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Abstract: 2,4-dinitrophenylhydrazine (2,4-DNPH) is a toxic organic pollutant which is highly threat-
ening to human beings and their living environment. Therefore, it is of great significance to de-
velop sensors for detecting 2,4-DNPH and its metabolites. To develop a two-way electrochem-
ical sensor for the detection of 2,4-DNPH and its metabolite, Cu-containing tungstophosphate
(NajgP4W3pCuy(H,0),0112-1H,0, CugP4W3g) was selected to study its electrocatalytic activity for
the reduction of 2,4-DNPH and oxidation of its metabolite. First, the electrochemical behavior of
CuyPy W3 was investigated in solution; then, the films containing CuyP, W3y and graphene oxide
(GO) were fabricated on indium tin oxide (ITO) to form the modified ITO/PDDA /(CusP4sW3¢/PDDA-
GO),, electrode and the effect of the layer number on the electrocatalytic performance of the modified
electrode was studied, confirming the optimal film layer number. Furthermore, the sensing perfor-
mance of the modified electrode was tested, giving a linear concentration range and detection limit.
Finally, the stability, repeatability, and reproducibility of the modified electrode were evaluated. The
findings demonstrated that the proposed electrode acted as a two-way electrochemical sensor for the
detection of 2,4-DNPH and its metabolite.

Keywords: tungstophosphate containing copper; modified electrode; electrochemical sensor;
2,4-dinitrophenylhydrazine; metabolite

1. Introduction

2,4-dinitrophenylhydrazine (2,4-DNPH) is a red crystalline powder, belonging to the
nitroaromatic and hydrazine family [1]. 2,4-DNPH is mainly used in the manufacture
of explosives, pesticides, and foaming agents [2,3], but it has poor degradability and
great poisonousness. It has been reported that hydrazine has neurotoxic, hepatotoxic,
carcinogenic, mutagenic, and adverse health effects [4]. 2,4-DNPH can lead to oxidative
damage to hemoglobin, resulting in a decrease in hemoglobin and carcinogenesis [5-7].
Due to poor degradability, 2,4-DNPH can be retained in the environment for a long time,
posing a great threat to human health. It is of great significance to develop accurate and
fast detection methods for the content of 2,4-DNPH in the environment. The reduction
of 2,4-DNPH can produce its reduced product 2,4-diamino-phenylhydrazine called the
metabolite of 2,4-DNPH, which still needs to be monitored. Therefore, it is necessary to
explore a sensor that can detect both pollutants and their metabolites. Such a study will
provide data to support the removal of the pollutant 2,4-DNPH completely from water and
contribute an effort to obtain a clean water source.

To date, a series of detection methods of 2,4-DNPH have been explored, including
chromatography [8], spectroscopy [9,10], titration [11,12], and photometry [13]. However,
most of the methods have complex operation, long detection time, high price and requiring
pretreatment. Compared to these methods, electrochemical technology has attracted more
and more attention because of its irreplaceable advantages such as simple operation, fast
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response, high sensitivity, wide detection range, low price, and environmentally friendly
nature. Fortunately, a few examples of the electrochemical detection of 2,4-DNPH have
been reported. Wang et al. fabricated poly(vinylpyrrolidone)-protected silver nanocubes
(PVP-AgNCs) on GCE to prepare a sensor for the detection of hydrazine with a detection
limit of 1.1 uM and wide linear range from 0.005 to 0.46 mM [14]. Boumya et al. used
GCE to determine 2,4-DNPH in a divalent copper ion solution and obtained a linear
range of 0.01 to 10 uM and a detection limit of 5.5 nM [15]; Adeosun et al. prepared a
polyp-aminobenzoic acid-manganese oxide (P-pABA-MnO;)-modified electrode to detect
2,4-DNPH, showing a linear range of 0.5 to 90 um and a detection limit of 0.08 uM [1].
Recently, our group developed polyoxometalate-based electrochemical sensors to detect 2,4-
DNPH, giving a wide linear range of 1 to 700 uM and a low detection limit of 0.012 pM [16].
This study indicates that polyoxometalates have a potential application as electrochemical
sensors for the detection of 2,4-DNPH. Polyoxometalates (POMs), which are also called
metal-oxo clusters, possess rich components and structures as well as excellent properties
including acidity, conductivity, redox, catalysis, optics, and so on [17,18]. On the one
hand, POMs have different negative charges; thus, they can be fabricated with the positive
species to construct composite materials. On the other hand, POMs can participate in
reversible multielectron transfer reactions without changing their original structures [19].
Moreover, transition-metal-substituted POMs not only add the redox characteristics of
transition metal ions but also retain the high activity of original POM frameworks, thereby
enlarging the application scope of POMs; for example, Mn, Ni-substituted POMs have been
proved to electrocatalyze water splitting to generate hydrogen and oxygen [20,21]. The
electrochemical behavior of Cu-substituted POM, CuysP4W3(, was discussed in 2003 [22],
showing a redox peak of a Cu and W-O framework, respectively. The structure of CusP, W3
is represented in Figure S1, where Cu is called a coordination atom and W-O framework is
considered the multidentate ligand, which coordinates with Cu ions to form the sandwich-
type structure [23]. Cu ions have exhibited the electrocatalytic oxidation of 2,4-DNPH [15],
whereas the W-O framework can electrocatalyze the reduction of 2,4-DNPH [16]. Therefore,
it is expected that the W-O framework can electrocatalyze the reduction of 2,4-DNPH,
while Cu ions can electrocatalyze the oxidation of the 2,4-DNPH metabolite; accordingly,
CuyP4 W3 was chosen to develop a two-way electrochemical sensor for the detection of
2,4-DNPH and its metabolite. Such a study has never been reported so far.

