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Abstract:

We report a stripping voltammetric method for the detection of aqueous As(lll) using a Pt
macroelectrode or a Pt nanoparticle-modified glassy carbon electrode (GCE) which, novelly, is based
on the underpotential deposition of As atoms. The method consists of a pre-concentration reductive
step to accumulate As ad-atoms onto Pt, followed by linear sweep voltammetry (LSV). It is shown that
the stripping peak of As ad-atoms improves the response at low concentrations of As(lll) as compared
to analogous measurements using the deposition of bulk As. No interference was seen from Cu(ll) at
realistic concentrations although high concentrations of chloride inhibited the deposition of the ad-
atoms. A linear response was found for the concentration range 0.05 to 1 uM As(lll) at both types of
electrode with a visually clear signal recorded at 0.05 uM (4 ppb), suggesting that this method has

practical value noting the WHO limit of 0.13 uM (10 ppb) for safe drinking water.

Keywords: under-potential deposition; anodic stripping voltammetry; linear sweep voltammetry;

arsenic; platinum nanoparticle.



Introduction:

Arsenic is highly toxic and exists both naturally and in some industrial or mineral effluents ™. Long-
term exposure to excess arsenic can cause severe health problems, including cardiovascular diseases,
cancer and carcinogenic effects ' 1¢l. The dominant inorganic arsenic species are As(-Ill) (as formally
in AsHs), As(0), As(lll), and As(V). The latter two oxidation states are the major forms found in water
(13-l As(111) species (notably HzAsOs) are much more toxic than As(V) (H2AsO4 or HAsOy4') resulting from
their interaction with enzymes in the human body ¢ !¢ 2 Thus, the convenient detection of As(lll) in
water is both urgent and necessary. The significant contamination of groundwater by arsenic has been
found in over 20 countries 1, in which the arsenic levels are above the World Health Organization’s

arsenic guideline value o pg L ppb) in drinking water .,
(WHO) ic guideli | f 10 ug L™ (10 ppb) in drinki 3]

There have been many methods developed to determine arsenic levels in water during the past
decades ¥, including important techniques such as atomic absorption spectrometry (AAS) P,
inductively coupled plasma mass spectrometry (ICPMS) ©, and high-performance liquid
chromatography with ICPMS (HPLC-ICPMS) 7). However, these sensitive instrumental methods require
dedicated laboratory conditions and have long sample preparation times. Therefore, alternative
techniques that can overcome these problems need to be developed. Electrochemical methods can
provide highly sensitive and rapid detection > 8. In particular stripping voltammetry is a powerful
method for quantitative detection of low levels of analytes !, Many studies have reported using
stripping voltammetry methods for detecting As(lll) in aqueous solution, including anodic stripping
voltammetry (ASV) at gold nanoparticle-modified GCE % or at a boron-doped diamond (BDD)
electrode Y, and cathodic stripping voltammetry (CSV) at a hanging mercury drop electrode

(HMDE)"™2.,

ASV is the most commonly used electrochemical method for As(l11) detection in water. Simm et al used
ASV to detect As(lll) at Ag macroelectrode with a sensitivity of 2.6 A M and reached a LOD of 13.5

ppb 3! whilst Bu et al investigated arsenic in water by linear sweep anodic stripping voltammetry



(LSASV) at Au macrodisk electrodes, and obtained a detection limit of 0.14 ppb for As(lll) with a
sensitivity of 761 A M™ 14 Using ASV, Dai et al found a LOD of 35 ppb for As(lll) at a Pt macroelectrode
151 To date, using conventional metal electrodes the lowest LOD of 0.003 ppb was reported by
Profumo et al [*®! and the greatest sensitivity of 1985 A M was achieved by Xiao et a/ *°. However,
the detection of As(lll) via ASV at conventional electrodes is subject to interferences by metal ions,
including copper, lead, zinc, iron, silver, bismuth and mercury 3. The most commonly reported
interfering ion is Cu?*, which can alter the stripping peak of As [*”!. This interference has been ascribed
to the formation of intermetallic compounds or a Cu-As alloy together with the similar reduction

potentials of Cu(ll) and As(Ill) noted by Idris et al 18!,

In recent years, nanomaterials have been incorporated into electrochemical methods for As(lll)
detection where claimed advantages include their high surface area, increased catalytic sites, and
higher adsorption capacities *°!. In the context of ASV the high surface areas offer obvious advantages
in providing scope for enhanced sensitivity whilst the different surface structures that can prevail at
the nanoscale may offer possibilities for changing the metal deposition chemistry to avoid the
interference effects noted above. Proof of concept that particle modified glassy carbon electrodes
(GCEs) can be employed for the trace detection of As(lIl) using ASV has been reported in several works
based on Pt nanoparticles !, Xiao et al studied Au nanoparticles modified carbon nanotubes (AuCNTSs)
on glassy carbon electrodes to detect As(lll) in water via ASV 1%, The LOD was determined to be 0.1
ppb and the sensitivity was 1985 A M via Square Wave ASV. The very high sensitivity was attributed
to the high number of tiny Au nanoparticles supported on the large area of CNTs. The dramatically
increased area can influence the voltammetric responses 2 in that the overpotential required for
slow (‘irreversible’) electron transfer reactions can be lowered 22 whilst the magnitude of the flux of
analyte to the electrochemical interface reflects the extent of the overlap of the diffusional fields of
the different centres which is ultimately limited, in the case of full overlap, by diffusion to the full

geometrical area of the supporting electrode.



