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Abstract

A detailed kinetic study of the electrocatalytic oxidation of arsenite [As(III)] to arsenate [As(V)]
has been performed in acidic medium by using gold (Au) immobilized platinum (Pt) electrodes.
To prepare the Au modified Pt electrodes, a polycrystalline Pt electrode was cycled between 0 to
—1 V vs. Ag/AgCl (sat. KCI) in 0.05 M HAuCly solution at a scan rate of 0.1 Vs~!. The Pt-Au
electrode prepared by 1 deposition cycle of Au demonstrated an As(III) oxidation peak potential
at 0.79 V with a peak current value of 62.14 pA. As the deposition cycle was increased, the

1| Page


mailto:mah-che@sust.edu

oNOYTULT D WN =

New Journal of Chemistry

required potential for oxidation reaction decreased shifting towards a more negative value. The
least potential required was observed for the electrode prepared with 8 deposition cycles of Au.
The result was also verified with various surface characterization techniques including SEM,
EDX, XRD, and XPS. Kinetic investigation revealed that the As(III) ions approach the 8 cycles
of Au deposited Pt electrode through a diffusion-limited process, subsequently following a first-
order reaction with stepwise transfer of electrons. The electrode exhibited a sensitivity of 23.13
pnA mM-! for As(IIT) oxidation. The LOD for As(IIT) by the proposed electrode was found to be

65.39 uM which also boasts its excellent performance.

Keywords: Arsenite oxidation; Arsenic sensor; Pt-Au electrode; Electrodeposition; Kinetics;

Catalysis

1. Introduction

Arsenic (As) is a naturally occurring element found in rocks, soil, water, and air, which is a
metalloid with properties of both metals and non-metals.! It can form both organic and inorganic
compounds, with inorganic arsenic being more prevalent.? It has been identified that even low
concentrations of arsenic are extremely toxic, raising potentially severe environmental
implications on a global scale.® The toxicity and mobility of arsenic change depends on its
chemical form and valence state.* The World Health Organization (WHO) acknowledged that
the maximum amount of arsenic that can be present in drinking water is 10 pg/L.> Due to high
concentration of As in groundwater, more than 100 million people could be at risk in
Bangladesh, India, China, Taiwan, Canada, southwestern states of the United States (like
Nevada) including New England, Michigan, Minnesota, Wisconsin, and the Dakotas.®” Arsenic
exposure is primarily caused by oral contact with contaminated water, soil, agricultural, and
seafood items, affecting people through mouth, nose, and skin.® Arsenic exposure can lead to
hearing loss, diabetes, developmental abnormalities, neurological issues, cardiovascular illness,
and disorders in various systems, mainly through oral intake.® Due to the severe toxicity and
ubiquitous presence of arsenic, there is an urgent need for novel approaches to monitor and

remove it from water bodies.

2 | Pa

e

an

Page 2 of 31



Page 3 of 31

oNOYTULT D WN =

New Journal of Chemistry

In laboratory settings, a wide array of instrumental methods is employed to detect arsenic.
Among these, the most sensitive, selective, and accurate are atomic absorption spectrometry
(AAS),'? atomic fluorescence spectrometry (AFS),!! laser-induced breakdown spectroscopy
(LIBS),!? and inductively coupled plasma-optical emission spectrometry/mass spectrometry
(ICP-OES/MS).!3 For arsenic speciation analysis, highly efficient liquid chromatography and
capillary electrophoresis are used in combination with these techniques.!*!> Although these
methods offer extensive analytical capabilities, they are predominantly suited for laboratory
environments. Their high sensitivity to interference, complex sample preparation requirements,
significant costs, and need for highly skilled operators limit their use in routine field monitoring
of numerous samples. For this reason, research on electrochemical techniques has emerged as a
crucial solution for quick, affordable, dependable, and portable method.!® Electrochemical
methods are ideal for in-situ monitoring of contaminated samples, creating portable circuits for
online monitoring, and offer quick analytical reports compared to other spectroscopic
techniques.!”!® Electrochemical oxidation of As(III) using various materials are well
documented in the literature. For example, Mahbubul et a/. has demonstrated electrokinetics of
arsenic oxidation reaction and the corresponding sensing activities by using Pd nanoparticles
immobilized on a Pt surface in the presence of sodium dodecyl sulfate (SDS) molecules.'® The
experimental results showed that the charge transfer resistance and catalytic efficiency increased
in the order of Pt < Pt—Pd < Pt—Pdg at the Fe(II)/Fe(IIl) couple's redox potential. Additionally,
Mohebul et al. have shown how electropolymerized coating of poly(o-aminophenol) on the
surface of Pt create a reliable sensor for the detection of As(IIl) in an acidic medium.?® First-
order kinetics governed the As(IIl) oxidation reaction at poly(o-aminophenophenol) modified Pt
electrode, which had a mixed mechanistic pathway and two electron transfers to convert to
As(V). Furthermore, various studies of As(IIl) oxidation have been done using Au electrodes
also. Such as Ahsan et al. has performed a detailed kinetic investigation of As(IIl) oxidation
which was performed on Au surface within the pH range between 3.0 and 9.0.2! It was found that
the As(III) oxidation on the As surface followed a purely adsorption-controlled process
irrespective of pH values. Yan Liu et al. has introduced a electro-reduced graphene
oxide (ERGO)-Au nanoparticles (AuNPs) composite film which was electrodeposited on
a glassy carbon electrode (GCE) by cyclic voltammetry method.?> The fabricated ERGO-
AuNPs/GCE was employed to determine trace As(III) in 0.20 M aqueous HCI medium by anodic
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stripping voltammetry (ASV). Idris et al. has presented the use of Au nanoparticles (AuNPs)
modified glassy carbon electrodes for the electrochemical detection of arsenic, demonstrating
increased redox current and improved detection using square wave anodic stripping voltammetry

(ASV) under optimized conditions.??

