes. 

The use of the Au(UTF) increased sensitivity for As (III) and Cu (II) redox processes 

over an Au wire electrode. The Au(UTF) thin films were compared to an Au(Wire) in 750 𝜇g 

L-1 As (III) and 10 mg L-1 Cu in 0.5 M H2SO4. Figure 5.1 presents CV between 0 and 0.7 V 

vs. RHE with a scan rate of 10 mV s starting in the negative direction. In 750 𝜇g L-1 As (III) 

the Au(Wire) electrode shows a broad peak beginning at approximately 0.45 V and a 

maximum reduction peak potential at 0.25 V followed by a plateau near -9 A cm-2 until 0 V 

(Fig. 5.1A). The Au(UTF) deposition for the same solution conditions begins at a lower 

potential, 0.325 V, and consists of a broad maximal peak potential of 0.15 V with a smaller 

shoulder peak at 0.26 V. During the positive sweep the oxidation potential for the Au(Wire) 

occurs at 0.33 V and has a broad bell shape. Whereas the Au(UTF) has a sharp peak at 0.31 

V with a sharp fall off until a shoulder begins at 0.35 V. Figure 5.1B presents the comparison 

of the Au(UTF) to the Au(Wire) in 10 mg L-1 Cu (II) with 0.5 M H2SO4. The Au(Wire) 

deposition begins near 0.6 V and has a broad wave followed by a larger peak at 0.16 V. The 

Au(UTF) shows more distinctive deposition peaks at 0.42 V and 0.22 V followed by a wave 

from 0.15 to 0 V. The positive sweep shows that the Au(Wire) has a crown shape with 3 

major peaks which are not well resolved from each other. However, the Au(UTF) shows 

sharp peaks at 0.25, 0.35, and 0.46 V. The charge density for the oxidation peaks at the 

Au(UTF) surface are 275, 270, and 183 C cm-2, respectively.  

 

 The results of Cu redox on the Au(UTF) is similar to studies observing Cu 

underpotential deposition and structure during cyclic voltammetry on Au(111) surfaces. 140, 
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144, 149 Each peak was assigned a potential range which was chosen by identifying the lowest 

current between the peaks during the potential sweep. The charge density of the redox peaks 

were analyzed as three separate processes with the half wave potential occurring at 

approximately 0.2, 0.3, and 0.4 V for peaks 1, 2, and 3, respectively. Reduction peaks at 

0.42, 0.22, and 0.15 V were termed R1, R2, and R3, respectively. Oxidation peaks at 0.25, 

0.35, and 0.46 V were termed O1, O2, and O3, respectively. Similar charge density for each 

reduction and oxidation of the redox processes showed that the peaks are correlated and 

reversible. The oxidation charge density for O1, O2, and O3 were 275, 270, and 183 C cm-2 

(Table 5-1). The O3 peak is often cited as the formation of a 2/3 monolayer structure which 

takes a honeycomb structure on the Au(111) surface, while O2 is determined to be the filling 

of a full 1:1 Cu to Au monolayer and O1 is associated with the formation of a bulk layer. 149 

The combined charge for O2 and O3 is 453 C cm-2 which aligns well with the expected 

specific current from a two-electron process at the Au(111) surface being 440 C cm-2. 

However, the ratio of O3 accounts for only 2/5 of the total charge associated with the 

formation of a full 1x1 monolayer of Cu. This variance from expected ratios may be due to 

the presence of multiple randomly rotated Au(111) crystals with grain boundaries in the film 

resulting in various Au(111) terrace sizes. 140 However, the charge ratios for the peaks cannot 

be relied upon for conclusive evidence of surface structure due to influence from co-adsorbed 

sulfate. 144, 150 The current density correlation to theoretical values and the ability to observe 

these processes in sharp and mostly separated peaks shows the quality of the Au(111) surface 

of the Au(UTF) for observing electrochemical processes with increased sensitivity and 

selectivity. 
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5.4.2  Cu Limitation of As Deposition for As-Cu Mixtures during 

Cyclic Voltammetry 

 During cyclic voltammetry the sequential deposition of Cu followed by As + Cu 

during deposition limited the adsorption of As (III). Cyclic voltammetry analysis in 750 𝜇g 

L-1 As (III) + 10 mg L-1 Cu in was compared to CVs in As alone and Cu alone between 0 and 

0.7 V vs. RHE (Fig. 5.2). During the negative going sweep deposition in 10 mg L-1 Cu alone 

begins at 0.55 V while As (III) deposition begins at 0.325 V. The deposition sweep in the 

mixture begins at 0.55 V and shows deposition peaks similar to 10 mg L-1 Cu alone. 

