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ABSTRACT

Wells-Dawson type polyoxometalate (POM) [(n-C3H7)4N14SoW1062 (SoWig) was successfully immobilised with a conducting polymer, poly(3,4-
ethylenedioxythiophene) (PEDOT), by chronocoulometry technique. The immobilised films with different surface thicknesses were characterised by various elec-
trochemical techniques. The S;W;g-doped PEDOT film gave four couples of redox waves, the first one corresponds to the redox process of the polymer itself and the
other three couples are electron transfer at tungstate in the framework. The films exhibited inherent pH-dependent redox activity and stability of S;Wg in the thin
layer up to 100 mV/s. Only slight changes were observed in the magnitude of peak currents after continuous redox cycling, indicating the relative stability of the
SoWig in the conducting PEDOT. The conductive behaviour of the film was investigated with electrochemical impedance spectroscopy. The study of electrochemical
bromate ion sensing based on SoW;g-doped PEDOT film employing chronoamperometric technique revealed that at an applied potential of -0.1 V, the SoW;g-doped
PEDOT film can detect bromate at concentrations between 100 pmol L~! and 2000 pmol L~L. Moreover, the SoWig-doped PEDOT film shows a detection limit of 4
umol L~! without interference from other common ions present in the water. Hybrid films exhibit significant catalytic activity with high selectivity at a low reduction
potential of -0.1 V. Chemico-physical characterization of the target systems was performed using atomic force microscopy, field emission scanning electron mi-

croscopy, energy dispersive X-ray spectroscopy and Raman spectroscopy.

1. Introduction

Polyoxometalates (POMs) are a distinctive class of inorganic metal-
oxo clusters consisting of high-valent transition metals (M) (e.g. M =
V, Mo, W) which are linked through oxygens[1]. In recent decades,
POMs are the prospective candidate for various applications such as
electro-catalysis [2-4], photo-catalysis [5-7], sensors [8,9], electro-
chemical energy storage devices [10,11], electronics [12], and photo-
electrochemical devices [13], owing to the unique electronic, optical,
magnetism and redox properties related to their structural features. In
most cases of the application of POMs, especially catalysts, immobili-
zation of them is required to use heterogeneously because they are anion
and soluble in media. Many researchers have studied different strategies
to anchor the POM on various materials [14]. Deposition techniques,
including layer-by-layer deposition [15,16], self-assembly monolayers
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[17,18], Langmuir-Blodgett [19,20], sol-gel films [21,22], electrode-
position [23,24], and entrapment into conducting polymers [25,26]. In
addition, controlling the layer thickness, composition and orientation is
an important criterion for establishing good electrical conductivity be-
tween the POM and the electrode surface. Electro-polymerised incor-
poration of POMs into the conducting polymer could provide efficient
electrical communication with controlling layer thickness [1], which is
one of the most promising techniques.

Among the many  polymers: polyaniline, poly(3,4-
ethylenedioxythiophene) (PEDOT), polypyrrole, polyacetylene, poly-
thiophene, Poly(diphenylamine), Poly(p-phenylene), the PEDOT can
serve better conductivity, stability, and high electrocatalytic activity [5,
271. Yuan et al. successfully fabricated a polyoxometalate (POM)-doped
PEDOT hybrid film counter electrode, which was then used for the first
time in dye-sensitized solar cells (DSSCs) [5]. McCormac and his
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research group have immobilised Kerb-type metal substituted POM into
the PEDOT films and investigated the electrochemical and surface
properties [26].

Extensive attention has been paid to the development of electro-
chemical determination methods of the trace amount of contaminants in
water and food due to its rapidity, high sensitivity, excellent selectivity,
and environmental friendliness compared to other techniques [28].
Bromate ion, BrO3, is often found in drinkable water, because of
ozonation and/or chlorination disinfection processes, as well as in flour
and fish paste as a food additive [29,30]. Butler et al. reported a com-
plete summary of the toxicity of BrO3 [31]. International Agency for
Research on Cancer (IARC) has classified BrOs3 as a potent
cancer-inducing agent. Hence, high-performance electrochemically
active materials must be acquired for sensitive and selective detection of
bromate. Keggin and Wells-Dawson-type POMs have been widely used
as electrocatalysts for the electrochemical detection of bromate due to
their multiple redox behaviour [25]. In comparison to the
Wells-Dawsons type POMs, Keggin-type POMs have been better
researched for bromate detection. G. G. Papagiann and colleagues re-
ported on the preparation and use of composite materials of polyaniline
and Keggin-type POM as a bromate sensor [32]. Gold
nanoparticles-stabilised PMo;>-doped-PEDOT were investigated as cat-
alysts for electrochemical bromate detection by S. S. Hassan et al [33].
Two pyrazole derivatives, one symmetrical, namely 1,1-bis(3,5-dime-
thyl-1H-pyrazol-4-yl)methane, and one asymmetrical, namely 4-pro-
pyl-4,5-dihydro-1H-pyrazole, two polyoxometalates (POM)-based
complexes constructed from saturated Wells-Dawson and mono-Cu
(ID)-substituted Keggin anions, respectively, were hydrothermally syn-
thesized. The carbon paste electrodes of both of these were then used as
electrochemical sensors to detect hydrogen peroxide, bromate, and ni-
trite [34]. However, most cases have issues in terms of selectivity at
lower reduction potential.

