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sembly of tetra-Mn-containing
30-tungsto-4-phosphate, [M4(H2O)2(P2W15O56)2]

n−

(M = MnII and MnIII) with AuNps-MWCNT:
electrochemical detection of iodate†

Suganya Pitchai Muthusamy, Indherjith Sakthinathan and Timothy McCormac *

This study demonstrates the Layer-by-Layer (LbL) approach to assemble the sandwich structured

[M4(H2O)2(P2W15O56)2]
n− (M = MnII and MnIII) polyoxometalates (POMs) with gold nanoparticles (AuNps)

decorated multi-walled carbon nanotubes (MWCNT) on a carbon electrode. Polyethylenimine has been

employed as a base layer prior to the deposition of the AuNps-MWCNT and POM. The multi-layered

modified electrodes [AuNps-MWCNT/MnII(P2W15)2] and [AuNps-MWCNT/MnIII(P2W15)2] have been

characterised using electrochemical and surface techniques. Electrochemical impedance spectroscopy

data revealed that the addition of AuNps-MWCNT increased the multilayer films' conductivity. The modified

electrodes displayed pH dependent redox activity associated with the POM and thin-layer behaviour, as

demonstrated by cyclic voltammetry (CV). The stability of the multilayer towards redox cycling through the

POM redox processes was found to be good along with the ability of the modified electrode towards the

electrocatalytic reduction of iodate. The amperometric investigation of AuNps-MWCNT/MnII(P2W15)2
multilayer films revealed a linear range of 1–3000 mM with the limit of detection (LOD) and sensitivity was

found to be 0.14 mM (S/N = 3) and 0.58 mA cm−2 mM−1. Similarly, the AuNps-MWCNT/MnIII(P2W15)2
multilayer films showed a linear range of 1–3000 mM with a limit of detection and sensitivity was found to

be 0.20 mM (S/N = 3) and 0.90 mA cm−2 mM−1.
1. Introduction

Polyoxometalates (POMs) are a class of discrete inorganic anionic
metal-oxide clusters, mostly early transition metals (V, Nb, Ta,
Mo, W) in their highest oxidation state.1,2 This group of inorganic
compounds is exceptional not only in terms of structural variety,
for instance, their monodisperse size can be selectively tuned
from several angstroms to 10 nm, charge distribution, but also in
terms of selectivity and relevance to analytical chemistry,3

catalysis,4–6 photochemistry,7,8 medicine,9 and materials science.6

Because their properties can be desirably tuned by picking and
incorporating the right constituting elements, POMs are excel-
lent candidates for designing electrocatalysts.10 One of their most
important properties is their ability to undergo reversible
multivalence reductions/oxidations, resulting in the formation of
mixed-valence species with favourable electrocatalytic properties
in a variety of electrochemical processes.11–13

Hybrid nanocomposite based on inorganic nanoparticles (NPs)
and graphene derivatives combines the unique properties such as
nt of Applied Science, Dundalk Institute of

84, County Louth, Ireland. E-mail: tim.

tion (ESI) available. See DOI:

265
larger surface area, optical and biological properties of inorganic
NPs with outstanding properties of graphene derivatives, notably
conductivity, stability, physical, chemical and mechanical char-
acteristics allowing access to novel interesting multifunctionality
for diverse technology purpose.14–16 Gold nanoparticles (AgNps)
decorated multiwalled carbon nanotube (MWCNT) show unique
properties like high surface area energy, large surface area and
functioning as an electron-conducting pathway to facilitate elec-
tron transfer between the redox materials and the bulk electro-
lyte.14,17 It is well understood that the modication of electrode
materials by combining the various synergistic properties of
MWCNT-AuNPs with the redox properties of POM improves the
performance of the electrochemical sensor.18,19

Recently, several strategies have been adopted to prepare POM-
based nanostructured thin lms on the surface of the electrodes,
including POMs entrapped in polymers matrix,20,21 self-organised
hybrids based on POMs and cationic surfactants, Langmuir–
Blodgett technique,22,23 layer-by-layer self-assembly method,24–26

and other approaches.27–29 Layer-by-Layer (LbL) assembly is
a widely used technique and is well known for its simplicity,
control over the thickness by adjusting the number of deposited
layers, high stability, high mechanical strength, uniform
morphology, and good permeability to small molecules.30,31 The
complementary forces are not only electrostatic and van derWaals
© 2025 The Author(s). Published by the Royal Society of Chemistry
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but also include hydrogen bonding, bio-specic interactions,
metal coordination, charge transfer, etc.29 LbL is compatible with
other branches of chemistry, meaning that a wide variety of
different surfaces can be coated. It involves the sequential
assembly of the layers and a washing step aer the addition of
each layer to remove the excess non-assembled materials and/or
molecules. LbL enables convenient surface chemistry tailoring
because of the large variety ofmaterials and substrates that can be
used to construct multifunctional devices.32,33 Moreover, the LbL
method replicates the essential aspects of physics and chemistry
of material engineering in living organisms, leading to an
amazing spectrum of biomimetic materials.34,35