Even though a significant number of articles have been published on oxidation of As(III), Pt and
Au based electrodes either alone or combining with other materials, the synergistic effects
generated by combining Pt and Au particles in oxidizing As(IIl) has to be explored yet. Pt-Au
combination ought to exhibit better performance, since Pt and Au both individually demonstrate
effective performance in the electrochemical oxidation of As(IIl). This is where the goal of the
present research began. In this work, the electrochemical oxidation of As(IIl) in an acidic
solution was investigated using an Au-deposited Pt electrode. Note that both Pt and Au particles
are polycrystalline in nature having different crystal facets such as (111), (200) etc. However,
roles of these crystal facets, particularly in the bimetallic form, on As(IIl) oxidation is still
undiscovered. The population of these crystal facets in a Pt-Au electrode matrix could be
controlled by controlling the contents of Au particles on a polycrystalline Pt surface. This is
because the surface energy of Au on Pt electrode is influence by different Au content, leading to
the preferential formation of one facets over other.* Suitable crystal facets with favorable
adsorption energy can significantly enhance the electrocatalytic performance of an electrode.?>-?7
In order to achieve the minimal requirement of potential with optimal current output for the
electrochemical oxidation of As(IIl), the most effective fabrication of Au thin film on a
polycrystalline Pt surface in which the population of (111) and (200) facets are optimized, was
investigated. Thus, this study aims to enhance the performance of a polycrystalline Au modified
Pt electrode by optimizing the deposition cycle of Au particles on Pt substrate to attain the best

working electrode for electrooxidation of As(III) in an acidic solution.

2. Experimental

2.1. Materials and chemicals

0.1 M As (IIl) stock solution was prepared by dissolving an appropriate amount of sodium
arsenite (NaAsQ,) (purchased from Merck KGaA 64271 Darmstadt, Germany) in Millipore
Milli-Q water (resistivity less than 18 MQ cm) (Smart-Q30UT deionized water system, Qingdao,
Shandong, China). Tetrachloroauric acid (HAuCl,), which was the precursor of Au particles, was
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sourced from Aldrich Chemical Company to modify the Pt electrode. Sulfuric acid (H,SOy),
NaOH, EtOH, acetone and alumina powder (Al,0;) were also procured from Aldrich Chemical
Co. Inc., Germany. All the chemicals used in this study were of analytical grade reagent and used

as received without further purification.
2.2.  Electrode cleaning and modification

A polycrystalline Pt electrode with an exposed geometric area of 0.0314 c¢m? was first scrubbed
clockwise and anti-clockwise in the aqueous slurries of fine alumina powder (average particle
diameter 0.06 um) and washed thoroughly with deionized water. Then the Pt electrode was
sonicated for 10 minutes in 0.1 M H,SO4 to remove the adsorbed organic and inorganic
impurities. The sonicated Pt surface was cleaned electrochemically in 0.1 M H,SO, solution by
repeatedly scanning for 20 cycles in the potential range from — 0.2 to +1.5 V at 0.1 Vs~! scan rate
until cyclic voltammetric characteristic peaks for a clean Pt electrode was obtained. The Au

electrode was cleaned following the procedure mentioned in the literature 2!.

The Au particles were deposited on the electrochemically cleaned Pt electrode by cycling the
cleaned Pt electrode in HAuCl, solution. To perform electrodeposition, the Pt electrode was
dipped into a 5 mL solution of 0.05 M HAuCl,. Next, the Pt electrode was cycled between 0 and
—1.0 V for 1 cycle at a scan rate of 0.1 Vs~! using cyclic voltammetry method. This resulted the
electro-deposition of Au particles on the Pt surface. Before applying for As(IIl) oxidation, the as-
prepared Pt-Au electrode was washed thoroughly with distilled water and dried. To explore the
optimized deposition layer of Au particles, the electro-deposition process was repeated for a

series of cycles.
2.3. Electrochemical measurements

All electrochemical experiments were conducted with two potentiostats, CHI602E
electrochemical workstation (CH Instruments, USA) and PGSTAT 128N (Autolab, Netherlands)
employing a conventional three-electrode system. Au modified Pt electrode was used as the
working electrode. An Ag/AgCl (saturated with KCI) and a Pt electrode were used as reference
and counter electrodes, respectively. Linear polarization curves were obtained for open circuit
potential (OCP) measurement for bare Pt, bare Au and Pt-Au electrodes in presence and absence

of As(IIl) using 10 mL 0.1 M H,SO, as the supporting electrolyte. The cyclic voltammograms
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(CVs) were taken varying the cycles of Au deposition in a potential above the OCP value. The
lower limit of potential scanning range was restricted to 0 V to avoid the electro-reduction of

arsenic.
2.4. Instruments for characterization

The morphology of various electrode was analyzed using a scanning electron microscope (SEM)
(JSM-7610F, Japan). X-ray diffraction (XRD) patterns were acquired with a Rigaku SmartLab
diffractometer employing Cu Ka radiation (A = 1.5406 A). Le Bail fitting of XRD patterns were
carried out using TOPAS3 (Bruker AXS) to get insight into the growth of the Au crystallite size
and possible change in lattice parameters. Energy dispersive X-ray (EDX) analysis was
performed using a TM3030Plus miniscope (Hitachi Ltd.). To determine the chemical states of Pt
and Au on Pt-Au electrode, X-ray photoelectron spectra (XPS) were recorded with a delay-line
detector (DLD) spectrometer (Kratos Axis Ultra; Kratos Analytical Ltd.) using an Al Ka
radiation source (1486.6 eV). The XPS instrument was calibrated to 284.5 eV (C 1s).