Beyond ASV nanoparticle modified electrodes have been used for diffusional voltammetry. For
example, Dai et al modified a glassy carbon electrode with Pt nanoparticles via electrodeposition to
electrocatalytically oxidize As(lll) to As(V), and reported an As(Ill) detection limit of 2.1 ppb **! and a
similar approach taken using Pt nanoparticles and CNTs 2! presented a LOD of 0.12 ppb. Huang et al
used Au nanoparticles within a thin Nafion film to modify glassy carbon giving a sensitivity of 23.98 A
M and a low LOD of 0.047 ppb 1?4, Yang et al used porous gold nanoparticles to modify glassy carbon
electrodes giving a sensitivity 0.617 A M cm? and a low LOD of 1.668 ppb ?°! where the number of

significant figures is that reported by the authors.

The sensitivity of diffusion signals are ultimately constrained by the rate of transport of redox species
to the geometric area of the electrode used whilst stripping voltammetry, as discussed above, is
subject to possible interference by species which form alloys and/or intermetallic species with As.
Both types of measurements are well explored and optimised. In the present paper we adopt a
different strategy based on ASV aiming to overcome the interference problem through avoiding the
formation of bulk deposits of As or its alloys/compounds. In particular we consider the phenomenon
of under potential deposition (UPD) as a possible means of avoiding such interference. This is the
deposition (usually) of a metal in the form of a monolayer or sub-monolayer at potentials lower than
those required to form the bulk material [*> 2%, The topic has been extensively investigated by surface
electrochemists 27 but little used analytically %, In the present case we note that As undergoes UPD
on Platinum surfaces . Accordingly we investigate the possible use of this for the analysis of As at
low concentrations via what we term ‘UPD-ASV’. In order to ensure a sufficiently sensitive stripping
signal we use a Pt nanoparticle-modified electrode to give a large area of Pt on which to deposit the
As. Comparisons are made with measurements at bulk Pt using a Pt macrodisc electrode and the UPD-
ASV approach was shown to be valuable particularly in avoiding interference caused by Cu(ll). The
measured detection limits using either a Pt macroelectrode or a Pt nanoparticle-modified electrode
for As detection were within the requirements for the WHO limits for drinking water with visually

distinct and recognisable signals seen at the lowest concentrations reported.



Table 1 compares methods developed for arsenic detection in this work with recent literature.
Compared to previous work, our method is only interfered with by chloride at relatively high
concentrations and interference by copper is avoided. In addition, the low limits of detection claimed
in the literature on the basis of the 30 method B contrasts with the values reported from measured
voltammetric signals in this work.

Table 1. Summary of Different Methods Developed for Arsenic Detection

Authors Electrode Method Interference ion LOD / ppb

Bhanjana et al Bl ZrO,/Nafion-Au electrode cv No interfered ions 5

Yang et al 3%l np-Au-GCE SWASV Humic acid, Pb2 0.137%

Sonkoue et g/ 30b] AgNP-GCE cv Cu? 0.1!

Hwang et g/ (30c] Fe/Chitosan-SPCE SWASV Cu?* 1.121

Nunez et g/ 30d] Graphene-SPCE DPAV Cu?* 0.28!

This work Pt macroelectrode, Pt ASV CI- (higher than 100 4%,
nanoparticle-modified GCE uM) 4*

AuNP: gold nanoparticle; GCE: glassy carbon electrode; np: nanoporous; SPCE: screen-printed carbon electrode; CV: cyclic
voltammetry; SWASV: square wave anodic stripping voltammetry; DPAV: differential pulse anodic voltammetry; ASV: anodic
stripping voltammetry; LOD: limit of detection. 1 LOD calculated from the 30 method. * LOD obtained from measured signals.