Iodine is a crucial micronutrient that aids in the develop-
ment of both neurological activity and cell proliferation. A
signicant delay in neurologic development may be caused by
thyroid hormone deciency.36,37 For instance, in many nations,
iodized salt is the best method for preventing iodine deciency
disorder. However, too much iodine or iodide can result in
hyperthyroidism, goitre, and hypothyroidism.38–40 Periodate is
a powerful oxidant capable of oxidizing a wide range of inor-
ganic and organic substances at extremely low concentrations.
As a result, iodine detection is critical in many areas, including
food, medicine, and industry. Nanoparticles modied elec-
trodes41,42 and graphene derivatives43 modied electrodes have
been employed as electrochemical sensors for the detection of
iodate. The PEI/rGO-Au@P8W48 composite lm-modied elec-
trode that was reported by Xiaoxia Zhang et al. combines the
excellent catalytic activity of the Au@P8W48 with the superior
conductivity of rGO, displaying a low detection limit, high
sensitivity, good selectivity, and rapid response toward
hydrogen peroxide.44 A Dawson-type (S2W18O62) POM-entrapped
polypyrrole lm was constructed on the surface of the GC
electrode and has been utilised as an electrochemical sensor for
iodate.45 Minoo Shari et al. reported the amperometric detec-
tion of iodate using a multicomponent containing ionic liquid/
SiW11O39Ni(H2O) POM/phosphorus-doped graphene oxide
modied glassy carbon electrode.46

In this contribution, the LbL technique has been utilised to
construct the multi-layered catalyst on the surface of the GCE by
alternative deposition of MWCNT-AuNps andMnII

4(P2W15O56)2/
or MnIII

4(P2W15O56)2 to the electrochemical detection of iodate.
Utilizing cyclic voltammetric techniques (CV), the electro-
chemical behaviour of the multi-layered modied electrodes
was investigated. When an electrode is modied with MWCNT-
AuNps, it becomes more conductive, as demonstrated by elec-
trochemical impedance spectroscopy (EIS).47–49 Finally, the
potential of multilayer-modied electrodes towards the detec-
tion of iodate was studied using voltammetric and chro-
noamperometric techniques. We believe that the synergistic
effect of both AuNps-MWCNT and POM improved the electro-
chemical sensing activity.44,46,50

2. Experimental section
2.1. Materials

Na12P2W15O56$18H2O51 and [MnIII8MnIV4O12(CH3COO)16(H2O)4]$
2CH3COOH$4H2O52 have been synthesised using reported
© 2025 The Author(s). Published by the Royal Society of Chemistry
procedures. Multi-walled carbon nanotubes used in this study
were purchased from Sigma Aldrich with a purity of 98% based
on trace metal analysis, length of 2.5–20microns, inner diameter
of 2–6 nm, outer diameter of 6–13 nm, and a surface area of 216
m2 g−1. Alumina powders of sizes 0.05, 0.3, and 1.0 mm were
received from IJ Cambria. Highly puried water obtained using
a Milli-Q water purication system (ELGA PURELAB Option-Q)
with a resistivity of 18.2 MU cm was used throughout the prep-
aration of all aqueous electrolytes and buffer solutions. All other
chemicals were of reagent grade, purchased from Sigma Aldrich,
and used as received. Buffer solutions were prepared from the
following reagents: 0.1 M Na2SO4 (pH 2–3), 0.1 mmol L−1 Na2SO4

+ 20mmol L−1 CH3COOH (pH 3.5–5), and 0.1mmol L−1 Na2SO4 +
20 mmol L−1 NaH2PO4 (pH 5.5–7). The pH of the solutions was
adjusted with either 0.1 M NaOH or 0.1 M H2SO4 depending on
the pH required.

2.2. Synthesis of Na16[MnII
4(H2O)2(P2W15O56)2]$nH2O

The compound was synthesised using the reported procedure
with slight modication53 typically, 2.5 mmol L−1 of MnCl2-
$4H2O (0.4948 g) was added to 50 mL of a 1 mol L−1 solution of
NaCl, and then 4 g of Na12P2W15O56$18H2O was slowly added to
the solution. The solution was heated at 50 °C for several
minutes until the solution became transparent. The orange
solution was warm-ltered through paper and allowed to crys-
tallize at room temperature, resulting in the formation of
orange rhombic prismatic crystals overnight. However, the
solution was undisturbed for 2 days before ltration. These
crystals, very soluble in water, were also recrystallized in water
at room temperature.

2.3. Synthesis of Na12[MnIII
4(H2O)2(P2W15O56)2]$84H2O

[MnIII
8MnIV

4O12(CH3COO)16(H2O)4]$2CH3COOH$4H2O
(0.270 g, 0.128 mmol) was suspended in a mixture of 36 mL of
CH3CO2H and 24mL of H2O (resulting in pH 1.1) for 1 h. To this
solution, Na12[P2W15O56]$18H2O (1.104 g, 0.256 mmol) was
added. Aer stirring for 30 min at room temperature, the
mixture was heated to 80 °C for another 1 h and ltered. Then,
NaCl (0.40 g, 6.87 mmol) was added to the solution. The ltrate
was kept for crystallization at room temperature. Brown crystals
were obtained aer a few days.44

2.4. Synthesis of MWCNT

The gold-decorated MWCNT has been synthesised in three
steps using the reported procedure.