3. Results and discussion

3.1. Catalyzing As(III) oxidation reaction

Variation in cyclic voltammetric peak potential (£},) and peak current (/) for As (III) oxidation
reaction were observed when number of Au deposition CV cycle was varied on Pt electrode, as
shown in Figure 1A. The figure displays that with each consecutive Au deposition cycle, the £,
decreases gradually (negative shifting). The lowest E, value of 0.639 V was achieved after
coating the Pt electrode with 8 CV deposition cycles of Au. Intriguingly, beyond the 8™
deposition, a shift was observed: E, began to rise while /, steadily declined. By the 9% cycle, E,
and [, shifted slightly to 0.640 V and 59.51 pA, respectively. This trend became more
pronounced after the 10" deposition, where E, substantially increased to 0.714 V, and I,
decreased to 54.91 pA. The highest 1, was observed for 4 CV cycles of Au deposition on Pt
electrode, also denoted as (Pt-Au)s. Figure 1C presents a bar chart illustrating the variations in
onset potential (Ej), peak potential (E£;), and peak current (/,) over 1 to 10 cycles of Au
deposition, where a decreasing trend in £j and £, and an increase in I, are observed up to 8
cycles, followed by the onset of a reverse trend thereafter. Figure 1B demonstrates the

performance of (Pt-Au)g in comparison to a bare Au and a bare Pt electrodes for As(III)
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oxidation reaction. The (Pt-Au)g electrode outperforms the both electrodes in terms of higher
peak current (/,) and lower peak potential (£,,). Table 1 summarizes the Ej, I,, and E, values for a

bare Pt, a bare Au, and up to 10 CV cycles of Au deposited Pt electrodes.
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Figure 1. (A) Comparison of cyclic voltammograms (CVs) showing the performance of 1 to 10
CV cycles of Au deposition in attaining As(IIl) oxidation reaction. (B) Comparison of CVs
among a bare Pt, a bare Au, and the (Pt-Au)g electrodes for As(IIl) oxidation reaction. (C) Bar
chart demonstrating the trend in variation among onset potential (£;), peak potential (£,), and
peak current (/) for various cycles numbers. The values in bar chart are derived from respective
CVs in Figure 1A. (D) CVs recorded using Pt-Au electrode after varying Au deposition cycles
on Pt in absence of arsenite solution. (E) Comparison among various characteristic CVs for a
bare Pt, bare Au, and Au-modified Pt electrode in absence of arsenite solution. All the CVs were
obtained at a scan rate of 0.1 Vs~!. Arsenite oxidation performance of different electrodes were
obtained by pipetting 200 uL of 0.1 M As(IIl) into a 10 mL 0.1 M H,SO,, achieving a final
concentration of 2 mM As(III).

Anodic transfer coefficient () is a crucial kinetic parameter to comprehend various kinetic
aspects. To determine 3 value, Tafel analysis was performed for a bare Au, a bare Pt, and 1 to 10

cycle Au deposited Pt electrodes based on equation 1.28-2°
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E

logl = (logly—5) + 1 (1)

Where, E° is the formal potential, E is the applied potential (vs. Ag/AgCl), I(=nFCKk?) is the

2.3RT
BF

exchange current at E=E°, and b (= ) is the Tafel slope. From the value of Tafel slope (b),

anodic transfer coefficient () was determined and presented in Table 1. It can be clearly
observed from Table 1 that Pt-Au electrode with 8 deposition cycles of Au has the lowest Tafel
slope value suggesting the least energy requirement for 10 times elevation of current with the
(Pt-Au)g electrode. Now, turning to the anodic transfer coefficient (), a B value below 0.5
signifies a concerted mechanistic pathway for the electrode process, while a 3 value above 0.5
points to a multistep charge transfer mechanism.?%283% It can be seen in Table 1 that the B value
for As(IIl) oxidation reaction is lower than 0.5 for the pristine Au and Pt electrodes indicating
concerted electron transfer mechanism during As(IIl) to As(V) oxidation, whereas the value is
higher than 0.5 for Pt-Au electrodes implying that As(III) oxidation followed step wise electron
transfer mechanism at the peak potential region. In the subsequent sections, further investigations
were conducted to comprehend the probable phenomenon that might be occurring on the

electrode surface during varying number of CV cycle Au deposition.

Table 1 Comparison of the performance of Pt electrodes modified with varying Au deposition

cycles.

