\

8@] chemosensors

Article

Effects of Acidic Solution on the One-Step Electrodeposition of
Prussian Blue Nanocrystals on Screen-Printed Carbon
Electrodes Modified with Magnetite Nanoparticles

Man-Mo Tse, Ya-Ling Su and Shu-Hua Cheng *

check for
updates

Citation: Tse, M.-M.; Su, Y.-L.; Cheng,
S.-H. Effects of Acidic Solution on the
One-Step Electrodeposition of
Prussian Blue Nanocrystals on
Screen-Printed Carbon Electrodes
Modified with Magnetite
Nanoparticles. Chemosensors 2022, 10,
325. https://doi.org/10.3390/
chemosensors10080325

Academic Editor: Rosanna Ciriello

Received: 24 June 2022
Accepted: 9 August 2022
Published: 11 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Applied Chemistry, National Chi Nan University, Puli 545, Nantou Hsien, Taiwan
* Correspondence: shcheng@ncnu.edu.tw; Tel.: +886-49-2910960 (ext. 4151); Fax: +886-49-2917956

Abstract: This study investigated the electrochemical synthesis of Prussian blue (PB) nanocrystals
on a screen-printed carbon electrode (SPCE) modified with a thin film of magnetite nanoparticles
(nano-Fe30;) in aqueous mixture solutions of potassium hexacyanoferrate(IIl) and different kinds
of acids. The generated PB nanocrystals exhibited varied voltammetric responses that are highly
related to the characteristics and properties of acids in the mixture solution. Interestingly, in the
presence of glyphosate as an organic acid, surface magnetite nanoparticles were occluded within
electrogenerated Prussian blue nanocubes (PBNC), which are characterized by scanning electron
microscopy (SEM), X-ray photoelectron spectroscopy (XPS), attenuated total reflection Fourier-
transform infrared spectroscopy (ATR-FTIR), and cyclic voltammetry (CV). Furthermore, the possible
reaction mechanism for the formation of PBNC is proposed in this study. The obtained PBNC was
also evaluated as an electrocatalyst of hydrogen peroxide and applied to the detection of glyphosate.
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1. Introduction

With the considerable progress of nanoscience and nanotechnology, magnetic nano-
materials have attracted broad attention due to their electric, magnetic, chemical, optical
and mechanical properties [1-5]. The literature has shown their potential applications
in the forensic [1], synthetic [2] biomedical [3], catalytic [4] and environmental [5] fields
as a result of their unique features. Magnetite nanoparticles (nano-Fe3O4) are one im-
portant kind of magnetic nanomaterials that possess many novel characteristics such as
high crystalline structure, large specific surface area, excellent biocompatibility, favorable
biodegradability, low cytotoxicity, facile surface functionalization and efficient biomolecule
binding. Hence, nano-Fe3O, are essentially investigated in energy harnessing, analytical
techniques, environmental remediation and biomedical applications [6-10].

Prussian blue (PB) is a type of self-assembled coordination compound of iron(III)
hexacyanoferrate(Il) with a 3D crystalline framework structure of Fe>*, Fe?*, and bridging
cyano groups [11-14]. Owing to PB’s excellent biocompatibility, remarkable photothermal
effect, multiple enzyme-like characteristics and excellent redox property, synthetic ap-
proaches have been proposed to meet the demands and applications in various fields such
as adsorption, catalysis, ion batteries, electrochromic displays, chemical sensing, enzymatic
biosensors, biomedicine, and photomagnets [11-14]. PB is known as an electrochromic
material; the colorless Prussian white (PW) is the fully reduced state, the Prussian yellow
(PY) is the fully oxidized state, and the Berlin green (BG) is the intermediate form of PB
and PY. Conversion between PW/PB and PB/PY is reversible upon potential modulation.
The redox reactions of soluble PB (KFeFe(CN)g) and insoluble PB (Fe4[Fe(CN)g)]3) have
been proposed as Equations (1)—(4), respectively [11].

KFe"Fe! (CN)g + e + K" = K;Fe''Fe' (CN)g @
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KFe"Fel'(CN)g = Fe''Fel' (CN)g + e~ + K" 2)
FeIH4 [FEH(CN)6]3 e + AK™T = K4FeH4 [FeH (CN)6]3 (3)
Fellly [Fe! (CN)g]5 +3X ™ = Fe'ly[Fe! (CN)4]X; + 3¢~ @

The PB precipitate can be prepared by wet chemical routes via stirring an aque-
ous mixture solution of iron(III) salt (such as FeCls) and potassium hexacyanoferrate(Il)
(K4Fe(CN)g). Alternatively, a PB product can be produced through a reaction between
iron(Il) salt (such as FeCl,) and potassium hexacyanoferrate(Ill) (KsFe(CN)g) [14]. The
product has two forms, soluble PB and insoluble PB, depending on the excess reagent in the
preparation step [14]. The electrochemical synthesis of PB coatings has been immobilized
at various conductive electrode substrates, and the electrolytic systems are usually a highly
acidic HCl solution with two iron sources, Fe3* ions and Fe(CN)¢>~ [11].