Step 1. Synthesis of oxidised MWCNT 0.2 g of MWCNT was
treated for 4 hours at 40 °C in a round bottom ask with
a condenser containing 30 mL of a (3/1H2SO4/HNO3 mixture),
then diluted with 360 mL of distillate water and le overnight.
Finally, the suspension was washed and dried in an oven at 50 °
C to obtain the oxidised MWCNT (Ox-MWCNT).

Step 2. Thiolation of MWCNT: 22 mg of the Oxi-MWCNT,
which was obtained from the rst step, was treated with
a solution of 27 mg of cysteamine chloride in 10 mL of distilled
water at 90 °C for 30 h. Aer cooling to room temperature, the
powder was washed with distilled water to remove the
RSC Adv., 2025, 15, 15252–15265 | 15253
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unreacted excess of amine, followed by centrifugation at 12
000 rpm. The powder was dried under a vacuum for 14 hours to
obtain the thiol-oxi-MWCNT. The degree of oxidation was esti-
mated to be between 2 to 10% and similarly, the degree of
thiolation to be 1 to 5% from the reported literature.54,55

Step 3. Preparation of an AuNps-decorated MWCNT: AuNps-
decorated MWCNTs were synthesized as described in the re-
ported literature. Accordingly, the particle size distribution
ranges between 15 and 30 nm.56 0.01 M of HAuCl4 was added to
the thiolated MWCNT suspension, and the resulting suspen-
sion was sonicated for 30 min. Three equivalents of sodium
citrate were introduced into the suspension and heated to 90 °C.
Au III was reduced by sodium citrate solution, and Au NPs were
gradually formed as the Au3+ changed to Au0 according to the
following reactions.

2HAuCL4 + 4Na3C6H5O7 /

2Au + 4NaCl + 4HCl + 4Na2C5H4O5 + 4CO2 + H2 (1)
2.5. Instruments

All electrochemical experiments were performed with a CHI-
660c electrochemical workstation (CH Instruments, Texas,
IUPAC) with a conventional three-electrode electrochemical
cell. The glassy carbon electrode (GCE) (d = 3 mm, geometric
area = 0.0707 cm2) was used as the working electrode, a plat-
inum wire as the auxiliary electrode (length = 5 cm, d = 0.5
mm), and a Ag/AgCl (saturated KCl) as the reference electrode.
Scheme 1 Schematic representation of the layer-by-layer self-assembly

15254 | RSC Adv., 2025, 15, 15252–15265
AFM analyses were carried out using an NT-MDT SPM Solver
P47H-PRO instrument operating in tapping mode and air.
2.6. Preparation of working electrode

The GCE was rstly polished with 1.0, 0.3, and 0.05 mm Al2O3

powders, and sonicated in water for about 10 s aer each pol-
ishing step. Finally, the electrode was washed with ethanol and
then dried with a nitrogen stream prior to use.

A monolayer of polyelectrolyte PEI was deposited onto the
GCE to ensure an evenly charged surface. The polished and
dried GCE was immersed in a 2% (w/w) PEI solution for 10
minutes to create the PEI coated electrode and was subse-
quently dried under nitrogen aer being cleaned with deion-
ized water to remove any excess PEI solution. The PEI-coated
electrodes were dipped into a solution of MWCNT-AuNps for
20 min to form gold nanoparticles decorated multi-walled
carbon nanotubes layer (Step 1) and then rinsed with deion-
ized water to remove the unbounded materials and dried
under a nitrogen stream (Step 2). Then MWCNT-AuNps coated
substrate was then immersed in a 1 mmol L−1 solution of
MnII(P2W15)2/or MnIII(P2W15)2 POM for 20 min to create a POM
layer (Step 3) and then washed with deionized water and dried
under nitrogen (Step 4). Multilayers were then built up by
alternating deposition of MWCNT-AuNps and POM solution
until the desired number of layers was reached. Water rinsing
and nitrogen stream drying steps were performed aer each
deposition step. An illustration of LbL lm has been shown in
Scheme 1.
method.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion
3.1. Voltammetric behaviour of MnII(P2W15)2 and
MnIII(P2W15)2 in aqueous electrolyte