Onset Peak
Peak current, Tafel slope, b Anodic transfer
Electrodes potential, E; potential, E,

V) V) I, (nA) (mV dec?) coefficient,
Bare Pt 0.5060 0.6660 39.11 161.3 0.3661
Bare Au 0.5080 0.6680 34.95 162 0.3645
(Pt-Au), 0.6725 0.7960 62.14 116 0.5091
(Pt-Au), 0.5867 0.7040 55.39 117 0.5047
(Pt-Au); 0.5773 0.6910 62.03 93 0.6350
(Pt-Au), 0.5653 0.6720 66.73 94 0.6282
(Pt-Au)s 0.5587 0.6590 65.87 96 0.6151
(Pt-Au), 0.5507 0.6520 65.25 84 0.7030
(Pt-Au), 0.5480 0.6440 60.99 80 0.7381
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1

2

i (Pt-Au)g 0.5374 0.6390 63.98 75.6 0.7811

5 (Pt-Au)y 0.5387 0.6400 59.51 82 0.7201

? (Pt-Au)y 0.5626 0.7140 54.96 162 0.3645

S N.B.: (Pt-Au), to (Pt-Au),, denote successive electrodeposition of Au particles on Pt surface.

10

11

12

:i 3.2.  Electrochemical, morphological, and chemical characterization

15 3.2.1. Cyeclic voltammetric characterization

17

18 Figure 1D illustrates the changes in CVs after each loading of Au particles on Pt electrode
;g recorded in 0.1 M H,SO4 medium in absence of As(III) in the potential range —0.2 V < Exg/aoci <
;; +1.2 V. In the anodic scan, the peak around 1.0 V suggests the formation of gold oxide and
23 hydroxide, which undergo reduction in the cathodic scan.3! It can be observed that both anodic
;g and cathodic peak current continuously increased for the electrodes prepared with 1 to 8 cycle
;? deposition of Au film on the Pt surface. This indicates an increase in the electrochemically active
;S sites on the Pt-Au electrode up to 8-cycle depositions. However, both the anodic and cathodic
30 current substantially decreased in the characteristic CV obtained for Pt-Au electrode after 10
g; deposition cycles of Au on Pt, suggesting a huge drop in active surface area. Noticeable negative
gi shift in cathodic peak potential for Au oxidation was observed after each successive deposition
35 cycle. Figure 1E displays the characteristic CVs for a pristine Pt, Au, and the as-prepared Pt-Au
g? electrode prepared with 8 cycles of Au deposition, also denoted as (Pt-Au)g. A higher anodic and
gg cathodic current is observed for the (Pt-Au)g electrode compared to the pristine polycrystalline
2(1) Au electrode indicating a larger electroactive surface area for the Au modified Pt electrode. In
42 contrast, the cathodic current for bare Pt electrode substantially decreased in case of the (Pt-Au)g
jj, electrode signifying the suppression of Pt-surface oxidation by the Au thin film on Pt surface.

‘0

47

jg 3.2.2. Open circuit potential (OCP) analysis

?1) Open circuit potential (OCP) is defined as the potential that exists in an open circuit. In other
?g words, it is the voltage that exists when the terminal ends of a circuit are disconnected and there
g;’ is no potential applied externally.’? The intrinsic polarity that develops on an electrode surface is
56 referred by the magnitude of OCP for that electrode. Therefore, in order to characterize the
?é 9| Page

59



oNOYTULT D WN =

New Journal of Chemistry

electrode surface electrochemically, linear polarization curves were obtained for bare Au, bare
Pt, and Au immobilized Pt electrodes in both the presence and absence of As(IIl) ions which are
shown in Figure 2. Figure 2A exhibits the linear polarization curves for the three distinct
electrodes in 0.1 M H,SO, in absence of As(IIl). A pristine Au electrode has an OCP value of
0.24 V where the value is 0.43 V for a pristine Pt electrode, indicating that Pt has a more electron
deficient positive surface than a bare Au electrode in acidic medium. Interestingly, the
magnitude of OCP is much higher for the (Pt-Au)g electrode than the bare Pt and the bare Au

electrodes having a value of 0.60 V.

-6.0
Blank With As(III)
-6.0 1
S~ -8.0 b L
s L 4 *.. "'v. f:. '8-0
= Al Pt (Pi-Au) - - b, T it
& (0.24V) (0.43V) (0.60V) &0 R ., (0.33V)
=~ -10.0 { = e o(Pt-Au)g
-10.0 1 (0.24V) (0.29V)
[ ]
= [ ]
(A) (B)
-12.0 T T T T T T -12.0 r T T T T
0.1 0.2 03 04 05 06 0.7 0.8 0.15 0.20 0.25 0.30 0.35 0.40 0.45

E/V vs. Ag/AgCl (sat. KCI) E/'V vs Ag/AgCl (sat. KCl)

Figure 2. Linear Polarization curves recorded for (A) without As(Ill) and (B) with 2 mM
As(IIT) prepared in 0.1 M H,SO, solution recorded using bare Pt, bare Au, and (Pt-Au)g

electrodes.

Linear polarization curves were recorded again in presence of As(IIl) ions in the acidic solution
as shown in Figure 2B. Although, no shift was observed in case of bare Au electrode, the Pt
electrode shifted negatively by about 0.10 V. On the contrary, the (Pt-Au)g electrode exhibited
the greatest negative shifting by nearly 0.19 V. Since As(IIl) ions actually exist as negatively
charged arsenite ions (AsO7) in the medium,* the adsorption of these ions causes the OCP value
to shift negatively. A higher negative shifting in case of Au modified Pt electrode can be
accounted for the larger loading of the arsenite ions (AsO3’) on the most electron deficient (Pt-
Au)g surface as projected in Figure 2A, relative to the bare Pt and Au surfaces. A competitive
pre-adsorption step later facilitates the As(III) oxidation reaction which results in a higher

oxidation current as shown in Figure 1A and 1C.
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3.2.3. Morphological characterization

Figure 3 exhibits the varying morphology and structure of Au particles on Pt surface with each
successive CV cycle deposition. The Au deposition on Pt was obtained by cycling the potential
between 0 to —1 V immersing the Pt electrode in 0.05 M HAuCl, aqueous solution. A metallic
surface of Pt with various dents on the surface can be observed in Figure 3 before any Au
deposition. When 2 cycles of Au were deposited, a thin Au film formed on the Pt surface. After 4
cycles of Au deposition, the evenly dispersed Au particles were detected. When the number of
cycles was increased up to 6, various Au agglomerated particles larger than 2 um were spotted.
The largest particle size extending up to 10 um in size was witnessed after 8 Au deposition

cycles.