Graphene oxide (GO) is a two-dimensional carbon material with a hexagonal hon-
eycomb crystal structure composed of a single layer of independent sp? hybrid car-
bon atoms [24]. Since GO was discovered in 2004, GO-based materials have attracted
widespread attention and been applied in electronics, optics, catalysis, energy storage,
electrochemical sensing, and other fields due to their excellent physical, chemical, optical,
and electrical properties such as high conductivity, high carrier mobility, high specific
surface area, and high catalytic activity [25-27]; moreover, GO-based materials have strong
adsorption effects on functional components or organic pollutants, especially nitro aromatic
compounds [28,29]. Therefore, in this work, GO was chosen as the component material
for the construction of a composite film. However, the surface of both GO and CuyPsW3g
are negatively charged; thus, they cannot be directly fabricated together due to the repul-
sive electrostatic interaction. Poly(diallyl dimethyl ammonium) (PDDA) is strong cationic
polyelectrolyte and is easily soluble in water. Due to the rich positive charge and excellent
conductivity, PDDA has been widely utilized as a support material to assemble composite
films with a negatively charged component. To date, a series of POMs containing composite
films have been fabricated using PDDA as the support material [30,31], which enables the
functional features of POMs to be realized on the electrode surface. In addition, PDDA is a
polyelectrolyte and is easily adsorbed on the surface of GO through electrostatic attraction
to form the PDDA-GO complex with a positive charge, greatly increasing the assembly
capacity of GO on the substrate surface [32]. In that study, the PDDA-GO complex was
fabricated with CuqPsW3q via electrostatic attraction. One advantage is to increase the
content of CuyP4W3p on the electrode surface. On the other hand, as is well known, apart
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from the large surface area, GO has very good electrocatalytic activity. As shown in Figure
52, the GO-containing composite-film-modified electrode showed electrocatalytic activity
for the reduction of 2,4-DNPH. Thus, another advantage is enhancing the electrocatalytic
efficiency for the reduction of 2,4-DNPH through the synergistic effect between GO and
CU.4P 4W30.

Layer-by-layer (LBL) self-assembly is a technology to grow composite films by alternat-
ing the deposition of oppositely charged substances on solid substrates, which allows the
simple and stable control of the composite film structure at the nanoscale [33]. At present,
the LBL deposition method is used in the preparation of GO-based films, capacitor organic
films, luminescent films, and biofilms, as well as in other practical applications, such as to
enhance the electrocatalytic activity of the electrode [34], in the electrochemical detection of
methylparaben [35] and bisphenol A [36], and in energy storage and conversion [37].

In this work, on the ITO electrode, the composite film (CusP4W3o/PDDA-GO), was
constructed with the LBL method and the prepared electrode was then used as an electro-
chemical sensor to detect 2,4-DNPH and its metabolite.

For clarity, the structural formulas of 2,4-DNPH and PDDA are shown in Scheme 1.

H Cr
H,N
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(a) (b)
Scheme 1. The structural formulas of 2,4-DNPH (a) and PDDA (b).