Experimental

Chemical reagents

Commercially available Pt nanoparticles (0.05 mg mL?, 30 nm in diameter, NanoComposix, USA) were
dispersed in 2 mM sodium citrate. Sodium (meta) arsenite (NaAsO,, 99%, Fluka, Switzerland), copper(ll)
sulfate pentahydrate (CuSO4-5H,0, 99%, Sigma Aldrich, UK), potassium chloride (KCl, 99.5%, Sigma
Aldrich, UK), and sulphuric acid (H,SO4, 98%, Fisher Scientific, UK) were purchased and used without
any further purification. All aqueous solutions were prepared using deionized water (Milipore, UK)

with a resistivity of 18.2 MQ cm at 298 K.
Instrumentation

Electrochemical measurements were conducted with a standard three-electrode system in a Faraday
cage at 298 (+0.1) K. A glassy carbon electrode (GCE, diameter of 3.00+0.01 mm, geometric area of
0.07 cm?, BAS technical, UK) or a platinum macroelectrode (diameter of 1.66+0.01 mm, geometric
area of 0.02 cm?, BASi, USA) served as a working electrode, and a platinum wire was applied as a
counter electrode with a mercury-mercurous sulfate reference electrode (MSE, BASi, USA). The
solution used in the reference electrode was saturated K,;SO. solution (1.45 M) conferring the
reference electrode with a potential of +0.65 V vs. standard hydrogen electrode (SHE). Electrochemical
measurements were performed in 0.1 M H,SO4 containing various concentrations of As(lll) and were

recorded with a pAutolab type Il potentiostat (EcoChemie, NL) after degassing with nitrogen.
Preparation and characterization of Pt nanoparticle-modified electrodes

The GC electrode was cleaned on polishing pad with alumina of decreasing particle sizes (1, 0.3 and
0.05 um) then rinsed with deionized water. For drop casting Pt nanoparticles, 5 pL of stock Pt
nanoparticle suspension was drop casted onto the GC electrode using micro pipette and dried with a

gentle N; flow for 15 minutes.



As is shown in Figure 1a), the individual particles are formed by aggregation of much smaller
nanoparticles of approximate 3 nm in diameter 2, which makes the particles exhibit a distinct porous
structure. The particles are capped by citrate, and the real surface area of the mesoporous Pt
nanoparticles were calculated to be 0.013 + 0.003 um? per particle from previous reports based on

single entity electrochemistry 32,

According to the optical microscopy images shown in Figure 1b, a ring-like pattern was formed on the
surface of electrode after the drop casting of Pt nanoparticles, so-called the coffee ring pattern 3. It
was previously characterized by SEM B* and shown that although most of the particles are deposited
as part of the ‘ring’ a few particles remain randomly distributed around the centre of the drop cast
(Figure 1c) B¥ but which is mostly empty of deposit. The average particle-particle distances even in
the centre for the mass drop casted were shown to be sufficiently small so as to allow diffusional

overlap so that analyte diffusion to the full geometric area of the electrode was observed 4.

Optical Microscopy and imaging

All images were obtained using an optical microscope, Zeiss Axio Examiner, Al Epifluorescence
microscope (Carl Zeiss Ltd., UK). The objective lens used was a 10x air objective (NA = 0.5, EC Plan-
Neofluar) and the light source employed in this study was a LQ-HXP 120 V lamp. Incident light reaching
the surface of the GCE was partly reflected to the camera through the objective lens and the image of
the electrode was obtained by a black & white ORCA-Flash 4.0 digital CMOS camera (Hamamatsu, JP).

The resolution of the image was 4-megapixel.



Figure 1. a) HR-CTEM image showing how the overall single nanoparticle structure comprises of an aggregate of smaller
substituent crystallites. Reprinted with permission from Ref. 321, Copyright (2019) Royal Society of Chemistry. b) Image of
0.25 ug of Pt nanoparticle drop casted onto a GC electrode. ¢) SEM images of the centre of the drop cast. Reprinted with
permission from Ref. 134, Copyright (2020) John Wiley & Sons, Inc. The diameter of the GC electrode was 3 mm and the
geometric area of the GC electrode was 0.07 cmZ. The average number of particles was 1.6x101° particles cm2. The diameter
of the Pt nanoparticles is 30 nm and dispersed in 2 mM sodium citrate solution. The scale bar is 0.75 mm.



Results and discussion

In the following sections, first, the electrochemical behaviour of As(l11) at both Pt macroelectrodes and
Pt nanoparticle-modified electrodes were studied in solution containing 500 pM NaAsO, with 0.1 M
H,S04 using cyclic voltammetry. The voltammetric peaks were assigned and compared with literature.
Next, methods for achieving a low limit of detection of As were investigated using anodic stripping
voltammetry with the Pt surface pre-concentrated with As(0) either as bulk As or as ad-atoms formed
by under potential deposition (UPD). The applied potential and duration for pre-concentration were
optimised on the basis of higher signal-to-background ratio and the benefits of using UPD identified.

Finally, attention is given to possible interferences.