Different from the classical method in which the formation of PB proceeds with two
iron sources [11-14], there are reports on the synthesis of Prussian blue nanoparticles
(PBNP) where K3Fe(CN)s was used as the only iron source [15-19]. The obtained products
showed diverse shapes, sizes, and morphologies, greatly affecting their multifunctional
properties and potential applications. In 2012, Ming et al. prepared PBNP by heating a
mixture of K3Fe(CN)g and poly (vinylpyrrolidone) (PVP) in an HCl solution (pH < 2) at
80 °C for 20 h [15]. The formation of PBNP is associated with the chemical processes of
acidic dissolution of Fe(CN)g>~ in releasing Fe3* ions and a reduction reaction with PVP
in producing Fe?* ions. The reaction between Fe(CN)s3~ and Fe?* further forms PBNP
with PVP coating, which prevents the products from aggregations by binding to the iron
ions of the PBNP. The obtained PBNP exhibits various sizes (20-200 nm) and shapes (cube
and rectangle), depending on the reaction parameters [15]. Yang’s work demonstrated an
electrochemical synthesis of PBNP at a Pt disk electrode in an acidic solution containing
only K3Fe(CN)g [19]. The results show that under a potential where an electrochemical
reduction of Fe(CN)s3~ occurs, the reduced product Fe(CN)¢*~ will dissociate in acidic
conditions to release Fe?* ions. Then, the free Fe?* ions will coordinate with Fe(CN)g*~
to generate PW nanoparticles, which convert reversibly to PBNP as electrode potential is
stepped to a more positive value [19].

Reports show that magnetite nanoparticles have been employed as a support mate-
rial for forming a PBNP coating based on a solid/liquid route by stirring a nano-Fe;Oy4
dispersed solution containing diluted HCl, K3Fe(CN)g, and FeCl; [17]. Due to adsorption
effects, the two iron precursors were assembled to achieve a PBNP shell on the nano-FezOy4
core; the obtained core-shell nanostructured product was found to be applicable to the elec-
trocatalytic reduction of HyO, [17]. Alternatively, magnetite nanoparticles-modified glassy
carbon electrodes could be employed as an iron ion source that induces PBNP growth at
an electrode surface via potential cycling in an acidic phosphate buffer solution (pH 2.0)
containing Fe(CN)s3~ [16]. It was inferred that due to the instability in the acidic solution,
free iron ions (Fe3* and FeZ") leach from a nano-Fe;0,-coated glassy carbon electrode and
then react with Fe(CN)>~ (or Fe(CN)¢*™) ions to form PBNP that shows cuboid and 3D
polygon shapes with a wide size distribution (50-120 nm) [16]. The deposition of PBNP at
the carbon paste electrode was also achieved through an electrochemical reaction between
iron species encapsulated in multi-walled carbon nanotubes and Fe(CN)¢*~ ions in an
aqueous KCl solution, where no acid was mentioned in the work [18].

Glyphosate (N-(phosphonomethyl)glycine) is an organophosphate post-emergent her-
bicide, categorized as a carcinogen for humans [20,21]. Glyphosate is a polyprotic acid, and
the zwitterion of glyphosate (Figure S1) possesses high acidity given that the acid dissocia-
tion constants (pKj,) are 2.23 (carboxylate), 5.46 (2nd phosphonic), and 10.14 (amine) [22].
There is increasing use of glyphosate in food and non-food cropping systems due to its
highly effective, broad-spectrum action to block the enzymatic functions in plants, leading
to the reduction of annual weed between crop plants and the eventual consequences for
facilitating the harvest [20,21]. Meanwhile, the glyphosate contamination in foods and the
environment has raised concerns about the harmful effects on human society. Analytical
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methods for the quantitative determination of glyphosate have been reported [22-30], and
some methods require highly-skilled operators, expensive instruments, and complicated
sample treatments that restrict practical application [22-24]. Electrochemical methods are
cost-effective alternative techniques. Though electrochemical determination of glyphosate
has been developed previously [25-30], the preparation procedures of the modified elec-
trodes are tedious. A recent report demonstrated a selective and efficient electrochemical
glyphosate sensor that uses gold nanoelectrode arrays without any analyte derivatization
or electrode functionalization [31].

The electrochemical formation of PBNP is very convenient and time-saving, and the
characteristics of the obtained products depend on the source of the two iron precursors.
Herein, a facial heterogeneous synthesis of PBNP has been developed on a magnetite
nanoparticles-modified electrode, which is electrochemically treated in acidic KCl solutions
containing KzFe(CN)g. The obtained PBNP exhibited different sizes, shapes, surface mor-
phology and electrochemical activities, depending on the features of the co-existing acids.
Worthy of note, for the first time, glyphosate was utilized in this study as an organic acid,
producing uniform PB nanocubes (PBNC) (Scheme 1). A plausible PBNC growth mecha-
nism is being discussed; preliminary works on the application of the as-prepared PBNC
show their potential for electrocatalytic HO, reduction (and also oxidation). Moreover,
glyphosate detection based on the voltammetric technique is proposed.

1.0 mM K;Fe(CN),
1.0 mM glyphosate
0.1 M KCl

-50

v
Current / pA

-100

02 00 02 04 06 08 1.0 12

Potential / V vs. Ag/AgCl

SPCE/nano-Fe;0, SPCE/nano-Fe;O,/PBNC

Scheme 1. Schematic representation for the electrogeneration of Prussian blue nanocubes (PBNC) at
nano—Fe304 —modified screen-printed carbon electrodes (SPCE).