0 cycle (Pt only) 2 cycles

AuZeycle 2024/03/21 NMUDS.1 xI0k 10 pm Au dcycles

AuOcycle

10 cycles

~

L F h.
Ku_Scycle 2024/03/27 NMUD8.S x10k 10 pm

e T & & NS

AulOcycle 2024/03/27 NMUDS.0 x10k 10 pm

Figure 3. Scanning electron microscopy (SEM) images showing the variation in surface
morphology after diverse Au deposition cycles on Pt surface. All the SEM images were taken at

10,000 times magnification of Pt-Au surfaces.
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Surprisingly, the Au particles size suddenly dropped at the 10" deposition cycle. Hence, it is
discernible that the highest loading of Au particles was obtained at the 8™ deposition cycle which
perhaps were able to assist in favorable pre-adsorption step of AsO? ~ ions on the Pt-Au surface

resulting in a higher oxidation current.*

100 - Au Cu Ko, RT
(A) (B) 111 Pt B¢ e
Au Au 200
111 200
4 A 10 cycles
804
. A A 8 cycles
3 A 6 cycl
X 601 = o A cycles
é % A 4 cycles
S =
Z 40- g I A 2 cycles
A A Bare Pt
204
= Bare Au
Pt JCPDS 04-0802 (Pt),
04 I I | | 04-0784 (Au)
0 2 4 6 8 10 30 35 40 45 50 55 60
Cycle number 20/ degree

Figure 4. (A) Energy dispersive X-ray (EDX) data showing variation in the Au and Pt atomic %
with increasing deposition cycle number. (B) X-ray diffraction (XRD) patterns showing the
change in crystal structures of deposited Au layers on Pt surface with increasing deposition

cycles.

The plot of energy dispersive X-ray (EDX) data in Figure 4A shows that the atomic % of Pt
decreases while the atomic % of Au increases with each consecutive cycle. This indicates that
the deposition of Au is progressively covering the surface of the Pt substrate. Additionally, the
atomic ratio of Au becomes 98.6% and 99.11% saturated after 6 and 8 cycles of deposition,
respectively. The atomic % of Au shows minimal increase after 6 cycles of deposition. Next, the
XRD patterns in Figure 4B shows the successive growth of Au(111), Au(200), Pt(111), and
Pt(200) crystal facets with increasing deposition cycles. The peak positions for both Au and Pt
are consistent with the standard data (JCPDS 04-0802 for Pt and 04-0784 for Au). An increase in
suitable facet intensity is beneficial as it can improve the overall catalytic performance of the Pt-
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Au electrode by providing more active sites for the As(IIT) oxidation reaction.?6-27333¢ Au(111) is
the most stable and widely studied facet of Au, which has a smooth, close-packed surface that
provides high stability, good adsorption, and catalytic properties.3”#° Similar to Au(111),
Pt(111) is also active for many catalytic reactions.*'*> Hence, growth of Au(111) facets coupled
with existing Pt(111) facets provides good adsorption and catalytic oxidation of As(III) species.
Thus, it is expected that an increase in the intensity of Au(111) XRD peak would be beneficial
for a more efficient electrode performance by providing more active site on the Pt-Au surface.
However, the growth of comparatively less stable Au(200) facet possibly have declined the
performance of Pt-Au electrode after 10 cycles of Au deposition.3¥4344 This also explains why
bare Au exhibit less adsorptive and catalytic performance which is predominantly oriented to
Au(200), as described in Figure 1B, Figure 2, and Figure 4B. Particularly, the linear
polarization curves in Figure 2B support the finding that the Au(111) facets of the (Pt-Au)g
electrode facilitate the adsorption of As(IIl) ions, compared to the relatively inactive Au(200)
facets of the pristine polycrystalline gold electrode. Notably, the Pt(200) facets have also started
to dominate Pt(111) at the 10™ cycle of Au deposition in comparison to the rest of the cycle
numbers, which presumably have also dropped the catalytic efficiency of the Pt-Au electrode.
Moreover, to gain insight into the growth of Au crystallite size and potential changes in lattice
parameters, Le Bail fitting was performed (shown in Table 2). The lattice constants of both Au
and Pt were found to remain nearly unchanged across all samples, while the crystallite size was
observed to increase from 2 to 6 cycles, then saturated from 6 to 10 cycles. This behavior aligns
with the saturation of the Au atomic ratio from 6-cycle depositions, as revealed by EDX analysis

Figure 4A.

Table 2 Space group, lattice constant and crystallite size of Au particles on Pt.