In this paper, Wells-Dawson type POM, [(n-C3H7)4N14S2W10¢2
(SaWig), has been successfully immobilised on the PEDOT polymer
matrix using the chronocoulometry technique. The SoW;g-doped PEDOT
film showed four couples of redox waves which were stable towards
potential cycling through several WYV redox states at different sites of
SoWig. The films of various thicknesses were constructed. The modified
electrode was performed as a good electrochemical bromate sensor with
high selectivity among the other interfering analytes such as chlorate,
nitrite, phosphate, iodate, perchlorate and nitrate.

2. Experimental section
2.1. Materials

3,4-Ethylenedioxythiophene (EDOT) was purchased from Sigma. All
other chemicals and solvents were purchased as reagent grade from
ACROS Organics. Polishing alumina powder of sizes 0.05, 0.3, and 1.0
um was received from CH instruments. Highly purified water was ob-
tained from a Milli-Q water purification system (ELGA PURELAB Option
Q7) with a resistivity of 18.2 MQ cm and was used throughout the
preparation of an aqueous electrolyte solution. The following reagents
were used to prepare the Buffer solution of various pH: 0.1 mol L™?
NayS04 (pH 2-3), 0.1 mol L™! NaySO4 + 20 mmol L™! CH3COOH (pH
3.5-5), 0.1 mol L ™! NaySO4 + 20 mmol L ™! of NaHPO,4 (pH 5.5-7). The
pH of the solution was finally adjusted with either 0.1 mol L™} of HySO4
or 0.1 mol L™! of NaOH solution depending on the required pH.

2.1.1. Synthesis of [(n-C3H7)4N]4S2W18062

The ((n-C3H7)4N)4[S2W18062] was prepared based on the reported
procedure with a minor modification [35]. To a 16.5 g solution of
NayWO04-2H,0 in 490 ml of water was added 400 mL of CH3CN. Then,
110 mL of concentrated HySO4 was added dropwise with vigorous stir-
ring; suspension occurred upon the addition of a few drops of conc.
H2SO4 and the next drops were added after the suspension had been
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cleared within several seconds. The solution was refluxed for one day.
After the solution was cooled to room temperature, 300 mL of CH3CN
was added to produce two liquid layers. After the lower turbid layer was
discarded, 10 g of n-Pr4sNBr was added to precipitate a yellow salt. The
salt was collected by filtration, washed with water and ethanol, and
air-dried to yield 7.5 g of the product, which was subsequently purified
by recrystallization from 200 mL of CH3CN at room temperature.

2.2. Instrumentation

All the electrochemical experiments reported in the article except
electrochemical impedance were carried out using CHI-440a electro-
chemical workstation (USA) with a three-electrode electrochemical cell.
Electrochemical impedance measurements were recorded in CHI-660
electrochemical workstation (USA). The glassy carbon electrode (GCE)
with a geometric surface area of 0.0707 cm? was used as the working
electrode; a platinum wire with a diameter of 0.5 mm and a length of 5
cm as the counter electrode and Ag/AgCl (saturated KCl) as the refer-
ence electrode. In the case of cyclic voltammetry in organic solvents and
chronocoulometry Ag/Ag’ was used as the reference electrode. The
potential was transferred to Fc/Fc' (Fe=ferrocene) scale in a cyclic
voltammogram in DMSO.

Atomic force microscopy (AFM) analyses were carried out using a
NT-MDT SPM Solver P47H-PRO apparatus operating in tapping mode,
using NSGO3 probes [material: single-crystal Si, n-type; chip size: 3.4
mm x 1.6 mm x 0.3 mm; reflective side: Au; guaranteed tip curvature
radius: 10 nm; cantilever length: (135+5) mm; cantilever width: (30+3)
mm,; cantilever thickness: (1.5+0.5) mm; typical resonant frequency: 90
kH; typical force constant: 1.74 N/m]. Micrographs recorded on
different sample areas enabled to confirm surface homogeneity. After
background subtraction and plane fitting, root-mean-square (RMS)
roughness values were obtained from 3x3 pm? images according to the
following relation:

1/2

RMS—roughness = {Z (z — Z)z/n] @

where z;, Z and n are the local height, the mean height and the number of
data points, respectively.

Field emission-scanning electron microscopy (FE-SEM) and energy
dispersive X-ray spectroscopy (EDXS) analyses were performed on a
Zeiss SUPRA 40VP microscope equipped with an INCA x-act PentaFET
Precision spectrometer (Oxford Instruments), operating at primary
beam acceleration voltages between 10 and 20 kV and using in-lens and
secondary electron detectors. The ImageJ® software [http://imagej.nih.
gov/ij/, accessed December, 2022] was used for image analysis aimed at
the estimation of the average aggregate dimensions. Raman spectros-
copy measurements were carried out on a Labram HR instrument
(Horiba) with a 50x (0.55 N.A) long-distance magnification objective
(Leica). The laser source excitation wavelength was 785 nm (laser
power = 10 %). The instrument was calibrated using a Si(100) wafer
calibrated to its standard peak at 520.7 cm™ and the Rayleigh line
before the measurement of the sample [36].