However, the current between 0.15 and 0 V is increased in comparison to Cu alone but is not 

increased to match the current passed for deposition of As alone.  

The mixture deposition profile indicates that there is a period of time where Cu is 

being deposited before As, and the charge passed for deposition of As was reduced in 

comparison to As alone. The charge passed for the deposition process in Cu alone, As alone 

and Cu & As mixtures was 788, 752, and 960 C cm-2. Upon the sweeping positively the 

oxidation process for the Cu & As mixture resembles that of Cu alone more closely than As 

alone. However, the first oxidation peak at 0.25 V shows increased peak current from 30 to 

50 A cm-2 and the second oxidation peak is shifted from 0.35 V to 0.325 V between the Cu 

alone and mixture profiles. The total charge passed for the oxidation processes for Cu alone, 

As alone, and Cu & As mixtures were 613, 710, and 727 C cm-2 (Table 5-2).  

 The deposition of As onto the Au(UTF) electrode is inhibited by the presence of Cu 

in solution. The deposition process in the Cu & As mixture did not show an additive increase 

in charge density as would be expected if Cu and As adsorbed in the same quantity when 

individually present. If the Cu and As were depositing at the same rate in the mixture as 
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when they were alone, we would expect the current to be closer to 1540 C cm-2 rather than 

960 C cm-2 (Table 5-2). Additionally, the oxidation process peaks during the positive going 

sweep of the CV for the mixture more closely resembled that of Cu alone with slight shifts. 

This can be explained by the sweeping condition results in a semi-charge transfer limited 

condition for As & Cu co-deposition during sweeping. Due to the higher deposition onset 

potential of Cu a layer of Cu is adsorbed during sweeping before potentials which would 

allow for both Cu and As to adsorb are reached. The co-deposition of As with Cu has been 

determined to occur primarily in the early stages of deposition and a change in the surface 

overpotential when a Cu layer adsorbed may be contributing to the limitation of As 

deposition under cyclic voltammetry conditions. 151 

It is important to note that the separation of Cu (II) and As (III) deposition processes 

is increased at the Au(UTF) surface in comparison to an Au wire, which may have 

implications for a sensing system with two Au(UTF) working electrodes. Using a single 

electrode, the sequential deposition of a Cu layer prior to As deposition blocked the 

deposition of As. However, chronoamperometry with a secondary Au(UTF) electrode held at 

a potential below the Cu sub-monolayer peak, but above the As deposition peak (~0.325 V 

vs. RHE) could electrochemically remove Cu (II) from solution without removing As (III). 

This would be ideal for in-situ detection because it would limit the amount of chemical 

alteration necessary for trace As (III) detection.  

5.4.3  Increased Deposition and Oxidation Charge Transfer for 

As-Cu Mixtures During Linear Stripping Voltammetry 

Linear stripping voltammetry analysis of the same solution conditions was performed 

and compared to results from CV experiments. Figure 5.3 A shows the LSV stripping peak 
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for 10 mg L-1 Cu alone, 750 g L-1 As alone, and the 10 mg L-1  Cu + 750 g L-1 As mixture 

with a scan rate of 10 mV s-1 and deposition time of 60 s at 0 V vs. SHE. The LSV analysis 

was performed directly after each CV study without removing the Au(UTF) electrode from 

section 3.2 for consistency.  

The LSV oxidation process for 10 mg L-1 Cu (II) alone resembles that of the CV in 

figure 5.1B, however the lowest oxidation peak, O1, is broader and larger than peak O2. 

During LSV the charge densities for O1, O2, and O3 were 412, 210, and 147 C cm-2. The 

charge associated with the filling of the full monolayer (O2 + O3) decreased from 453 to 415 

C cm-2 when comparing the oxidation process peaks in section 3.1. Peak O1 is the only 

peak which increased from 275 to 338 C cm-2 between CV and LSV, respectively. The 

oxidation process for 750 g L-1 As (III) LSV shows a similar peak shape and position with a 

peak area increase from 710 to 857 C cm-2. When both 10 mg L-1 Cu (II) and 750 g L-1 As 

(III) were present the LSV analysis resulted in a drastically increased charge from 727 to 

4921 C cm-2 (Table 5-3). To further assess the drastic increase an LSV experiment where 

chronoamperometry data was collected during the deposition step was performed for 750 g 

L-1 As (III) and the 10 mg L-1 Cu (II) + 750 g L-1 As (III) mixture solutions (Fig. C-S2A, 

B). The total charge during deposition of As alone and the As + Cu mixture were 1454 and 

3143 C cm-2, respectively. When compared to the stripping charge of As alone and the As + 

Cu mixture (459 and 3110 C cm-2, respectively) the deposition efficiency was increased 

from 32% for As alone to 99% in the As + Cu mixture. In addition to an increase in peak 

current the shape of the peak is shifted and the maximal peak potential for the As + Cu 
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mixture is 0.325 V with a shoulder peak at 0.375 V vs. RHE. These peak potentials do not 

align with the peak potential for As or Cu alone and suggest a new phase has been formed. 