2. Results and Discussion
2.1. Spectroscopic Characterization of CusPyW3g

Fourier-transform infrared spectroscopy (FI-IR) was used to characterize the structure
of CuyP4Wisy, as shown in Figure 1a. It can be seen that the characteristic vibrating bands
of CuyP4W3g appear at 1085 cm ! for Yas (P-Oa, O, represents the oxygen atom in POy),
943 cm ! for 7,5 (W-Oyq, Oy represents the terminal oxygen atom in MOy octahedra), 889
em ™! for yas (W-Op-W, Oy, represents the oxygen atom for corner-sharing WOg octahedra),
and 786 cm™! for 7,5 (W-O-W, O, represents the oxygen atom for edge-sharing WOy
octahedra), which are consistent with those reported in the literature [23], indicating that
the compound CuyPsW3p was synthesized successfully. The UV-vis spectrum of CuyPsW3g
is displayed in Figure 1b. It is obvious that CusP4W3( has an absorption band at 267 nm,
which is attributed to the characteristic absorption of POMs, corresponding to the charge
transfer transition of O, . =W (O2p — Wsq).
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Figure 1. IR spectrum of CusPy W3 (a) and UV-vis spectrum of 10> M CuyP4sWsg (b).
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2.2. Electrochemical Characterization of CugP4W3g in Solution and on the Composite Film

Using cyclic voltammetry, the electrochemical behavior of the compound CuyP; W3
in solution was investigated. As shown in Figure 2a, the redox peaks of Cu and W
are clearly observable at 0.051V/—0.29V (I/T') for Cu and —0.462V/—0.667V (II/1I),
—0.724V/—0.886V (III/III') for W, which are consistent with those reported in the lit-
erature [22]

(b) (c)
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40mV-s!
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Figure 2. CV curve of bare ITO in 1.0 mM CuyPsWj3( solution in 0.5 M HAc + 0.5 M NaAc at
pH 5 with scan rate of 50 mV-s~1 (a); CV curves of CuyPsW3 in solution in 0.5 M HAc + 0.5 M NaAc
(pH 5) at different scan rates from 20 to 100 mV-s~1; the inset shows the linear relationship between
peak currents (I and II") and square root of scan rates (b); CV curves of the ITO/(CuyP4W3o/PDDA-
GO); electrode in 0.5 M HAc + 0.5 M NaAc (pH = 5) at different scan rates from 20 to 100 mV-s!;
the inset shows the linear relationship between the peak currents (II") and scan rates (c).

The CVs of bare ITO in the CuyP4W3y solution at different scan rates of 20 to
100 mV-s~! are shown in Figure 2b, giving a good linear relationship between the peak
currents (II and II') and the square root of the scan rates, confirming that the redox of
CugP4W3g in the solution is a diffusion-controlled electrochemical process. For comparison,
the electrochemical behavior of the single layer of the film on the ITO/(CusP4W3o/PDDA-
GO); electrode at different scan rates from 20 to 100 mV-s~! is shown in Figure 2c, and a
good linear relationship between the redox peak currents (II') and the scan rates is observ-
able in the inset in Figure 2¢, indicating that the redox process of the component CuyP, W3
on the ITO/(CuyP4W3,/PDDA-GO); electrode is a surface-controlled electrochemical reac-
tion. Obviously, the different redox behaviors of CusP4 W3 in the solution and on the film
proved that CuyP4W3p was adsorbed on the electrode surface and the redox property of
CuyP4 W3y was maintained very well on the film.

2.3. Film Characterization Containing CuysPs W3
2.3.1. UV-Vis Spectra Characterization

Using UV-vis absorption spectroscopy, the growth of the films containing CuyP, W3
and PDDA-GO on a quartz sheet was monitored. The assembly layer of PDDA-GO and
CuyP4W3g was considered as one layer because CuyP;W3g has a negative charge and PDDA-
GO possesses a positive charge. PDDA-GO helps CuyP4 W3 to be deposited on the electrode
surface. Therefore, the UV-vis spectrum of each assembly layer (CusPsW3o/PDDA-GO)
was recorded. The UV-vis spectra of the films (CusP4W3y/PDDA-GO);_g on the quartz
sheet are shown in Figure 3a. It can be seen that the absorbance of the characteristic
band of CuyP4W3g increased with the number of layers, demonstrating that the film of
(CuyP4W3y/PDDA-GO);_g grew almost uniformly on the substrate.
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Figure 3. UV-vis spectra of the film (CusP4W37/PDDA-GO);_g on quartz sheet (a) and the relationship
between the absorbance of the characteristic absorption bands at 267 nm and the layer number of the
film (b). The black square corresponds the absorbance per layer number and the blue line corresponds
the fitted linear relationship.