2.3. Preparation of working electrode

A solution of 0.1 mol L™* of monomer EDOT and 5 mmol L™} of POM
in acetonitrile were taken in the electrochemical cell and a constant
potential of +0.85 V vs Ag/Ag" was applied to prepare the hybrid film
with the various thickness by applying various deposition charges (1, 2,
5, and 10 mC) over the GCE leading to various thickness of the com-
posite. After the hybrid film was deposited on the electrode surface, it
was rinsed with acetonitrile to remove the unbounded solution. Finally,
the electrode was washed with a buffer solution in which the film was
used to study. The PEDOT-only film was formed by using the same
procedure with the presence of 0.01 mol L™ tetrabutylammonium
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Fig. 1. Pictorial representation of SoW;g-doped PEDOT film on the glassy carbon electrode.
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Fig. 2. Representative cyclic voltammogram of [SaW150621%~ in DMSO (0.1
mol L} n-BuyNPFg). Scan rate: 100 mV/s.

hexafluorophosphate (n-BusNPF¢) in acetonitrile.

SoWig-doped PEDOT (2 mC and 10 mC) films were deposited on the
surface of ITO-coated glass plates using the same procedure to investi-
gate the system morphology.

2.4. Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy measurements were car-
ried out using a CHI 660 electrochemical instrument with SoW;g-doped
PEDOT-modified electrode. The recording of the spectra was performed
at different applied potentials (vs. Ag/AgCl) from 0.01 to 1 x 10° Hz
with a voltage amplitude of 5 mV. Impedance spectra were analysed by
fitting equivalent electrical circuits using electrochemical impedance
spectrum analyser software [25].

Fig. 1

3. Results and discussion
3.1. Electrochemical behaviour of [(n-CsH7)4N]4S2W15062
A cyclic voltammogram was measured in the dimethyl sulfoxide

containing 0.5 mmol L7! of S;W1g and 0.1 mol L™! n-BuyNPFg as the
supporting electrolyte at the surface of the GC working electrode at a

Table 1

Electrochemical data of [S;W1g0g2]" (n=4-10) in DMSO.
Compound Peak En AE,

(V vs Fe/Fe™) (mV)

S WiE/S;WYWY; I -0.13 115
SaWYWI7/SWI WG I -0.52 130
SoWYWY§/SaWYWYE 111 -1.11 130
S WYWYE/S,WYWY4 v -1.53 140
S WYWYA/S,WEWYS \% -2.08 240
S, WYWY3/S,WEWY3 VI -2.23 150

scan rate of 100 mV/s (Fig. 2).

The six redox peaks that appeared in the voltammogram are asso-
ciated with the tungsten-oxo species present in the Dawson structure
[37,38]. These six peaks are correlated with the literature and each of
the peaks represents a single electron transfer and a total of six electron
transfers [38]. The peaks labelled, as I to VI are the mono electronic
redox couples with Ey,(Ey=(Epc+Epa)/2, where Ep. and Ej,, are cathodic
and anodic peak potentials, respectively) and peak-separation, AEp
(=Epa - Epc), values given in Table 1. All the processes are
diffusion-controlled since the current magnitude for each peak is
dependent on the square root of the used scan rates [39]. This voltam-
metric behaviour of the SoWig is explained in equations 2 to 7 [37,40].

I:SzW‘l/éO()zr‘i +e o I:SQWVW;/§062]57 (2)
(W W0u]" +e o [SSWYW06]* 3)
[SzWZVW‘l/é()ﬁz} 6 +e o [Sz W;/W‘lfé 062} I (4)
[S:WE W10 + e o [5:WWH0e] )
[SWYW06]" +e o [S$;SW W06 (6)
(W WY 0a]" +e o [ WY W0e] " @)

3.2. Electrochemical behaviour of [SZW18062]4’— doped PEDOT film

The S;W1g-doped PEDOT film was fabricated on the surface of the GC
working electrode employing the above-mentioned procedure (vide
supra). PEDOT is formed through the in-situ oxidative polymerisation of
EDOT at the applied potential of 0.85 V vs Ag/Ag*. PEDOT acquires
positive charges during the oxidation processes, which must be stabi-
lised by counterions, in this case, anionic POMs. POMs enter the polymer
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Fig. 3. a) Chronocoulometry polymerisation of S;W;g-doped PEDOT film. b) A cyclic voltammogram of S;W;g-doped PEDOT film (2 mC) (surface coverage of 1.72

nmol em~2) on GC electrode surface in pH 2 buffer solution. Scan rate: 10 mV/s.

matrix to stabilize the charge on the polymer backbone, resulting in the
formation of the POM/PEDOT complex [41-43]. Fig. 3a shows the
formation of S;Wig-doped PEDOT film using the chronocoulometry
technique. The electrochemical behaviour of the modified electrode was
then investigated in a buffer solution at pH 2.