Cyclic voltammetry of aqueous As(lll) at bulk Pt and at Pt nanoparticles

To examine the electrochemical responses of As(lll), a Pt macroelectrode and a Pt nanoparticle-
modified GCE were first employed to study the behaviour of As(lll) in solution containing 500 uM
NaAsO, with 0.1 M H,S04 using cyclic voltammetry as is shown in Figure 2 where the arrow stands for
the starting direct of scan. Acidic conditions are used to avoid the formation of insoluble oxides. Figure
2a illustrates the cyclic voltammetric response of As(lll) in 0.1 M H,SO4 with a potential window from
-0.8 V to +0.9 V (vs. MSE) at 0.1 V s at a Pt macroelectrode. Three peaks were observed on the
cathodic scan, labelled as peak 1, peak 2 and peak 3 (solid line in Figure 2a). Peak 1 at ca -0.08 V was
ascribed to the reduction of Pt-O to Pt *> 2%, peak 2 observed at ca -0.6 V corresponds to the three-
electron reduction of As(lll) to As(0) 123, Peak 3 at ca -0.77 V represents the hydrogen evolution
reaction (HER). On the reversal anodic scan, three peaks, peak 4, peak 5 and peak 6 were obtained.
Peak 4 with the potential of ca -0.75 V represents the hydrogen oxidation reaction (HOR). Peak 5 at ca
-0.25 V corresponds to the re-oxidation of As(0) to the parent As(lll) species 12°3, A larger oxidation
peak, peak 6, was observed at ca +0.4 V at which As(l1l) was further oxidized to As(V). Comparing with
the voltammogram obtained in blank solution (0.1 M H,SO4; dashed line in Figure 2a), it can be seen

that the three absent peaks (peak 2, peak 5 and peak 6) are all As(lll)-related peaks, and peaks 3 and

10



4 correspond to HER and HOR, respectively 2°?). Peak 6’ observed at ca +0.5 V in blank solution was
assigned to be the oxidation of Pt to Pt-O [2°¥); this corresponding Pt oxidation peak was immersed to
As(111) oxidation peak (peak 6; solid line in Figure 2a) and hardly been distinguished when 500 uM As(l111)
was added in solution. On the other hand, similar peak current densities of peak 1 were observed in
both blank solution and solution containing 500 uM As(lll) due to the reduction of Pt-O to Pt in both

cases!t® 2%,

The cyclic voltammetric response at a Pt nanoparticle-modified GCE with an average surface coverage
of 2.2 x 10 mol cm?(ca 0.1 monolayers, calculations are shown in Sl section 1) is shown in Figure 2b.
The potential window of voltammogram was from -0.8 V to +0.9 V and the scan rate was 0.1V s, The
voltammetry obtained in the absence of As(lll) in 0.1 M H,SO,4 at the Pt nanoparticle-modified GCE
(dashed line in Figure 2b) was similar to the one measured at the Pt macroelectrode (dashed line in
Figure 2a). All peaks were at similar potentials and represent the same electrochemical processes as
discussed above. In 500 uM As(lll) in 0.1 M H,SO,4 (solid line in Figure 2b), as seen with Pt
macroelectrode six voltammetric features were discerned and assigned to the same electrochemical
reactions > 2% as above. It was noted that peaks 3, 4, 5 and 6 had similar peak potentials (solid line
in Figure 2b) to those seen at bulk Pt. However, peak 1 and peak 2 in Figure 2b differ from the ones in
Figure 2a. It is clear that peak 1 only appeared after a full scan of CV at Pt macroelectrode (Figure 2a)
while at Pt nanoparticle-modified GCE peak 1 was observed during the initial cathodic scan (Figure 2b).
The absence of peak 1 during the initial cathodic scan on Pt macroelectrode suggests a near oxide-
free Pt surface whilst the Pt nanoparticles deposited on GCE may contain Pt oxide on their surfaces
which results in the appearance of peak 1 on the cathodic scan in Figure 2b. Furthermore, the peak
potential of peak 1 at Pt nanoparticles at ca -0.2 V (Figure 2b) was more negative compared to the
potential at bulk Pt (Figure 2a). This potential is similar to that reported by Postek et al in 2019 %! for

Pt nanoparticles of size 4 to 7 nm and was assigned to the reduction of Pt oxide to Pt.