2. Experimental
2.1. Reagents

Glyphosate, potassium hexacyanoferrate(Ill) (KsFe(CN)g), ferric chloride hexahydrate
(FeCl3-6H;,0), ferrous chloride tetrahydrate (FeCl,-4H,0), ammonia solution, aminomethylphos-
phonic acid (AMPA) and dimethylformamide (DMF) were purchased from Acros Organics.
The chemicals obtained were used without further purification. The supporting electrolyte
was 0.1 M KCl solution prepared using deionized water from a Milli-Q ultrapure water
system. The phosphate buffer solutions (PBS) were prepared with 0.1 M of potassium dihy-
drogen phosphate and then adjusted to the desired pH using small amounts of concentrated
HCl or KOH.

2.2. Instruments

Cyclic Voltammetry (CV) was performed with a CHI electrochemical workstation (CH
Instruments, model CHI-621C). Cyclic voltammograms are plotted according to the IUPAC
(International Union of Pure and Applied Chemistry) convention. The three-electrode
system consists of a screen-printed carbon electrode (SPCE, 5.0 mm in diameter, Zensor
R&D, Taichung, Taiwan), a home-made Ag| AgClIKCl (sat.) reference electrode, and a
platinum counter electrode. All potentials were reported with respect to this reference
electrode. Most of the experiments were carried out at room temperature (25 + 2 °C). High
temperature experiments were accomplished by simply immersing the electrochemical cell
in a small hot water bath to maintain the desired elevated temperatures. The pH values
were measured with a Thermo Scientific Orion pH meter (Model 420) and a Mettler Toledo
pH electrode (Model Inlab 439/120).
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Fourier-transform infrared spectra (FTIR) were recorded using a PerkinElmer frontier
spectrophotometer for Fe;O,4 nanoparticle/KBr pellet samples. The percent transmittance
was recorded in a spectral range from 4000 cm~! to 400 cm~!. Attenuated total reflec-
tion Fourier-transform infrared (ATR-FTIR) measurements were carried out for modified
electrode surface using the same instrument equipped with an ATR ZnSe crystal (from
4000 cm~! to 650 cm™1). The shape and size of nano-Fe3O4 were characterized by transmis-
sion electron microscope (TEM) with a high-resolution transmission electron microscope
(JEOL, JEM-2010) operating at an accelerating voltage of 120 kV. The test sample was a
thin film prepared by placing a drop of dispersed nano-Fe304 solution onto a copper grid
coated with a carbon film. A Hitachi S5-47001 filed-emission scanning electron microscope
(FE-SEM) was used to characterize the electrode surface morphology. X-ray photoelectron
spectroscopy (XPS) was investigated using a PHI 5000 VersaProbe/PHI Quantera SXM
instrument with an AIKaX source to identify and quantify elemental compositions for the
electrode surface.

2.3. Synthesis of Fe304 Nanoparticles

Magnetic nano-FezO4 were prepared by a simple chemical coprecipitation with chlo-
ride salts of Fe(Ill) and Fe(Il) at a ratio of 2:1 [17]. Briefly, 100 mL of aqueous solution
containing 2.90 g of FeCl3-6H,0 (10.7 mmol) and 1.06 g of FeCl,-4H,O (5.3 mmol) was
prepared. The mixture was heated to 80 °C under N, atmosphere, and then 10 mL of
ammonia solution (25%, v/v) was added dropwise under stirring for 60 min. The black
color magnetic nanoparticles were precipitated, and separated from the solution using an
external magnet, followed by washing three times with deionized water and 95% ethanol,
respectively. The powder was then dried in vacuum at 60 °C for 24 h. The TEM image
of the product is shown in the supplementary material. As shown in Figure S2, the bare
nano-Fe3;O; are spherical with an average diameter of 14.9 nm.

2.4. Preparation of Nano-Fe3O4 Modified Electrodes

The screen-printed carbon electrodes modified with nano-Fe;O4 were obtained by
a two-step procedure. First, bare electrode was treated by continuous cycling in a po-
tential window of —0.6 V to +1.0 V at a scan rate of 0.1 Vs~! in pH 7 phosphate buffer
solutions (PBS) for three cycles to remove some organic binder. Second, 6.0 uL of the
as-prepared nano-Fe;Oy dispersion solution (1 mg/1 mL DMF) was dropped on a treated
SPCE, and then dried under an infrared lamp. The obtained modified electrode was labeled
SPCE/nano-Fe30y.

3. Results and Discussion
3.1. Electrochemical Study of SPCE/Nano-Fe3Oy in a Mixture Solution Containing
Hexacyanoferrate(Ill) and Glyphosate

Four acidic mixture solutions were used as electrolytic solutions in this study. The
composition and pH value of each electrolytic solution are shown in Table 1. The cyclic
voltammetric responses of SPCE/nano-Fe3zOy in the electrolytic solutions are compared in
Figure 1. The starting potential was +0.6 V, reversed at —0.1 V, and then ended at +0.6 V
(defined as one CV cycle). All the consecutive multi-voltammetric curves showed a redox
couple around 0.2 V with different extents of distortion. Furthermore, the peak currents
apparently increased as the number of cycles increased, especially in Solutions I, II, and III

Table 1. The electrolytic solutions used for the electrochemical deposition of Prussian blue nanoparti-
cles at SPCE /nano-Fe;Oy.