The formation of the S;Wyg-doped PEDOT film was confirmed by
comparing the electrochemical behaviour of the hybrid film with the
solution electrochemistry of the SoWig. Fig. 3b shows the redox elec-
trochemistry of the resulting 2 mC hybrid layer recorded in pH 2 buffer
at the scan rate of 10 mV/s. The cyclic voltammogram shows four
distinct peaks labelled as I/T’, II/II’, III/III’, and IV/IV’. The peak I/I" at
En= 0.306 V corresponds to the redox process of the polymer matrix
itself which was matched with the previously reported literature [44,
45]. The precise mechanism underlying the electrochemical conversion
of PEDOT and polythiophene derivatives is not well understood [46].
However, according to Skompska [47,48] and Hillman et al. [49] the
PEDOT polymer film has two different types of regions that coexist. They
have reported two oxidation potentials, one for the oxidation of highly
ordered short conjugated chains, and the most anodic potentials for the
oxidation of less ordered short conjugated chains [46,50]. Each of the
other three well-defined peaks at E,= 0.012 V, -0.372 V, and -0.596 V
corresponded to the redox behaviour of WYV in the framework of

S2W1g with the AE,, values of 24 mV, 17 mV, and 16 mV, respectively.
Amna Yaqub et al. reported three POM-based well-defined redox pro-
cesses for the [S;W15062]*~doped polypyrrole film at half-wave poten-
tials of -0.06, -0.43, and -0.66 V (vs Ag/AgCl). The S;W;5-doped PEDOT
film’s Ep, values are fairly close to the values that have been published
[51]. The shifting of reversible potentials for the Wells-Dawson POM
toward positive when the presence of water was reported by Bernardini
et al [37]. The two-electron transfer processes occur at each redox peak
potential in the S;W;g-doped PEDOT film, as shown in equations 8-10.
Similar behaviour was previously reported in the Wells-Dawson type
[PsMo150621* [52].

[$:W0]* +2¢™ + 2H = [HyS, Wi WY 0]+ (8)
(S WY WY 06" + 2¢7 + 2H = [H S, W/ WY 0] )
[HS WY W 00]" +2¢ + 2H = [HeS, W/ WY 00] (10)

—

The role of the polymer was to stabilize the POM over the surface of
the electrode. The distinctive feature of conducting polymer was
observed from the increase in non-faradaic current and the presence

b)

7591 v = 7.88¢7x-1.028¢°

2
50] R?=0.9999

1Y =-9.2E7x-9.24E7
R?=0.9999

-100

-Ol.2 OTO
E/V vs Ag/AgCI

0.04 0.06 0.08 0.10

Scan rate (mV/s)

0.00 0.02

Fig. 4. a) Cyclic voltammograms of S;W;g-doped PEDOT film (2 mC) measured at various scan rates in pH 2 buffer solution and b) relationship between scan rate

and the magnitude of cathodic and anodic peak current at the II/II" process.
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Fig. 5. a) Cyclic voltammograms of S,W,g.doped PEDOT film of various surface thicknesses in pH 2 buffer solution. Scan rate: 10 mV/s. (b) Relationship between

surface coverage of S;W;g-doped PEDOT film and deposition charge.

faradaic peak (Peak I/T’) in the positive region of the voltammogram
[25]. The polymer contribution to the electrochemical response of the
SoWig-doped film is relatively low; the voltammetric behaviour shown
in Fig. 3b was dominated by the POM redox properties. However, the
peak II/II" was broadened due to the polymer peak I/T'. Fig. 3b also
contains the cyclic voltammogram of the fabricated 2 mC PEDOT-only
film without the POM using the same experimental setup. Interest-
ingly, the CV behaviour of PEDOT without the POM showed no redox
peak corresponding to the polymer backbone. As previously reported,
the electrochemical and physical properties of polymers are greatly
influenced by the nature of the dopant and electrolyte during the
polymerization process [49,53]. The pH study provides additional
confirmation that the redox peak I correspond to the polymer’s back-
bone (vide infra).

The surface coverage of the immobilized POM in the PEDOT polymer
matrix was calculated at a slow scan rate by using equation (11).

T = Q/nFA a1

Where T (mol/cm?) is the surface coverage for the surface-confined
active species, Q (Coulomb) is the charge passed associated with a
particular redox process, n is the number of electrons transferred, A is
the surface area of the electrode in cm? and F is the Faraday constant
(96,485 C/mol) [25,26].

The surface coverage of SoWg-doped PEDOT film with a deposition
charge of 1 mC, 2 mC, 5 mC, and 10 mC for ',y associated with the redox
couple III/III' was found to be 0.73, 1.7, 4.35, and 9.12 nmol cm 2
respectively. Noteworthy, the background non-faradaic current of the
polymer was taken into account while calculating the charge. For
example, to determine the charge (Q) of the S;W;g-doped PEDOT 2 mC
film, its corresponding polymer background was subtracted.

A scan rate study was carried out to find the surface-confined
behaviour of the modified electrode. A hybrid film of a 2 mC deposi-
tion charge was used to record the scan rate effect in the pH 2 buffer
(Fig. 4a). From Fig. 4b, we observe the increase in peak current with
increasing the scan rate. The linear relationship between the current
magnitude and scan rate was observed, indicating the surface-confined
behaviour of the modified electrode [54]. In the case of scan rates higher
than 100 mV/s, the electron transfer process of SoWig in the film was
diffusion-controlled.

Fig. 5a shows the cyclic voltammograms of the SoW;g-doped PEDOT
film with various deposition charges (1-10 mC). As the deposition
charge increases, the reduction of the polymer itself occurred at a more
positive and the current magnitude increases in the reduction of doped
SoWig, indicating peak broadening due to the inherent behaviour of the

75

50 4

A
o

— 1% Cycle
—— 100" Cycle

-0.6 -0.4 -0.2 0.0 0.2 0.4
E/V vs Ag/AgCI

Fig. 6. Cyclic voltammograms of SyW;g-doped PEDOT film (2 mC) at the 1%
(Blue) and 100" (Red) potential cycle in pH 2.0 buffer solution. Scan rate: 100
mV/s.

polymer (Charging current) and an increase in the concentration of
SoWig doped, respectively. The linear relationship between the deposi-
tion charge and surface coverage was obtained from the plot of surface
coverage (I') calculated using peak III anodic charges (Q) of vs. deposi-
tion charge (Fig. 5b).

