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ABSTRACT: Electrochemical stripping voltammetry electroanal-
ysis sensitivity and selectivity are oftentimes limited by wide
variance in analyte electrode surface adsorption and desorption
energies. The use of highly oriented Au(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. An
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 the Au(UTF) surface provides 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.

■ INTRODUCTION
The ability to detect arsenic (As) at parts per billion (ppb)
concentrations is essential to informing populations around the
world with potential exposures to As contamination about the
safety of their drinking water.1−3 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−1.4,5 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
conditions.6 Arsenite is considered to be the most toxic
aqueous form of As in comparison to arsenate, As (V), and
other methylated forms.7 Although oxyanions of As(V) are
considered to be electro-inactive, the concentration of As(V)
has been electrochemically determined by measuring the
difference in concentration of As(III) before and after chemical
reduction methods.8 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.9−13

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.13−16 Electrochemical sensing
has several benefits over common laboratory methods, such as
inductively coupled plasma (ICP) mass spectrometry, ICP
atomic emission spectroscopy, and atomic absorption spec-
troscopy, including the ability to provide in situ quantitative
analysis, decreased cost, and portability.17−22 Sensing electro-
des have been generated using electrodeposition, chemical
nanoparticle deposition, and physical vapor deposition to form
macro- and nanoscale structures capable of detecting well
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below the MCL in water.14,23−31 Identifying new electrode
materials and understanding factors affecting sensitivity and
selectivity for As detection have been the focus of a growing
body of research since pioneering works produced by the
Compton group and others over the past few deca-
des.14,24,32−38 Han et al., Ren et al., and others have sought
to understand the effects of surface orientation on the
electrochemical detection of heavy metals. Surfaces with
controlled crystallographic surface orientation have been
generated by several methods including shaped nanoparticles,
dendrites, selective blocking, the Clavilier method, and the
Czochralski method.32,39−44 Significant advances in texture-
oriented electrode generation and availability have been made;
however, the development of ultraflat, thin film Au(111)
electrodes for electroanalysis has received relatively little
attention.45−47 The use of Au as an electrode material for
electroanalysis is ubiquitous with a vast number of publications
and variety of applications available. However, to the best of
our knowledge, the utilization of ultraflat (111) thin films for
electroanalysis has not been extensively explored. Existing
research utilizing ultraflat Au(111) thin films has focused
primarily on use as a substrate for nanoscale fabrication of
other materials,48−50 and there has not been a single study
developing ultraflat Au(111) thin films for aqueous metals
detection.
Single crystal electrochemical studies provide valuable

insights into reaction mechanisms including electron trans-
fer,51,52 adlayer adsorption and desorption,53−58 and catalytic
activity for a wide variety of adsorbates which are impacted by
site geometry.33,59 The use of Au nanoparticles and nano-
structured electrodes benefit from decreased precious metal
consumption per electrode and have been shown to provide
high sensitivity for As(III) detection. 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.56,60 At the time of this article there has not been an
investigation comparing As(III) deposition and stripping on
Au(111), Au(110), Au(100), and polyoriented single crystal
surfaces.
Limited commercial accessibility and utilization of high

sensitivity and selectivity electrochemical As(III) sensors is
perplexing considering the substantial amount of literature
produced over the past few decades on the subject.21,61,62

Many studies develop complex, innovative, and unique
methods to generate novel electrodes for As(III) detection
with excellent limits of detection.63,64 However, there is
growing interest in considering the applicability of these
methods to address the global need for localized arsenic
detection in water.20,65−69 It is essential that the availability of
in situ arsenic sensors be addressed by identifying manufac-
turable, automatable, and accessible electrodes and sensing
systems so our scientific community can bring this highly
capable and viable public health resource to the people who
need it most.
The objective of this study is to develop understanding of