Electrolyte Composition Solution pH
Solution I 1.0 mM K3Fe(CN)g + 0.1 M KCl + 1.0 mM glyphosate 3.12
Solution IT 1.0 mM K3Fe(CN)g + 0.1 M KCl + 1.0 mM HCl 3.07
Solution III 1.0 mM K3Fe(CN)g + 0.1 M KCI + 1.0 mM citric acid 3.38

Solution IV 1.0 mM K3Fe(CN)g + 0.1 M KCI + 1.0 mM acetic acid 4.95
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Figure 1. Cyclic voltammograms of SPCE/nano—Fe3O; in (A) Solution I, (B) Solution II, (C) Solution
III, and (D) Solution IV for 10 cycles. Scan rate = 0.1 Vs~L

As indicated for the first cycle in Figure 1A, in which the electrolytic solution contained
1.0 mM K3Fe(CN)g, 0.1 M KCl, and 1.0 mM glyphosate, a reduction peak appeared at +0.188
V, and an oxidation peak appeared at +0.282 V. The redox couple K3Fe(CN)g is responsible
for this redox peak being the electroactive compound in the examined potential window.
The peak currents increase, and the cathodic peak shapes become sharper as the number of
cycles increases, suggesting that an adsorption process occurs at the electrode/electrolyte
interface. In addition, the peak-to-peak potential separation increases after each CV cycle,
revealing that the electrochemical adsorption slows down gradually. After 10 CV cycles,
the subsequent electrode was removed from Solution I, washed with deionized water,
and then transferred into a 0.1 M KCl solution to record cyclic voltammetric responses
(Figure 2A), obviously indicating that the PB film was generated. There are two pairs of
redox peaks; the redox peak (I) occurs at Ey  =0.210 V (Epa; = 0.294 V; Epg = 0.126 V), and
the redox peak (II) occurs at Eq /5 = 0.868 V (Epa = 0.923 V; Eper = 0.812 V). The redox peak
(I) arises from an electron transfer between PB and PW, corresponding to the redox reaction
of a high-spin system Fe>*/2*. The redox peak (II) is attributed to an electron transfer
between PB and PY due to the redox reaction of low spin Fe(CN)g3 /4~ [11]. Figure 3A
shows the representative SEM images (50,000 x magnification) of the topmost modified
electrode surfaces obtained after the 10 CV cycles in Solution I. The large quantity of
compact crystalline cubes with an average size of 76.0 nm (RSD = 0.12%) completely cover
the underlying nano-Fe3;Oy4 and exceed its diameter. Figure 3E displays the SEM images of
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SPCE/nano-Fe30y as a reference. A spherical-shaped nano-Fe3Oy is observed. The result
proved that Prussian blue nanocubes (PBNC) could be modified onto the electrode after
the electrochemical treatment. Subsequently, the obtained modified electrode was labeled
SPCE /nano-Fe;0,/PBNC.
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Figure 2. Cyclic voltammograms of the resultant Prussian blue modified electrode SPCE/
nano—Fe304/PBNC obtained from (A) Solution I, (B) Solution II, (C) Solution III, and (D) Solu-
tion IV, and then transferring to 0.1 M KCL. Scan rate = 0.1 Vs 1.

It is considered that the nano-Fe3O4 not only acts as active substrates for PBNC
growth but also provides iron ions, Fe** and Fe?", responsible for PBNC deposition. In
order to investigate the contribution of the nano-Fe;O; to the electrochemical reactions
in Solution I, cyclic voltammetry is carried out with a bare SPCE (without nano-Fe3Oy
loading). As indicated in Figure S3A, a typical redox peak of Fe(CN)g3~ /Fe(CN)g*~
appeared at Ey 5 = 0.225 V (Ep, = 0.264 V; Epc = 0.186 V), and there were no changes in the
voltammograms during the successive 10 cycles. After the potential scanning, the treated
electrode showed a very small redox peak at about 0.2 V (Figure S3A” and inset), which
would be the adsorption of Fe(CN)>~ on the SPCE carbon particles. Another possibility is
the formation of a very small amount of PBNP due to the inherent Fe impurities present
in the carbon paste for the mass production of the commercial SPCE. A previous study
has revealed that commercial 3D-printed graphene-polylactic acid filament contains iron
impurity, the iron ion source that generates PB [32]. The decomposition of Fe(CN)g3~ that
produces the Fe3* ion is assumed to be negligible for the time span of the CV experiments.
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In other words, the formation of PBNC from K3;Fe(CN)g as a single iron source is excluded
under the given experimental conditions. Thus, the comparison between the results
obtained from SPCE/nano-Fe3O,4 and bare SPCE indicates that the coated nano-Fe3zOy
serves as the iron ion sources and supports the growth of PBNC.