To investigate the stability of the SyWjg-doped PEDOT film,
continuous cyclic voltammograms were measured in a potential range
from +0.55 V to -0.8 V (Fig. 6). After 100 potential cycles, the peak
current magnitude slightly decreased, indicating that the SoW;g-doped
film maintained its stability for multi-potential scanning.

The surface coverage at the 1 and 100 potential cycle was calcu-
lated from the cathodic charge of peak II and was found to be 1.72 and
1.56 nmol cm_z, respectively, which indicated 90% of the hybrid film
stuck on the surface of the electrode.

3.3. Effect of pH

Voltammetric behaviour of POMs highly depends on acid concen-
trations in both the solution and surface-confined state [54-58]. Cyclic
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Fig. 7. Cyclic voltammograms of S,W;g-doped PEDOT film (2 mC) in pH=a) 2, b) 3, ¢) 4, d) 5 and 6 buffer solution. Scan rate: 10 mV/s. e) The plot of pH versus

redox half-wave potential of peak IV/IV’ redox process.

voltammograms of SoWjg-doped PEDOT (2 mC) film were measured at
various pHs as shown in Fig. 7. As pH increases, the peak potential shift
toward more negative with a decrease in the current magnitude. The
hybrid film was stable up to pH 4, whereas it was unstable at pH > 5.
Fig. 7b and c show the behaviour of hybrid film at pH 3 and 4 respec-
tively. The bi-electronic nature of the peaks II/II" and III/III’ can be seen
in Fig. 7b and c. The bi-electronic oxidation peak (II) was split into two
mono-electronic peaks in pH 3 which were labelled as IIa and IIb, which
was very common in the Wells Dawson type polyoxometalates [59].
However, the splitting of the reduction peak (II') was not clear due to
polymer interference. Similar behaviour was also observed with the
redox peak III, in this case, both the reduction and oxidation peaks split
into two mono-electronic each in pH 3. The peak I/I’ was stable up to pH
4 and began to fade when the pH reached 5 because POM is not stable at
those pHs that destabilise the polymer film. Furthermore, peak I/T" did
not split like peaks I and III, confirming that peak I/I’ corresponds to the
polymer. A plot of pH vs E; /3 values calculated for the peak IV/IV’ shows
the increment of E; /; values respective to the pH, which shows the peak
corresponds to the redox behaviour of S;W;g dependent on the pH of the
solution (Fig. 7e).

3.4. Electrochemical impedance spectroscopy

EIS is used as a versatile technique to evaluate the interfacial and
transport properties of the S;Wig-doped polymer films [60,61]. The
estimation of parameters such as diffusion coefficient and charge
transfer resistance that explain the kinetics of the interface became
relatively easy and accurate as compared to other techniques. Naseer et
al studied the electrical properties of the Kerb-type transition
metal-substituted POM-doped PEDOT film [26]. Di et al studied the
interfacial properties of the Dawson-type vanodotungstophosphate and
carbon nanotubes composite films [62].

The EIS was performed for the S;W;g-doped PEDOT film to investi-
gate the electrical properties using the Randle equivalent circuit. Two
series of experiments were performed: first, measurements were carried

" —LCPE _j-
Rct Zw
Fig. 8. Randle equivalent circuit [26] was used to measure impedance data
performed at the GCE electrode modified with the S;W;g-doped PEDOT films.

out in pH 2.0 buffer solution at five different potentials (0.2, 0.4, 0, -0.2,
and -0.4 V vs Ag/AgCl) chosen to encompass the redox reactions of the
SaWis. Secondly, measurements were carried out at four different
thickness values at 0.0 V vs Ag/AgCl.

All spectra were fitted using the equivalent circuit shown in Fig. 8. In
Fig. 8, Ry represents the uncompensated solution resistance between the
electrolyte and electrode, Qg is the double-layer capacitance, which is
here replaced by constant phase element (CPE), R, is the charge transfer
resistance, and Z,, is the resistance by the diffusion of the electroactive
species, also known as the Warburg impedance. Z,, is negligible at the
higher frequency range with higher R values being attained at such
frequencies, indicating the kinetically controlled region, while at lower
frequencies, Z,, is dominant, thereby indicating a diffusion-controlled
process [27,63].

The films give lower R values in the positive domain (+0.4 V) as
compared to those when the film is further exposed to negative potential
(-0.2 and -0.4 V), which are similar to the results previously observed in
the literature [25,26]. The kinetically controlled region is not clear,
while the diffusion-controlled region was observed with very lower Re;
values, indicating that the faster electron transfer should occur on the
interface between S;W;g-doped PEDOT film and solution at a particular
applied potential (Fig. 9a). Table 2 summarizes the parameters such as
solution resistance, charge transfer resistance, and complex impedance
or Warburg impedance Ry, which arises by the diffusion of electroactive
species for both reduced and oxidised domains of S;W;g-doped PEDOT
film.