 The LSV analysis further develops understanding of the three phase Cu redox system 

and introduces evidence of Cu-As alloy formation at the Au(UTF) surface. The three step Cu 

oxidation process for 10 mg L-1 Cu (II) alone is maintained for LSV with an increase in 

charge for O1 and relatively similar charges for peaks O2 and O3. The increase in the 

multilayer oxidation peaks and stability of monolayer oxidation peaks aligns well with the 

three-phase mechanism for formation of multiple Cu layers discussed in section 3.2. There is 

a decrease in peak current for O3 and O2 during LSV which may be due to restructuring of 

the Au(111) facets from adsorption during LSV or CV studies. 152, 153 LSV in 750 g L-1 As 

(III) shows a primary peak at 0.34 V with a slope to the right extending to 0.425 V. 

Considering that the onset of the As oxidation peak is near 0.325 V the total width of the As 

detection peak is 100 mV, which is a small potential region compared to unoriented 

electrodes at similar concentrations of As even when pulse voltammetry techniques are 

utilized. 26, 35, 38, 129 The LSV of the Cu + As mixture indicates that an intermetallic is being 

formed due to increased deposition efficiency resulting in increased peak current, and a 

positive shift in peak potential and shape when both As and Cu are present.  

Analysis of linear stripping voltammetry was conducted with 175 g L-1 (2.34 M) 

As (III) and (23.6 M) 1500 g L-1 Cu (II) to observe impacts of co-occurring Cu + As at 

trace concentrations (Fig. 5.3B). LSV was performed under with the same electrochemical 

parameters as in section 3.3. The charge of oxidation peaks during LSV for 175 g L-1 As 

(III) alone, 1500 g L-1 Cu (II) alone and a 175 g L-1 As (III) + 1500 g L-1 Cu (II) mixture 
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were 125, 358, and 462 C cm-2, respectively (Table 5-3). The oxidation profile for Cu (II) 

alone shows only two peaks at 0.35 V and 0.45 V which are the same as O2 and O3 from 

section 3.1. The lower potential peak for Cu oxidation due to multilayer deposition, O1, is 

not expected to be present at this concentration because the charge associated with 1500g L-

1 Cu (II) alone is significantly less than the expected value of 440 C cm-2 for a 1x1 

monolayer. Since the peak at 0.35 accounts for 125 C cm-2 and the peak at 0.45 is 

associated with 192 C cm-2 of the charge we can assume that the full (1x1) monolayer is not 

being filled. The maximal peak for 175 g L-1 As (III) alone was at 0.275 V with a shoulder 

with a maximum current at 0.32 V. For the 175 g L-1 As (III) + 1500g L-1 Cu (II) mixture 

the maximal peak potential during LSV was at 0.36 V with sloped shoulder peaks at 0.28 and 

0.44 V.  

The LSV comparison of high and trace concentrations shows that the Cu-As 

intermetallic is forming for both multiple layer and monolayer conditions. The sum of As 

alone and Cu alone would be 483 C cm-2 which is close to what was observed when both 

Cu + As were present (462 C cm-2). The specific charge expected for As (III) reduction, a 3-

electron process, on an Au(111) surface would be 660 C cm-2. Taking the specific charge of 

each reaction as an estimation the charge passed for Cu alone would be equal to about 81% 

of a monolayer, and the charge passed for As would correlate to about 19% of a monolayer 

which is what may be expected for a 1x1 monolayer.  

5.4.4  Formation of As-Cu Intermetallic Alloy Influences Linear 

Stripping Voltammetry for As-Cu Mixtures 

X-ray photoelectron spectroscopy (XPS) and thermodynamic modelling provide 

evidence that a Cu-As intermetallic is being formed during the deposition phase of LSV 
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analysis. Figure 5.4A presents the angle resolved XPS analysis of elemental composition on 

the surface of the Au(UTF) directly after deposition and before stripping. The elemental 

percentage of As increases from 6 to 18 % elemental (8-26 wt%) as the angle of the film is 

tilted from 0 to 60  during analysis. Increase in concentration with tilt angle indicates that 

As is more concentrated towards the surface of the adlayer than towards the Au(111) surface. 