. P\ 50 58 65 73 81 89 97 1
5 5 - ¢
48 58 67 76 85 95 104 113 123 ¢ . - . X Particel Size / nm

Particel Size / nm

38 45 52 58 65 72 78 84
Particel Size / nm

(E)

Figure 3. (A-D) SEM images of the SPCE/nano-Fe3O,/PBNC obtained from (A) Solution I, (B) Solu-
tion II, (C) Solution III, and (D) Solution IV. Inset: the corresponding PBNC particle size distribution
graphs (n = 70). (E) SEM image of SPCE/nano-Fe30y.
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In order to elucidate the effects of chemical reagents in the electrolytic solution on the
observed electrodeposition reactions, the electrochemical experiments using SPCE/nano-
Fe;04 were conducted again. However, the electrolytic solution contained only two com-
ponents, either 0.1 M KCI and 1.0 mM glyphosate (Figure S3B) or 0.1 M KCl and 1.0 mM
K3Fe(CN)g (Figure S3C). The resultant electrodes (Figure S3B’,C”) proved that PBNC could
not be deposited on the electrode without the presence of KsFe(CN)g and glyphosate,
although the same potential scanning was employed. Furthermore, to understand the
chemical structure of glyphosate as an influencing factor in PBNC formation, its metabo-
lite AMPA was used instead of glyphosate in Solution I. As indicated in Figure S3D, the
redox peak of Fe(CN)¢>~ /Fe(CN)g*~ changed slightly, and the resultant electrode showed
no discernible redox peak of PBNC after 10 CV cycles (Figure S3D’). It is noted in this
test that although the precursors nano-Fe;O4 and K3;Fe(CN)g were present in the electro-
chemical system, there is no apparent PB growth in the presence of AMPA. Thus, for the
electrolytic solution where SPCE /nano-Fe3QOy, is examined, the co-existence of K3Fe(CN)g
and glyphosate is needed for PBNC production, and the chemical feature of glyphosate
certainly plays an essential role in PBNC formation.

3.2. The Effects of Acids on the Electrochemical Formation of PBNC

In exploring the acidic effects of electrolytic solution on the PBNC formation, the same
electrochemical deposition processes were performed in Solution II, where 1.0 mM HCl
was present. Figure 1B shows the voltammograms, where a considerable CV peak shape
broadening can be observed: (1) a large peak-to-peak potential separation is observed
for the first cycle (Epa = 0.300 V; Epc = 0.104 V); (2) throughout the 10 CV cycles, a broad
redox peak (or wave) between +0.6 V and —0.1 V increased. The electrochemical treatment
also led to the formation of a Prussian blue modified electrode. As shown in Figure 2B,
the redox peak of PB/PW is very broad and high, while that of PB/PY is weaker. The
subsequent SEM images are presented in Figure 3B, revealing a high density of PB cubes
(average size = 73.2 nm, RSD = 0.10%) and some polygons with varied sizes covered on the
electrode surface. Notably, similar CV and SEM results were obtained when the 1.0 mM
HCl in Solution II was replaced with 1.0 mM H3PO, (not shown).

The same electrochemical deposition approach was conducted in Solution III contain-
ing 1.0 mM citric acid. As can be observed, the multi-cyclic voltammograms (Figure 1C)
showed a similar pattern, in which the current responses increase as the number of CV
cycles increased. The obtained PBNP showed clear redox couples (Figure 2C). The corre-
sponding SEM images (Figure 3C) showed the formation of PB nanocrystals with a smaller
average size of 58.2 nm (RSD = 0.11%) than those obtained from Solution I and Solution
II. However, the formation of PBNP is not facilitated in Solution IV, where 1.0 mM acetic
acid was used. As shown in Figure 1D, there was only a slight change for the multiple
CV scanning, the resultant PBNP exhibited small redox currents (Figure 2D), and the
obtained PBNP was very small (Figure 3D). The cumulative charge (Q) transferred for the
reduction of PB to PW can be obtained based on the cathodic peak from 0.4 V to —0.1 V
(Figure 2) by integrating current to time (the X-axis is converted to time). The amount of
PBNP per geometric area was in the order of Solution II (8.25 nmol/ cm?) > Solution III
(4.15 nmol/cm?) > Solution I (3.34 nmol/cm?) > Solution IV (0.25 nmol/cm?). The values
can be estimated from the charge using the formula Q/nFA, where n is the number of
electrons (n = 1, Equation (1)), F is the Faraday constant (96,485 C/mol), and A is the surface
area of the electrode (0.196 cm?).

Since the nano-Fe3O4 coatings participated in the PB formation, the above results re-
flected the different stability of the nano-Fe3O; in the four electrolytic solutions. A previous
report also indicated that nano-Fe3zO, are very stable in water, but subject to dissolution
in an acidic solution due to protonation of surface oxygen [33]. This phenomenon weak-
ens neighboring iron-oxygen bonds and leads to the release of lattice iron ions (Fe3* and
FeZ*) from the surface sites [33]. Thus, an aqueous solution that favors lattice iron ions
released from nano-Fe3O, results in a more probable formation of PBNP in the presence
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of Fe(CN)¢3~. Considering the acidity of the above four mixture solutions, Solution II has
the smallest pH value (3.07), therefore it facilitates the PBNP growth. On the other hand,
Solution IV has the highest pH value of 4.95, limiting the PBNP formation. In addition, the
free nano-Fe30y in Solution II is subject to easier dissolution than the protected nano-FezO4
due to being in contact with organic acids. Organic compounds, such as dimercaptosuccinic
acid, 3-aminopropyltriethoxysilane, and citric acid, have been used as surface modifiers
to slow the iron ion release rate [34]. The resultant PBNP showed that fewer PBNP were
obtained from Solution I (pH 3.12) than Solution III (pH 3.38), possibly due to a stronger
iron-chelation ability of glyphosate than that of citric acid. The higher the interaction of
the functional groups with nano-Fe;Oy, the fewer the released iron ions, resulting in less
PBNP formation in the presence of Fe(CN)s>~. Indeed, glyphosate has high affinities for
iron binding and shows larger stability constants with Fe(Il) compared to citric acid (10%
vs. 1061 [20].