Table 2 shows that the CPE values increased at both extreme
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Fig. 9. a) Nyquist plots of S;W;g-doped PEDOT film (2 mC) and the applied potentials were +0.0 V, +0.2 'V, -0.2 V, +0.4 and 0.4 V in the pH 2.0 buffer (b) Nyquist
plots of different thickness of S;W;g-doped PEDOT film (formal potential 0.0 V) on GCE. The frequency range is between 0.01 to 10° Hz. The amplitude of the applied
sine wave potential in each case was 5 mV. Insets: Zoomed images of the respective figure.

Table 2
Solution resistance R; (€2), charge transfer resistance R (Q2), complex impedance

Ry (Z,), capacitance CPE (uF cm 2 s® = 1), and exchange current density i, (mA)
were obtained from the A.C. impedance measurement of the S,;W;g-doped
PEDOT film (2 mC) in pH 2 buffer solution.

E(V) R; (Q) R (Q) Ry, (Zy) CPE (WF em 25" = 1)
0.4 68 9.4 464 24

0.2 67 6.4 220 15

0 74 4.5 306 3

-0.2 51 11.6 17 8

-0.4 73 27 9 26

potential ranges and decreased at potentials that were near zero. The
Warburg impedance was modelled as an open-circuit finite Warburg
element that includes a diffusion resistance, Rgjs. It is the resistance by
the diffusion of the electroactive species (SaW;g) from a modified probe
to the analyte or vice versa. From the positive domain to the negative
domain, the Warburg (Z,y) was decreased. The fact that the addition of
PEDOT: POM makes the polymer film more electrolyte accessible is

a)
0.000 -~ J
-0.060 4
< -
g 0.120
= —O0mM
-0.180 4 —2mM
—4mM
—6mM
-0.240 8 mM
— 10 mM
-0.300 4
-02 -01 0.0 0.1 02 03 04 05
E/V vs Ag/AgCI

confirmed by the measured drop in Warburg impedance [64]. During
the redox process there will be charge intercalation occurs at the con-
ducting polymer to maintain the electro neutrality, in that case, Zw is
replaced by CPE, known as low-frequency capacitance (QIf). At lower
frequencies, the capacitive behaviour is found and it can be related to
the film charging mechanism [65]. The increase in CPE indicates that
more ions are accommodated in the double layer at higher potentials,
most likely due to the higher polarization material.

The electrochemical impedance behaviour of different SoW;g-dop-
ped PEDOT film thicknesses was also recorded and shown in Fig. 9b. No
significant difference was observed in the various thicknesses of the film.

3.5. Electrochemical bromate sensor

The S;W;g-doped PEDOT film-modified GC electrode was employed
to detect the bromate in the water and found that the S;W;g-doped
PEDOT film was potentially active toward the bromate ion. Cyclic vol-
tammogram shows the SoW;g and PEDOT hybrid film-modified GC
electrode (2 mC) in pH 2 buffer in the absence and presence of bromate
within the potential range of 0.55 V to -0.2 V (Fig. 10a). The reduction

b)
0284 R2=0.9992
Y = 0.01625x + 0.0977

0.24 4
<
£
=5 0.20 1

0.16 4

0.12 T T T T T

2 4 6 8 10

Concentration/mM

Fig. 10. a) Cyclic voltammograms of S;W;g-doped PEDOT film (2 mC) in pH 2.0 at scan rate 50 mV/s in the presence of designated concentrations of bromate (0 - 10
mmol L™1). b) Relationship between concentrations of bromate and current magnitude at peak IL.
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Fig. 11. a) Typical amperometric response of the bare GCE in comparison of a PEDOT and S;W;g-doped film (2 mC) in pH 2.0 buffer at the applied potential of 0.1
V on successive addition of 100 pmol L' bromate up to 2 mmol L. b) Relationship between concentrations of bromate and catalytic current. c¢) Response of the
SoW1g-doped PEDOT film towards the interference anions (1 mmol L") and the bromate (100 pmol L™?) at a polarization potential 0.1 V.

Table 3
Amperometry data for S;W;g-doped PEDOT-based films
of various thicknesses for catalysis of bromate in buffer

pH 2.0.
Film (mC) Sensitivity
uAcm’2/ mmol L!
1 42
2 97
45
10 30

current associated with peak II increases with increasing the concen-
tration of the bromate ion. The relationship between the catalytic cur-
rent response (I,) and bromate ion concentration is displayed in
Fig. 10b. By subtracting the current response of the bromate ion at a
given concentration from the current response of the Sy;Wjg-doped
PEDOT 2 mC in the absence of any analyte, I, was calculated.

The amperometric response of the bare GCE toward the bromate ion
(10 mM) demonstrates the catalytic inactivity of bare GC towards the
bromate ion (Fig. 11a). The amperometric response of the PEDOT-alone
modified electrode towards the bromate ion (10 mmol L™1) shows no
significant catalytic current, indicating the contribution of the con-
ducting polymer does not greatly influence the catalytic reduction of
bromate (Fig. 11a). On the other hand, the SoW;g-doped PEDOT film (2
mC) gave a linear increase in current depending on the successive
addition of bromate ion up to 2 mmol L! (Fig. 11a and b). The SyW1g-
doped PEDOT film of surface coverages in the range of 1.72 nmol cm ™2
showed a sensitivity of 97.59 pAcm™2/mmol L™! with a limit of detection

(LOD) of 4 pmol L~! based on three times recorded S/N ratio. Moreover,
the average time required to detect the bromate in the solution calcu-
lated from the amperometry technique was 3.46 sec.