Compared with Figure 1b, the characteristic absorption band of CusP4W3 in
Figure 3a did not change significantly during the process of assembling the film, suggesting
that the electronic structure of CuyPP4 W3 remained on the film. In addition, the UV-vis
spectrum of PDDA-GO is shown in Figure S3. It can be seen that PDDA-GO displayed the
absorption band at 230 nm and 300 nm. Comparing the UV-vis spectra of the composite
films (CusP4W3o/PDDA-GO);_g shown in Figure 3a with the UV-vis spectra of PDDA-GO
and CuyP4 W3 in the solution, it can be seen that the absorption bands at ca. 200 nm and
267 nm of the composite films (CusP4W3y/PDDA-GO);_g mainly arose from CuyPs W3y,
while PDDA-GO did not show a significant influence in the studied wavelength region due
to the small amount of PDDA-GO on the composite film.

2.3.2. Electrochemical Characterization

Furthermore, cyclic voltammetry was utilized to characterize the growth of the film.
The CV curves of the ITO/(CuyP4W3o/PDDA-GO)3_g electrode in the buffer solution were
recorded, as shown in Figure 4a. It can be seen that in the blank buffer solution, the redox
peak currents of the film-modified electrode increased with the increase in the number of
layers, and there was a good linear relationship between the reduction peaks and the layer
numbers (see Figure 4b), further confirming that the film of (CusP4W3(/PDDA-GO)3_g was
deposited on the ITO electrode uniformly. This observation is consistent with that in the
UV-vis spectra.

(b)

n -0.46V
Linear relation

-05 00 05 1.0 S Yo

E (V) vs. Ag/AgCl
Figure 4. CV curves of the ITO/(CuyP4sW39/PDDA-GO)3_g electrode in buffer solution at pH =3
with scan rate of 50 mV-s~! (a) and the linear relationship between the peak currents at —0.43 V and
the layer number (b). The black square corresponds the current per layer number and the blue line
corresponds the fitted linear relationship.
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2.3.3. Effective Surface Area Evaluation of the Film-Modified Electrode

Using the LBL method, the film (CuyP4sW39/PDDA-GO)4 was fabricated on the surface
of the ITO electrode to form the film-modified electrode. A series of CV curves at different
scan rates from 20 to 100 mV-s~! were measured using cyclic voltammetry in 1.0 mM
[Fe(CN)g]*~/4~ mixed solution containing 0.1 M KClI (see Figure 5). Based on the Randles—
Sevcik Equation (1), the A¢ of the modified electrode was calculated from the relationship
between [}, and v1/2 in the inset of Figure 5, giving 2.09 cm? for the ITO/(CuyPsW3y/PDDA-
GO) electrode. Comparing it with the geometric area of the bare ITO electrode immersed
in the solution (1.2 cm?) indicates that the electrochemical active area of the ITO electrode
increased after the modification of the film (CuyP4W3y/PDDA-GO)s.

Ip =2.69 x 10° x n¥2 x Ay x D2 x ¢ x v1/2 )

where [}, refers to the peak current, A is the electrode area (cm?), c is the concentration of
[Fe(CN)g]*~/4~, and v is the scan rate. For 1.0 mM [Fe(CN)¢]*~/4~,n=1,D=7.6 x 10°°
cem?s~1 (0.1 M KCl) [38].

(a) (b)

0.6 0.50
n (0.21V
0.451 Linear relation
0.3 0.40
< Z0.35-
g 0.0 g
= =0.30-
_0‘3 0.25'
0.201
—0.6+— ’ . ' 0.15 . . T . .
00 02 04 06 08 0.12 0.16 0.20 0.24 0.28 0.32 0.36
E (V) vs. Ag/AgCl vI2(v/s)1?

Figure 5. CVs of ITO/(CuyP4W30/PDDA-GO)s in 1.0 mM [Fe(CN)s]>~/4~ solution containing 0.1 M
KCl at different scan rates (20, 40, 60, 80, and 100 mV-s~!) (a) and the linear relationship between
the oxidation peak currents and the square root of scan rates (b).The black square corresponds the
current per square root of scan rates and the blue line corresponds the fitted linear relationship.