The concentration range determined is well within the range where Cu3As and other Cu-As 

intermetallic species are formed according to metallurgical modelling. 47, 146, 147 

Thermodynamic modelling for an aqueous electrolyte containing 0.5 M H2SO4, 1 mg L-1 Cu 

(II), and 750 g L-1 As (III) indicates that at the concentrations of interest Cu3As is likely to 

be formed at a slightly higher potential than As alone (Fig 5.4B).  Chen et al found that the 

co-deposition As with Cu increases deposition of Cu and forms a Cu3As intermetallic alloy. 

154 Although the thermodynamic characteristics of a bulk solid metal are different from those 

in solution, the co-deposition phenomena cited in metallurgical studies may explain increased 

deposition efficiency and peak charge density for the 10 mg L-1 Cu (II) + 750 g L-1 As (III) 

mixture compared the individual species at the Au(UTF) surface during LSV. A limitation of 

this study is that XPS and electrochemical data are not capable of discerning the structure of 

the intermetallic. Further studies using electron diffraction or atomic imaging are needed to 

determine if electrochemical deposition of the Cu-As intermetallic is forming a solid 

solution, or an ordered phase. The Au(UTF) was then tested with lower concentrations to 

identify if there are impacts on detection of trace As from Cu-As intermetallic formation. 

3.5 Co-occurrence of Cu Limits Selectivity for As Detection 
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 The Au(UTF) was highly effective at detecting trace concentrations of As (III) and 

Cu (II) near 1 mg L-1. The Au(UTF) was used to generate LSV standard additions method 

calibration curves for 5, 10, 15, 25, 50, 75, 100, 125, and 175 g L-1 (0.07, 0.13, 0.20, 0.33, 

0.67, 1, 1.34, 1.67, and 2.3 M) As (III) and 250, 500, 1000, and 1500  g L-1 (3.9, 7.9, 15.7 

and 23.6 M) Cu (II) in 0.5 M H2SO4 , Figure 5.5 A and C, respectively. Linear regression 

analysis showed that the adjusted R2 for Cu (II) and As (III) detection were 0.999 and 0.901, 

respectively (Fig. 5.5 B & D). This results in theoretical limits of detection (LOD) of 0.6 g 

L-1 (0.01 M) As (III) and 45 g L-1 (0.7 M) Cu (II) for the Au(UTF) electrode while using 

linear stripping voltammetry. Sub part per billion detection of As (III) with a portable 

potentiostat shows portable and accurate detection below the MCL while using LSV which 

can be automated and applied to a large set of electrodes. This avoids usability issues 

inherent to differential pulse techniques such as individual electrode optimization for 

detection. 

The LSV curves for trace As (III) alone show a peak at 0.54 V which is consistent 

throughout all curves and commonly associated with the dissolution of an ordered sulfate 

layer on Au(111) electrodes. 55, 155 The addition of increments of As (III) to achieve between 

5 and 25 g L-1 result in an increasing peak with a bell shape at 0.35 V. At 50 g L-1 As (III) 

a second peak at 0.27 begins and continues to increase and becomes the dominant peak with 

increasing concentrations up to 175 g L-1 As (III). The initial peak at low concentrations 

becomes a shoulder of the lower energy peak and continues to have a maximum peak current 

near 6 A with concentrations at and above 50 g L-1. This may be due to saturation of 

imperfections at the surface of the Au(UTF) which are not Au(111) oriented such as grain 
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boundaries which are adsorbing As (III) through underpotential deposition and thus require a 

higher energy to strip from the surface. 148  

Concentrations of Cu alone from 250 to 1500 g L-1 Cu (II) show that a peak at 0.45 

V initially increases and then a peak at 0.35 V begins to increase upon increasing 

concentration (Fig. 5.5C). This is consistent with previous sections showing that there is a 

maximal potential for the highest peak energy peak due to the formation of an ordered sub-

monolayer of Cu followed by the filling of a 1x1 monolayer at an Au(111) surface.  

When mixtures of trace As (III) in the presence of Cu (II) were analyzed, it was found 

that Cu (II) concentrations as low at 250 g L-1 can impact the peak shape and detection of 

trace As (III) at an Au(111) surface. The Au(UTF) was used to generate LSV standard 

additions method calibration curves for 5, 10, 15, 25, 50, 75, 100, 125, and 175 g L-1 As 

(III) in the presence of 1500 g L-1 Cu (II) (Fig. 5.6A & B). The initial peaks associated with 