Cycle _Av — -

Number Space Lattice constant  Crystallite size / Space Lattice constant
group / A nm group / A

0 cycle Fm-3m - - Fm-3m 3.94101(8)

2 cycles Fm-3m 4.0920(7) 29(2) Fm-3m 3.94097(5)

4 cycles Fm-3m 4.0921(7) 37(2) Fm-3m 3.94101(5)

6 cycles Fm-3m 4.0937(2) 63(3) Fm-3m 3.94112(8)

8 cycles Fm-3m 4.0948(3) 61(2) Fm-3m 3.9413009)
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10 cycles Fm-3m 4.0936(1) 69(2) Fm-3m 3.94141(1)

3.2.4. X-ray photoelectron spectroscopy analysis

X-ray photoelectron spectroscopy (XPS) is a preferable technique to comprehend the chemical
states of an electrode surface. The deposited Au layer on Pt surface was studied employing XPS
technique as illustrated in Figure 5. The two peaks appearing at around 84.21 eV and 87.88 eV
are generally assigned to Au 4f7, and Au 4f5),, respectively.*>#6 The existence of these two peaks
for all XPS spectrum of Au 4f indicates that Au was deposited in its zero valent metallic form for
all electrodes with their varying Au deposition cycles.*’ Notably, the binding energies decreased
consecutively for both peaks, but they increased suddenly for the 10™ cycle of Au deposition
subtly. This red shift in binding energies during the first 8-cycle suggests an interfacial
interaction between Au and Pt, with Au surfaces receiving electron density from Pt, thereby
lowering the binding energies for the Pt-Au electrodes. Interestingly, a blue shift in binding
energies is observed starting from the 8™ Au deposition cycle, indicating a threshold for optimal

interfacial interaction.

XPS peak separation unveils vital information about electronic environment of atoms. The ideal
peak separation between Au 4f;, and Au 4f5), for a pure metallic Au surface was estimated to be
3.67 eV. 446 A shift in peak separation can be caused by a change in electronic environment
around the atoms.*® The deposition of 8 cycles of Au on the Pt surface resulted in the highest
peak separation of 3.69 eV, likely attributable to intermetallic interactions between Au atoms and
the underlying Pt substrate. This synergistic effect enhanced the electrode's performance as an
efficient catalyst for the oxidation of As(III). Notably, the separation between the two
characteristic peaks for metallic Au dropped to 3.67 eV for 10 cycles of Au deposition implying
that the Au particles on (Pt-Au),o surface has begun to act like bulk Au atoms having no
interaction with the Pt substrate. The similarity in Tafel slope values between the (Pt-Au)j
electrode and the bare gold electrode (as shown in Table 1) for the As(IIl) oxidation reaction
further supports the conclusion that Au particles at 10-cycle depositions on Pt follow an electron

transfer kinetics comparable to bare Au.
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Figure 5. X-ray photoelectron spectroscopy (XPS) spectrum of a bare Pt and Pt-Au electrodes

recorded after various cycles of Au deposition.

The preceding discussion has substantiated the catalytic, morphological, and chemical efficiency
of the (Pt-Au)g electrode, therefore, further kinetic investigation was conducted using this

electrode.

3.3. Kinetics
3.3.1. Effect of As(III) concentration

Figure 6A shows the development of CV profiles with increasing As(III) concentration in the
reaction medium. The CV peak potentials were found to vary from 0.75 V to 0.80 V as the
concentration was elevated from 0.2 mM to 4.0 mM As(III). This event implies that the (Pt-Au)g
electrode requires concentration overpotential for oxidizing As(III) with rising concentration.
The correlation between CV peak current (/,) and As(III) concentration is depicted in Figure 6B.
The figure shows excellent correlation between 7, and As(IlI) concentration with a regression
coefficient (R?) value of 0.99. To unveil the kinetic order of As(III) oxidation reaction, log(/) vs.

log[As(II)] graph was plotted at three different potentials (0.810 V, 0.815 V, and 0.820 V)
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retrieved from the mass-transfer limited regions of the CVs. With the assumption that the log (/)
vs. log [As(IIT)] curve yields a straight line, the value of m can be calculated from the

dependence of currents on the concentration of the electro-active species, as shown by equation

2_49

log I =log k + m log [As(III)] 2)

Where, m is the order of reaction and £ is the reaction rate constant. The slopes of three
regression lines shown in Figure 6C were calculated using equation 2. The results were 1.21,
1.18 and 1.14 for 0.810 V, 0.815 V, and 0.820 V, respectively, which are very close to 1,
indicating that the As(III) oxidation reaction followed first order kinetics on (Pt-Au)g electrode
surface. A first-order kinetics implies that the rate of As(IIl) oxidation reaction on (Pt-Au)g
electrode surface is directly proportional to the concentration of As(III) in the bulk of the

reaction medium.>°
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Figure 6. (A) Variation of CVs with As(III) concentration recorded using (Pt-Au)g electrode in
0.1 M H,SO; at a scan rate of 0.1 Vs~!. (B) Calibration curve showing the dependence of peak
current (/,) on As(IIT) concentration. (C) log (/) vs. log[As(III)] plot for three different potentials.
The data in Figure 6B and 6C were extracted from Figure 6A.