The electrochemical behaviour of MnII(P2W15)2 and MnIII(P2-
W15)2 in the pH 2 buffer containing (0.1 mol L−1 Na2SO4) has
been investigated using CV at a scan rate of 10 mV s−1. Fig. 1(a)
and (b) show the resulting cyclic voltammogram of the tungsten-
oxo (W–O) units and the MnIII/MnII in MnII(P2W15)2, respectively.
Fig. 1(a) shows the presence of three well-dened redox peaks
labelled as W–O I, II and III corresponding to the bielectronic
redox process of the tungsten-oxo framework present in the
MnII(P2W15)2 structure with the E1/2 values of −0.367, −0.578,
and −0.803 V vs. Ag/AgCl. The redox activity associated with the
Mn(III/II)-oxo within the POM moiety was observed with an E1/2 =
+0.904 V (Fig. 1(b)).57 Similarly, Fig. 1(c) shows the presence of
Fig. 1 Cyclic voltammograms of a 1 mM solution of (a) and (b) MnII4(P
tungsten-oxo units. (b) and (d) Restricted redox couple of the Mn. Scan

© 2025 The Author(s). Published by the Royal Society of Chemistry
four multiple electron well-dened redox couples I–IV, which are,
associated with trilacunary {P2W15O56} Dawson units of the POM.
Redox process I is bielectronic in nature with an E1/2 value of
+0.008 mV, whilst processes II and III have E1/2 =−0.128 mV and
−0.223 mV, respectively, are mono-electronic as reported from
the previous literature. Redox process IV with an E1/2 = −0.5 mV
is bielectronic. The redox activity associated with the Mn(IV/III)-
oxo within the POMmoiety is shown in Fig. 1(d) with an observed
E1/2 value of +1.124 V.58
3.2. Voltammetric behaviour of AuNps-MWCNT/
MnII

4(P2W15)2 and AuNps-MWCNT/MnIII
4(P2W15)2 multi-

layered lm

Fig. 2a and b show the CVs of 4 bilayers of AuNps-MWCNT/
MnII

4(P2W15)2 and AuNps-MWCNT/MnIII
4(P2W15)2 lm-

modied electrodes respectively, in the buffer system of pH 2
2W15)2. (c) and (d) MnIII4(P2W15)2. (a) and (c) Restricted redox peaks of
rate: 10 mV s−1.

RSC Adv., 2025, 15, 15252–15265 | 15255
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at the scan rate of 100 mV s−1. The multilayer was constructed
using the procedure given in Section 2.6. The gure illustrates
that the magnitude of the anodic and cathodic peak currents
increases with the number of bilayers. This indicates
a progressive increase in the amount of material adsorbed onto
the electrode surface with each deposition stage. As we can see
from Fig. 2(a) and (b), three well-dened bielectronic reversible
redox waves were observed which corresponds to the W–O
species present in the {P2W15O56} Dawson units of the POM.
The E1/2 values of peak W–O I, W–O II, and W–O III were found
to be −0.13, −0.29 and −0.62 V vs. Ag/AgCl for the [AuNps-
MWCNT/MnII

4(P2W15)2]4 and −0.14, −0.32 and −0.64 V vs. Ag/
AgCl for the [AuNps-MWCNT/MnIII

4(P2W15)2]4 modied elec-
trodes, respectively. Noteworthy, the intensity of the peak W–O I
was less than the other two peaks observed in both the modied
electrodes (Fig. 2a and b). Interestingly no redox activity was
associated with the POM's manganese redox process observed
in Fig. 1b and c. This could be ascribed to a possible ion
exchange between the Mn and H+ and Na+ from the buffer
solution as reported in the literature.59 The two-electron transfer
processes occur at each redox peak in the AuNps-MWCNT/
MnII

4(P2W15)2 and AuNps-MWCNT/MnIII
4(P2W15)2 lm-

modied electrodes, as shown in eqn (2)–(4) as from the re-
ported literature.59 Furthermore, As the layer increases the
electrochemically active surface area increases because of an
increase in the surface inhomogeneity. Which was observed in
the previously reported literature.29

[P2W15O56]
n− + 2e− + 2H+ 4 [H2P2W15O56]

n− (2)

[H2P2W15O56]
n− + 2e− + 2H+ 4 [H4P2W15O56]

n− (3)

[H4P2W15O56]
n− + 2e− + 2H+ 4 [H6P2W15O56]

n− (4)
Fig. 2 CVs of multilayer modified GC electrode contains 4 bilayers of (a) A
the scan rate of 100 mV s−1 in the pH 2 buffer.

15256 | RSC Adv., 2025, 15, 15252–15265
To understand the electron transfer kinetics of the POM
deposited on the surface of the modied electrodes, cyclic vol-
tammogram of AuNps-MWCNT/MnII

4(P2W15)2 and AuNps-
MWCNT/MnIII

4(P2W15)2 modied electrode were recorded at
different scan rates from 10mV s−1 to 100 mV s−1 in pH 2 buffer
(Fig. 3a and c). For electrochemically reversible electron transfer
processes involving electrode-adsorbed redox species, the Ran-
dles–Sevcik equation (eqn (5))60 describes how the peak current
ip (A) increases linearly with the scan rate n (V s−1).

ip ¼ n2F 2

4RT
vAG* (5)

where n is the number of electrons transferred in the redox
event, A (cm2) is the electrode surface area (usually treated as
the geometric surface area), G* is the surface coverage of the
adsorbed species in mol cm−2.