2.4. Electrocatalytic Activity of the ITO/CusP4W30/PDDA-GO)s Electrode for the Reduction
of 2,4-DNPH

2.4.1. Electrocatalytic Activity of Bare ITO Electrode for the Reduction of 2,4-DNPH

First, the CVs of bare ITO in different concentrations of 2,4-DNPH were recorded,
as shown in Figure 6a; it can be seen that in the potential range of —1.0 V to 1.0 V, the
currents of the reduction peaks at —1.0 V increased with the increase in 2,4-DNPH concen-
trations, but no obvious oxidation peaks were observed in the positive potential range from
0to 1.0V, indicating 2,4-DNPH can be electrochemically reduced at the bare ITO electrode
at —1.0 V, but its metabolite cannot be oxidized at the bare ITO. Second, the CVs of the bare
ITO in the blank solution, CuyP4,W3( solution (1.0 mM), 2,4-DNPH solution (10 uM) and the
mixed solution of CusP4W3¢ (1.0 mM) and 2,4-DNPH (10 uM) were compared, as shown
in Figure 6b; it is clearly noted that the reduction peak current of the W-O framework at
—0.70 V increased, while the oxidation peak current of Cu at +0.06 V increase after adding
2,4-DNPH, clearly demonstrating the W-O framework catalyzed the reduction of 2,4-DNPH
and Cu?* catalyzed the oxidation of the 2,4-DNPH metabolite.
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Figure 6. CVs of bare ITO in 2,4-DNPH at different concentrations (pH 7) with scan rate of 50 mV-s~1

(a) and CVs of bare ITO in different solutions (pH 7) with scan rate of 50 mV-s~1 (b).

2.4.2. Electrocatalytic Activity of the ITO/(CusP4W39/PDDA-GO)¢ Electrode for the
Reduction of 2,4-DNPH

In order to confirm the observation above, the film-modified ITO/(CuyP4W3y/PDDA-
GO)g electrode was constructed and the electrocatalytic activity was investigated. As shown
in Figure 7, it can be clearly observed that the ITO/(CusPsW35/PDDA-GO)4 electrode
showed obvious electrocatalytic activity for the reduction of 2,4-DNPH and the oxidation
of the 2,4-DNPH metabolite; apparently, the reduction peak current of the W-O framework
and the oxidation peak current of Cu increased after adding 2,4-DNPH (10 um). This
observation is consistent with the case in the solution, indicating the electrocatalytic activity
of CuyP4 W3 remained on the film. Taking the peak current at the concentration of 10 pm
2,4-DNPH as the example, the value of catalytic efficiency (CAT) was calculated to be 90.2%
at —0.542 V for the reduction of 2,4-DNPH and 191.6% at 0.27 V for the oxidation of the
2,4-DNPH metabolite, according to the following Equation (2) [39]. These results definitely
confirm that the constructed ITO/(CuyP4W39/PDDA-GO)g electrode could be employed
as a two-way electrochemical sensor to detect 2,4-DNPH and its metabolite.

CAT =100% x [Ip (modified electrode in 2,4-DNPH solution) — I,
(modified electrode in blank solution)] /I, (modified electrode in blank solution)

@

where [, represents the reduction peak current in the presence and absence of 2,4-DNPH,
respectively.

0.1

0.0+
—0.11
—0.2 1

I (mA)

~0.3
~0.4

-0.9-0.6-0.3 0.0 0.3 0.6 09 1.2
E (V) vs. Ag/AgCl

Figure 7. CV curves of the ITO/(CuyP4W3y/PDDA-GO)g¢ electrode in blank buffer solution (red
curve) and 2,4-DNPH solution (10 um, blue curve) at pH 3 with scan rate of 50 mV-s—1,
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2.4.3. Effect of the Layer Number of the Film (CuyP4W3o/PDDA-GO), on the
Electrocatalytic Activity for the Reduction of 2,4-DNPH

The effect of the layer number on electrocatalytic performance was investigated. For
this purpose, a series of comparative experiments were carried out on the film (CusP4Wsg/
PDDA-GO), (n = 3-8)-modified electrode to find the optimal number of layers for the
electrocatalytic reduction of 2,4-DNPH. It can be observed that as shown in Figure 8, the
reduction currents of 10 pM 2,4-DNPH increased with the increase in the number of layers
until the number of layers (n) was 7, while it decreased when n was 8. The possible reason
for this observation is that the thickness of the film increases with the number of layers,
while the electron exchange path from the film surface to the electrode surface becomes
longer, which leads to the difficulty of electron transfer. Therefore, the optimal number of
layers of the film-modified electrode is considered to be seven for the following sensing
performance study:.