11



Peak 2 (Figure 2) was seen at ca -0.6 V for both Pt nanoparticle-modified electrode (solid line in Figure
2b)and Pt macroelectrode (solid line in Figure 2a), which corresponds to the reduction of As(lll) to
As(0) 3, The relatively large current density of peak 2 at Pt nanoparticle-modified electrode is possibly
due to the higher surface area and hence more deposition sites for As(0) on the mesoporous Pt
nanoparticles, together with reduced interference from the solvent breakdown. Similarly peak 5 on
the reverse anodic scan in Figure 2b is seen to be enhanced for the nanoparticles over the bulk Pt.
However, from an analytical perspective the CV method typically does not provide a suitably low
detection limit since this is limited by diffusion. Thus, a different method needs to be applied to
approach a low detection limit. The next section focuses on the detection of As using anodic stripping
voltammetry where a pre-concentration of As(0) was applied to enhance the signal and to approach

a lower detection limit.
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Figure 2. CV curves of a) 500 uM NaAsO, in 0.1 M H,S04 (—) and blank (- - -) at Pt macroelectrode, and b) 500 UM NaAsO;
in 0.1 M H,SO4 (—) and blank (- - -) at Pt nanoparticle-modified GC electrodes. The voltammograms were conducted from
0V and first scanned cathodically to -0.80V at a scan rate of 0.1 V s and then scanned anodically to +0.9 V. The current
densities were calculated based on the geometric area of Pt macroelectrode, 0.02 cm? and estimated Pt nanoparticles
surface area, 0.11 cm?. Calculations of particles surface area are shown in the supporting information (SI) section 1. The
arrows represent the starting point and the direction of scan.

Anodic stripping voltammetry of As(lll) at bulk Pt and Pt nanoparticles

To examine the possibility of achieving a lower detection limit of As(lll) in water, anodic stripping
voltammetry was applied for the detection of As(lll) in 0.1 M H,SO4 on both a Pt macroelectrode and
Pt nanoparticle-modified GCEs. The pre-concentration of As(0) was first carried out at -0.7 V for 240 s

12



during which both bulk As(0) and As ad-atoms were deposited at the surface of Pt °?. Then the
deposited As(0) was stripped off from the electrode surface using LSV conducted from -0.7 V to +0.9
V at a scan rate of 0.1 V s™%. The deposition potential and time for ASV were optimized for the signal-

to-background ratio and is given in Sl sections 2 and 3, respectively.

The method of using UPD-ASV method to detect arsenic is shown schematically in Scheme 1. For Pt
macroelectrodes, As(l1l) was reduced to As(0) and As atoms deposited onto the surface of Pt during
pre-concentration. When a anodic potential sweep was applied to the electrode, As(0) ad-atoms were
stripped off and oxidized to As(lll) and a stripping peak was obtained from the voltammograms.

Analogous processes occurring for deposition/stripping from Pt nanoparticle-modified electrodes.

3& T

A bare Pt Underpotentlal f Stripped off and oxidized 064 Stripping peak

to parent As(IIl)
macroelectrode deposition )
As(0), .

As(0)
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Linear sweep
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ignal
voltammetry Signa

Current (pA)

-0.4 -d 3 -d.Z -d,l 0‘,0 0‘1 0‘.2
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. O
Drop cast with Pt As{il) solution 'As(0) Linear sweep &
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Scheme 1 A schematic diagram representing the underpotential deposition and anodic stripping voltammetry on a Pt
macroelectrode (top) and a Pt nanoparticle (bottom).

Observations of As-related Peaks in ASV Figure 3a illustrates the linear sweep voltammetric response
at a Pt macroelectrode in various concentrations of As(lIl) in 0.1 M H,SO, after pre-concentration of
As(0) and three arsenic-related peaks were observed as 5, 5’ and 6. Peaks 5 and 6 were observed at
ca-0.2Vand ca +0.4 V which corresponded to anodic stripping of bulk As(0) and oxidation of As(lll) to
As(V), respectively; the peak current of both peaks increased when the concentration of As(lll) varies

from 0 to 7.5 uM. Peak 5’ at +0.05 V was assigned as the stripping peak associated with the oxidation
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of As(0) ad-atoms 23, How the peak current of peak 5’ varied with concentration of As(lll) in solution
at a Pt macroelectrode is plotted in Figure 3c. It is shown that the peak current of peak 5’ increased
with the concentration of As(lll) and reached a plateau for As(lll) concentrations higher than 2 uM. At
higher concentrations the peak is obscured by the much larger peak 5. This observation sets the upper
limit for detection with peak 5" at a Pt macroelectrode as 2 uM. A similar trend was observed by
plotting the charge of peak 5’ as a function of As(lll) concentration as shown in Figure 3e. A limiting
charge value of ca 9.4 x 107 C and a corresponding surface coverage of ca 1.7 x 10'2° mol cm™ (see Sl
section 4 for calculation), are consistent with a sub-monolayer of As(0) ad-atoms deposited onto the

surface of Pt.