Another interesting aspect is the voltammetric curves for the above works. In the
electrodeposition of PBNC in Solution I, the voltammetric curves have features contrasting
greatly with the others from Solutions II, III, and IV. In Solution I, where glyphosate is
present, the repetitive current responses are the sharpest among the above four solutions
(Figure 1A). Furthermore, the obtained PBNC also exhibits the sharpest redox peaks
(Figure 2A). The produced PB nuclei units are possibly aligned and grown in a more
orderly fashion in Solution I, leading to good product quality and showing improved
electron-transfer kinetics and homogeneity (Figure 3A), compared with those from the
Solutions II, III, and IV. Meanwhile, the difference in the obtained products represents the
combined results of the selective etching by acid types and precipitation processes. The
synergic effects of the acidity and chelation ability of glyphosate may mostly contribute to
the good morphology and electron transfer kinetics.

To analyze the growth of PBNC obtained from Solution I, the SEM images of the
obtained electrode at different synthesis stages were monitored. Figure 4A shows that at
the early electrodeposition stage (starting potential +0.6 V, ending potential +0.25 V), there
were nanoscale clusters (small bright dots) acting as PB nuclei randomly distributed on the
nano-Fe3O4 concave surface. As shown in Figure 4B, crystallization occurred as the ending
potential moved to a more negative value at —0.1 V. The crystals then continued to grow
and became a multi-crystalline structure after 1 (Figure 4C) and 2 CV cycles (Figure 4D).
As the reaction proceeded, clear cubic shapes were formed after 3 (Figure 4E) and 5 CV
cycles (Figure 4F), possibly by an interface-driven growth mechanism [35]. In contrast to
the observed truncated crystals, a high-quality PBNC product was found after 10 CV cycles
(Figure 3A), which showed a smooth surface with visible intercrystalline lines.

Thus, the reaction mechanism is proposed accordingly. As shown in Equation (5),
the acidity from the acids (HX) causes a proton-promoted dissolution process from the
solid /solution interface to the underlying nano-Fe3Oy, especially in inorganic acids (HCl
and H3POy). By introducing an organic acid, such as glyphosate or citric acid, which
has a strong surface interaction with the surface nano-Fe;O4 (noted as nano-Fe;O4HX),
the release of iron ions can be slowed down. The redox reactions of the iron species are
presented as Equations (6) and (7). The iron precursors at the electrolyte/electrode interface
may either be the oxidized form or the reduced form; their concentration ratio is controlled
by the electrode potential. The half-wave potential (E;/,) of Fe(CN)g3~ /Fe(CN)g*~ is
+0.225 V, while that of Fe** /Fe?" is +0.482 V and shifts negatively to +0.476 V in the pres-
ence of glyphosate (Figure S4). Equations (8)—(10) describe the precipitation reactions that
occur instantaneously between these iron precursors. The supply of the iron precursors is
controlled by the acid dissolution reactions and the electrode potential, affecting the growth
of the external PBNC. Equations (11) and (12) are the redox reactions of PW/PB and PB/PY,
respectively. In short, the efficient formation of PBNC nanostructure is mainly attributed
to the electrochemical approach that modulate the concentration of iron precursors and
the multiple functional groups of glyphosate that control the release of iron ions and act as
nucleation sites.
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Figure 4. SEM images of SPCE /nano-Fe3O,/PBNC obtained from Solution I at different stages of
synthesis. Potential scans, starting from +0.6 V, and ending at (A) +0.25 V, and (B) —0.1 V. Potential
scans, starting from +0.6 V, switching at —0.1 V, and then ending at +0.6 V for (C) 1 (D) 2, (E) 3, and
(F) 5 cycles. Red circle indicates the crystal size and shape.

nano-Fe3 Oy X Fedt + Fe?t + nano-Fe3O4---HX (5)
Fe*t + e — Fe?t (6)

Fe(CN)s>™ +e~ — Fe(CN)g*™ @)

Fe’* 4+ Fe(CN)¢*™ — PB )

Fe’* 4+ Fe(CN)s>~ — PB ©9)

Fe>* + Fe(CN)g*™ — PW (10)
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PB+e = PW (11)
PY+e =PB (12)