commercially available ultraflat Au(111) thin films, Au(UTF),
and the capability to provide single crystal-like detection for
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) analysis. A quartz crystal
microbalance (QCM) was used to perform CV studies with
a Au(111)-oriented film to provide further insight into As(III)
adlayer formation. The Au(UTF) was characterized using
microscopy, diffraction techniques and electrochemical com-
parison to the model electrodes and then utilized to detect
trace concentrations of As(III) in 0.5 M sulfuric acid solutions.
This study provides new insights into the influence of surface
structure on the selectivity and sensitivity for As(III)
electrochemical detection at Au surfaces to develop well-
oriented Au thin films as a reproducible and commercially
available electrode which can provide single crystal-like
detection capabilities using ultralow Au loadings per electrode.
This study is the first to report that ultraflat Au(111)-oriented
thin film electrodes duplicate or exceed the behavior of
Au(111) crystal surfaces for high sensitivity and selectivity
electroanalysis of As(III) in water. The results of this study
advance aqueous electroanalysis capabilities for LSV detection
of As, and potentially other redox active metal(loid)s, which
can impact large scale development of sensor technologies.

■ EXPERIMENTAL SECTION
Materials Description and Characterization. Physical

Characterization. Single Crystals. Clavilier’s method was used
to generate basal plane Au single crystal model surface
electrodes for the Au(111), Au(110), and Au(100) orienta-
tions.56,70 A 0.5 mm Au 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 from the
surface facets. Then the Au bead was coated in epoxy for
stabilization, cut with emery paper to a flat surface, which had
the selected orientation, and polished with diamond paste until
a mirror finish was obtained. 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 (Figure S1A−F, Figure
S2) and showed a strong Au(111) preferred orientation.
Electron backscatter diffraction images were collected using a
FEI Helios 600 NanoLab FEGSEM-FIB at the Nanoscale
Characterization and Fabrication 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 (Figure S1A).
The films were highly (111) textured, polycrystalline materials
with grains rotationally disordered parallel to the substrate
surface. Platypus Technologies quotes a film thickness near
100 nm and an average grain area of 3.64 ± 0.2 μm2.47 During
EBSD analysis, charging image distortion effects can be
observed in Figures S1B. Figure S1B presents the EBSD data
showing that the grains are predominantly oriented in the
Au(111) direction as shown by the legend in Figure S1E. The
[100] pole figure shows a circle of points in Figure S1C which
indicates that the grains in the thin film are randomly oriented
in their in-plane directions. The inverse pole Figure S1D shows
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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 shows that the
surface is very flat with variations in a 30 nm range across the
image (Figure S1F). The root-mean-square (RMS) roughness
is quoted by the manufacturer as 0.36 nm; however, our
analysis found it to be 2.6 nm using Gwyddion measurements
(Table S1).
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) meas-
urements. 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 (Figure S2).
Electrochemical Characterization. Electrochemical experi-

ments were carried out in a two-compartment electrochemical
glass cell, using a Au wire as a counter electrode and a
reversible hydrogen electrode (RHE) as a reference electrode.
Voltammetric experiments were carried out at room temper-

ature 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 part 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 areas 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 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

Figure 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. (A) Full cyclic voltammogram. (B) Enlarged graph to show the
detail of the As(III) deposition process.
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annealed in a propane/oxygen flame and quenched using
ultrapure water to remove any organics that may have been
adsorbed on the surface and to restore the surface order. 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 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 (Figure S1G). The
Au(UTF) electrode was removed 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.71 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 (eq 1) was
used to convert between the frequency and mass.

F
f

A
m

2 0
2

q q

=
(1)

where ΔF is the change in frequency, f 0 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 Δm
is the change in mass.
Statistical analysis was performed in EXCEL to determine

average and standard deviation of three consecutive measure-
ments 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 were 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 is 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.

■ RESULTS AND DISCUSSION
Arsenite Deposition/Dissolution on Au Electrodes.