3.3.2. Effect of scan rate

A key trait of a highly active electrode is its proficiency in sustaining faradaic processes even at
elevated scan rates. This proficiency is due to the decreased thickness of the diffusion layer as
the scan rate rises, which enhances the mass transfer rate.3> Such an electrode can uphold the
faradaic charge-transfer electrochemical process despite having numerous masses on its surface,
thereby achieving a higher current density. Conversely, a less active electrode is restricted by its
reaction rate, resulting in a lower current density. To discover various crucial kinetic parameters
associated with As(III) oxidation on the (Pt-Au)g surface, CVs were recorded for As(III)
oxidation at scan rates varying from 0.025 to 0.4 Vs~! as shown in Figure 7A. To unveil the
mass transfer character during As(IlI) oxidation, log (/,) was plotted against log of scan rates as
displayed in Figure 7C. The theoretical slope value for the plot of log (/) versus log (v) is 0.5
for an ideal diffusion-controlled process, whereas it is 1 for a process entirely limited by
adsorption kinetics. 32212 In the present case, the slope was found to be 0.44, which is in close
proximity to 5, therefore, it can be inferred that the As(IIl) oxidation kinetics was limited by
diffusion of As(IIl) ions to the (Pt-Au)g electrode surface. Furthermore, the positive shifting of
peak potential (£;) with varying scan rates in Figure 7B also supports the diffusion-limited
kinetics of As(IIl) oxidation on the proposed electrode.”>* This diffusion-limited process,
coupled with first-order kinetics, is highly desirable for an electrochemical sensor as it prevents
electrode surface fouling and deactivation due to product accumulation, while ensuring a steady

supply of reactants.
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Figure 7. (A) CVs of As(IIl) oxidation recorded using (Pt-Au)g electrode for 2 mM As(III)
prepared in 0.1 M H,SOy solution at variable scan rates (from 0.025 to 0.4 Vs™!). (B) Variation
of peak potential (£,) with change in scan rate (v). (C) Variation of logarithm of /, with

logarithm of v. (D) Variation of anodic transfer coefficient () with changing scan rate.

Next, the transfer coefficients for the anodic process () was calculated using the following

equation 3.32°°

=Tt ®
Where, F = 96485 C mol!is the Faraday constant and E,, is the half-peak potential. It can be
observed from Figure 7D that the magnitude of B varied substantially with variable scan rates
and they exceed 0.5 in all cases. Previously in section 3.1., we estimated the 3 value to be 0.78
for (Pt-Au)g electrode using the Tafel equation 1 in the kinetic region of CV. Now, we also

acquired an average 3 value of 0.77 in the mass-transfer regions of CVs for variable scan rates.
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Thus, it can be inferred that As(III) oxidation reaction followed stepwise mechanistic pathway in
both kinetic and mass-transfer regions of CV on (Pt-Au)g electrode surface. Therefore, the
overall stepwise electron transfer reaction pathway for the arsenite to arsenate oxidation reaction,

involving a pre-adsorption step, is presented in equation 4.6

Adsorption le™
—_—

— —le™
AsUD oy (AsU1D03) qas—>[As 107" 5 AsV 05~ (4)

3.4. Sensing activities
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Figure 8. (A) Differential pulse voltammograms (DPVs) for As(IIl) oxidation reaction obtained
using (Pt-Au)g electrode in 0.1 M H,SO,4 with pulse amplitude, pulse width, and pulse period of
0.05 V, 0.05 sec, and 0.5 sec, respectively. (B) Calibration curve exploited from DPVs showing

the correlation between /, and As(III) concentration.

The sensing performance of the proposed (Pt-Au)g electrode was checked using the differential
pulse voltammetry method within the As(II) concentration range 0.1 mM to 1.8 mM, as
displayed in Figure 8A. The calibration curve shown in Figure 8B is a crucial plot for
estimating various important sensor parameters. The DPV peak currents exhibited a linear
relation with As(III) concentration as substantiated by the linear regression coefficient value of
0.99. From the calibration curve, the limit of detection (LOD) for As(IIl) detection was
determined using equation S which was found to be 65.39 uM with a signal-to-noise ratio (S/N)
of 3. The sensitivity value of the (Pt-Au)g electrode for As(IIl) detection was measured to be

23.13 pA mM1,
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3xSD
LOD = =2 (5)

Where SD denotes the standard deviation of current values within As(III) oxidation potential
range found for three blank response and SR stands for slope of the regression line shown in
Figure 8B. Table 3 presents various previously reported analogues for As(III) detection from the
literature, highlighting the superior performance of the developed electrode, which achieves the

lowest potential while maintaining a broad linearity range.

Table 3 Overview of the several previously reported analogous electrodes for arsenite oxidation.

Peak
Electrode Technique Electrolyte potential, LDR/pM LOD Ref.

E p(Ag/AgCl) IV

PY/GCE LSV I M HCIO 0.89 1-50 57
! 0.028 uM
Ptyan/BDD SWASV 0.1 M H,S0, 0.88 1.3-13.34 0.5 ppb 8
Pt-Pd SWV 0.1 M H,SO, 0.82 5-225 1.3 ppb 19
0.1 M PBS
Au cv 0.72 100-1000 - 21
(pH=3)
(Pt-Au)g DPV 0.1 M H,S0, 0.70 100-1800 65.39 uM This work

Abbreviations: LDR- Linear dynamic range, LOD- Limit of detection, GCE- Glassy carbon electrode, LSV-
Linear sweep voltammetry, BDD- Boron doped diamond, SWASV- Square wave anodic striping voltammetry,
SWYV- Square wave voltammetry, CV- Cyclic voltammetry, PBS- Phosphate buffer solution, DPV- Differential

pulse voltammetry.