1500 g L-1 Cu (II) are at 0.34 and 0.45 V. With increasing As (III) concentrations the lower 

potential peak shifts from 0.34 to 0.37 V and the higher potential peak decreases in current 

from 37 to 19 A, becoming a shoulder to the lower energy peak. The amount of error for 

each concentration of As (III) was increased when 1500 g L-1 Cu (II) was in solution, and 

the limit of detection was increased to 43.7 g L-1 (0.58 M) for As (III). This high of a limit 

of detection effectively eliminates the ability to detect As at the maximum contaminant level 

with 1500 g L-1 Cu (II) present. 24  

Additions of Cu (II) from 250, 500, 1000, and 1500  g L-1 Cu (II) were added to a 

solution containing 175 g L-1 As (III) in 0.5 M H2SO4 (Fig. 5.6 C & D). With the addition of 

250 g L-1 Cu (II) the peak for 175 g L-1 As (III) at 0.25 V shifts positively to 0.3 V and a 
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second peak at 0.44 V is introduced. Further additions of Cu (II) to 1500 g L-1 continue to 

shift the primary peak potential to 0.35 V and increase the higher energy peak at 0.44 until it 

becomes a shoulder. The resulting peak shape for additions of Cu (II) to As (III) and vice 

versa are similar with a predominant peak near 0.35 V and a shoulder at 0.45 V. The limit of 

detection by analyzing the area under the curve for Cu (II) in the presence of 175 g L-1 As 

(III) was 13 g L-1 (0.2 M) Cu (II). The impacts of As on Cu detection have been found to 

be minimal, 36 and in our findings aided in decreasing the limit of detection for Cu (II) from 

45 to 13 g L-1.  

The trace concentration mixtures show shifts in peak potentials and heights when Cu 

(II) is added to a solution containing As (III) and vice versa. When approaching 175 g L-1 

As (III) and 1500 g L-1 Cu (II) by adding As or Cu the final peak shape is quite similar 

regardless of which species is being added. This raises an interesting prospect of 

implementing a machine learning system by analyzing a large set of experiments with a 

range of concentrations and Cu:As ratio mixtures to teach a neural network to identify Cu 

and As concentrations based on peak shape and intensity.  

5.5  Conclusions 

 The results of this study show that even though the use of a highly oriented and 

ultraflat Au(111) surface provided increased sensitivity to surface redox processes it was not 

able to selectively detect As (III) in the presence of Cu (II) with 0.5 M H2SO4 supporting 

electrolyte due to Cu-As alloy formation. We observed that the formation of a Cu-As 

intermetallic during LSV at both high and trace concentrations of As & Cu mixtures 

impacted the ability to detect As (III) at the Au(UTF) surface. The deposition process was 
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characterized through CV and LSV studies, as well as XPS analysis. Cyclic voltammetry 

showed that if deposition in a mixture of Cu and As is performed by sweeping negatively the 

sequential deposition of Cu then As results in limited As deposition. However, when 

deposition is performed by a rapid step to a potential where both As and Cu are likely to form 

there is a drastic increase in deposition efficiency and oxidation peak charge density 

compared to As or Cu alone. At the concentrations studied modelling showed that a stable 

Cu3As species is formed which is likely the cause for increased deposition efficiency. The 

standard additions method was used to detect As (III) with a LOD of 0.6 g L-1 in 0.5 M 

H2SO4 showing highly sensitive detection using a nanofilm of Au and the readily 

automatable LSV method. However, when 1500 g L-1 Cu (II) was present the LOD was 

increased to 43.7 g L-1, making the electrode ineffective for detection at the 10 g L-1 MCL 

for As (III). The limit of detection for standard additions of Cu (II) in 0.5 M H2SO4 was 4.5 

g L-1 and was decreased to 1.3 g L-1 when 175 g L-1 As (III) was present in solution. This 

work provides a systematic analysis of the impacts of Cu-As intermetallic formation on As 

(III) detection at an Au(111) oriented surface and shows that the presence of Cu (II) can have 

significant impacts on As (III) detection at Au(111) surfaces. This work provides insights 

into electrochemical Cu-As alloy formation at highly oriented Au(111) electrodes and 

highlights the importance of Cu (II) removal before direct analysis of As (III). However, 

increased peak separation and sensitivity for As and Cu redox can benefit the use of machine 

learning and neural network analysis as a potential path towards deconvoluting As detection 

in the presence of Cu without the need for removal. The application of Au(UTF) for heavy 

metals analysis encourages an exciting and accessible path towards the use of Au(111) 

electrodes surfaces for a multitude of electrochemistry applications.  
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Tables and Figures  

 

Table 5-1 Reduction and oxidation charge densities at the Au(UTF) electrode for three phase 

Cu redox peaks 1, 2, and 3 in 10 mg L-1 Cu during cyclic voltammetry and linear stripping 

voltammetry. 