The current response of the SoW;g-doped PEDOT film as a bromate
sensor was monitored in the presence of anions typically co-present in
real samples such as NaNOs, NaNO,, KHyPO4, NalO3 NaClO4 and
NaClO3 (1 mmol L~1). The fact that the current-time response obtained
for the successive addition of interference ion showed no interference at
all indicates high selectivity of the SoWjg-doped PEDOT film for the
bromate detection (Fig. 11c). The electrocatalytic performance of the
other thicknesses against the bromate ion has also been studied in order
to determine the optimal layer for better electrocatalytic performance.
Table 3 shows the variation in sensitivity of different thicknesses of the
SoWig-doped PEDOT-based film with different surface coverage towards
bromate.

The SyWjg-doped PEDOT films of other thicknesses show signifi-
cantly less sensitivity towards the bromate ion when compared to the 2
mC S;Wig-doped PEDOT film. The large thickness of the polymer film,
which prevents the diffusion of bromate ions through the polymer ma-
trix to reach the active POM sites, may be the cause [66-68]. As a result,
the electrocatalytic activity toward bromate decreases as the film
thickness increases. EDOX analysis further confirmed the large contri-
bution of polymer in the 10 mC film (vide infra). The loading of POM was
insufficient in the case of the 1 mC film to obtain additional active sites
for the reduction of bromate ions [69-71]. The film with a deposition
charge of 2 mC showed the best catalytic performance.

To better understand the system and make further improvements, it
has now become necessary to compare the catalytic performances of the
SoWig-doped PEDOT, with the electrochemical bromate activity of the

Table 4
Comparison of the proposed sensor with reported literature.
Materials Reduction potential (V vs Ag/AgCl) Linear Range Sensitivity Detection limit Ref
(umol L) pAcm™/ mmol L! (umol LY
PMo;2/PEDOT/AuNP?/GC
0.142 250 - 3000 68 - [33]
Polyaniline-POM -0.3 7.5 - 500 - [32]
1-CPE€ (P2W1s) +0.4 20 -48 201.53 18 [34]
[Nig(PgW450184)(WO5)]1%5~ POM+PPY® film
-0.22 100 - 2000 491 0.2 [25]
(He,sbppy)°~ 0.4 - - [73]
[P2W15062]-4.5H20
1-GCE Hy 73P2As1 73W16.27062
-0.4 - - - [75]
NENU-3/cc? -0.5 5-560 45.11 0.55 [28]
SyWig-doped PEDOT 2000-10000 229.84 380 This work
(Voltammetric)
S,W,g-doped PEDOT -0.1 100-2000 97.59 4 This work
(Chronoamperometric)

2.Gilver Nanoparticles, b_Carbon Paste Electrode, “-Polyaniline, d_ carbon Cloth
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Fig. 13. EDXS elemental maps, recorded on the areas imaged in the corresponding FE-SEM micrographs, for a) PEDOT-only film; b) 2 mC S;W;g-doped PEDOT film.

reported catalysts. As stated in the introduction section, the Well-
Dawson type POM has been less studied than the Keggin type POM
[28,32,33,72]. The bromate reduction potential of SoW;g-doped PEDOT
was very close to the reported reduction potential of PMoj2/PEDO-
T/AuNP/GC [33] and [Nis(PsW4g0154)(WO2)]*® POM+PPY film [25].
Aixiang Tian et al achieved an improved sensitivity towards the bromate
ion by employing the carbon paste electrode made with
[(Cuz(Hebdpm)2) [HoPoW18062]0.5]1-2H20 with an applied potential of
+ 0.4 V vs Ag/AgCl [34].

Polyaniline-POM [32] and NENU-3/CC [28] showed a linear range
starting from 7.5 and 5 pmol L~ respectively. It is noteworthy that the
Polyaniline-POM and NENU-3/CC were found to have applied reduction
potentials of -0.3 and -0.5 V, respectively. An inorganic-organic hybrid
solid (H6/5bppy)5’ [P2W15062]-4.5H20 (bppy = 4-(5-(4-bromophenyl)
pyridin-2-yl-)pyridine) was hydrothermally synthesised and employed
as an electrochemical bromate sensor [73]. The twin-Hj 73
P5Asy 73W16.27062 clusters contain a modified Dawson-type unit that
was synthesised and utilised as a bromate sensor. Anderson-type Poly-
oxometalate-based metal-organic complexes [74] have also been

investigated as an electrochemical catalyst for bromate detection in
water. The SyWig-doped PEDOT displayed much-improved bromate
reduction potential as compared to the reported literature. Moreover,
the catalyst loading over the electrode surface was high in most of the
referenced literature given in Table 4, compared to our S;W;g-doped
PEDOT-modified electrode.