Fig. 3(a) and (c) show the linear increase in the peak current
as the scan rate increases indicate the electron transfer in the
multi-layered lms should be adsorption/desorption-controlled
rather than diffusion-controlled. Higher regression values and
the slope values for the [AuNps-MWCNT/MnII

4(P2W15)2]4 the
[AuNps-MWCNT/MnIII

4(P2W15)2]4 multi-layered modied elec-
trodes were calculated and listed in Table 1. The linear rela-
tionship between the peak currents (Ip) and the scan rate can be
seen in Fig. 3(b) and (d).

The voltammetric behaviour of the POM-modied electrode
is inuenced by the acidity of the electrolyte solution due to the
inuence of the proton that is coupled with anionic POM and
shis its potential. To investigate the effect of pH of the elec-
trolyte solution the CVs of [AuNps-MWCNT/MnII

4(P2W15)2]4 and
[AuNps-MWCNT/MnIII

4(P2W15)2]4 modied electrodes have
been recorded in the electrolyte with range pH of 2–7 (Fig. 4a
and c, respectively).
uNps-MWCNT/MnII4(P2W15)2 and (b) AuNps-MWCNT/MnIII4(P2W15)2 at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Cyclic voltammogram of (a) [AuNps-MWCNT/MnII4(P2W15)2]4 and (c) [AuNps-MWCNT/MnIII4(P2W15)2]4 modified electrode at different
scan rates from 10 mV s−1 to 100 mV s−1 in pH 2 buffer. Relationship between magnitude in peak currents and the scan rate for (b) [AuNps-
MWCNT/MnII4(P2W15)2]4 and (d) [AuNps-MWCNT/MnIII4(P2W15)2]4 modified electrode.

Table 1 Slope and regression values for the [AuNps-MWCNT/MnII4(-
P2W15)2]4 and [AuNps-MWCNT/MnIII4(P2W15)2]4 multi-layered modi-
fied electrode

Peaks W–O

[AuNps-MWCNT/
MnII

4(P2W15)2]4
[AuNps-MWCNT/
MnIII

4(P2W15)2]4

Slope R2 Slope R2

I y = 66.56x + 0.43 0.9984 y = 49.68x + 0.27 0.9989
I0 y = −40.35x − 0.36 0.9989 y = −51.25x − 0.15 0.9997
II y = 69.51x + 0.11 0.997 y = 76.37x − 0.025 0.9996
II0 y = −92.64x − 1.85 0.9926 y = −80.72x − 0.58 0.9999
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As observed from Fig. 4a and b, an increase in pH causes the
POM's peak potentials to shi cathodically with their magni-
tude in terms of peak current decreasing. The acceptance of
protons during the POM reduction processes so as to allow
© 2025 The Author(s). Published by the Royal Society of Chemistry
electron delocalisation across the POM accounts for this pH
dependence. Peak potential has shied as a result of POM's
inherent tendency to shi when the electrolyte's pH has
increased. The E1/2 values of peak W–O I, W–O II, and W–O III
observed at different pH were plotted as the function of the pH
of the electrolyte (Fig. 4b and d). The slope of−86,−77 and−64
mV/pH for the respective peaks W–O I, W–O II, and W–O III
were obtained for [AuNps-MWCNT/MnII

4(P2W15)2]4 and −78,
−77 and −64 mV/pH for the [AuNps-MWCNT/MnII

4(P2W15)2]4
multi-layered lm, respectively. All the calculated values are
closer to the theoretical Nernstian value (−59 mV/pH), show the
number of protons and electrons involved in the electron
transfer is equal.

Stability is an important parameter for any catalyst in the
industrial view. A pH 2 buffer was used to record 200 potential
scans that covered every step of the POM's redox process in
order to evaluate the cycling stability of the modied electrodes.
RSC Adv., 2025, 15, 15252–15265 | 15257
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Fig. 4 Cyclic voltammogram (a) [AuNps-MWCNT/MnII4(P2W15)2]4 and (c) [AuNps-MWCNT/MnIII4(P2W15)2]4 modified electrode in a buffer
solution of different pH of 2–7 at the scan rate of 100 mV s−1. Relationship between the potential of peak W–O I, II and II and pH for (b) [AuNps-
MWCNT/MnII4(P2W15)2]4 and (d) [AuNps-MWCNT/MnIII4(P2W15)2]4 modified electrode.
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As seen in Fig. 5b, the peak current magnitude of the [AuNps-
MWCNT/MnIII

4(P2W15)2]4 modied electrode slightly
decreased, especially the current magnitude of W–O III peak,
while the peak current magnitude of the [AuNps-MWCNT/
MnII

4(P2W15)2]4 modied electrode (Fig. 6a) decreased only
slightly aer 200 cycles. The modied electrodes with multiple
layers display stable redox peaks in solutions with various pH
levels. The pH study and cycling stability results demonstrate
the electrochemical stability of the modied electrodes.
3.3. Electrochemical impedance spectroscopy

EIS is a multifrequency AC electrochemical measurement
technique. It measures the electrical resistance (impedance) of
the metal/solution interface over a wide range of frequencies.
The results obtained in EIS give the possibility for determining
the polarization resistance (low-frequency region), the solution
15258 | RSC Adv., 2025, 15, 15252–15265
resistance (high-frequency region), and the capacitance of the
double layer.61 EIS has been employed to study the change in the
electrical properties of the multi-layered lms during the LBL
assembly process using the ferro/ferricyanide couple as a redox
probe. The impedance studies were performed in a 10 mmol
L−1 potassium ferricyanide and 10 mmol L−1 potassium ferro-
cyanide with 0.1 mol L−1 potassium chloride as the electrolyte
solution during the layer construction.