Peak 

Potential 

Range 

V vs. RHE 

CV 

Reduction 

Charge 

Density     

C cm-2 

Peak 

Potential 

Range 

V vs. RHE 

CV  

Oxidation 

Charge 

Density       

C cm-2 

LSV 

Oxidation 

Charge 

Density       

C cm-2 

R3 
0.3- 0.6  185 

O3 
0.4 - 0.6 183 151 

R2 
0.15 - 0.3  250 

O2 
0.3 - 0.4 V 270 264 

R1 
0 - 0.15  286 

O1 
0.2 - 0.3 V 275 338 
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Table 5-2 Total oxidation and reduction charge during CV at the Au(UTF) electrode in 750 

𝜇g L-1 As (III), 10 mg L-1 Cu, and 750 𝜇g L-1 As (III) + 10 mg L-1 Cu mixture with 0.5 M 

H2SO4 supporting electrolyte. 

Solution 

Reduction Charge Density    

C cm-2 

Oxidation Charge Density      

C cm-2 

Blank (0.5 M H2SO4) 34 3 

750 ug L-1 As 752 710 

10 mg L-1 Cu 788 613 

750 ug L-1 As + 10 mg L-1 Cu 960 727 
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Table 5-3 Oxidation peak charge density during LSV for Au(UTF) in high and trace 

concentration analysis of individual species and mixtures with 0.5 M H2SO4 supporting 

electrolyte. 

Solution 

Oxidation Charge Density      

C cm-2 

Blank (0.5 M H2SO4) 7 

750 ug L-1 As 857 

10 mg L-1 Cu 768 

750 ug L-1 As + 10 mg L-1 Cu 4921 

175 g L-1 As 125 

1500 g L-1 Cu 358 

175 g L-1 As + 1500 g L-1 Cu 462 
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Table 5-4 Concentration conversion table for As and Cu concentrations used. 

As Concentration 

(g L-1) 

As Concentration 

(M) 

Cu Concentration 

(g L-1) 

Cu Concentration 

(M) 

750 10.0 10000 157 

175 2.34 1500 23.6 

125 1.67 1000 15.7 

100 1.34 500 7.9 

75 1.00 250 3.9 

50 0.67   

25 0.33   

15 0.20   

10 0.13   

5 0.07   
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10 mV s-1 

R3 R2 
R1 

O1 

O2 

O3 

Figure 5.1 Cyclic voltammograms comparing an ultraflat 

Au(111) thin film, Au(UTF), electrode compared to an Au 

wire, Au(Wire), electrode in A) 750 𝜇g L-1 As (III) and B) 

10 mg L-1 Cu (II) with 0.5 M H2SO4 supporting electrolyte. 

 

A 

B 
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Figure 5.2 Cyclic voltammetry at the Au(UTF) electrode in 750 𝜇g L-1 As (III), 10 mg L-1 

Cu, and 750 𝜇g L-1 As (III) + 10 mg L-1 Cu mixture with 0.5 M H2SO4 supporting electrolyte. 

Scan rate of 10 mV s-1 negative starting sweep. 

10 mV s-1 
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Figure 5.3 Linear stripping voltammetry at the Au(UTF) electrode in A) 750 𝜇g L-1 As (III), 

10 mg L-1 Cu, and 750 𝜇g L-1 As (III) + 10 mg L-1 Cu mixture and B) 175 𝜇g L-1 As (III), 

1500 𝜇g L-1 Cu (II), and 175 𝜇g L-1 As (III) + 1500 𝜇g L-1 Cu (II) mixture, with 0.5 M H2SO4 

supporting electrolyte. Deposition for 60 s at 0 V vs. RHE and a scan rate of 10 mV s-1. 

10 mV s-1 

10 mV s-1 

A 

B 
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Figure 5.4 A) Angle resolved x-ray photoelectron spectroscopy showing the elemental 

composition at the Au(UTF) surface after 60 s of deposition at 0 V vs. RHE in 750 𝜇g ∙ L-1 

As  (III) and 10 mg ∙ L-1 Cu (II) mixture B) Eh vs. pH diagram for 750 𝜇g ∙ L-1 As (III), 1 mg 

∙ L-1 Cu (II) at 25  C and 1.013 bars, generated using geochemist’s workbench.    

A 

B 
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A 

C 

B 

D 

Figure 5.5 Linear stripping voltammetry curves produced by standard additions method for trace 

detection of A) 5, 10, 15, 25, 50, 75, 100, 125, and 175 g L-1 As (III) with B) associated As (III) 

calibration curve and C) 250, 500, 1000, and 1500 g L-1 Cu (II) with D) associated Cu (II) 

calibration curve. 
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A 

Figure 5.6 Selected LSV curves produced by standard additions method for trace detection of A) 5, 

10, 15, 25, 50, 75, 100, 125, and 175 g L-1 As (III) to a solution containing 1500 g L-1 Cu (II) with 

B) associated As (III) calibration curve, and C) 250, 500, 1000, and 1500 g L-1 Cu (II) to a solution 

containing 175 g L-1 As (III) with D) associated Cu (II) calibration curve. 