HX = inorganic or organic acids

3.3. Spectral Characterization of SPCE/Nano-FezO4/PBNC

The relative composition of the electrode surface constituents after PBNC layer modi-
fication in Solution I was further examined. The XPS spectra of SPCE /nano-Fe3O4/PBNC
showed a nitrogen element N 1s peak at 397.8 eV (Figure 5A, Spectrum c) [17], while no
such peak can be observed for the bare SPCE and SPCE/nano-Fe;O,. The N atom ratio
was calculated as 10.2%. The XPS narrow-scan spectra in the region of 390-410 eV were
further analyzed through peak resolution and fitting (Figure 5B). The deconvoluted XPS
spectrum of the asymmetric N peak suggested the presence of three chemical states at 402.5,
399.8, and 397.8 eV binding energy attributed to the C-NH, N-H and -C=N signals [17,36],
respectively. The strong -C=N signal confirms the deposition of PB, while the small peaks
of C-NH and N-H arise from glyphosate. Thus, it is suggested that a small quantity of
glyphosate is also trapped as nanohybrid composites. The oxygen and iron elements of
the two electrodes, SPCE /nano-Fe;O,4 and SPCE/nano-Fe;04/PBNC, were further com-
pared by XPS analysis. Figure 5C showed that SPCE/nano-Fe3O4/PBNC exhibited a lower
intense O 1s peak at 530.2 eV [7], compared with that of SPCE /nano-Fe3O4. This is due
to the release of oxygen from coated Fe30O4 during the PB formation. The Fe 2p spectra of
the two electrodes were shown in Figure 5D, and every electrode demonstrated two peaks
near 709.9 eV and 724.5 eV, corresponding to Fe 2p3/, and Fe 2p; /; [7], respectively. In the
spectrum of SPCE/nano-Fe3;04/PBNC, distinct shoulder peaks near 708.8 eV and 721.4 eV
(Figure 5D, Spectrum b) were observed, which resembled those of the reported PB [37].

S
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Figure 5. X-ray photoelectron spectrum: (A) XPS wide spectrum of (a) bare SPCE, (b) SPCE/nano-
Fe30y, and (c) SPCE/nano-Fe3O04/PBNC. (B) XPS narrow spectrum of N 1s of the SPCE/nano-
Fe30,4/PBNC. XPS narrow spectrum of (C) O 1s, and (D) Fe 2p of (a) SPCE/nano-Fe30y, and (b)
SPCE/nano-Fe;O4/PBNC.
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The absorption spectrum of SPCE/nano-Fe3O4/PBNC presented a different pattern
compared to nano-Fe3O4 powder. The FTIR spectrum obtained from nano-Fe3O4 exhibited
an intense peak at 584.7 cm~! attributed to the stretching of the Fe-O bond; a broad
band centered at 3437.5 cm ! was attributable to the stretching and bending vibration
of the hydroxyl groups (Figure 6, Spectrum b). Meanwhile, the ATR-FTIR spectrum of
SPCE/nano-Fe30,/PBNC showed a new strong peak at 2083.8 cm ™! arising from the
stretching vibration of the Fe(III)-CN-Fe(Il) structure (Figure 6, Spectrum a), pointing out
the PB formation [16-18].

(b)

-(a)W

Transmittance / %

4000 3000 2000 1000

-1
Wavenumber / cm

Figure 6. (a) ATR—FTIR spectrum of PBNC film deposited onto the electrode surface. (b) FTIR
spectrum of magnetite nanoparticles.

The above spectral results verify the successful PB coating on the electrode surface.
Thus, the electrochemical deposition is a more convenient and effective method for ob-
taining a composite of PBNC shell and nano-Fe;O; core than the conventional chemical
synthesis. For a typical chemical synthesis of PB shell using the Fe304 core as the Fe>*
ion source, the reaction is usually carried out by mechanically stirring a mixture of Fe3O4
nanoparticles and K3zFe(CN)g in a diluted HCl solution for 30 min, and the obtained
particles will show irregular shapes and unclear edge [17,18]. Hu et al. reported that
PB nanocubes could be achieved chemically using organic molecule-modified iron oxide
nanoparticles (Fe3O4 and y-Fe,O3), and the produced PB nanocubes have a wide size
distribution with a diameter of about 80-150 nm [34]. As far as the current knowledge is
concerned, there is no report on the direct electrodeposition of PBNC onto the electrode sur-
face modified with nano-Fe;0,, which acts as a source of Fe3* ion equivalents. This work
reveals that a compact PBNC coating is achieved unconventionally and more effectively
than in previous works.

3.4. The Electrochemical Application of SPCE/Nano-Fe304/PBNC

The electrocatalytic activity of the electrodeposited PBNC was evaluated by studying
the cyclic voltammetric responses in the presence of HO, [16]. As shown in Figure 7A,
in the less positive potential region where redox peak I appeared, an increased cathodic
peak current at 0.119 V was observed for the 3.0 mM H,O, solution (Curve b), contrasting
to Curve a in the absence of HyO,. Redox peak II was observed in the positive-going
potential scan. The voltammetric peak for HyO, oxidation took place at a lower onset
potential of +0.648 V, reached a maximum at 0.922 V, and then declined to the end of the
potential region, showing a significant increase in oxidation current responses. The current
changes of bare SPCE and SPCE/Fe30; in the same H,O; solution were also examined;
however, few responses were observed (Figure 7A, inset). The higher electrocatalytic
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performance of H,O, at the PBNC-modified electrode can be attributed to the advances in
the electron transfer of PBNC compared to the bare electrode and nano-Fe;O4—modified
electrode. The cyclic voltammetric responses of the 3.0 mM H,O, solution were further
examined at different scan rates in the range of 50-400 mVs~!; the peak currents increased
with the increasing scan rates (Figure 7B). The cathodic and anodic peak currents for the
electrocatalytic reactions were analyzed separately, and both currents were found to be
linearly proportional to the square root of the scan rate, as for redox peak I (Figure 7C)
and redox peak II (Figure 7D). The results indicated that both the catalytic HO; reduction
reaction and catalytic H,O, oxidation reaction are diffusion-controlled processes.
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Figure 7. (A) Cyclic voltammograms of SPCE/nano—Fe3 0, /PBNC (a) without, and (b) with 3.0 mM
H,0,. Inset: Cyclic voltammograms of SPCE (red curve), and SPCE/nano—Fe3Oy (blue curve)
with 3.0 mM H;O,. The electrolyte solution is 0.1 M KCl, and 0.05 M PBS (pH = 7). (B) Cyclic
voltammograms of SPCE /nano—Fe3O4/PBNC in 0.056M pH 7.0 PBS containing 0.1 M KCl and 3 mM
H,0, at various scan rates of 50, 100, 150, 200, 250, 300, 350, and 400 mVs~. Plots of anodic and
cathodic peak currents versus the square root of scan rate for (C) redox peak I, and (D) redox peak II.