The same experiment was conducted on a Pt nanoparticle-modified GCE. Figure 3b shows the linear
sweep voltammetric response at the Pt nanoparticle-modified GCE in which contained approximately
0.1 monolayers of Pt nanoparticles (shown in the section 1 of Sl). The voltammetric features observed
(peaks 5, 5’ and 6) are similar in potential and peak shape to that at Pt macroelectrode, which were at
-0.2V, +0.05 V and +0.4V, respectively. Calbelka et al also reported the As ad-atoms oxidation peak at
ca +0.01 V 2%2] which was similar to our experimental result of peak 5’ on both Pt macroelectrode and
Pt nanoparticle-modified electrode. Accordingly the peak 5’ was assigned as the stripping peak of
deposited As(0) ad-atoms on surface of Pt. The plots illustrating how the peak current and charge of
peak 5’ varies as a function of As(lll) concentration at a Pt nanoparticle-modified electrode are
presented in Figure 3d and 3f, respectively. Similar to the bulk Pt, the peak current and charge
increased approximately linearly from 0.05 to 2 uM and the slope started to decrease at 2 uM with a
charge value of As deposited on the surface as ad-atoms of ca 9 x 107 C (ca 0.02 monolayers). The
enhancement of signal in Figures 3d and 3f indicates that there were more available deposition sites

at the surface of Pt nanoparticles than at bulk Pt for the coverages employed.

Table 2 shows the estimated coverage of As ad-atoms from the analysis of peak 5’ of ASV at both Pt

macroelectrode and Pt nanoparticle-modified GCE with the assumption that As ad-atoms were closely
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packed on Pt surface. The geometric area was used for Pt macroelectrode while for Pt nanoparticle-
modified electrode, the total area of Pt nanoparticles was used in the analysis. The number of Pt
nanoparticles presented on the electrode surface was estimated to be ca 9 x 108 and each nanoparticle
to have a surface area of 1.2 x 101 cm? assuming each particle to be a sphere of radius 15 nm with a
roughness factor of 4.4 + 1.1 32, Detailed calculations for Pt macroelectrodes and Pt nanoparticle-
modified electrodes are shown in Sl sections 4 and 5, respectively. The coverage and layers of As ad-
atoms at bulk Pt were much higher than that at Pt nanoparticles, which was contributed by the larger
surface area of the mesoporous Pt nanoparticles. The continuous increase towards a limiting value of
the peak current (Figure 3d) and charge (Figure 3f) of peak 5’ at Pt nanoparticle-modified electrode
with concentrations of As(lll) higher than 2 uM, is as expected for UPD with the limiting value
approaching that of ca one monolayer. Based on the experimental results, under the conditions
studied there were less than one monolayer of As ad-atoms deposited onto the surface of Pt even
increasing the concentrations of As(lll) or lengthening the deposition time. The analytical

measurements in this study were thus based on the sub-monolayer of deposited As(0) ad-atoms.

Table 2. Analysis of peak 5" measured in 2 uM As(lIl) at a Pt macroelectrode and at a Pt nanoparticle-modified GCE. LSV
parameters: deposition at -0.7 V vs. MSE for 240s, potential scan rate 0.1V s,

Concentration | Charge (C) | Surface Number of Coverage of Monolayers of As ad-
(uM) area of Pt | moles of As As ad-atoms atoms
(cm?) (mol) (mol cm2)
Pt 2 9.4 x 107 0.02 3.3x1012 1.7 x 1010 0.14
macroelectrode
Pt nanoparticle- | 2 9x107 0.11 3.2x101%2 2.6 x 101 0.02
modified
electrode

Although linear responses of peaks 5 and 6 as a function of concentration of As(lll) in the range 1 to
7.5 UM was observed (Figure S7 in the SI) and these two features are suitable as the basis for the
analysis of As(lll) as already extensively reported in the literature ', peak 5 was observed to be
difficult to be observed at concentrations lower than 2 uM (150 ppb) and peak 6 had a detection limit

of 1 uM (75 ppb) at both bulk Pt and Pt nanoparticles (Figures 3a and 3b). These two detection limits

15



are much higher than the WHO limit for drinking water, 10 ppb. Further attention was thus focussed

on the novel use of peak 5.
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Figure 3. LSV curves of various concentrations of As(Ill) in 0.1 M H,SO4 at a) Pt macroelectrode and b) Pt nanoparticle-
modified GC electrode. The concentrations of As(lll) were 0 uM (black dash line), 0.5 uM (black solid line), 1 uM (red), 2 uM
(blue), 5 uM (green) and 7.5 uM (orange). Peak current of peak 5’ vs. concentrations of As(lll) at c) Pt macroelectrode and d)
Pt nanoparticle-modified GCE. Charge of peak 5’ vs. concentrations of As(lll) at e) Pt macroelectrode and f) Pt nanoparticles
GCE. The numbers in c), d), e) and f) were calculated from baseline corrected LSVs. LSV parameters: deposition at -0.7 V vs.
MSE for 240s, potential scan rate 0.1V s1.
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Calibration Curves and Limits of Detection Figures 4a and 4b show the baseline corrected LSV of peak
5’ with various concentrations of As(lll) in 0.1 M H,SO. at Pt macroelectrode and Pt nanoparticle-
modified electrode, respectively. The full procedure for the baseline corrections is reported in Sl
section 6. The LSVs were obtained with the same procedure as above. Concentrations of As(lll) were
studied between 0.05 pM and 1 pM, to avoid the interference from peak 5. The peak height and peak
width were seen to increase with the concentration of As(lll) at both electrodes, corresponding to
more As(0) deposited. Note that the estimated covered area of the Pt nanoparticles on GCE was ca
0.008 cm?(calculations shown in section 1 of Sl), which was much smaller than the geometric area of
the Pt macroelectrode, 0.02 cm?2. However, the surface area of particles were much larger than
geometric area of Pt macroelectrode due to the mesoporous structure and the roughness of surface.
The large surface area of mesoporous Pt nanoparticles contributed more deposition sites for As(0),
and thus more arsenic ad-atoms can be deposited onto the surface of Pt nanoparticles and generate