(a) (b)

0.2 0.50
0.1 0.45 -m-—0.43V
0.01 ~ 0.40
2_0.1 1 E 0.35
E 0.2 = 0.30-
= 1
—0.3 0.254
0.4~ 0.20-
-0.5{ 0.15/
-05 00 05 3 4 5 6 71 8
E (V) vs. Ag/AgCl Number of layers

Figure 8. CV curves of the ITO/(CuyP4W3y/PDDA-GO), electrode (n = 3,4, 5, 6,7, and 8) in 10 um
2,4-DNPH at pH 3 (a) and the relationship between the reduction currents at —0.43 V and the layer
number (b), scan rate: 50 mV-s~1.

2.5. Effect of pH Value on the Reduction Peak Potential of 2,4-DNPH

The effect of solution pH on the reduction peak potential of 2,4-DNPH was investigated
in buffer solution containing 10 uM 2,4-DNPH at different pH values from 1 to 8. As shown
in Figure 9, with the increase in the solution pH value, the potentials of the reduction peak
of 2,4-DNPH moved to the negative direction, indicating the reduction of 2,4-DNPH was
accompanied by proton involvement. The relationship between the pH values and the
reduction peak potentials was obtained as E = —0.065 pH — 0.3427 (R? = 0.988). It can be
seen that the slope of 0.065 V/pH is close to the theoretical value of 0.059(m/n) V per pH
based on the Nernst equation, in which m expresses the number of protons transferred and
n represents the number of electrons participating in the electron transfer reaction. The
value of m/n was calculated to be 1.1, indicating an electron transfer process involving
equal numbers of protons and electrons. This observation is consistent with a report in
the literature [1], where the authors demonstrated that 2,4-DNPH can be electrochemically
reduced to 2,4-diamino-phenylhydrazine by six electrons and six protons participating in
each nitro group. Then, the 2,4-DNPH metabolite was further oxidized to 2,4-diamino-
phenylhydrazone, catalyzed by Cu?* [40].



Catalysts 2023, 13, 769

9 of 14

(a) (b)
0.4 1.0
0.21 y e 0.94 -
o a——
0.04 IS At T i — 0.8
—_ s >/ pH=1 —
- -0.2 . ’.-*’// pH=2 - 0.7 4 .
£ 04 4 =D 20,61
— ’l SOAX pH=4 e
~0.64 pH=8 0.51
pH=6
0.8 1 pH=7 0.41
1.0 P2 0.3
-1.0 0.5 0.0 0.5 01 2 3 4 5 6 7 8 9
E (V) vs. Ag/AgCl pH

Figure 9. CVs of the ITO/(CusPyW3y/PDDA-GO); electrode in different pH solutions from 1 to
8 containing 10 um 2,4-DNPH with scan rate: 50 mV-s~! (a) and the relationship of reduction
potentials and the solution pHs (b).

Additionally, it can be seen from Figure 9a that in different pH solutions, the reduction
peak currents of 2,4-DNPH at the ITO/(CusPsW3(/PDDA-GO); electrode did not display
significant changes. This observation suggests that the prepared ITO/(CuyP4W3y/PDDA-
GO)7 electrode can be utilized to detect 2,4-DNPH in a wide pH range. Considering
environmental protection and that most real samples are in neutral conditions, pH 7 was
elected for the following work.