The interpretation of impedance data has been carried out
through the employment of Randle's equivalent circuit based
on the previously published literature. Fig. 7 shows Randle's
equivalent circuit, which contains Rs represents the uncom-
pensated solution resistance between the electrolyte and elec-
trode, Rct is the charge transfer resistance, and Cdl is the double
layer capacitance of the solution in series. In this case of the
modied electrode, Cdl is replaced by a constant phase
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Continuous cyclic voltammogram of (a) [AuNps-MWCNT/MnII4(P2W15)2]4 and (b) [AuNps-MWCNT/MnIII4(P2W15)2]4 modified electrode in
pH 2 buffer at the scan rate of 100 mV s−1.
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electrode (CPE). The CPE is modelled as a non-ideal capacitor,
given by eqn (6)

CPE = −1/(CiW)n (6)

where C is the capacitance, which describes the charge sepa-
ration at the double layer interface, u is the frequency in rad s−1

and n exponent is due to the heterogeneity of the surface, n = 1
for an ideal capacitor.

Fig. 6a and b shows the Nyquist plot of [AuNps-MWCNT/
MnII

4(P2W15)2]4 and [AuNps-MWCNT/MnIII
4(P2W15)2]4 multi-

layered modied electrodes, respectively. Changes during the
stepwise deposition of AuNps-MWCNT and POM are clearly
visible in Fig. 6. Regardless of the charge of the transition metal
atom, the diameter of the semicircle grows as the number of
POM bilayers increases, which can be attributed to the growth
in lm thickness and the alteration in charge transfer
resistance.

The attraction between the anionic POM and the anionic
probe used in this study may also be a contributing factor. It is
interesting to note that the Rct values signicantly drop for each
deposition of MWCNT decorated with AuNps. This effect is
most likely caused by the high conductivity of the AuNps-
decorated MWCNT, which makes it easier for the probe mole-
cules and the altered electrode surface to communicate
electronically.

Furthermore, the electrostatic attraction between nano-
particles and the negatively charged ferricyanide/ferrocyanide
redox probe can speed up the electrode reaction rate. Finally,
using MWCNT may result in non-uniform or defective lms
with a larger surface area.

Additionally, Fig. 8 shows a plot of the number of layers
against the Rct that was generated from the impedance data
using the EIS spectrum analyser. Fig. 8 clearly shows the trend
of increasing Rct values as the POM layer increases and
decreasing Rct values as the AuNps-MWCNT layer increases. A
© 2025 The Author(s). Published by the Royal Society of Chemistry
signicant observation was the variation in Warburg imped-
ance with each deposition step. This phenomenon could be
attributed to changes in the morphology and structure of the
layers during the Layer-by-Layer (LbL) assembly process. For
instance, the fourth layer may induce a more porous structure
compared to the third layer, thereby altering the pathways for
ion and electron transport. This change can enhance diffusion
processes and subsequently exhibit Warburg impedance
characteristics.62
3.4. Electrochemical iodate sensor

The [AuNps-MWCNT/MnII
4(P2W15)2]4 and [AuNps-MWCNT/

MnIII
4(P2W15)2]4 modied GC electrode was used to detect the

iodate in the water. Cyclic voltammogram in Fig. 10a and b,
shows the response of the [AuNps-MWCNT/MnII

4(P2W15)2]4 and
[AuNps-MWCNT/MnIII

4(P2W15)2]4 modied GC electrode
respectively, towards the presence and absence of iodate in pH 2
buffer solution within the potential range of 0.2 to−0.8 V vs. Ag/
AgCl.