C 
D 

B 
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Table A-S1 X-ray fluorescence film builder calculation of PVD Au nanofilm thickness due 

to intensity of characteristic x-rays in comparison to a bulk phase Au sample. 

Area Intensity XRF Orbis film builder 

film thickness (nm) 

A 10.94 7.0875 

B 9.787 6.3391 

C 10.875 7.044 

Average  6.82 ± 0.42 
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Sample 

Synthesis 

Attempt 

Particle 

size in 

XRD (nm) 

1 ~8 

2 ~4 

3 ~4 

4 ~7 

5 ~3 

Table A-S2 Summary of Particle size determined using 

Jade software from XRD pattern data.  
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Area (µA V) Charge (µC) 

Charge Density 

(µC cm-2) 

50 µg/L 1.477 147.686 6.723 

 1.446 144.592 6.582 

 1.381 138.141 6.288 

25 µg/L 0.715 71.534 3.256 

 0.755 75.497 3.437 

 0.763 76.260 3.471 

15 µg/L 0.468 46.774 2.129 

 0.405 40.489 1.843 

 0.405 40.473 1.842 

10 µg/L 0.313 31.256 1.423 

 0.308 30.790 1.402 

 0.308 30.842 1.404 

5 µg/L 0.156 15.569 0.709 

 0.148 14.774 0.673 

 0.124 12.410 0.565 

Blank 1 0.005 0.046 0.002 

Blank 2 -0.019 -0.186 -0.012 

Blank 3 -0.013 -0.128 -0.011 

Table A-S3 Area and charge density for As (III) standard additions method 

calibration curve in ultrapure conditions and 0.5 M H2SO4 supporting electrolyte. 

The region of interest was analyzed with a straight line from 0.14 to 0.3 for each 

of the curves. The electrochemical surface area was determined to be 21.96 cm 2 

using Au reduction peak analysis from cyclic voltammetry  and a specific 

capacitance of 400 µC cm-2 for gold. 
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 Area (µA V) Charge (µC) Charge Density (µC cm-2) 

175 µg/L 3.454 345.380 16.268 

 3.609 360.893 16.999 

 3.759 375.850 17.704 
125 µg/L 2.470 246.989 11.634 

 2.727 272.654 12.843 

 2.633 263.270 12.401 
100 µg/L 2.047 204.694 9.642 

 2.260 226.032 10.647 

 2.366 236.643 11.147 
75 µg/L 1.631 163.108 7.683 

 1.786 178.619 8.414 

 1.731 173.145 8.156 

50 µg/L 1.501 150.090 7.070 

 1.452 145.247 6.842 

 1.507 150.730 7.100 

25 µg/L 1.044 104.409 4.918 

 0.986 98.633 4.646 

 1.046 104.583 4.926 

15 µg/L 0.838 83.841 3.949 

 0.770 77.046 3.629 

 0.954 95.444 4.496 

10 µg/L 0.802 80.226 3.779 

 0.865 86.459 4.072 

 0.750 75.044 3.535 

5 µg/L 0.302 30.203 1.423 

 0.172 17.150 0.808 

 0.341 34.138 1.608 

Blank 1 -0.374 -37.398 -1.762 

Blank 2 -0.446 -44.636 -2.102 

Blank 3 -0.435 -43.494 -2.049 

Table A-S4 Area and charge density for As (III) standard additions method calibration curve 

in Rio Paguate Moquino river water sample and 0.5 M H2SO4 supporting electrolyte. The 

region of interest was analyzed with a straight line from 0.1 to 0.4 for each of the curves. The 

electrochemical surface area was determined to be 21.23 cm2 after Au reduction peak analysis 

from cyclic voltammetry and a specific capacitance of 400 µC cm-2 for gold. 
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Figure A-S1. Gold nanoparticles deposited onto Vulcan XC 72R: (A) 

X-ray Diffraction pattern International Centre for Diffraction Data 

(ICDD) card (PDF# 00-066-0091); (B) High Resolution TEM inset 

Fast Fourier Transform of boxed region; dark area is Au nanoparticles 

and lighter patterned region is XC 72R carbon; (C) Dark Field TEM; 

light regions are Au particles and dark region is space or XC 72R. 
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Figure A-S2. Thermogravimetric analysis of first Au nanoparticle 

synthesis. 
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Figure A-S3. Potential of reduction peak for each of the electrodes in Figure 2 with a 50 mV 

s-1 scan rate. Anova single parameter test in Microsoft Excel showed no significant difference 

between PVD Au nanofilm and Au Wire. There is significant difference between Au wire and 

Au nanoparticles reduction peak potentials. 
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Table B-S1. AFM analysis of Au(UTF) data for calculating root mean square roughness. 