a similar sized signal as seen at bulk Pt.

The stripping peak of the As(0) ad-atoms (peak 5’) was investigated for analytical use. Calibration
curves were made at both electrodes (Inset figures for Figures 4a and 4b), and the linear relationship
was obtained from 0.05 uM to 1 uM. A LOD of 0.05 uM, 4 ppb, was obtained at both electrodes and
the sensitivities of 6.4 x 107 CuM™* and 6.3 x 107 C uM™* were obtained on bulk Pt and Pt nanoparticle-
modified electrodes, respectively. Note that the quoted LOD is estimated on the basis of the visual
identification of measureable signals from real samples rather than calculated based on the 3o

method. Examples of the smallest signals deemed ‘measureable’ are given in the section 8 of SI.

The detection limit obtained using measureable, visually clear signals of 4 ppb meets the detection
limits needed to implement the WHO guidelines for arsenic in drinking water (see Introduction). All
these experiments were repeated 3 times and the variation was found to be less than 12% and 8%

standard deviation at Pt macroelectrode and Pt nanoparticle-modified GCE, respectively.
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Figure 4. Baseline corrected LSV curves of various concentrations of As(lll) in 0.1 M H,SO4 at a) Pt macroelectrode and b) Pt
nanoparticle-modified GC electrode. The concentrations of As(l1l) were 0.05 uM (black), 0.1 uM (red), 0.2 uM (blue), 0.3 uM
(orange), 0.5 uM (green) and 1 uM (cyan). Inset: Charge of stripped As(0) ad-atoms vs. the concentration of As(lll). The charge
was calculated from baseline corrected LSVs and error bars were standard deviations calculated from at least sets of data.
LSV parameters: deposition at -0.7 V vs. MSE for 240s, potential scan rate 0.1 V s, and baseline was modelled via polynomial
method from -0.3 V to +0.2 V for peak 5’.

Interference studies

Having established an analytical procedure based on the stripping of As(0) ad-atoms from Platinum
surface, further experiments were conducted to explore if the possible presence of either Cu(ll) or

chloride ions interfered with the measurements.

Possible interference of Cu(ll)

Cu(ll) is a very commonly encountered interferent in stripping voltammetry of As since Cu forms alloys
and intermetallic compounds with bulk As(0) 8. Accordingly the interference of Cu(ll) with detection
of low concentrations of As(lll) was studied using ASV by adding different amounts of Cu(ll) in the
solution. Figure 5aillustrates the baseline corrected LSV of 0.5 uM As(lll) in 0.1 M H,SO,4 with additions
of Cu(ll) (0.5 uM each time) at Pt macroelectrode with a potential range of -0.3 V to + 0.2 V. The black
dashed line was recorded for a solution without Cu(ll) where only one peak was observed at ca +0.05V
corresponding to the oxidation of As ad-atoms 12%3, With the addition of Cu(ll), the signal of peak 5’
varied negligibly and the peak potential did not shift. It can be therefore concluded that Cu(ll) did not

interfere to the oxidation peak of As ad-atoms. Similarly, Figure 5b shows the baseline corrected LSV
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of 0.5 uM As(lll) in 0.1 M H,SO4 with additions of Cu(ll) (0.5 UM each time) at Pt nanoparticle-modified
GCE. Again the addition of Cu(ll) did not change the signal of peak 5’ or shift the potential of it by
comparing the voltammograms obtained without (black dashed line in Figure 5b) and with Cu(ll). We
conclude that the formation of Cu-As alloys or intermetallic species was avoided by using As ad-atoms

as the indicator.