Fig. 9 clearly shows the electrocatalytic reduction of iodate
using both modied electrodes. The rst two redox peaks W–O I
and W–O II correspond to the POM unit participating in the
electrochemical reduction of iodate. The reduction current
associated with the W–O I and W–O II increases with the
increasing concentration of iodate (Fig. S1a and S2a†). The
electrochemical response of the bare GC electrode towards the
iodate (1 mmol L−1) was also demonstrated in Fig. 9, which
shows the poor response of the bare GC electrode towards the
iodate. By subtracting the current response of the iodate ion at
a given concentration from the current response of the multi-
layer modied electrode in the absence of an analyte was
calculated to nd out the relationship between the Icat and the
concentration of the analyte (Fig. S1b and S2b†). Fig. S1b and
S2b† show the linear relationship between the Icat and the
concentration of the iodate (200–2000 mmol L−1) for the [AuNps-
RSC Adv., 2025, 15, 15252–15265 | 15259
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Fig. 6 Nyquist plots of a multilayer film of (a) [AuNps-MWCNT/MnII4(P2W15)2]4 and (c) [AuNps-MWCNT/MnIII4(P2W15)2]4 on glassy carbon
electrode. (b) and (d) Zoomed view of the Nyquist plot of (a) and (c) respectively. The frequency range is between 0.01 to 105 Hz. The amplitude of
the applied sine wave potential in each case was 10 mV in the presence of a 10 mmol L−1 solution of K3[Fe(CN)6] and K4[Fe(CN)6] (1 : 1) in
0.1 mol L−1 KCl as a redox probe.

Fig. 7 Randle's equivalent circuit was used to measure the impedance
data performed at the modified GC electrode.
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MWCNT/MnII
4(P2W15)2]4 and [AuNps-MWCNT/MnIII

4(P2W15)2]4
modied electrodes, respectively. Table 2 includes the sensi-
tivity and LOD as well as the linear range for the voltammetric
mode of both modied electrodes.
15260 | RSC Adv., 2025, 15, 15252–15265
As expected, the AuNps decorated MWCNT alone modied
the GC electrode's amperometric response showing less cata-
lytic activity towards iodate (Fig. 10). Fig. 10 demonstrates that
the electrocatalytic activity is caused by the synergistic effect of
the catalytic POM and the high electron conductivity of the
MWCNT decorated with AuNps. The electrocatalytic reduction
potential was noted from the cyclic voltammogram and used as
an applied potential for the amperometric detection of iodate in
pH 2. Fig. 10(a) and (b) show the resulting amperometric
response of the [AuNps-MWCNT/MnII

4(P2W15)2]4 and [AuNps-
MWCNT/MnIII

4(P2W15)2]4 modied electrodes respectively,
towards the iodate of varying concentration.

As the IO3
− was added into the stirred pH 2 buffer solution at

an optimum potential of −0.35 V, dynamic stairs of the current
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Dependence of charge transfer resistance (Rct) on themultilayer assembly number in (a) [AuNps-MWCNT/MnII4(P2W15)2]4 and (b) [AuNps-
MWCNT/MnIII4(P2W15)2]4 based films monitored by impedance spectroscopy.
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with quick steady-state were obtained, and the currents
increased along with the continuous addition of IO3

−. This may
be caused by the quick diffusion of the IO3

− small molecules
from the solution to the modied electrode's surface and the
modier's improved electron transfer rate, which may both be
signicant factors. Fig. 10b shows the relation between iodate
concentrations (1–8000 mmol L−1) and the corresponding
current values. As can be seen, the linear range is from 1–3000
mmol L−1 for the [AuNps-MWCNT/MnII

4(P2W15)2]4 modied
electrode. Similarly, the linear range from 1–3000 mmol L−1 was
observed for the [AuNps-MWCNT/MnIII

4(P2W15)2]4 modied
electrode (Fig. 10d).
Fig. 9 Cyclic voltammogram of (a) [AuNps-MWCNT/MnII4(P2W15)2]4 and
ence and the absence of iodate (1 mmol L−1).

© 2025 The Author(s). Published by the Royal Society of Chemistry
The current response of the [AuNps-MWCNT/MnII
4(P2-

W15)2]4 and [AuNps-MWCNT/MnIII
4(P2W15)2]4 modied elec-

trodes towards iodate was monitored in the common analytes
that typically co-exist in the real samples such as NaNO3,
NaNO2, KH2PO4, NaClO3, KBrO3, H2O2, and KCl (1 mmol L−1)
(Fig. 11(a) and (b), respectively).

The current–time response in Fig. 11(a) and (b) obtained
aer adding interference analytes (1 mmol L−1) successively
showed no interference, demonstrating the high selectivity of
the modied electrodes for the iodate ion (100 mol L−1) in the
presence of interference analytes.
(b) [AuNps-MWCNT/MnIII4(P2W15)2]4 modified electrode in the pres-

RSC Adv., 2025, 15, 15252–15265 | 15261
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Table 2 Linear range, sensitivity and LOD of the modified electrodea

Modied lm Linear range/mM Sensitivity/mA cm−2 mM−1 LOD/mM

[AuNps-MWCNT/MnII
4(P2W15)2]4 1–3000 0.58 0.14

[AuNps-MWCNT/MnIII
4(P2W15)2]4 1–3000 0.90 0.20

a LOD: lower limit of detection, AuNPs: gold nanoparticles, MWCNT: multi-walled carbon nanotubes.