Statistical Quantities 

Image:                    Scan_012_Topography_F 

Selected area:            256 × 256 at (0, 0) px 

                          0.000000 × 0.000000 at (0.000000, 0.000000) m 

Mask in use:              No 

 

Average value:            -5.85331 µm 

RMS roughness (Sq):       2.54736 nm 

RMS (grain-wise):         2.54736 nm 

Mean roughness (Sa):      1.19266 nm 

Skew (Ssk):               4.76679 

Excess kurtosis:          50.5297 

 

Minimum:                  -5.87094 µm 

Maximum:                  -5.81644 µm 

Median:                   -5.85348 µm 

Maximum peak height (Sp): 0.03687 µm 

Maximum pit depth (Sv):   0.01763 µm 

Maximum height (Sz):      0.05450 µm 

 

Projected area:           4.00000 µm² 

Surface area:             4.05758 µm² 

Surface slope (Sdq):      0.183978 

Volume:                   -23.4132 µm³ 

Variation:                588307 nm² 

Inclination θ:            0.00 deg 

Inclination φ:            131.82 deg 

 

Scan line discrepancy:    147.187 × 10⁻⁶ 
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Table B-S2. Table of charge density of Arsenic reduction and oxidation and oxidation peak 

potential for cyclic voltammetry in 10-1 and 10-3 M As with 0.5 M H2SO4 supporting 

electrolyte. 

 

 Reduction Charge Density Oxidation Charge Density Oxidation Peak 

Potential 

 µC  cm-2 µC  cm-2 V vs. SHE 

10-1 M As (III) -2160 2450 0.554 

10-3 M As (III) -1480 1570 0.402 
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Figure B-S1. Characterization of Au(UTF): A)  Dark Field transmission electron 

microscopy,  B) Electron Backscatter Diffraction Image,  C) pole figure for the [100] pole 

direction,  D) Inverse pole figure by EBSD analysis,  E) legend associated with figures B, C 

and D,  F) Atomic force microscopy image, G) Electrochemical Au oxidation and reduction 

peaks for Au(UTF), Au(111), Au(110) and Au(100) surfaces in 0.5 M H2SO4. 

A B 

C D E 

F 
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Figure B-S2. X-ray diffraction analysis of:  Top: Au(UTF) thin film.  Middle, EQCM 

electrode and Bottom, not intentionally oriented Au thin film electrode, (111) normal texture 

noted in all three samples. 
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Figure B-S3. Cyclic voltammetry of 10-3 and 10-1 M As (III) in 0.5 M H2SO4 solution at 

10 mV s-1.  

 

 

 

 

 

 

  



 

 

 

137 

0.1 0.2 0.3 0.4 0.5 0.6

-100

0

100

200

300

-100

0

100

200

300

-100

0

100

200

300

0.1 0.2 0.3 0.4 0.5 0.6

-100

0

100

200

300
Au(111)

Au(110)

Au(100)

 

j/
µ

A
 c

m
-2

Au(poly)

 

j/
µ

A
 c

m
-2

 

j/
µ

A
 c

m
-2

 

j/
µ

A
 c

m
-2

E vs. RHE/V  

Figure B-S4. Cyclic voltammetry in 10-3 M As (III) with 0.5 M H2SO4 supporting 

electrolyte with more positive lower limit potentials on a smaller potential scale to inform 

Figures 1 and 2 in the main manuscript. 
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Figure B-S5. Cyclic voltammetry of EQCM in 0.5 M H2SO4 at 50 mV s-1. 
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Figure B-S6. Linear regressions between charge density for 2.5 to 17.5 and 2.5 to 50 µg L-1. 

The upper left data is related to 2.5 to 17.5 µg L-1 and the lower right data is related to 2.5 to 

50 µg L-1. 
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Figure C-S1. Comparison of Gold Oxidation and Reduction at the Au(UTF) and Au(Wire) 

electrode surfaces. 
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Figure C-S2. A) Chronoamperometry during 60 s of deposition at 0 V vs. RHE and B) 

Linear stripping voltammetry after chronoamperometry with a scan rate of 10 mV s-1, for 750 

g L-1 As (III) and a 750 g L-1 As (III) + 10 mg L-1 Cu (II) mixture with 0.5 M H2SO4 

supporting electrolyte.  
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