Figure 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 in previous studies as well.72 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 recorded here (Figure S3 and
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. Because 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, voltammo-
grams with different potential limits between 0.2 and −0.3 V
were recorded (Figure 1 and S4). As the lower potential limit
is made more negative, the As stripping peak shifts
progressively to higher potential values, which indicates that
the dissolution of the As layer is governed by the topmost
layer. Dinan et al. found that deposition below 0 V vs RHE is
likely controlled by a high field growth mechanism and that,
above two or three monolayers, As begins to build a passivating
amorphous layer.72 The study also observed that the stripping
peak was a function of the lower potential limit and ramp rate;
however, the reasoning for this was not explained. The high
field growth mechanism is highly dependent on the binding
energy of adsorbing atoms to the structure of the layer
beneath.73,74 Because plating potential is the only factor
impacting the positive shift in the stripping peak and it is
occurring most prevalently below 0 V vs RHE, the binding
energy of subsequent As atoms to the layer beneath must be
increasing. A restructuring of the surface to a more densely
packed and stable layer when electrochemically adsorbing As
after epitaxially oriented monolayers may be the cause, but
further studies would need to confirm this.75,76

This type of deposition/dissolution process, which is
dependent on the nature of the layer underneath, 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 (Figure 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 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 1B, which is an enlargement of the
deposition scan of Figure 1A, each of the peaks observed in the
Au(111), Au(100), and Au(110) electrodes has its corre-
sponding 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.
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.77,78 As can be observed in Figure 1B, 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
electrodes. Underpotential deposition of As(III) onto Au
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electrodes has been observed and utilized by other researchers
for electrochemical As detection and formation of gallium
arsenic (GaAs) layers.33,79Figure 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 corre-
sponds to the dissolution of the UPD processes and confirms
previous study findings.79 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 2. 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 0.1 V, just after the first
deposition peak, stands for ca. 624 μC cm−2. Taking into
account that a process transferring one electron per Au(111)
surface atom exchanges 220 μC cm−2, and three 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. Villegas et al. also observed
(1 × 1) adsorption on Au(111) crystal surfaces using Auger
electron spectroscopy.79 After the second deposition peak
centered at 0.045 V, the deposition charge at 0 V is ca. 1000
μC cm−2, which suggests 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 potentials they differ. This
implies that, during the deposition of the third and subsequent

layers, the underlying Au structure does not affect the
deposition process and only the deposition of the first two
layers depends on the Au structure.
Electrochemical QCM experiments were carried out to

determine the nature of the deposited adlayer. Figure 3

presents the evolution of the QCM frequency and current
density during the cyclic voltammetry of a Au film electrode in
10−3 M As(III). The QCM surface showed a highly Au(111)-
preferred surface orientation in XRD analysis (Figure S2), and
the Au redox prior to introduction of As to the solution also
showed a degree of preferred Au(111) orientation due to the
primary Au oxidation peak being at 1.6 V (Figure S5).71 As
shown in Figure 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 frequency change and the charge. Figure 4B
presents 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 between 0.2 V and −0.3 V is about 15 g (mol e−)−1. In
the reduction process of As, three electrons are exchanged,

Figure 2. Integrated charges measured during the deposition scan for
the different Au electrodes using the voltammetric curves in Figure 1.

Figure 3. 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.
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which 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. Huang et al. also observed
a weakly bound adsorbate which was stripped off of the Au
surface during EQCM studies.80

Now that the electrochemical behavior of As on Au
electrodes has been established, the possible use of these
electrodes for chemical analysis of As(III) in solution can be
tested. For that purpose, 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 (Figure 4). Two
potentials were chosen for the basal planes, each one after the
first two deposition peaks, and three potentials were 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 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 (Figures 1 and S4). 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,81 because 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. Many studies using
polyoriented electrodes present a primary peak with a smaller
secondary peak or shoulder slightly more positive.30,66 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 an amperometric signal
higher than that of the rest of the surfaces with minimal peak
overlap from interference species.