Another application is to develop an electrochemical assay for the indirect determi-
nation of glyphosate. With the impact of glyphosate on the formation of stable PBNC on
nano-Fe3Oy, it is expected that the amounts of PBNC formation must be a function of the
glyphosate concentration. As shown in Figure 8A, visible redox peaks originating from
PB/PW were observed in the glyphosate concentrations ranging from 50 uM to 1000 uM.
Nonetheless, it is challenging to find this redox peak in a more diluted solution at an ambi-
ent temperature. In a mixture solution containing 10 pM glyphosate, the pH value reaches
5.3. This weak acidity limits the initial iron release from magnetite nanoparticles, thereby
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hindering the formation of PB. The cathodic peak currents of the PB/PW were analyzed
further. At an ambient temperature, a linear relationship with glyphosate concentration
from 50 uM to 1000 uM was given by the equations: Y (1A) = 0.1454 X (uM) + 3.7186 (R?
=0.9996) (Figure 8C, Curve a). An increased temperature in the electrolytic solution is
supposed to affect the dissolution of nano-Fe30y, increasing the PB formation. Results
have shown that for 200 pM glyphosate mixture solution at 70 °C, there is a three-fold
increase in the current signal of PB/PW compared to the one at ambient temperature. As
shown in Figure 8B, higher temperatures resulted in a dramatic increase of the PB/PW
redox peak current, while the redox peak potential was essentially unchanged. The cause
for such an increase in the peak current is mainly due to the greater growth of PB in an
electrolytic solution maintained at above ambient temperatures. At 70 °C, a linear equation
was given for glyphosate concentration ranging from 20 pM to 500 pM: Y (pA) = 0.4104
X (uM) — 3.931 (R? = 0.9988) (Figure 8C, Curve b). The proposed assay is not sensitive to
glyphosate lower than 20 uM in the current study. However, the present work has opened
a new methodology to detect glyphosate simply and economically. It looks promising to
use the other metal oxide nanomaterials instead of magnetite nanoparticles in generating
PB analogs [12] to achieve the analytical purpose.
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Figure 8. Cyclic voltammograms of SPCE/nano—Fe304/PBNC in 0.1 M KCl at (A) room temperature,
and (B) 70 °C. Scan rate = 0.1 Vs 1. The electrodes were obtained using the same processes as shown
in Figure 1A, except various concentrations of glyphosate were employed. (C) Calibration plot of
cathodic peak current (converted cathodic currents to positive values) vs. glyphosate concentration.
(a) room temperature, and (b) at 70 °C.
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4. Conclusions

This work demonstrated a double-precursors synthesis of the Prussian blue nanopar-
ticle using nano-Fe3O4-modified screen-printed carbon electrodes and K3Fe(CN)g in the
acidic electrolyte solution. The merit of this work lies in that the heterointerfaces of PB
nanocrystal and nano-Fe3;O, can be produced efficiently and conveniently by a facile elec-
trodeposition approach. The chemical features of the added acids, including the acid
dissociation property and coordination ability, control the product properties, such as size,
morphology and electrochemical activity. We have produced a stable PBNC shell and
nano-Fe3zO4 core composites using glyphosate as an organic acid. The as-prepared PBNC
exhibits electrocatalytic activity towards H,O, reduction and oxidation. Moreover, the
redox peak of PB/PW can serve as a signal for the indirect detection of glyphosate at an
ambient temperature and high temperature. Further investigations of this electrodeposition
approach may open up new opportunities for electrocatalytic and sensing applications.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/chemosensors10080325/s1, Figure S1: The acid dissociation constants of glyphosate and
the related species. Figure S2: (A) TEM image of nano-Fe3O4 at 400,000 x magnification. (B) The
corresponding particle size distribution graphs (N = 60). Figure S3: (A) Cyclic voltammograms of
bare SPCE in solution I for 10 cycles. Cyclic voltammograms of SPCE/nano-Fe3;Oy, in a mixture
solution of (B) 1.0 mM glyphosate and 0.1 M KCl (C) 1.0 mM K3Fe(CN)g and 0.1 M KCl solution (D)
1.0 mM K3Fe(CN)g, 0.1 M KCl and 1.0 mM AMPA for 10 cycles. (A’-D’) Cyclic voltammogram of the
resultant electrode, which was obtained after the potential scanning in the corresponding solution
and then transferring to 0.1 M KCl. Scan rate = 0.1 Vs~ 1. Figure S4: Cyclic voltammograms of bare
GCE in 0.1 M KCl solution containing 0.2 mM FeCl3 and (a) 0 mM, (b) 0.05 mM, (c) 0.1 mM, (d)
0.2 mM glyphosate. Scan rate = 0.005 Vs~ 1.
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