Good stability is another essential criterion of an ideal sensor. Chronoamperometric technique
was employed at 0.70 V vs. Ag/AgCl (sat. KCI) for 600 seconds to evaluate the stability of the
electrode’s performance, as shown in Figure 9A. Batch injection method was adopted during the
process, where 100 uL of 0.1 M As(III) solution was injected in every 30-second intervals onto
the surface of the (Pt-Au)g electrode. A faradic current with a magnitude of about 1 mA spiked
sharply following each injection, which rapidly dropped to baseline due to the diffusion of

As(IIT) species away from the electrode surface. Interestingly, the current spikes for all the
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injections are significantly identical underscoring the remarkable stability and repeatability of the
electrode for detecting arsenite species. The stability of the proposed sensor was further
investigated by conducting 500 CV cycling with the (Pt-Au)g electrode in presence of 2 mM As
(IIT) solution. The outcome displayed in Figure S1 demonstrates no significant change in onset
potential (£;), peak potential (E,), and peak current (/,) ever after 500 cycles of CV runs boasting

an impressive stability of the proposed electrode.

In real water samples, interference in electrochemical sensing may arise from various commonly
e . . . _ 2_
co-existing ionic species. Therefore, salt solutions containing Na*, NO3, Cu?*, SO,~, Fe?*, Fe*,

Cl, CO%’, NHJ, Ca?*, and HCO3, each at concentrations 10 times higher than As(III), were
tested for potential interference by injecting them at 30-second intervals, as shown in Figure 9B.
No noteworthy current response was observed from most of the ions at 0.70 V, demonstrating
exceptional selectivity of the proposed electrode for As(IIl) species. Intriguingly, the electrode
surface remained unaffected despite the addition of concentrated potential interfering
compounds, and the current response associated with arsenite oxidation persisted at the end for
three consecutive injections. It is worth noting that potential interference was observed from Fe?*
oxidation, but this can be disregarded in real samples, as Fe?" is readily oxidized to Fe3" by air.

Fe3* did not cause any interference with the developed electrode, as shown in Figure 9B.

1.2 1(A) 1.2 1(B) As(III)

1.0 | 1.0 { Asm

0.8 0.8 <
< < ; g .
E 0.6 1 E 0.6 1 O'c‘;’ B 6’28
o Tl 525|292

1 O < = Z l @
0.2 1 0.2
i WURU TR 50 L_Lu L Ll ..
0 160 260 360 460 560 600 0 160 260 360
Time / sec Time / sec

Figure 9. (A) Chronoamperometric i-¢ curve recorded by consecutive injection of 100 puL of 0.1
M As(III) onto the (Pt-Au)g electrode, demonstrating the stable current output over an extended

period. (B) i-t curve recorded to evaluate interference from commonly co-existing ions by
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injecting 100 pL of 1.0 M solutions (10 times more concentrated than As(IIl)). Injections were

performed in batch mode at 30-second intervals, with a fixed potential of 0.70 V.

To demonstrate the practicality of the proposed electrode for detecting As(IIl) in real-world
conditions, groundwater samples were collected from four different districts in Bangladesh, as
presented in Table 4. The analysis was carried out using the linear sweep voltammetry (LSV)
method, with 1 mM As(III) solutions prepared as described in Text S2. Figure S2 showcases
representative LSVs for the real samples, revealing a positive shift in the oxidative peak potential
(Ep), likely due to the reducing nature of the groundwater. Exceptional recoveries, ranging from
97% to 108%, as shown in Table 4, endorse the electrode's reliability and potential for real-life

applications.

Table 4 Statistical quantification of As(III) detection by (Pt-Au)g electrode in real samples.

Added Obtained
Groundwater Recovery!
concentration / concentration/@ / RSDP™ (%)
source (%)
mM mM

Feni 1.0 1.04 0.09 104
Jashore 1.0 0.971 2.52 97.1
Panchagarh 1.0 1.0 0.05 100
Sylhet 1.0 1.08 0.17 108

[a] Average of the three repeated As(II) measurements following LSV method obtained using
(Pt-Au)g electrode. [b] Relative standard deviation (RSD) value represents the precision of the

three measurements. [c] Recovery % = (obtained concentration + added concentration)x100.

4. Conclusion

This study explored the optimal sensing performance for Au modified Pt electrode for arsenite
oxidation, unveiling the physical and chemical factors driving this enhanced performance. The

novel Pt-Au electrode was created by cathodic electrodeposition of Au particles sourced from
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HAuCl, onto a Pt disc electrode. The Pt-Au electrode exhibited superior performance for arsenite
oxidation compared to both pristine Au and Pt electrodes. Afterwards, optimization of Au
deposition cycles, explored with CV, SEM, EDX, XRD, and XPS analysis, revealed that Pt-Au
electrode exhibits best catalytic performance with 8 cycles of Au deposition owing to the optimal
synergism between the deposited Au and the Pt substrate. Additionally, the optimal growth of
Au(111) and Pt(111) crystal facets occurs at the 8 Au deposition cycle, facilitating the pre-
adsorption of arsenite ions on the Pt-Au electrode for the subsequent As(II) oxidation reaction.
Kinetic investigations through concentration and scan rate effects disclosed that As(IlI) oxidation
followed a diffusion-limited mass-transfer character, following a first-order reaction with
stepwise electron transfer kinetics on the (Pt-Au)g electrode surface. The sensitivity of As(III)
electro-oxidation on (Pt-Au)g electrode was calculated to be 23.13 pA mM™! with an LOD of
65.39 uM for the linearity range 0.1 to 1.8 mM. The as-prepared electrode demonstrated
excellent stability, hence, can be proposed for routine analysis of As(IIl) in acidic medium. The
proposed electrode is also expected to exhibit similar catalytic activity trends for other analytes,
such as ethanol oxidation, methanol oxidation, and peroxide oxidation, which are our ongoing

focus of research.
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