Fig. 10 Amperometric response of the (a) [AuNps-MWCNT/MnII4(P2W15)2]4 and (c) [AuNps-MWCNT/MnIII4(P2W15)2]4 modified electrodes
towards the increase in the concentration of iodate from 1–8000 mmol L−1 and 1–5000 respectively with an applied potential of −0.35 V vs. Ag/
AgCl. (b) and (d) The relation between the current value and the concentration of the iodate.
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4. Surface characterisation
4.1. Atomic force microscopy

The AFM topographic images of [AuNps-MWCNT/MnII
4(P2-

W15)2]4 and [AuNps-MWCNT/MnIII
4(P2W15)2]4 were presented in

the ESI Fig. S3a and b† respectively, conrmed the thin inter-
connected and regularly distributed layer. The average thick-
ness of [AuNps-MWCNT/MnII

4(P2W15)2]4 and [AuNps-MWCNT/
MnIII

4(P2W15)2]4 lm was found to be ∼250 nm and ∼225 nm
15262 | RSC Adv., 2025, 15, 15252–15265
respectively. The presence of globular particles is due to the
presence of POM as the outer layer.
4.2. Fourier transform infrared spectroscopy (FTIR)

Fourier-transform infrared (FT-IR) spectroscopy was performed
on both the powder samples and the [AuNps-MWCNT/MnII

4(-
P2W15)2]4 and [AuNps-MWCNT/MnIII

4(P2W15)2]4 lms formed
on ITO-coated glass slides. Fig. S4a and b† present the FT-IR
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 The amperometric response of the (a) [AuNps-MWCNT/MnII4(P2W15)2]4 and (b) [AuNps-MWCNT/MnIII4(P2W15)2]4 towards the iodate (100
mmol L−1) with the presence of various interference analytes (1 mmol L−1) at the polarization potential of −0.35 v vs. Ag/AgCl.
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spectra for the [AuNps-MWCNT/MnII
4(P2W15)2]4 and [AuNps-

MWCNT/MnIII
4(P2W15)2]4 lms along with their respective

powder samples. For the thiolated MWCNTs, a peak near
3450 cm−1 corresponds to the symmetric N–H vibration of
amine groups. Broad bands observed at approximately
1616 cm−1 and 1509 cm−1 were attributed to the overlapping of
COO− stretching modes and NH3

+ bending vibrations, indica-
tive of the presence of protonated amino groups. This supports
the formation of zwitterionic species through the deprotonation
of carboxyl (–COOH) groups, conrming successful thiol group
graing onto the MWCNT surface.

Characteristic P–O stretching vibrations for MnII
4(P2W15)2

were observed at 1091 cm−1 and 1047 cm−1, whereas MnIII
4(-

P2W15)2 exhibited similar stretching modes at 1080 cm−1 and
1048 cm−1. Terminal W]O stretches appeared at 930 cm−1 for
MnII

4(P2W15)2 and 940 cm−1 for MnIII
4(P2W15)2. Additionally,

W–O–W bridging vibrations were identied at 919 cm−1 and
706 cm−1. These characteristic peaks were retained in the Layer-
by-Layer (LbL) constructed [AuNPs-MWCNT/MnII

4(P2W15)2]4
and [AuNPs-MWCNT/MnIII

4(P2W15)2]4 lms, demonstrating the
successful integration of AuNPs-MWCNT and polyoxometalates
(POMs) into the layered structures.63,64
5. Conclusion

A simple and efficient Layer-by-Layer (LbL) approach to
assemble the sandwich structured [M4(H2O)2(P2W15O56)2]

n− (M
= MnII And MnIII) polyoxometalates (POMs) with gold nano-
particles (AuNps) decorated multi-walled carbon nanotubes
(MWCNT) on the surface of the glassy carbon electrode has
been represented. The fabricated multilayer assemblies were
characterised by cyclic voltammetry and electrochemical
impedance spectroscopy (EIS) techniques. The pH depend
redox activity was observed across a range of pH 2 to 7 for the
© 2025 The Author(s). Published by the Royal Society of Chemistry
multilayer assemblies. With the rise in pH, the W–O redox pairs
of the POM changed toward more negative potentials. Electro-
chemical impedance spectroscopy was also employed to the
multilayer system during the layer construction. It was observed
that the value for the charge transfer resistance increased with
layer number and also was dependent upon the nature of the
terminal layer of the multilayer lm. The preliminary study
using cyclic voltammetry for the electrocatalytic reduction of
iodate revealed that the lms had the capacity to considerably
decrease the iodate. The electrocatalytic activity of the lm was
also investigated by amperometry techniques. The ampero-
metric response time was calculated to be less than 5 s, sup-
porting the thin lm's faster electron transfer rate. It also shows
how well iodate can be detected even in the presence of several
interfering analytes.
Data availability

Data shall be made available on request.
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48 D. Minta, Z. González and G. Gryglewicz, Chem. Eng. Sci.,
2024, 292, 120009.

49 Y. Liu, X. Yan, Y. Xing, P. Zhao, Y. Zhu, L. Li, N. Liu and
Z. Zhang, ACS Appl. Nano Mater., 2024, 7, 4980–4988.

50 I. S. Marques, B. Jarrais, S. M. Mbomekallé, A. L. Teillout,
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