We further considered the electrodeposition of Cu from high concentrations of Cu(ll). The ASVs of 50
UM As(lll) in 0.1 M H,S04 with additions of Cu(ll) (50 uM each) at bulk Pt and Pt nanoparticles are
shown in Figure S9 in Sl. It is shown that only the concentration of Cu(ll) reached 50 uM or higher, the
Cu peak at ca -0.4 V interfered with peak 5 and begins to overlap with peak 5’ (Figure S9). The method
is therefore robust against copper interference except at extremely high concentration where dilution

might be used to circumvent the problem.
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Figure 5. Baseline corrected LSV curves of Cu(ll) additions (0.5 uM each) to 0.5 uM As(lll) in 0.1 M H,SO, in the potential
range from-0.3 V to +0.2 V at a) Pt macroelectrode and b) Pt nanoparticle-modified GC electrode. LSV parameters: deposition
at -0.7 V for 240s, scan rate was 0.1 V s™1. Cu(ll) concentration: 0 uM (black dash line), 0.5 uM (cyan), 1 uM (red), 1.5 uM
(blue) and 2 uM (orange).

Possible interference of chloride

Chloride is known to be adsorbed onto Pt surfaces 3°\. The peak of Pt to Pt oxide in 0.1M H,SO; is
reported to be shifted to more positive potentials with the addition of 10 uM CI B3, Meanwhile, the

reduction peak of the Pt oxide shifted to less negative potentials. The peak current of oxide formation
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did not change while the peak current of the oxide removal was reduced with the addition of chloride.
Pempegowda et al applied graphene-Pt nanoparticle-modified GCE for As(lll) detection with SWASV
where chloride was reported as an interferent but only at concentrations above 450 pM 2%,
Therefore, the possible interference of chloride under low As(lll) concentrations conditions was

considered and investigated using ASV in this section.

Figure 6a displays the baseline corrected LSVs of 0.5 uM As(lll) in 0.1 M H,SO4 in the presence of 0.5
(cyan), 1 (red), 1.5 (blue) and 2 uM (orange) chloride at a Pt macroelectrode with a potential range of
-0.3 Vto +0.2 V. Pre-concentration of As(0) ad-atoms was carried out at -0.7 V for 240 s and LSV was
subsequently conducted from -0.7 V to +0.9 V at a scan rate of 0.1 V s™X. With the addition of chloride,
the signal of peak 5’ at ca +0.05 V did not change in both peak current and peak potential indicating
negligible interference of chloride at these concentrations. The response at higher concentrations is
shown in Figure 6¢ for 50 uM As(lIl) in 0.1 M H,SO, in the presence of 50 (cyan), 100 (red), 150 (blue)
and 200 uM (orange) chloride at a Pt macroelectrode. Three peaks labelled as peaks 5, 5’ and 6 were
observed at ca -0.25 V, ca +0.05 V and ca +0.4 V, which were ascribed to the oxidation of bulk As(0),
oxidation of As ad-atoms and oxidation of As(lll) to As(V), respectively > 23 The black dashed line
was recorded for a solution without chloride. It is obvious that the chloride did not interfere with peaks
5 and 6 as literature presented 2%, The signal of peak 5’ was reduced suggesting an upper limit of ca
100 uM above which the analytical use of the peak is not possible probably due to competitive
adsorption between As and chloride. Similar limits were observed at Pt nanoparticle-modified
electrodes (see figures 6b and 6d). The sensitivity to chloride imposes limitations for the range of

samples amenable to analysis via the proposed method ¢!,
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Figure 6. Baseline corrected LSV curves of Cl- additions (0.5 uM each) to 0.5 uM As(lll) in 0.1 M H,SO4 in the potential range
from -0.3 V to +0.2 V at a) Pt macroelectrode and b) Pt nanoparticle-modified GCE. Cl- concentration: 0 uM (black dash line),
0.5 uM (cyan), 1 uM (red), 1.5 uM (blue) and 2 uM (orange). LSV curves of Cl- additions (50 uM each) to 50 uM As(lll) in 0.1
M H,SO4 in the potential range from -0.7 V to +0.9 V at c) Pt macroelectrode and d) Pt nanoparticle-modified GC electrode.
CI- concentrations: 0 uM (black dash line), 50 uM (cyan), 100 uM (red), 150 uM (blue) and 200 uM (orange). LSV parameters:
deposition at -0.7 V for 240s, scan rate was 0.1 V s,

Conclusions

The possible analytical use of under-potential deposition of As on platinum surface combined with
anodic stripping of the adsorbed As atoms has been explored using both platinum macro-electrodes
and platinum nanoparticle-modified electrodes. A limit of detection within the requirements imposed
by the WHO guidelines for safe drinking water was observed with the significant merit that the
determinations were free from interference by Cu(ll) which often blights the use of ASV when bulk As

is deposited. On the other hand the method was sensitive to the presence of chloride which likely
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limits the analytical application to largely chloride free media, for example to bottled mineral waters.

No particular relative merits of using nanoparticle-modified electrodes over platinum macro-

electrodes were observed with similar limits of detection measured.
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