2.6. Sensing Performance of the ITO/(CuyP4W30/PDDA-GO); Electrode

Figure 10 depicts the CV curves of the ITO/(CuyP4W3¢/PDDA-GO); electrode in
different concentrations of 2,4-DNPH (1-40 um) in the potential range from —0.9 to
1.0 V. It can be clearly seen that the response currents gradually increased with the in-
crease in the concentration of 2,4-DNPH. For clarity, the CVs in the potential range from 0
to —0.9 V and from 0 to 1.0 V are separately shown in Figure 10b,d, while the calibration
curves for the detection of 2,4-DNPH and its metabolite are plotted in Figure 10c,e, which
show different linear relationships between the catalytic currents and the concentrations
of 2,4-DNPH. When the concentration range of 2,4-DNPH changed from 1 to 40 um, the
linear correlations were I (uA) = —30.2 ¢ (uM) — 222 (R? = 0.994) for the detection of
2,4-DNPH and I (1A) = 6.88 ¢ (uM) + 36.25 (R? = 0.992) for the detection of the 2,4-DNPH
metabolite, respectively. Furthermore, the limit of detection (LOD) [41] of the prepared
sensor [TO/(CuyP4W3y/PDDA-GO); was calculated to be 35.6 nM for the detection of
2,4-DNPH based on signal-to-noise ratio 3 (S/N = 3). Then, the obtained result was com-
pared with reported LOD values obtained using other detection methods in the literature;
it can be seen from Table 1 that the developed sensor achieved a good sensing performance.
Moreover, the proposed sensor was simply prepared at a low cost and showed a two-way
electrochemical sensing performance for the detection of 2,4-DNPH and its metabolite.
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Figure 10. CVs of the ITO/(CusPsW3o/PDDA-GO); electrode in different concentrations of 2,4-
DNPH (1-40 pm) (a); CVs in the potential range from 0 to —0.9 V (b) and the linear relationship
between reduction peak currents and concentration of 2,4-DNPH (140 um) (c); CVs in the range
from 0 to 1.0 V (d) and the linear relationship between the oxidation peak currents and concentration
of 2,4-DNPH (1-40 um) (e) at pH 7.0 with scan rate of 50 mV-s— L
Table 1. Comparison of different materials for 2,4-DNPH detection.
Material Electrode Technique LOD (nM) Linear Range (uM) Reference
P-pABA-MnO, GCE LSV 80 0.5-90 [1]
Zn-MOF - Fluorescence 100 0.1-500 [11]
Cu'l ions GCE CA 5.5 0.01-10 [15]
(PgWyg/PDDA); ITO Ccv 12 1.0-700 [16]
Cu'l ions GCE EIS 40 0.01-100 [40]
(CuyPs W3 /PDDA-GO); ITO Ccv 35.6 1.0-40 This work

2.7. Stability, Reproducibility, and Repeatability Evaluation of the Film-Modified Electrodes

Stability, reproducibility, and repeatability are very important indexes to evaluate the
performance of electrochemical sensors in the sensing process. To determine whether the
sensor response of the ITO/(CusP4W3y/PDDA-GO); electrode to 2,4-DNPH was repro-
ducible, seven consecutive readings were taken in 10 pM 2,4-DNPH at pH 7 using the same
electrode. As shown in Figure 11a, the results indicate that the relative standard deviation
(RSD) of the peak currents was 1.23% for the reduction peak at —0.88 V and 2.60% for the
oxidation peak at 0.36 V, meaning that the sensor prepared for the detection of 2,4-DNPH
had good reproducibility. Furthermore, the repeatability of the ITO/(CuyP4W3o/PDDA-
GO)y electrode was evaluated using five different electrodes prepared within five days, and
their response currents to 10 uM 2,4-DNPH at pH 7 was recorded (shown in Figure 11b),
giving RSDs of 2.45% for the reduction peak at —0.88V and 3.01% for the oxidation peak at
0.36 V, implying that the ITO/(CuyPsW3y/PDDA-GO); electrode had good repeatability.
Finally, the operational stability of the ITO/(CusP4W39/PDDA-GO);7 electrode was tested
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by scanning 100 cycles continuously in 10 pM 2,4-DNPH at pH 7; the corresponding CVs
are shown Figure 10c, showing that the peak current remained at about 90.9% of the initial
value after scanning 100 cycles, which proves that the ITO/(CusP4W3y/PDDA-GO); elec-
trode possessed good stability. Based on the above observation, it can be concluded that the
proposed ITO/(CuyP4W3o/PDDA-GO);7 electrode could be used as a stable, reproducible,
and repeatable electrochemical sensor for the detection of 2,4-DNPH and its metabolite.
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Figure 11. The current value of the ITO/(CuyPsW35/PDDA-GO); electrode continuously recorded
7 times in 10 pm 2,4-DNPH solution at Ep = —0.88 V and 0.36 V (a); the recorded current values of five
ITO/(CuyP4sW35/PDDA-GO); electrodes prepared in different days in 10 um 2,4-DNPH solution at
Ep =—0.88 Vand 0.36 V (b); CVs of the ITO/(CuyP4W39/PDDA-GO); electrode in 10 uM 2,4-DNPH
scanned continuously for 100 times at pH 7.0 at a scan rate of 50 mV-s~! (c).