Au(UTF) Comparison to Single Crystals. Linear
stripping voltammetry was used to compare the electro-
chemical detection of As(III) for the Au(111), Au(Poly), and
Au(UTF) electrode surfaces. Figure 5 presents the LSV of the

Figure 4. Arsenic 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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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
2 presents a comparison of the maximum peak current
potential, full width half-maximum (fwhm), and charge
density. The peak potential for the Au(111) and Au(UTF)
are 0.337 and 0.338 V, 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).

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 0.0065 μg L−1. The blue curve in Figure 6A 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,54 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 (Figure 6A). 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 change 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 (Figure
6B). Additionally, the R2 value is increased to 0.998 between
2.5 and 17.5 μg L−1 As(III) (Figure S6), showing higher
linearity within ±7.5 μg L−1 of the 10 μg L−1 MCL. Zhang et.
al33 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. Because 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.
The Au(UTF) electrode addresses availability and usability

of aqueous As detection while incorporating enhanced
sensitivity and selectivity from controlled surface morphology.
This study also considers practicality by using a readily

Table 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 HClO4 + 10−5 M
As(III)

electrode

deposition
potential
(V)

stripping
peak

potential (V)

stripping peak
charge

(μC cm−2)

total stripping
charge

(μC cm−2)

Au(111) 0.175 0.280 248 ± 3 248 ± 3
0.010 0.300 487 ± 6 487 ± 6

Au(110) 0.160 0.270 149 ± 2 443 ± 3
0.360 294 ± 3

0.060 0.270 278 ± 3 572 ± 6
0.360 294 ± 3

Au(100) 0.125 0.275 − 443 ± 2.6
0.350 −
0.450 100 ± 1

0.010 0.275 − 572 ± 6
0.350 −
0.450 100 ± 1

Au(poly) 0.170, 0.280 − 382 ± 2
0.360 −
0.460 176 ± 1

0.125 0.280 − 397 ± 2
0.360 −
0.460 176 ± 1

0.02 0.280 − 447 ± 2
0.360 −
0.460 176 ± 1

Figure 5. Arsenic stripping voltammograms for the different
electrodes in 0.5 M H2SO4 + 10−5 M As(III). The electrode potential
was held for 5 min at 0 V vs RHE. The scan rate is 50 mV s−1.

Table 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)

electrode

stripping peak
potential

(V vs RHE)
full width half

max (V vs RHE)
total stripping charge
density (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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available thin film material that does not have to be prepared in
situ by Au electrodeposition. In considering a system which
can be used by someone without an electrochemical analysis
background it is important that the system use methods which
do not require electroanalytical optimization and is easily
automated. Therefore, we place extra emphasis on the ability
to use linear stripping voltammetry instead of more
complicated pulse stripping methods while achieving similar
or better selectivity in the form of small As(III) oxidation peak
widths.82 This study also utilizes a thin and ultraflat film of Au
(∼100 nm) which greatly reduces the amount of Au consumed
per electrode in comparison to other available single crystals or
even unoriented screen printed electrodes.

■ CONCLUSIONS
This study provides a single crystal model analysis of As
deposition and stripping at the basal plane surfaces to provide
concise and isolated observations of the effects of surface
structure on electrochemical As(III) detection at Au surfaces.
This systematic study enabled us to observe that ultraflat
Au(111)-oriented thin film electrodes duplicate or exceed the
behavior of (111) gold crystal surfaces for As electroanalyses.
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 and thinnest oxidation peak compared to the other
surfaces. 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 performed 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 with a theoretical limit of detection of 0.0065 μg
L−1. Note that single crystal-like detection capabilities are
achievable with minimal (∼2 μg) quantities of Au on glass
substrates, thus identifying an economically viable and high

sensitivity and selectivity electrode. The use of Au (111)
texture thin film electrodes with subnanometer 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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