3.6. Chemico-physical characterization

SoWig-doped PEDOT (2 mC and 10 mC) films were deposited on the
surface of ITO-coated glass plates to investigate their morphology.. The
plane view FE-SEM image of the SoW1g-PEDOT (2 mC), displayed in
Fig. 12a, showed a globular texture, with evenly distributed spherical
grains characterized by a mean size of 26 nm. A similar globular nano-
organization of PEDOT has already been reported in the literature
[76-78]. In the case of sample SyW;g-doped PEDOT (10 mC), the ana-
lyses highlighted the formation of bigger grains (mean size = 80 nm)
deriving from the aggregation of smaller spherical ones (mean size = 20
nm; Fig. 12b).
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Fig. 14. Representative AFM topographical images of a) 2 mC and b) 10 mC S,W;g-doped PEDOT film.
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Fig. 15. Shows the Raman spectrum of a) S;W;g powder and b) S,W;g-doped PEDOT film (2 mC) and PEDOT-only film.

In-plane EDXS compositional mapping was performed on the SoWig-
doped PEDOT and PEDOT-only films (Fig. 13a and b, respectively). As
expected, the presence of C, O and S was observed for PEDOT-only film,
whereas the presence of tungsten in SoW;g-doped PEDOT confirmed the
presence of SoW;g moieties. The results obtained by maps registered in
different regions pointed out to homogeneous material composition.
Due to the significant polymer contribution, EDXS studies on the 10 mC
film were unable to detect any clearly discernible W signal.

AFM topographical images were recorded for the 2 mC and 10 mC
films and represented in Fig. 14a and b, respectively. The obtained re-
sults confirmed the globular sample topography, with an increase of
RMS-roughness from 5 to 10 nm on passing from the 2 mC to the 10 mC
sample. The increased roughness value of the latter, corresponding to a
higher material loading, can be correlated to the formation of larger
features, as confirmed by the above-discussed FE-SEM pictures.

3.7. Raman spectroscopy analysis

Raman spectroscopy analysis was carried out to further examine the
nature of the interaction between S;W;g and the PEDOT film. Using the
method outlined in section 2.3, the film was created on the ITO-coated
glass slide in order to record the Raman spectra. Fig. 15a and b show the
Raman spectrum of SoW1g powder, PEDOT film alone and SoW;g-doped
PEDOT respectively, on the ITO-coated glass slides. The Raman spectra
of SoW1g powder under excitation (785 nm) show several WO and SO

10

stretching modes at 987 and 897 cm™! and 1058 and 1131 cm ™},
respectively. These data were matched with the similar compounds re-
ported in the previous literature [35,38,79]. In addition, OWO bending
modes were observed at 597 and 520 cm ! as we can see from Fig. 15a.
The bands at 1322 and 1461 cm™! were associated with the quaternary
ammonium cation present in the POM structure. The vibrational modes
of PEDOT are located at 1524 cm™*, 1416 cm ™, 1370 cm™?, and 1250
em™!, and assigned to the Cy=Cy asymmetrical, C,=Cy symmetrical,
Cp-Cp stretching, and C,-C,¢ inter-ring stretching vibrations, respectively
[80,81].

The Raman spectra of S;Wg-doped PEDOT reveal that the majority
of the peak is related to the PEDOT (Fig. 15b). Moreover, no significant
peaks from the S;W;g were observed in the spectrum, which could be
attributed to the S;W;g peaks being too weak and/or overlapping with
the PEDOT peaks. The characteristic PEDOT band, which was previously
at 1416 cm ™! in the SoWig-doped PEDOT film, has now moved to 1440
cm L. This is related to a higher doping level of PEDOT in the presence
of POMs [82]. From the above evidence, a composite material was not
formed; rather, SoW;g was simply doped into the PEDOT film. The
increased conjugation length of PEDOT chains in SoW;g-doped PEDOT is
indicated by the intensity ratio of the C-C to C-C stretching band for
SoWig-doped PEDOT films being greater than that of PEDOT films [83,
84].
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4. Conclusions

This work demonstrates the feasibility of the formation of the SoWig-
doped PEDOT film on the glassy carbon electrode. The electrochemical
behaviour of the hybrid film with various surface thicknesses was
studied by cyclic voltammetry and electrochemical impedance spec-
troscopy. Three couples of redox peaks were observed in cyclic vol-
tammograms of the SoWig-doped PEDOT film in pH 2 buffer solution,
which were associated with two-electron transferred processes of
tungsten coupled with proton and the polymer background. The surface-
confined nature of the hybrid films is kept up to 100 mV/s. Voltam-
metric behaviour of the S;W;g-doped PEDOT film is proton dependent,
which peaks associated with two electron transfers that occurred at pH 2
split into several peaks corresponding to one electron transferred pro-
cess. The electrical parameters, charge transfer resistance (R), solution
resistance (R;), CPE, and the current density (i,) for these films (in
oxidized, partially reduced, and reduced states) were calculated and
analyzed from EIS measurements of the SyW;g-doped PEDOT film.

Electrocatalytic activity for the bromate reduction was observed for
the Sy;Wig-doped PEDOT monitored using both voltammetric and
amperometric techniques. In the voltammetric mode, the linear range
was observed from 2000 pmol L™ to 10 000 pmol L™ with a sensitivity
of about 229 yA/mmol L™'cm?. In the chronoamperometric mode, the
linear range is 100 umol L ! to 2000 umol L~! with a sensitivity of 97.59
pA/mmol L~ em? was observed. The LOD was calculated as 4 pmol L™}
and 380 pmol L7! for amperometric and voltammetric techniques
respectively. The S;W;g-doped PEDOT-modified electrodes reveal high
sensitivity towards the bromate system without any interference from
the other analytes present in the real sample.
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