3. Materials and Method
3.1. Materials

CuyP4 W3 was synthesized according to the procedure reported in the literature [23];
GO was prepared using the modified Hummers method proposed by Kovtyukhova and
colleagues [42]. Poly (diallyl dimethyl ammonium chloride) (PDDA Mw = 100,000-200,000,
20 wt% in water) was purchased from Aldrich. PDDA-GO was formed based on the
literature [32]. Buffer solutions were prepared with 0.5 M NaH,PO, and 0.5 M NayHPO,
(pH7~8),0.5 M HAcand 0.5 M NaAc (pH 4~6), and 0.5 M H,SO4 and 0.5 M NaySO, /LipSO4
(pH 1~3), respectively. The three-electrode system included a 3M KCl-filled Ag/AgCl
reference electrode, a bare ITO (indium tin oxide) or modified ITO working electrode, and
a platinum wire counter electrode.

3.2. Preparation of the Film-Modified Electrode
3.2.1. The Pretreatment of the Substrates

The substrates needed to be cleaned before use. In this work, the ITO electrode was
used for the electrochemical study. The quartz sheet was utilized for the UV-vis spectra
characterization of the film. The cleaning process of the two substrates was as follows:

The cleaning of the ITO electrode [43]: 1 M NaOH and ethanol were mixed with a
volume ratio of 1:1 to form a cleaning solution. The ITO piece was placed in the cleaning
solution for 10 min via sonication; then, it was rinsed repeatedly with deionized water and
gently dried with nitrogen.

The cleaning of the quartz sheet [44]: Concentrated sulfuric acid and hydrogen per-
oxide were mixed at a volume ratio of 7:3 to form a cleaning solution. The quartz sheet
was heated to 80 °C for 1 h in the cleaning solution; then, it was rinsed repeatedly with
deionized water and gently dried with nitrogen.

3.2.2. Fabrication of the Film on the Substrates

The films [PDDA /(CusPsW30/PDDA-GO)], were fabricated using the LBL method
based on the principle of electrostatic interaction. The specific steps are described as
follows: Firstly, a PDDA solution with a mass fraction of 8 wt% was configured, and
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the cleaned substrates were immersed in it and soaked for 10 h so that the surface of
the substrates was assembled with positively charged PDDA. Then, the substrates were
rinsed slowly with deionized water and dried slowly with nitrogen. Secondly, the PDDA-
modified substrates were immersed in 1 mM CuyP4W3p and PDDA-GO solution (1 mg
mL™1) for 20 min alternately and repeatedly to construct the film (CusP4W3y/PDDA-GO),-
modified substrates. The above operation process was repeated several times to fabricate
the film (CuyP4W3o/PDDA-GO), with different layers. The assembly process is depicted
in Scheme 2.

10h | 5 20min |~ : <l
‘ : {al > | e[S e 6‘“"}/ + B+
e [ | e DT |4 bet
el e =4
&Wfﬁ*” +<¢;+
ITO PDDA Cu,P,W,, PDDA-GO

Scheme 2. Schematic diagram of preparation of the film (CuyP4W39/PDDA-GO), on ITO. (Yellow
symbol is PDDA, green symbol is CusPs W3, and blue symbol is PDDA-GO.)

4. Conclusions

In this work, a novel two-way electrochemical sensor was successfully developed
based on a functional-component-modified ITO electrode via the fabrication of PDDA-GO
and CuyP4W3. The prepared modified electrode not only catalyzed the reduction of 2,4-
DNPH to 2,4-diamino-phenylhydrazine arising from the catalysis of the W-O framework
in CuyP4 W3, but also catalyzed the oxidation of the 2,4-DNPH metabolite to 2,4-diamino-
phenylhydrazone arising from the catalysis of the Cu cluster in CusP4W3p. The UV-vis
spectra and CVs clearly demonstrated that the CusP4W3p component was assembled on
the surface of the ITO and its electrocatalytic activity was maintained on the ITO; thus,
a new electrochemical sensor for sensing the response of 2,4-DNPH was successfully
manufactured. The explored sensor showed a good LOD of 35.6 nM in the linear range
from 1 to 40 um based on S/N = 3. Moreover, further evaluation indicated the sensor
possessed good stability, reproducibility, and repeatability. Therefore, it is anticipated that
the proposed two-way electrochemical sensor could give important information on the
removal of 2,4-DNPH from water to provide a clean water source.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ catal13040769/s1, Figure S1: The structure of CuyP4Ws. Figure
S2: CVs of bare ITO and the ITO/[PDDA-GO/PSS]; electrode in blank buffer solution and 2,4-DNPH
solutions. Figure S3: UV-vis absorption spectrum of GO dispersion.
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